DESIGN, SYNTHESIS, ANTIMALARIAL EVALUATION AND
COMPUTATIONAL STUDIES OF SOME CHALCONE DERIVATIVES

BY

Asmau, Nasiru HAMZA

DEPARTMENT OF PHARMACEUTICAL AND MEDICINAL CHEMISTRY
FACULTY OF PHARMACEUTICAL SCIENCES ,
AHMADU BELLO UNIVERSITY,
ZARIA , NIGERIA

JUNE, 2018



DESIGN, SYNTHESIS, ANTIMALARIAL EVALUATION AND
COMPUTATIONAL STUDIES OF SOME CHALCONE DERIVATIVES

BY

Asmau, Nasiru HAMZA
B.Pharm (ABU) 2004
MSc Pharmaceutical and Medicinal Chemistry, 2011
PhD/Pharm.Sci/10320/201-2012

A THESIS SUBMITTED TO THE SCHOOL OF POSTGRADUATE STUDIES,
AHMADU BELLO UNIVERSITY ZARIA,
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE AWARD OF
DOCTOR OF PHILOSOPHY IN PHARMACEUTICAL AND MEDICINAL
CHEMISTRY

DEPARTMENT OF PHARMACEUTICAL AND MEDICIN AL CHEMISTRY ,
FACULTY OF PHARMACEUTICAL SCIENCES ,
AHMADU BELLO UNIVERSITY,
ZARIA , NIGERIA

JUNE, 2018



DECLARATION

| declare that the work in this thesis entitlted fiDesign, Synthesis, Antimalarial
Evaluationand Computational Studiesf Some Chalcone Dératives has been
performed by me in the Department of Pharmaceutical and Medicinal Chemistry, Ahmadu
Bello University, Zaria. The information derived from the literature has been duly
acknowledged in the text and a list of references provided. No ptisafissertation has
been previously presented for another degree or diploma at this or aninstitation.

AsmauNasiruHAMZA Date



CERTIFICATION

Thist hesi s DESIGN, EYINERHESIS) ANTIMALARIAL EVALUATION AND
COMPUTATIONAL STUDIES OF SOM CHALCONE DERIVATIVES) by Asmau
Nasiru HAMZA meets the regulations governing the award of the degree of Doctor of
Philosophy of the Ahmadu Bello University, and is approved for its contribution to
knowledge and literargresentation.

Prof.A.Y Idris Date
Chairman, Supervisory Committee

Prof.A.M Musa Date
Member, Supervisory Committee

Prof.A.K Haruna Date
Member, Supervisory Committee

Prof. A.AM Musa Date
Head of Department

Prof. A.Z. Abubakar Date
Dean, School of Postgraduate Studies



DEDICATION

This work is dedicated to my department: Department of Pharmaceutical and Medicinal
Chemistry, Ahmadu Bello University, Zaria.



ACKNOWLEDGEMENT

All praise and thanks is due to Almighty Allah the most Beneficent, the most Merciful
and, the Exalted. May the peace and blessings of Almighty Allah be upon our Nobel
Prophet Muhammad (SAW), his family ahdcompanions.

| wish to expressny sincere gratitudand appreciatioto my diligent supervisorProf.

A.Y. Idris, Prof. A. M. Musa and, Prof A.K. Haruna for their constant support,
encouragement and guidance academically, morally and financially. | pray that Allah
rewardthem abundantly.l would alsolike to sincerelyappreciateProf. M. 1. Sule, Prof.

U.U. Pateh and Mal I. M. lliyasu for their assistance towards the realization of this project;
thank you all and May Allah reward you abundantly.

| am also grateful to ProMahmoud Soliman of Kw&ulu Natal University, Durban and

his team, especially Mal Umar Ndagi for giving me the opportunity to actualize my
dreams, thank you for the training on computational chemistry. | am also highly indebted
to Prof Uzairu of ChemistryDepartment, A.B.U, Zaria, for his guidance and
encouragement on computational aspect of the work.

To the staff of Phamaceutical and Medicinal Chemistry, A.B.U, Zaria, you were all there
for me throughout the struggle, | really appreciate it all. | am giateful to Dr. (Mrs)
Amina Busola Olorukooba, Mrs Aisha Shehu and Mal Aliyu for assisting in the
pharmacological screening, Mr Dilip, Mal Buhari and Anita of Chemistry Department,
Kwa-Zulu Natal University, Durban for the spectroscopic analysis.

My speca | appreciation goes to the family of
husband: Muhdéd Nasiru Nasar awa, my chil dr
mention.

| also thank the €rtiary Education Trust Fund (TETURd) for the financial sponsorship of
the @mputational work.

viii



TABLE OF CONTENTS

TITLE PAGE ..ottt et e e e e e e e e e e e e e amnmeeeenna e e aeenes ii
DECLARATION ettt e et e e e e e e e e s e e e e e e amnmeeeeenan s i
CERTIFICATION et eee et e e e e e e e e e e e e e e e e e e ameeaeeeeeees iv
DEDICATION et em e e et e e e e e e e e emeee e e e e ennn et v
ACKNOWLEDGEMEN T ..iiiiiiiiiiiiiiiieeeccsesriivvieeeeeeeeeeeeeee e e e s smmeenneasansaseesenennen s M
TABLE OF CONTENTS .t erme e eme e e e iX
LIST OF TABLES ... et e e s XV
LIST OF FIGURES ...ttt e e e e e e e e e sanmmeeees XVi
LIST OF APPENDICES ... ..ot eeeeneae XiX
ABBREVIATION . eime e eme e e e e e e e e e e e ameee e XXV
AB ST R A C T et ee e n e e e am e e e e s XXVii
CHAPTER ONE ... e e e e e e e e e e e eees 1
1.0 INTRODUCTION ...t e e e e e e e enn e e e e eeenama 1
1.1 Statement of Research Problem...............cooooiieee e 6
1.2 Justification ofthe STUAY............oooiiiiiiiie e 7
1.3 Aim and Objectives of the StudY.............uueiiiiiii e, 8
1.4 Research HYpOthesSiS.........ccooiiiiiiiiieeee e e 9
CHAPTER TWO ..ttt et e e e e e s mmme e e s 10
2.0 LITERATURE REVIEW ... 10
0 R |V = =T - T PSSO PPP P PPPPP 10
2.1, 1PAtNOGENESIS.....coiiiii e erre e 10
2.1.2 ChemMOtNEIaPY... ..o ettt ee e et eaaeeeaaaaen 12



2.1.3 Novel malaria targelS . ... ... oo ereer e e 13

2.2TNE PrOTEASES. .. ..o i i iiiii i ee ettt eeent bbbt e e e e et e e e e e e e e s ammeeeeeeeeas 13
2.2.1 CYStEINE PrOTEASE. ...ttt ieee ettt e et et et eeeb s b be e e s e e et e e eeeaaeaeeesamameees 14
2.2.2 ASPAITIC PrOTEASES ... .utiiiiiiiiiiiiee e eeet ettt e e e e e e e e rmmee e e anenaas 16
2.2.3 Mechanism of hemoglobin degradation by the protease...........cccccceveeeeennnee. 18
2.2.4 Protease INNIDITOIS. .......oooo oo 20
2.3 CNAICONES ... 21
2.3.1 Chemistry of ChalCONES. ..o 21
2.3.2 ChemiCal SYNTNESIS........ccciiiiiiiii e e 23
2.3.3 Chalcones as protease iNNIDILOLS..........ooiiiiiiiiiiiee e 24
2.3.4 PreSENt WOIK. ....coo ittt e e e e e e e e e e s et e e as 31
2.4 Computational ChEMISIIY.........uuuiiiiiiiiiiiiie e e 32
2.4.1 Computenssisted drug design (CADD).......ccuviiiiiiiiiiiiiieeeeee e 35
2.5 Theoretical Oral Bioavailability ... 42
CHAPTER THREE ...ttt mmmeeaaas 43
3.0 MATERIALS AND METHODS ... 43
O Y (T = 1 TP PPPPPPP P PPPPUPPPPPPPPY 43
3.L.1IEquipment and glaSSWaTE. ........cccccuuuiiiiiiiieeeriiiiiibbee e e ee e s eeeessee e e eeeeeeeaeeas 43
3.1.2Reagents, solvents an@usdard drugs...............eeuveeeiiiiieemiiiiiiiiieiieeeee e e s 44
3.1.3Experimental ANIMAIS..........ouiiiiiiiie e 44
3. L. AMalarial PArASIIE. ... ..uuuuriiriiiiiiii ittt 44
3.1.5Computer hardware and SOftWAIE.............ccoiiiiiiieeer e 45
3.1.6Protein CryStablrUCTUIE ...ttt e e e e e e e e e e e e 45
B2 METNOGAS. ..o eeeeeeee e 4D

X



3.2.1 DESIGN SIrAIEQY. .. e e ieeeiieeieiitittii e e eeeeteaebba e s e s smeesbb e e e e e e e e e e e e e e anannn s 45

3.2.2Evaluation of theoretical oral bioavailability..............cccccooiiiimams 47
3.2.3Synthesis of chalcosgClaiseri Schmidt Condensation).............ccceeeeevivvieeeens 47
3.2.4Procedure for the synthesis of the substituted chalcones................ccooceeeieinns 48
3.2.5CNAraCLEIIZALION . ... ..uuuiiiiiiiiiiee ettt e e e e e e e e 50
3.2.6Evaluation ofin vivoantiplasnodial aCtiVIty.............eeeiiiiiiiiccce 51
3.2.7In vitro determination of hematin polymerization inhibitory activity................ 52
3.2.8 DAta @NAIYSIS...cceeeeiiiiiuiniiiii ettt e e e et ennna e e e e e e e e e e e e e et ra b —————aaeeeees 53
3.2.9CompPutatioNal STUTIES.........cccueiiiiiiiiiiieeeiiii et eeer e e e e e e e e e e e eeeeeas 53
CHAPTER FOUR ...t eemme e e e e e e e e e e e e emnnn e e eenas 58
0 T o =0 U 1 PP 58
4.1 Designed Substituted ChalCoNes............coooiiiiiiiiiieer e 58
4.2 Analysis of Theoretical Oral Bioavailability.............ccccooieiiiiiiiicne 59
4.3 Synthesis and Characterization of the Substituted Chalcones......................... 64
4.3.1 Yield and some physical properties of substituted chalcones....................... 64
4.3.2'H and™C NMR Data of P1, P2 and PL3..........ccooiuiiiieieneiriseeseieeie o 66
4.3.3'"H and™C NMR data of P3, P4 and P8..........c.cccoviuririieemerereeieeie e, 68
4.3.4"H and™C NMR Data of P11, P12 and PLZ........cccervrimririimmeneeesseeieeeieienend 70
4.3.5"H and™®C NMR Data 0f P15, P16 and P23.........c..cceviviiriieeenieeeeeeeeeieienend 72
4.3.6'H and™*C NMR assignment of P19, P24 and P25..........c.c.ccooeoveeeereeenen. 74
4.3.7'Hand™®C NMR data of P21, and P22..........c..cceurimruimmeireeeineeeeieeiseeenes 76
4.3.8FT-IR spectral data of the substituted chalcones................ccccvveeeeeeeeeeeeee... 18
4.3.9Mass spetral data of the substituted chalcones.............cccceeeiiicccveeviiiiiniinnnn. 78
4.4 Antiplasmodial Studies on the Substityted Chalcones in Mice.............cceeeeees 79

Xl



4.4.1 Effect of P1, P2, P3, P4, P23, P24 and P25 on estabRksHaztghiiinfection n
mice ééééécéééééccéééccéeéééeccéééécecedxreé
4.4.2 Effect of P11, P12, P13, P15, P16, P17, P19, P21 and P22 on est&hlisbeghii
INFECHION 1N MICE..... oo e e e e e e s eeer e e e e 81
4.5 Effect of Substituted Chalcones on Inhition of b-hematin Synthesis................ 82
4.6 Molecular Docking Studies of P3 and P4 Complexes on £ FP-3, PIm-Il, and
PIMIV . e an—— e e e e e e 384
4.6.1 Validation of dOCKING PrOoCEAULE........uuuiiiiiiiiiiiii ettt 84
4.6.2 The mding energies of the ecrystallized ligands and 17 substituted Chalcones
against four enzymes (FB FR3, PIml, and, PImIV) ..o 86
4.6.3 The binding pose and binding interaction analysis of P3 and P4 agalsFRB,

[ L =Y T N e [ YT 90

4.7 Molecular Dynamics Simulation Studies of P3 and P4 Complexes of FB, FP-3,

[ TR= o I 12 0 Y 99
4.7.1 SYsStem StabIlity.......oooeiiie e 99
4.7.2 Perresidueenergy decomposition @nalySiS........ccuuuiviiiiiiiiiecneeeiiiieee e 104

4.7.3 Binding free energy (BFE) analysis of P3 and P4 in complex wity FR3, PImI

AN PIMIV ettt e e e e e e e as 109
CHAPTER FIVE ..ottt e e e e et e e e e e et emmeeeeaans 111
S.ODISCUSSIONS. ...t ettt e et rnmr e e et e e e e e e e tbn e e e e earnaeaaeees 111
5.1 Design of Substituted ChalCONES.........ccooviiiiiiiiiiicc e 111
5.2 Theoretical Oral Bioavailability ................uuuiiiiiiiiiieeeiiiiieee e 112
5.3 Synthesis and Characterization............cccooeviie e eeeeeiicciiee e 112

Xii



5.3.1Synthesis and characterization of 2j3;dnethoxy benzaldehyde Chalcones (P1,P2

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

5.3.4 Synthesis and characteriaatiof 4 methoxy benzaldehyde Chalcones (P15, P16,
P23 AN P25)..... ettt e e e e e annn e a e e e e e e e aaees 118
5.3.5 Synthesis and characterization ofsubstituted (benzaldehyde) Chalcones (P19 and

P24) ¢ééééééééééééééééeéééeééeéécéécéésrs.

5.3.6 Synthesis and characterization efidouromethyl benzaldehyde Chalcones (P21

AN P22)... ettt amer et et e e e e e e e aaaae s 120
5.4 Antimalarial STUAIES. ...........uuuiiiiiiiiiiiii e 121
5.4.1In-vivo antimalarial studies (Curative test)............uuueeiiiiiiiieeriiiiiiiiiiieeeeeee e 121
5.4.2In-vitro antimalarial studyf-hematininhibition assay)...........ccccccvveeriiiiieennnne. 123
5.5 Computational STUTIES.........eeiiiiiiiiiiie e 124
5.5.1D0CKING STUdIES ... ettt ettt e et e e e e e e e e enne s 124
5.5.2 Molecular dynams Simulation..............ooooiiiiiiiimmmniie e 126
CHAPTER SIX et r e me et e e e ettt e e e e e ennneaeeeseanns 132
6.0 SUMMARY, CONCLUSION AND RECOMMENDATION ....cccooeiiiiiiiiiieeeeenes 132
6.1 SuMMaAry Of FINAINGS.....cooiiiiiiiiii e e e s e e e e e e e e e e e s 132
(G2 @0 s [od 1] 0] o NPT PP RRTT 134
6.3Contribution t0 KNOWIEAQGE. .......cooiiiii et 135
6.4RECOMMENUALION. ......ciiiiiiii i eree e e e e e e e e e e aenees 135



REFERENCES ... ettt

APPENDICES

Xiv



LIST OF TABLES

Table 3.1: Reagents for the synthesis of the substituted chalcones....................... 49
Table 3.2:Grid -box parameters forthe enzymes.............coccciiiiiiiimemnnnicienenee 55
Table 4.1:Chemical description P1, P2, P3, P4 and, P8..........ccccccoiiiiiiiiiicnen. 59
Table 4.2:Chemical description of P11, P12, P13, P151B and P17....................... 60
Table 4.3:Chemical description of P19, P21, P22, P23, P24 and P25.................. 61
Table 4.4: Analysis of theoretical oral bioavalability ..............ccccooiiiiiiieeniin. 63
Table 4.5:Yield and Some Physical Properties of the substituted chalcones........ 65
Table 4.6:'H and **C NMR Data of P1, P2 and P13 ........cccoorurireuririirinmieseeeeenns 67
Table 4.7:'H and °C NMR Data of P3, P4 and P8........c..cccccoueuriirmennreeireeieeenn. 69
Table 4.8:'H and °C NMR Data of P11, P12 and P17Z........c.ccccevuriuniirreanereirnneenens 71
Table 4.9:'H and "*C NMR Data of P15, P16 and P23...........cccccouevriirrenneeeiriennn. 73
Table 4.10:'H and "*C NMR Data of P19, P24 and P25............ccccocevivririeenerineenne. 75
Table 4.11:*H and *C NMR Assignment of P21, and P22............cccccoevevrvrueeeennnnn, 77

Table 4.12: Effect of P2, P3, P4, P8, P11, P12, P17, P21 and P25 on inhibitiof-of
NEMALIN SYNTNESIS. ... e e e e e e e e e e amme e e e e e as 83
Table 4.13: Showing the gystal structure of enzymecomplexes and redocked ligand
super-imposed on the crystal structure for validation..............ccccoeevviiiiiieeen e, 85
Table 4.14: Binding free energy analysis of P3 and P4 in complex with ER FP-3,

PIM-Il @ PIM IV e e e e e e e aenaaens 110

XV



LIST OF FIGURES

[T T L0 00 R O o = [ 1 = PP 5
Figure 2.1: The life cycle ofPlasmodium falciparum...............ccovviiiiiiiicc e, 11
Figure 2.2: Cartoon representation of thestructure of falcipain-2................ccc......... 15
Figure 2.3: Ribbon diagram of the complex of plasmepsins Il with EH58............... 17

Figure 2.4: The degradation process of hemoglobin in the. falciparumfood vacuole.

............................................................................................................................... 20
Figure 2.5: (E) and (Z) ChalCONE............ouuuiiiiiiii et erenren e e e 22
Figure 3.6: Claisen-Schmidt condensation..................uiiiiiiiiiceciiiiicii e eeee 23
Figure 2.7: Based catalyzed reaction mechanism for chalcone formatian............. 24
Figure 2.8: oxalic bis[(2-hydroxy- 1-naphthylmethylene)hydrazide]........................ 25
Figure 2.9: LICOChAICONE A.......ooeeeeeeiie ettt eeeee e e e e e e e eeaaaaees 27
Figure 2.10:2,4 dimethoxy-4'-butoXychalCone..........cccceeeeiiiiiiiiiieeeiccieee e, 27
Figure 2.11 Quinolinyl substituted chalcone..............cccooeeiiiiiiieee e 29
Figure 2.12:1,2,4triazole substituted chalcones.................oovvvviiiiicccreeeeeeeiin, 29

Figure 2.13 (E)-1-(4-bromophenyl)-3-(2,4,5trimethoxyphenyl)prop -2- en-1-one....30

Figure 3.1: Design of methoxy substituted chalcones..............ccc.oovviieiiveeeeeiiinns 46
Figure 3.2: Hybrid design of quinolinyl chalcones..............ccccccccviciiiimeeeeevvininen 47
Figure 3.3 Scheme for the synthesis of substituted chalcones.........................cee.. 48
Figure 4.1:2 0 , 3-tbi ;métlkdoxy substituted chalcones (P1, P2 and, P13)............. 66
Figure 4.2: 3-quinolinyl -substituted chalcones (P3, P4 and, P8)..................ovvvvnnnee 68
Figure 4.3: 2 <li;métbhoxy-substituted chalcones (P11, P12 and, P17)............. 70
Figure 4.4: -mheathoxy substituted chalcones (P15, P16 and, P23)..................... 12

XVi



Fi gur e -mMethéxy sulgstituted chalcone (P25) and usubstituted ring A
chalcones (P19 and, P24).........ooooriiiiiiiiiiimee et eeeeeenn U D
Figure 4. 6: 4 esubstitutefl dhaconeso(r2é and, y22)..................76
Figure 4.7: Effect of P1, P2, P3, P4, P8, and PE®5 on the parasitaemia level oP.
DergheiiinfeCted MICE.........uu e 80
Figure 4.8: Effect of P11, P13, P17, P18, and BP22 on the parasitaemia level of.
DergheiiinfeCted MICE.........uuiiee e e 81
Figure 4.9: The binding energies of the ligands across all the enzymes................ 87
Figure 4.10: Compound P3 [(E)3-(2-chloro-6-methoxyquinolin-3-yl)-1-(2, 4
dimethoxyphenyl) Prop-2-8n-1-0N€J...........uuiiiiiiiiiiiiiie e 38
Figure 4.11: Compound P4 [(E)3-(2-chloroquinolin-3-yl)-1-(2, 4 dimethoyphenyl)
PIOP =2-E 10N, ...ttt e ettt 89
Figure 4.12 : 3D binding pose and interaction of P3 and P4 in relation to various sub
Sites Of FR2 DINAING CAVILY. .....cccoiiiiiiiiiiiiiie ettt a e e e e e e e e e e 91
Figure 4.13: (A) 2D interaction diagram of FR2 and P3 (B) 2D interaction diagram
OF FP-2 AN P4 ... 92
Figure 4.14: 3D binding pose and interaction of P3 and P4 in relation toavious sub
Sites Of FR3 DINAING CAVILY. .....cccoiiiiiiiiiiiiii ettt a e e e e e e e a3
Figure 4.15: (A) 2D interaction diagram of FR3 and P3 (B) 2D interaction diagram
OF FP-3 AN P4 ... 94
Figure 4.16: 3D binding pose and interactions of P3 and P4 in relation to various sub
sites of PImII BINAING CAVILY ...oooviiiiiiieeie e a5
Figure 4.17: (A) 2D interaction diagram of PImIl and P3 (B) 2D interaction diagram

(o) il 2d 1 1 B 1 BE= 1 o o B 2 TP URROPRPP 96



Figure 4.18: 3D binding pose and interaction of P3 and P4 in relation to various sub
sites of PIMIV DINAING CAVILY. .......uuiiiiiiiiiiiiii e 97
Figure 4.19: (A) 2D interaction diagram of PImIV and P3 (B) 2D interaction
diagram of PIM-IV and P4............ooo e 98

Figure 4.20: RMSD plot of FR2 (A); FP-3 (B); PIm-lI (C); PIm-IV (D) bound to

Figure 421 :GU Ro G p I-D(RA), F&-8(B),”PRn-1I (C) and, PIm-IV (D) both in
complex With P3 and PA4...........ooi e 102
Figure 422 : GU RMSF -2(h), FP-B(B), PIm-l (C) and, PIm-IV (D) both in
complex With P3 and PA4............o e 103
Figure 4.23 : Per residue energy decomposition plaf (A) FP-2 in complex with P3
and (B) FP-2 in complex With P4 ... e 105
Figure 4.24: Per residue energy decomposition plot of (A) FB in complex with P3
and (B) FP-3in complex With P4 ... e 106
Figure 4.25: Per residue decomposition plot of (A) Plrll in complex with P3 and (B)
PIm-11in complex WIth P4. ... 107
Figure 4.26 : Per resilue energy decomposition plot of (A) PIMV in complex with

P3 and (B) PImIV in complex With P4..........ooorriiiiicmee e 108

XVi



LIST OF APPENDICES

Appendix 1: Effect of compound P1, P2, P3, P4, P8, and RP25 on the parasiaemia
level of P. bergheiinfected MiCe.............uuiiiiiii e 150
Appendix 2: Effect of compound P11, P12, P13, P15, P16, P17, P19, P21and, P22 on
the parasitaemia level ofP. bergheiinfected mice................cccooiiiiiiiee e, 151
Appendix 3: The binding energy result of the cecrystallized ligands and 17 chalcones
against four enzymes (FF2, FP-3, PIm-l, and, PIM-1V). ....cccoooiiiiiiiiieeee 152
Appendix 4: MD trajectory showing 30 nanoseconds (ns) molecular dynamic
simulation of P3 boundto FP-2.............ooiiiiiiiii e 153
Appendix 5: MD trajectory showing 30 nanoseconds (ns) molecular dynamic
simulation of P4 bound t0 FR2............ooiiiiiiii e 155
Appendix 6: MD trajectory showing 30 nanoseconds (ns) molecular dynamic
simulation of P3 bound t0 FR3..........ooiiiiiiiii e 155
Appendix 7: MD trajectory showing 30 nanoseconds (ns) molecular dynamic
simulation of P4 bound t0 FR3...........ooiiiiii e 156
Appendix 8: MD trajectory showing 30 nanoseconds (nsymolecular dynamic
simulation of P3 bound to PIMII ... e 157
Appendix 9: MD trajectory showing 30 nanoseconds (ns) molecular dynamic
simulation of P4 bound to PIMIL. ..o 158
Appendix 10: MD trajectory showing 30 nanoseconds (ns) molecular dynamic
simulation of P3 bound to PIMIV. ... 159
Appendix 11: MD trajectory showing 30 nanoseconds (ns) molecular dynamic

simulation of P4 bound t0 PIMIV . ...t 160

XiX



Appendix 12:
Appendix 13:
Appendix 14:
Appendix 15:
Appendix 16:
Appendix 17:
Appendix 18:
Appendix 19:
Appendix 20:
Appendix 21:
Appendix 22:
Appendix 23:
Appendix 24:
Appendix 25:
Appendix 26:
Appendix 27:
Appendix 28:
Appendix 29:
Appendix 30:
Appendix 31:
Appendix 32:
Appendix 33:
Appendix 34:

Appendix 35:

FT-IR Spectrum Of PL........coooiiiiiiiiieeee e 160
H NMR 0f COMPOUNd PlL........coovoieeeeieiceees e eeee s 162
13C NMR 0f cOMPOUNd Pl..........oooveveeeeceeees e eeens 163
DEPT spectrum of compound PL..........oooeiiiiiiiiiiicns 164
COSY spectrum of compound PL..........coooiiiiiiiiiiiiicce e 165
HMBC spectrum of compound PL...........ccceviiiiiiiiiiieesiiiiieeeeeeeeeeee 166
HSQC spectrum of compound PL............cccciiiiiiiiimemiiieeieeeeeee 167
MasSS SPECtrUM Of PL......oooiiiiiiiiiiiii e 168
FT-IR Spectrum Of PL3.... ..o 169
H NMR 0of compound PL3...........ooveuieeeieeeeeeeseeeeees e enens 170
13C NMR 0f compound PL3...........coieeeeireeeeeeeeeeeeees e 171
Mass SPectrum Of PL3.......oooiiiiii e 172
FT-IR Spectrum of P3......coo e 173
H NMR 0f compound P3..........ccooeueeieieee e e eeeeens 174
13C NMR 0f compound P3............coouevieieeeeeeeeeeseeeeeen et eeeens 175
DEPT spectrum of compound P3..........cooooiiiiiiiiiiiin 176
COSY spectrum of compound P3.........ooooiiiiiiiiiiiie e 177
HMBC spectrum of compound P3..............uuuiiiiiiiiiiieeeiiiiieeeeeeeeeee 178
HSQC spectrum of compound P3...........coooiiiiiiiiiieeeiieeee 179
FT-IR Spectrum of P4..... ..o 180
H NMR 0f COMPOUNG PA.........ovivieeieeeeee e eeee s 181
13C NMR 0f COMPOUND PA.........ooveeeeeeeeeeeeeeeesee e 182
DEPT spectrum of compound P4..........cccccoeiiiiiiiiiccc 183
COSY spectrum of compound P4..........cooooviiiiiiiiiiie s 184

XX



Appendix 36:
Appendix 37:
Appendix 38:
Appendix 39:
Appendix 40:
Appendix 41:
Appendix 42:
Appendix 43:
Appendix 44:
Appendix 45:
Appendix 46:
Appendix 47:
Appendix 48:
Appendix 49:
Appendix 50:
Appendix 51:
Appendix 52:
Appendix 53:
Appendix 54:
Appendix 55:
Appendix 56:
Appendix 57:
Appendix 58:

Appendix 59:

HMBC spectrum of compound P4...........coooiiiiiiiiiiii i 185
HSQC spectrum of compound P4...........cccooiiiiiiiiieeeiieeeee 186
Mass SPectrum Of P4 ... ... 187
FT-IR Spectrum of P8........cooiiiiiiiieeee e 188
H NMR 0f COMPOUNd P8.........ocooveeeeeeeeceece e e eeeeens 189
13C NMR 0f cOmpPouNd P8...........c.cooueveeeeeeeieeeeseeeeeee oo eeens 190
DEPT spectrum of compound P8............cooooiiiiiiiiiiic 191
COSY spectrum of compound P8...........coooiiiiiiiiiiiicce s 192
HMBC spectrum of compound P8..............oooiiiiiiiiieeeee 193
HSQC spectrum of compound P8.............ccooiiiiiiiiieeeiiieeeee 194
FT-IR Spectrum Of PLL.......oiiiiiiiiiiiiiiieeeeeeeeeee e 195
H NMR 0f compound PLL.........ccooveieieieeeeeeseeeeeeee e eeens 196
13C NMR 0f compound PLL........c.cooevieieireeeeieeeeeeeees e ees 197
DEPT spectrum of compound P11............cuuviiiiiiiiiiieesiiiiiieeeeeeeeennn 198
COSY spectrum of compound PL11..........oeviiiiiiiiiiiiiieemiiiieeeeeeeeeenn 199
HMBC spectrum of compound PL1L........ccccccoviiiiiiiiiiianiiiiiieeeeee, 200
HSQC spectrum of compound PL1L.........cooeviiiiiiiiiiiccceees 201
FT-IR Spectrum Of PL2........oiiiiiiiiiiiiiiiieieeeeeeee e 202
H NMR 0f compound P12............coeuiuiieeeeeeeeseeeeeee e 203
13C NMR 0f compound PL2...........coeuieeeeeeeeeeeeeeeeses e 204
Mass SPECtrUM Of PL2........cooiiiiiiiiiiiiiii e 205
FT-IR SPectrum Of PL7.......uuviiiiiiieiiiiiiie e 206
H NMR 0f compound PL7.........cooveeeieiieeee e eeees 207
'H NMR of compound P17 (Expanded)..............ccccoereurmernevrnennn. 208

XXi



Appendix 60: *H NMR of compound P17 (Expanded)............c.cocevevruecenerneernnnn. 209
Appendix 61: 3C NMR 0f compound PL7............ccooveeveveeeeieeeeeeeeeeeneneeeee e ieees 210
Appendix 62: Mass SpPectrum Of PLZ.........ccooiiiiiiiiiiiieeee e 211
Appendix 63: Figure 2: FT-IR Spectrum of P15.........coooiiiiiiiiiiie e 212
Appendix 64: 'H NMR of compound P15............cccooeierevieeeeseeeeeseeenee s eeneens 213
Appendix 65: 1°C NMR of compound P15............cccooeerevereeieeeeeeeeeeeenen e seees 214
Appendix 66: Figure 2: FT-IR Spectrum of PL6..........ccoooviiiiiiiiiiiiiccc e 215
Appendix 67: 'H NMR 0f compound PL6.............cccooerrrevireeeseeeeeseeenessesie s eeeens 216
Appendix 68: 'H NMR of compound P16 (EX@Nded)............c.ccoveverrrerrremrerernennn, 217
Appendix 69: 13C NMR 0f compound P16.............cccovvvevieirieeeeseeeesenee e 218
Appendix 70: Mass Spectrum Of PLB..........cccccuiiiiiiiiiieeeeiiiii e 219
Appendix 71: 'H NMR 0f COMPOUNd 23...........covuiieeeeeeieeeeeeeeeee s e 220
Appendix 72: *H NMR of compound 23 (Expanded)...............cccoeerriemmesveeerenennns 221
Appendix 73: 13C NMR 0f COMPOoUNd 23..........ccovoviveeeeieeeieceeme e en s eeeen, 222
Appendix 74: Mass Spectrum Of P23..........cooiiiiiiie i ieee e 223
Appendix 75: *H NMR of compound PL9...........ccocoeuiirieiieeeseeeesee e eeens 226
Appendix 76: *H NMR of compound P19 (Expanded)................cccoovrrrerervrnennnn. 227
Appendix 77:3C NMR of compound PL9...........cccoeiieoieieieeeeeeeeee e 228
Appendix 78: Mass Spectrum Of PLO...........ccoiiiiiiiiiiiieeeeiiiie e 229
Appendix 79 H NMR 0f COMPOUNG 24...........ccooeieieeeeeee e er e enee s 230
Appendix 80: 13C NMR 0f COMPOUNT 24............c.coovieeeeeiieemeeeeeeeeeeer e, 231
Appendix 81: Mass SpPectrum Of P24..........ccooiiiiiiiiiiieeee e 232
Appendix 82: 'H NMR 0f COMPOUNG 25........c.cvvivieieieeeeeseeeres e vnmen, 233
Appendix 83:3C NMR 0f cOMPOUNd 25..........cceieeeeeeceieeeeeeeees e enee s 234



Appendix 84:
Appendix 85:
Appendix 86:
Appendix 87:
Appendix 88:
Appendix 89:
Appendix 90:

Appendix 91:

FT-IR Spectrum of P2L......coooii e e 235
H NMR 0f compound P21L...........coeeeeieeeeeeeeeeseeeeeee e eeens 236
13C NMR 0f compound P21L..........coeeeeereeeeeeeeeeeeeees e vees 237
Mass SPeCtrUmM Of P2L........ooviiiiiiiiiiiiiiie e 238
FT-IR Spectrum Of P22 ........ooiiiiiiiiiiiiiieeeee e 239
H NMR Of COMPOUNG 22.........ocviieeeeieiseeee e ee et eeee s 240
13C NMR 0f COMPOUNT 22......veieeieeieeieeeeeeee e, 241
TLC plates of substituted chalcones...............cooevvviiiiiieeeiieeeeeieene 242

XXii



MD

LBP

QSAR

SAR

3D

2D

CADD

SBDD

LBDD

TLC

FT-IR

MS

NMR

4

13C

PDB

ABBREVIATION

Molecular Dynamics

Ligand-Based Pharmacophore

QuantitativeStructure Activty Relationship

StructureActivity Relationship

3-Dimensonal

2-Dimensonal

Computer Assisted Drug Design

Structure Based Drug Design

Ligand Based Drug Design

Thin Layer Chromatography

Fourier Transformed InfradeSpectroscopy

Mass Spectrometry

Nuclear Magnetic Resonance

Proton

Carbon 13

Protein Data Bank

XXi



ADT

GPU

MD

PME

RESP

GAFF

NPT

NVT

Ps

Fs

ns

PS

RMSD

RMSF

Rg

COSY

HMBC

AutoDock Tool

Graphical Processing Unit

Molecular Dynamic

Particle Mesh Ewald

Restrained Electrostatic Potentia

General Amber Force Field

Number of particles, Pressure and Temperature

Number of particles, Volume and Temperature

Pico second

Femto second

Nano second

change in entropy

Root Mean Square Deviation

Root MeanSquare Fluctuation

Radius of Gyration

Correlated SpectroscopY

Heteronuclear Mulpile Bond Correlation

XX\



HSQC Heteronuclear Single Quantum Correlation

DEPT Distortionless Enhancement by Polarization Transfer
QM Quantum Mechanics

MM Molecuar Mechanics

VS Virtual Screening

PDB Protein Data Bank

SBVS Structure Based Virtual Screening

SBP Structure Based Pharmacophore

TETFUND  Tertiary Education Trust Fund

XX\



ABSTRACT

Inspired by the previous findings on the structural requénes neededfor good
antimalarial activityby chalcones againsPlasmodiumproteases, seventeen chalcone
derivatives were designed andynthesized using Clais€&Schmidt condensation of
appropriate aldehydeand methyl ketor& The structures of these cooymds were
established using various spectroscopic techniques. Based on SciFinder thearch
compoung; P1, P2, P3, and P8 are new compounds not listed on any chemical data base.
The synthesizeathalcones were screened in mice against establRhkedrghi infection.
Eleven compounds were actiamd P2 the most active compounekhibited significant
percentage inhibition of 90.32%p’(0.05) at a dose of 10@ng/kg. An interesting
observationwas the demonstratiorof good antimalarial activity with the-uindinyl A

ring derivatives P3, P4 and P8. The potential of gyanthesizedompounds to inhibit the
synt hedemmtin awds aléo evaluated but, omtynpounds P12 and P17 showed
modest i n khenmaiintsyntinesis with pefcent inhibition of 59.28f6 @9.04%
respectively at a dose of 50g/kg. The prospects of dual inhibition &lasmodium
falciparum vital proteases; aspartic proteases (plasmepsin Il and V) and cysteine
proteases (falcipai@d and 3) of the seventeen chalcone derivativesalssinvestigated
usingin silico studies. Structurbased virtual screening using validated molecular docking
revealed two potential hits (P3 and P4) with the best binding affinity and broad inhibition
across all the proteases used. The crucial driving forceedeptor interaction and key
interacting residues of the enzynigsthe potentialhits were established using molecular

dynamics and binding free energy calculations. Simulaggperimentsrevealed the
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stability of the docked ligarsdwithin all the enzyras. The ligands wer®und to interact

with the residues at the active site and other-sstgb regulating specificity for the
falcipains systemWith the plasmepsin systemshe ligands interactwith the flap,
covering the active site. From the differenmtesgetic contributionsof the individual
residuesit is evident that the binding process was principally favored by van der Waals
and little affectedby electrostaticenergieswhile the polar solvatiomnergyimpaired it.

With regard to théinding interations, it appearethat the most contributing features of
the ligands for receptor interactions are the quinoline ring, carbooypgnd?- methoxy
group. Thereforgethe result from this work have identified quinolinyl chalcones wih 2
methoxy substition on ring B as potential candidatéor further optimization as

antimalarial againglasmodiunproteases.
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CHAPTER ONE

1.0INTRODUCTION

Malaria is a devastating infectious disease caused by a parasitic protozoan, Apicomplexan
of the genusPlasmodium R.). There are four important species Bfasmodium
responsible for causing malaria in humBrvivax,P.malariag P.ovaleandP.falciparum

with P.falciparumbeing the mostirulent and predominant in Africa (Kumat al.,2009).

The disease is transmitk¢hrough the bites of infected female Anopheles mosquito.

At the start of 2016, nearly half of tleo r bk poputation was at risk of malaria. It was
considered to be endemic in 91 countries and territories in 2016 (WHO, 2016). In 2015
alone, there werenaestimated 212 million new cases of malaria and 429, 000 deaths
(WHO, 2016). Although the incidence rate of malaria is estimated to have decreased by
21% globally between 2010 and 20XBe decreasés more pronounced in the World
Health Organization (WHPDEuropean Region (100%) and WHO Sokthst Asia Region
(54%). But progress in the WHO African Regiowhich is the region that carrigbe

heaviest malariaurden haveen slonf(WHO, 2016).

WHO African Region continues to shoulder the heaviest malarideby accounting for

an estimated 90% of malaria cases and 92% of malaria deaths in 2015. Three quarters of
thesecases and deaths are estimated to have occurred in fewer than 15 countries, with
Nigeria and Democratic Republic of the Congo accounting farenthan a third (WHO,

2016). The vulnerable groups are children under the age of five years and pregnant women
(Miller et al.,2013; WHO, 2016). Every 40 seconds a child dies of malaria, resulting in a

daily loss of more than 2,000 young lives worldwitiller et al.,2013). These estimates



render malaria the preminent tropical parasitic disease and one of the top three killers

among communicable diseagiiller et al.,2013)

Malaria is associated with significant so@oonomic burden, as a genenalerof thumb,

where malaria prospers most; human societies have prosperedGelsp and Sachs,
2001). Analysis estimating the lotgrm impacts of malaria on economic growth and
development suggestthe importance of the economic burden of the diseaJéne
mechanisms through which malaria can impose economic costs include; medical/treatment
cost and forgone incomes due to absenteatsmork place social cost through migration,
absenteeism in school and, loss of revenue from trade, tourism and folieagh

investment (Gallup and Sachs, 2001)

The global effort to defeat malaria has expanded greatly in the last few years. In this
process, a number of novel strategies to obstruct malarial growth have emerged. Among
the most appealing strategies is aerapt to produce bnglasting vaccine which would

help eradicate the disease (Valetoal., 1993). The vaccine developed by Alorsial

(2004) appears promising, but has so far only given limited protectiondi_all, 2005).

Thereforechemotherapyemains the only solution for malaria prevention and cure.

For decades chloroquine; aa#inoquinoline has been the gold standard for malaria
chemotherapy due to its high efficacy, low cost and minimal host toxicity. Indiscreet use
of chloroquine has letb massive development of resistance by the parasite making it
ineffective (Kumar et al., 2010) Consequently, artemisinin and its derivatives which
include arteether, artemether and artesunate were introduced for the treatment of drug
resistantas well asdrugsensitive malaria (Wang and Xu, 1985; Lat al, 1987),
particularly in cases of deadliest cerebral malaria. And, to avoid or slow down the
development of resistance, combination of artemisinin derivatives with other antimalarial
agents known as amisininbased combination therapies (ACTs) are being advocated and
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promoted by WHO (WHOR2011). Presently, ACT is the first line intervention fn
falciparummalaria (WHO, 2016). Unfortunatelyhereis an alarming report of decrease
artemisinin and ACBensitivity in some pasof the Asia including; Cambodia, Myanmarr,

Thailand and Vietnam (Phyat al.,2012; Carrarat al.,2013).

The unavailability of clinically effective vaccine, appearance of insecticide resistant
mosquitoes an@lasmodiunresistane to multiple available antimalarials have motivated
scientiss to develop new drugs with novel targets. In the wake of full genome sequencing
of P. falciparum numerous new drug targets have been proposed. These are quite diverse
and include enzymes frotihhe respiratory chain in the parasite mitochondria (Biagini

al., 2006), several transport proteins (Reguetaal., 2005) enzymes in the fatty acid
synthetic pathway (Eastmaet al., 2006) a number of proteases (Ersmatkal., 2006;

Micale et al.,2006 and, DNA replication and regulation (Yanaival.,2006)

The proteases have been identified as promising drug targets through several experiments
(Goldberget al.,1991; McKerrowet al., 1993; Liuet al.,2005). Proteases are enzymes

vital for plasmodiunparasite survival. They asaid to be responsibfer degrading host
hemoglobin to provide essential amino acid for the parasite survival (Rosenthal, 2004;
2011) andor maintenance of osmotic balance of the infected erythrocyte during the intra
erythrogtic life cycle (Mauritzet al 2009). Another study has implicated proteases in the
erythrocyte egression and subsequent rupturing process (Blackman, 2008). Proteases
having key roles in hemoglobin degradation include aspartic (plasmepsins) and cysteine
(falcipains) proteases. These proteases are validated as drug targets, but no sbrdgrhas

been approved against théieixeiraet al.,2011).

Numerous malarial protease inhibitors have been developed through computational studies
(Li et al., 1995; 1996;Gutiérrezde-Teranet al., 2006),and bychemical synthesis and
serendipity (Rosenthal, 1998; Bjelet al., 2007). One of the major computational
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approaches employed the development of proteasdibitors consists of structutgased

design using dockg and molecular dynamigi et al., 1995. Indeed, complementing
experiment and computational techniques increases the rate of success in many stages of
the drug discovery, by assessing the interactions between the ligands and the binding site
of the proein according to their binding affinity toptimize pharmacodynamicsnd
development of compounds with desired pharmacokinetic propevicesover the useof
computers at some conceivable steps is imperative to cut down the expense, number of

animals andime needed in the drug discovery process (Gahat,2017)

Interestingly, chalconéFigure 1.1) was identified through molecular modeling studies as
Plasmodiumparasite cysteine protease inhibitor @i al., 1995). At the same time,
Licochalcone Aisolated from Chinese liquorice rootss identifiedas potent antimalarial
compound (Cheet al.,1994). Since then, there was substantial interest by the scientific
community to develop chalcone as effective antimalarial drugs Bhaugmented by
simple diemistry, ease of synthesis and possibility of various substitudiotise chalcone

nucleus.

Various derivatives have been synthesized and were found to possess promising
antimalarial activity Several effortavere made¢o determine the features necegdar the
antimalarial activity for optimization through QSAR and molecular modeling stijdies

et al., 1995; Liuet al.,2001; Kumaret al.,2010) The strong dependence of antimalarial
activity on specific substitution of rings (Benzaldehyde ring) & (Acetophenone ring)

was noted. This led to a proposal which was put forward bgtlal., (1995) on the
importance of electron withdrawing substituents on ring A (decreased electron density)
and electron donating substituents on ring B (increased eledeosity) for good
antimalarial activity of chalcones. Similarly, Lat al. (2001; 2003) and Get al. (2003)

synthesized a series of substituted chalcones and screened them against chloroquine



susceptible (3D7) and chloroquine resistant (Dd2) strailis tdlciparum Fromthe SAR
analysis, size and hydrophobicity of substituents on both rings of chalcones were
identified as critical parameters. In addition, most of the hydroxylated chalcones were
found to be less active than the corresponding alkoxyld¢edatives as reported earlier

(Li et al.,1995).

0
ORAYS
(2E)-1,3-diphenylprop-2-en-1-one

Figure 1.1: Chalcone

Conversely in a study conducted by Kumat al., (2010 it was observed that chalcones
which are methoxylated in their aryl riry and electron deficient at rin§ are better
antimalarials than those in which these groups are interchanged. These observations
clearly indicate that increase in the electron dgren ring A significantly enhanced the
antimalarial activity which is evidently in contrast to earlier reports linking potent
antimalarial activity with electron deficient riry of chalcones (Liet al., 1995). Thus,

there is no clear conclusion of thebstitution pattern on the chalcone rings that confer

better antimalarial activity.

The present research aimed at designing various chalcone derivatives depicting previous
proposals set forward for chalconespagteases inhibitorgheir synthess and evéuation

of theirin vivo antimalarial activity using mice model. Molecular hybridization design is
employed, matching variouscaffold of the chalcone moiety denoted from previous
studies as significant for antimalarial activity. Additionallye redundainfunction ofthe
proteasesn hemoglobin degradation prompted this research to also study the potential of

the synthesized chalcones to inhibit both aspartic and cysteine proteages uslico



studies and to provide insight into the structural featéwe dual proteases inhibition. This
should help to furnish information for further design of new compounds with improved

and dual activity.

1.1 Statement of Research Problem

Despite tremendous progress in medicinal chemistry malaria is still a majat tbre
public health (WHO, 2016). One of the major hurdles to control malaria is resistance of
malaria parasites to most of the commonly used antimalafiatay artemisinins and
Artemisinin Combination TherapyACTs) are the only drugs that cure chlorou
resistant Plasmodium falciparuminfections. However, there is reported decrease
sensitivity of the ACTs in some parnf Asia (WHO, 2016)In fact, ACTs resistance to
Plasmodium falciparunis spreading very rapidlyAShley et al., 2014). Hence, new

animalarials with novel targets are urgently needed to combat the disease.

Inspite the biochemical characterization of proteases as an attractive and potential drug
target, no drug haget been clinically approved (Teixeirat al, 2011; McGillewie and
Soliman, 2015). Many potent peptidyl protease inhibitors were discovérdd their

utility as therapeutic agents is limiteg their susceptibility to proteolytic degradation and
poor absorption through cell membranes (Etédral., 2010). Thus, the searcbrfsmall

molecule norpeptide inhibitors continues.

Obviously, since functional redundancy exists among the vaRtasmodialproteases,
attention needsto be targeted atmore than one enzyme during drug design and
development. Some experimental studie®ved dual inhibition of falcipains and
plasmepsins is necessary for lethal inhibition to the parasite®{lal, 2006; de Oliveira

et al., 2013). Many efforts to computationally study interactions between the inhibitors

and different proteases are madesing variousin silico methods (McGillewie and



Soliman, 2015; Musyokaet al., 2016). However, there are limited studies on

computational analysis targeting dual inhibition of the different proteases.

1.2 Justification of the Study

Malaria remains one ofhe most important tropical parasitic diseases, causing great
suffering and loss of life. Nigeria suffers the world greatest burden with 97% of the total
population at risk which resulted in 192,284 deaths in 20810, 2016) The disease
remainsa majorcause of deatim Nigeria followed by diarrhea and HIV/AID@dedotun

et al, 2010) Study has shown that children unélee years of age have an average -@f 2
attacks of malaria annually (Adedotanal, 2010). The soci@conomic impact of malaria

on individual and the economy is enormous. Annually it ddtica alone $12 billion

(WHO, 2016).

In an effort tocombat the mortality and morbidity burdens of malaria arising from
development of resistande the available antimalarials, scientists fromngnadisciplines

have initiated an extensive and comprehensive malaria vaccine development program.
Yet, there is currently no licensed vaccine against malaria. The vaccine MoSGuirix
(RTS,S/AS01) developed by GlaxoSmithKline in partnership with PATH naalari
initiative has been found to be associated with cases of meningitis, seizures and, reduction
in efficacy over time (Lelket al, 2009).Moreover, vaccine alone cannot replace ¢bee
package of WH@ecommended preventive and treatment measures (WHQ@).2ZMis

suggests that there is still need to search for newer and moreveféatimalarials.

The antimalarial potentiabf the chalconestheir simple structure, low cost synthesis,
minimal host toxicity and ease of availabilppyesentgshemas exceknt alternative drug
candidate for malaria Gallup and Sachs, 2008inhaet al., 2013. Chalconetemplate
structures have been studied and shown to exhibit activity toutfigral refinement and

optimization is needed to make a viable potent drug catelidhis is limited by uncertain



SAR analysis and realization of other mechanistic pathways different from protease
inhibition. Therefore, more chalcone derivatives are needed until a true SAR is

established.

The drug design and discovery procasshighly laborious and costly both in terms of
resourcesnd time. Howevergomputational studies drug design and discovery have the
advantage of being faster and far less expensive, in addition to saving lives of animals
compared tetandard high thorough pscreening (HTS). Computational methods provide

a powerful complement to standard HTS and by combining chemical screening with
computational tools, lead discovery and optimization can be made signifiastdyand
effective. A number of successful exales exist where computational chemistry has
made significant contributions to the processes of lead discovery and optimization

(Teixeiraet al.,2011).

1.3 Aim and Objectives of the Study

The aim of tle studywasto design, synthesizand,evaluate antimarial activity of some

chalcone derivatives arekplores theipptimizationthrough computationatudies
To achieve the aim, the objectives of the study are;

I.  To design some substitutetlalcones based on previostsidies,synthesize and
characterizéahemusing melting point and various spectroscopic techniques (FT

IR, *H, *C and 2D NMR and Mass spectrometry).

II. To evaluate the theoretical oral bioavailability of the desigtiedcones based

onL i pi srsl&adffived

lll. To screen them fan vivo antiplasmdlial activity using curative model in mice

infected withPlasmodiunberghei



IV. To carry out molecular docking studies using the crystal structure of two cysteine
and two aspartic proteasesRffalciparumand the synthesized chalconésd
further study theChalcones with good binding affinity and broad spectrum of

inhibition from docking study using molecular dynamic simulation.

V. To evaluate an alternative mechanism of action basemh @itro a s say of

hematininhibition.

1.4Research Hypothesis

The syntlesized derivatives are not inhibitory to the proteas®.ofalciparumand are

therefore not potential antimalarial agent.



CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Malaria

Malaria is one of the earliest known diseases. The French researcher L(dladrahPrize

in Medicine 1907) discovered the malaria parasite in human blood. In 1897, the English
physician Ross (Nobel Prize in Medicine 1902) and, in 1898, the Italian zoologist Grassi,
demonstrated that the parasite was injected into the human bésodshrough the bite of

an infected female mosquito (Teixeeaal.,2011). Malaria remains a human disease of
global significance and a major cause of high infant mortality in endemic néhilier

et al.,2013. Parasites of the genus Plasmodium eahe disease by degrading human
hemoglobin as a source of amino acids for their growth and maturation (Rosdrdahal

2002).

2.1.1 Pathogenesis

Understanding the interplay of the Plasmodium parasite with its cellular host provides the
biological basisfor its control, treatment ancradication (Teixeira et al., 2011)
Plasmodium parasites have a complex life cycle, consisting of two basic cycles; an asexual
cycle in the human host and a sexual cycle in the mosquito host (Khan and Waters, 2004).
The asgual cycle is further divided into a liver stage (or a-prgthrocytic stage) and an
erythrocytic stage. Figure 2i$ a schematic representation of the transmission cycle of

malaria parasite (Hoffmagt al.,2002).
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Figure 2.1: The life cycle ofPlasmodium falciparum where (a) and (b) represent the
asexual cycle in human host and the sexual cycle in the mosquito, respectively.

The parasite enters the bloodstream in the form of sporozoites throughethef laib
infected femaleAnophelesmosquito. The sporozoites then travel to the liver and invade
hepatocytes, where they are converted, through an asexual transformation, to trophozoites,
which in turn divide into several schizonts, eventually generatimgzoges. After being
multiplied in huge numbers, these merozoites rupture the hepatocytes and are released into
the blood stream. The merozoites invade the erythrocytes, initiating the erythrocytic stage
and feed on the hemoglobin. After proliferatiore #rythrocyte rupture and the liberated
merozoites invade other erythrocytes. Sometimes, during this-esgttoocytic stage,

other forms of the parasite emerge as gametocytes, sexually differentiated forms that,
when taken up by a feeding mosquito, wdhtplete the sexual cycle within the mosquito

gut until new sporozoites are formed and migrate toithe s s salivan glands, for

anotheroundin the spreading of infection (Teixeiea al.,2011).

The asexual erythrocytic parasites are responsiblenfost of the typical clinical

symptoms associated with malaria. As the parasites develop in the erythrocytes, numerous
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waste and toxic substances accumulate. These are dumped into the blood stream as the
infected red blood cells lysed and liberated the aates. The waste and toxic substances

such as hemozoin and glucose phosphate isomerase (GPI) stimulate microphages and
other cells to produce cytokines and other soluble factors which act to produce fever and

probably influence other severe pathophysiglagsociated with malaria.

2.1.2Chemotherapy

The complex life cycle of the malaria parasite above offer a clue on target for drug
developmenby attacking stages of important developméidwever, discovery of drugs

to combat malaria has to a large extee¢n serendipitous, and the mechanism of action of
many agents is still partially or totally unknowumar et al., 2010) Chloroquine and
other quinine alkaloid derivativesave been the mainstay in malaria chemotherapy for
decades. Chloroquine appearsatt by blocking the bio crystallization of heme, while the
mechanisms for related drugs, including quiniae unknown Antifolate drugs, such as

pyrimethamine, inhibit folate metabolism. (Wieseéal.,2003; Bairdet al.,2005)

Unfortunately, paragit resistance is rendering antimalarial medicines ineffective in most
parts of the world. This resistance to antimalarial drugs arises as a result of spontaneously
occurring mutationghat affect the structure and activity at the molecular level of the drug
target in the malaria parasite or affect the access of the drug to that target (Hayton and Su,
2004). To date, clinically relevant resistance has emerged, towards all classes of

antimalarial drugs

Fortunately, quinine has remained the drug of choicetreating the chloroquine and
multidrug resistanP. falciparummalaria;however,its use is limited because of potential
toxicity (Kapoor and Kumar, 2005). Thus, combination therapy of the effective
antimalarial drugs available, such as artemisinin amdmaloguesemain WHO global

strategy for malarial treatment (WHO, 2016), in addition to other control measures. It is
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therefore evident that extensive scientific effort should be committed to the discovery of

additional novel therapeutic targets and évelop drugs aimed at these targets

2.1.3Novel malaria targets

Since the unveiling of the. falciparumgenome in 2002 (Gardnet al.,2002) a number

of potential targets for drug intervention have emer@#tsneret al., 2003; Jana and
Paliwal, 2007) These potential antimalarial drug targets can be broadly classified into
three categories, according to their function in the r a s life aycle @s; i) targets
involved in macromolecular and metabolite synthesis, ii) targets engaged in membrane
trangort and signaling, and iii) targets involved in hemoglobin degradation (Teeeira

al., 2011).

Proteases having key roles on the degradatioh of ssthemiglobin within the food
vacuole of blooestage parasites, have been increasingly attracting tleetiatt of
medicinal chemists worldwide as promising drug targets $tteemodiundepends othe

hemoglobin degradation for their survival (Rosen#tall.,2002; Musyakeet al.,2016).

2.2The Proteases

Proteases are enzymes that catalyze the hysdsaysamide bonds in peptide and protein
substrates. They have been identified in biological systems, from viruses to vertebrates.
Proteases range from monomers of 10 kDa to multimeric complexes of several hundred
kDa. They have been divided into groupsédxhon the catalytic mechanism used during

the hydrolysis of peptide bonds. The main catalytic types are serine, threonine, aspartate,
metallo and cysteine proteases (Sajid and McKerrow, 2002). Proteases are important
therapeutic targets because they @awle in various biologicalrocesses, such as protein
synthesis, turnover, and function. These critical roles proteases play in the life cycle of

parasitic organisms makes them attractive dfegign targets fomalaria Malarial main
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proteases includeFalcipainsFP (cysteine proteases) and PlasmepgBIns (aspartic

proteases).

2.2.1Cysteine protease

Plasmodium cysteine proteases belong to Clan CA, or pékeimproteases. Cysteine
proteases use a cysteine residue in the enzyme active site to gatatgae hydrolysivia

nucleophliic attack to the carbonyl carbon of a susceptible bond (Leoziléd,,2002).

Plasmodium cysteine proteases adopt the classical pgafold in which the protease is
divided into L (left) and R (right) domains (kige 2.2). The catalytic residues CYS42,
HIS174 and ASN204 for FP2 and CYS44, HIS176 and ASN206 for FP3 are located at the
junction between the L and R domains (Ketral., 2009). Thus, the catalytic site is
formed by a cysteine and a histidine, whose shilgns form a thiolate/imidazolium ion

pair, and also by an asparagine, which has a crucial role in the appropriate orientation of
the ion pair. The active site of falcipains is generally fednby four pockets: S1, S2,

S 1add S3. The S1 pocket is thededefined of the four grooves and, usually, includes the
glutamine of ©hemdst wepdeimedgpoackehi® $2ewhich seems to
govern specificity towards falcipaitts (FP2) and/or falcipair8 (FP3), and prefer
substrates bearing a LEU the corresponding P2 site. Th& $ p o coktaints a highly
conserved tryptophan, which is known to participate in hydrophobic interactions with
substrates. Finally, a glycifrech region of the binding site represents the S3 groove (Sajid

and McKerrow, 20; Kerret al.,2009).

Unique structural features of falcipains are two novel insertions assigned as FP2/3 nose
and FP2/3 arm (Figure 2.2). The FP2/3 nose motif, situated at-teerivus, is required
for folding, while the FP2/3 arm contains at€rmiral insertion and mediates interaction

between the falcipains and hemoglobin independent of thez y sraetivedsite (Wangt
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al., 2006). FP2 and FP3 are single polypeptide chains of 241 and 243 amino acids,

respectively.

Catalytic site
CYS42-HISI174)

/ r) () / 74\;9\
H( \Z7
| S{: 'y\ . 3

\'ﬁw

L domain =

Falcipain nose

Figure 2.2: Cartoon representation of the structure of falcipain2 (PDB code: 3BPF)
with the L domain (Left) and the R (Right). The N terminal extension (FP nose) at
the most right and the Gterminal insertion (FP arm) at the bottom are cdored in
dark grey (Wang et al.,2006)

Falcipains are the best characterized cysteine proteases of the malaria parasite. Analysis of
the P. falciparumgenome sequence suggested the existence of a family of four falcipains:
falcipainl (FP1), falcipain2 (FP2), falcipain2 OF P 2 0) and (FPB)aFPd iispai n
encoded on chromosome 14 and is distantly related to the other falcipains in terms of
sequence (<40% amino acid identity) and function. Its exact physiological role is yet to be
elucidated. However,osne studies suggested thaPlFcould be important in oocyst
production during parasite development in the mosquitegutcand also could help in the
invasion of the host cell e P. falciparum F P 2, F Rrizadedron chrbrRo8ome

11, are closely rated and appear to be the key hemoglobinases in the acidic food vacuole.
Also, they are believed tbe involved in the transformation of pptasmepsins into the

mature active enzymes (Teixegtal.,2011).
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FP2 and FP3 present a high similarity in segegi®8% identity), share similar sized pro
domains and include an unusual amiaominal extension of the catalytic domain that is

not found in FP1. Both enzymes require a reducing environment and acidic pH for optimal
activity. At acidic pH, FP3 is morecive and stable, presenting a higher activity against
native hemoglobin than FP2. It has been discovered that, despite the concentration of FP2
in trophozoites being 1.8 times that of FP3, the latter seems to cleave hemoglobin about
twice as rapidly as thformer. This indicates that the relative contribution of the two
enzymes to hemoglobin degradation is essentially equivalent. The loss of FP2 is probably
compensated by the increased expressionFd® 2 dax i3, thus suggesting the
overlapping functionperformed by the falcipains (Rosenthal, 2011; Marco and Miguel
2012). On the other hand, disruption of the FP3 gene is not possible, strongly suggesting

that FP3 is essential for erythrocytic parasites.

These findings suggest that drug development fatuse falcipains mustconsider

simultaneous inhibition of all the essential falcipains.

2.2.2Aspartic proteases

Aspartic proteases have aspartic acid as their catalytic apparatus and, use water molecules
for proteolysis through a nucleophilic attack on taebonyl carbon in acidic conditions

(Bjelic et al.,2007).

Aspartic proteases (Figure 2.3) arddbed (two assymetrical lobes) molecules édd G
terminals) with the active site situated at the interface of the two domains; each lobe
contributes an gartic acid to the catalytic dyad of the active site. The two aspartic acids
(Asp34 and Asp214) are located in close geometrical proximity to each other, functioning
at an optimum acidic pH which ensures at any given moment one of the aspartic acid
residues is protonated (ionized) and the other is deprotonated (unionized) (étsajq

2003; Silvaet al., 1996). The mature enzyme is formed by a single chain of 329 amino
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acid residues. A unique structural feature of aspartic protease enzymes is theidlap reg
lying perpendicular to the catalytic aspartic acid in the active site and, partially covering
the active site. The flap region plays crucial role in ligand recognition and in regulating

access to the active site, thereby regulating ligand binding¢®Bjedl.,2007).

Figure 2.3: Figure 2.3: Ribbon diagram of the complex of plasmepsins Il with EH5¢
showing disulfide bridges, catalytic dyad, inhibitor, flap, flexible loop and proline
rich loop in red, magenta, white, blue, yellow and green, respectively (Asojet al.,
2003).

The mechanism of action of aspartic proteases is through a generblaseigdeaction
(Apushpull mechanism), in which a nucleophilic attack occurs through the simultaneous
transfe of two protons (between the conserved water molecule, the catalytic dyad and the
substrate) leading to the formation of a transient neutral tetrahedral intermediate held non

covalently in the active site until bond cleavage occurs (Bgtlad.,2007).

With the unveiling ofP. falciparumgenome, ten (I X) malarial aspartic proteases, also
known as plasmepsins (PIm) have been identified. Plasmepsin I, I, IV andh$stdic
protease (HAP) are situated in the food vacu@¥) and are responsible fdhe

degradation of hemoglobin, providing nutrients for parasite grolthalciparumis the
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only Plasmodiumspecies that actively expresses numerous plasmepsins in the FV,
whereas the only aspartic protease in the FV of ®fesmodiunspecies is an orthogue

of PImIV. Plasmepsins outside the FV, PInmi X are highly conserved in @llasmodium
species (Banerjeet al.,2002). Their overall structure and general mechanism of action is
conserved throughout plasmepsin@wéver, sequence heterogeneityagions lining the
active site such as the flap and other essential regions that regulate ligand access ensures
unique substrate specificity and response to inhibitors (McGilletvéd., 2015). Previous
studies (McGillewieet al., 2015; Karubiuet al., 2015) have proposed parameters to
accurately describe the twisting motion of the flaps which move away from the active site
in the absence of an inhibitor. Upon inhibitor binding, residues in the flap region form
hydrogen bonds with the inhibitor pulling tward towards the active site rendering the
enzyme inactive. This could potentially aid in the development of plasmpesin inhibitors as

antimalarials.

2.2.3Mechanism of hemoglobin degradation by the protease

Hemoglobin is the most abundant protein in lemytytes, and becomes completely
degraded after parasite entry. Given that Plasmodia have limited capacity for de novo
amino acid biosynthesis, it has been suggested that hemoglobin degradation products are
essential for thg a r asawmn moteidbiosynhesis, for its surviva{Bjelic et al.,2007)

Amino acids from hemoglobin proteolysis also appear to be required for energy
metabolism (Francist al., 1997) the regulation of osmotic pressure and the creation of

space in the host cell for the growing gsites (Goldberg, 2005).

Reports on malaria both in culture and in animal models have revealed that hemoglobin
catabolism takes place in the acidic food vacuole and is essential for parasite survival.
Three different classes of enzymes have been founteiratidic food vacuole of the

parasite that digest hemoglobin; cysteine protease (falcipains 1, 2, and 3) (Rateadthal
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2002), aspartic proteases (plasmepsin I, Il, IV, and histoaspartic protease) (Bainekjee
2002), and metalloprotease (falcilys (Egglesonet al., 1999). The degradation process
appears to follow an ordered pathway (Gluzretaal., 1994) which is outlined in (Figure

2.4). Falcipains are implicated for initial cleavage of native hemoglobin (Rosenthal, 1998).
However, other studgshave shown that native hemoglobin is cleaved by plasmepsin II,
but not falcipain, in nonreducing conditions that may be present in the food vacuole
(Semenovet al., 1998). It is difficult to determine whether a plasmepsin or falcipain
catalyzes the itial cleavage (Liu, 2006). However, it has been suggestecathatitial
cleavage between Phe33 and Leu34 in the hinge region, of the domain responsible for
holding together the oxygen bound tetramer by plasmepsin, unravels hemoglobin to

expose it to futter cleavage (Coomigs al.,2001).

Subsequent cleavag®o smallerpeptides is catalyzeoly both plasmepsinsnd falcipains
(Semenowet al., 1998). The metallprotease falcilysin and dipeptidyl aminopeptidase
(DPAP1) cleave the resulting small peptide even shorter oligopeptides that are finally
hydrolyzed to free amino acids by aminopeptidases (Coanlad., 2001). During the
hemoglobin degradation process, free heme is released and oxidized from the ferrous
(F€") state to the ferric (F® hemain. Both heme and hematin are potentially toxic to the
parasite. To counter this, the parasite has evolved a detoxification system resutiag i

f or mat i-hemozoio pigment, an inert crystalline hematin polymer (Pagblal.,

2000).

Various evidences support that malarial cysteine and aspartic proteases are mediators of
hemoglobin degradation and are therefore plausible novel targetnfonalarial drug
development (Silveet al., 1996; Rosenthakt al., 1998; Liu et al., 2006). Protease
inhibitors are known to block further growth and developmentPoffalciparum

(Rosenthal, 1998; Teixeiet al.,2011).
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Figure 2.4: The degradation process of hemoglobin in th@. falciparumfood vacuole
(Teixeira et al.,2011).

2.2.4Protease inhibitors

Several studies revealed that cysteine and aspartic protease inhibitors prevent hemoglobin
hydrolysis,block parasite development and cure murine malaria (Rosegzttladl, 1996;

1998; Singh and Rosenthal, 2001; kiual.,2006). To date, many compounds have been
identified as malarial protease inhibitors which are able to blockdhasitese n z y me 6 s
adivity by forming a reversible or irreversible covalent bond with the active site cysteine
(Silva et al.,1996; Asojoet al.,2003; Liuet al.,2006). Thus, falcipain inhibitors can be
broadly divided into three categories (Teixestaal.,2011): i) peptilebased inhibitorsii)

peptidemimetic inhibitors and iii) nofpeptidic inhibitors

Most of the falcipain inhibitors identified so far are peptloesed inhibitors.This
includes; peptidyl fluoromethyl ketones, peptidyl vinyl sulfones, peptidyl aldelayarest U
ketoamide derivatives, epoxysuccinyl derivatives and peptidyl azirines. Peptidyl aldehydes

a n dketbAmides inhibit FPs in a reversible manner, while the others are irreversible
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inhibitors (Teixeiraet al.,2011) Peptidebased inhibitors were fountd be very potent.
However, their utility as therapeutic agents is limitbécause oftheir limited
susceptibility to protease degradation and their poor absorption through cell membranes
(Marco and Miguel Coteron, 2012). Peptidomimetic FPs inhibitorkidieccompounds
based on 1/benzodiazepine and pyridone ring scaffolds, which are able to reversibly
block the enzyme. Noepeptide FPs inhibitors inclugdésoquinolinesthiosemicarbazones

and chalcones which are biosynthetic precursors of flavonoidseiiiaet al.,2011)

2.3Chalcones

Chalcones are one of the most important classes of flavonoid family. They arehapen
precursors for biosynthesis of flavonoids and isoflavonoids and occur mainly as
polyphenolic compounds, whose colaangesrom yelow to orange (Sahat al.,2012).

They are abundantly present in edible plants. Chalcones exhibit a broad spectrum of
biological activities, including antimalarial, aftilammatory, cytotoxicand anticancer
properties (Sahet al., 2012). Two examplesof chalcones used in clinical practieee
metochalcone approved as a choleretic drug, and sofalcone as -ancanthgent that
increases the amount of mucosal prostaglandin, conferring a gastroprotective effect against
Helicobacter pylori(Gomeset al., 2017). Thus, medicinal chemists continue to be
fascinated by chalcone derivatives because of their simple chemistry, ease of hydrogen
atom manipulation, straightforward synthesis, and a variety of promising biological

activities (Kumaret al.,2010).

2.31 Chemistry of chalcones

Chalcone is a generic term given to compounds bearing thdigh&nyt2- propenl-one
i n whi ch t he -dnsaturated carlzomyb system ((ketbethylenic greup
COCH=CH) is used as an adjunct between two aromatic rings ABaiithey are non

chiral small molecules bearing relative molecular mass in the rangeid@@D@/mol with
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relatively high lipophilicity (Log P ~b7). They exist as eithérans (E) or cis (Z) isomers
(Figure 2.5). In most cases, the, E isomer is morelestibm the perspective of
thermodynamics, which makes it the predominant configuration among the chalcones. The
configuration of the Z isomer is unstable due to the strong steric effects between the

carbonyl group and the-Ang (Aksoz and Ertan, 2011).

(E)-chalcone (2)-chalcone

Figure 2.5: (E) and (Z) chalcone

All chalcones undergo colored reactions with @as reagents such as concentrated
sulphuric acid, nitric acid and when a phenolic hydroxyl group is present, they give violet
coloration with alcoholic ferric chloride solution. Chalcones on heating with traces of
iodine in dimethyl sulphoxide (DMSO) fowb hours give the corresponding flavones.
Chalconescan beconverted into the corresponding flavonols by their oxidation using
hydrogen peroxide in methanolic sodium hydroxide solution and these flavonols showed a
characteristic greenishyellow fluorescene in ethanol solution as well as with

concentrated sulphuric acid (Avupati and Yejella, 2014).
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2.3.2Chemical synthesis

The simple chemistry of chalcones enables easy, efficient and convenient synthesis with
multiple substitutions. A variety of methoded schemeare available for the synthesis;

each of these methods, the most important ipactbndensation of two aromatic systems
(with nucleophilic and electrophilic groups) to yield the chalcone scaffold. Amongst all
methods, the Claiserschmidt ondensation (Figure 2.6) is one of the most common. In
this reaction equimolar quantities of substituted aromatic aldehydes are condensed with
substituted aromatic ketones in aqueous alcoholic alkali. The reaction is usually carried
out in the temperatum@nge of 2050°C, and the reaction time is-18 hours. Some other
condensing agents are also employed e.g. alkali metal alkoxide, magtedibotoxide,
hydrogen chloride, anhydrous aluminium chloride, boron trifluoride, phosphorus
oxychloride, boric mhydride, amino acids, borax and organometallic compounds. The
synthesis of chalcones with different substitution patternghentwo aromatic rings

further allow to explore a large number of desired potential analogues.

Benzaldehyde Acetophenone Chalcone

Figure 2.6: Claisen-Schmidt condensation
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Figure 2.7: Based catalyzed reaction mechanism for chalcone formation

2.3.3Chalcones as protease inhibitors

Based on the Xay structues of papain and actinidin, a model structuréatifipain was

designed and used as a receptor for ligand docking to search more than 55,000
commercially available small molecules. Thidiyecompounds were chosen for testing

against FF2 (Ringet al., 1993; Liet al.,1994). The most active compound, oxdlis [(2-

hydroxy 1- naphthylnethylene) hydrazide]Rigure 2.8) inhibited FR2 of P. falciparum
withanIGoval ue of 6 e€M. The DOCK v3.0 generate
that one naphthol group fills the hydrophobic S2 site and that the other naphthol group

s h o w sstacking interaction with Trpl77 of the S1” site. In addition, each hydroxyl

group onthe naphthol rings appears to hydrodpemd to Serl60 at S2 and GIn19 at S1'
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oxalic bis[(2-hydroxy- 1-naphthylmethylene)hydrazide]

Figure 2.8: oxalic bis [(2-hydroxy- 1-naphthylmethylene) hydrazidg

Li et al. (1995; 1996) explogd the previous findinggo design new improved ligands

based on the predicted configuration of the lead compound docked to then8iogy

model structure of the protease. Despite the lack of a detailed experimental structure of the
target enzyme or the enzyrribitor complex,new compounds with increased potency
having an Gy values in thenanomolar range emerged (et al.,1995, 1996). The length

of the backbone was shortened leading to asymmetric acyl hydrazones with less
conformational heterogeneity than the symmetriesorAdditionally, the aromatic rings

were replaced by nitrogen containing hetaromatics in order to improve water solubility

and to enhance electrostatic interactions with His67 of the S2 site. To increase chemical
and metabolic stabilitythe hydrazidd i nker was r eupdataratesl dketobey an
backbone, leading to chalcones. Furthermore, naphthalene, quinoline, or isoquinoline rings
were exchanged f or s ub sunsdtwate@ kbtone baskboné tor i n ¢
explore the effective sizend electronic character of the ssibe specificity pocket (Let

al., 1995, 1996).

On the basis of antimalarial evaluation, the authors concluded that dichloro or difluoro
substitution on the A ring at the 2,8r 2,4positions favos the activity, withpara- mono
chloro substitution also giving suhicromolar activities. This range of potencies were

also observed when A ring was a quinolinyl group, either chlsubstituted or non
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substituted. The quinolinyl group probably increases antimalarial actility to its
capacity to protonate under weakly acidic conditions, thus enhancing their interactions
with the protease at His67. Furthermore, these nitrogemtaining heterocycles may be
somewhat concentrated in the food vacuoles of malarial parasjieissasince pKa values

of quinoline and isoquinolines normally around4.94 and 5.40 in water at 20 °C,

respectively (Liet al.,1995).

The importanceo f Uuynsatbrated moiety was also proven, as the corresponding
saturated derivatives showed a marked | os
unsaturated ketone linker also provided conjugation between aromatic groups on both ends
and kept the mlecular conformation extended, leading to a better interaction with the
active site. Additionally, since inhibition of falcipains most likely occurs in the acidic food
vacuole of the mal ari a par-assatdrated ketorfenker r el a't
of chalcones might offer an advantage over the more potentially labile hydrazide linker in

the acyl hydrazide series. Such an effect could be responsible, at least in part, for the
observed higher potency of chalcones relative to the correspoaciphgydrazidegLi et

al., 1994) Regarding ring B, electremonating substituents, such as @l tri-substituted

methoxy groups, showed an increase activity regardlegseofposition(Li et al., 1995;

1996; Liuet al.,2001).

While Li et al. (1995) was preparing to publish the finding of chalceras protease
inhibitor and antimalarial agent based on struchased design, a paper désicrg
licochalcone A (Figure 2)9isolated from Chinese licorice roots, inhibiting thevitro
growth of both chdroquinesensitive and chloroquinesistantP. falciparumstrainsat a
dose of wda.péblishedMby Cheet al. (1994). In vitro results showed that
Licochalcone A equallynhibited malaria parasites at &llood stages, suggesting that it

acts on metdolic events important for the parasite development throughbat
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erythrocytic cycle. Then vivo activity of licochalcone A against malaria parasites was
also tested irP. yoeliimodel and the result was promisjifgpwever, a potential toxicity
against kman lymphocytein vitro was noted. Therefore, large number of related
oxygenated chalcone analogues were synthesized by €hen(1997) and screened to
test their activity against human malaria parasitegivo and for toxicity against human
lymphocyes. The search led to the identification of-2imethoxy4'-butaxychalcone
(Figure 2.10, having potent antimalarial activiip vitro, andin vivo againstP. berghei

andP. yoeliiin mice model.

Figure 2.9: Licochalcone A

P
PN N o

2,4- dimethoxy-4'-butoxychalcone

Figure 2.10: 2,4- dimethoxy-4'-butoxychalcone
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The success of Let al (1995; 1996), the findings of Cheat al (1994; 1995) and the
interesting chemistry and biological activity ¢iie chalcone arouse the interest of
researchers. Subsequently letual. (2001) employing more than 200 analogues, analyzed
the influence of substitution on rings A and B of hydroxy or alkoxy chalcone derivatives
on their antimalarial activity. It was obxwed that the selection of substituents on ring A
was mainly guided by lipophilicity and electronic considerations. Results showed that
there is a good representation of active compounds from the trimethoxy, dimethoxy, and
methoxy series, but interestigghone from the ethoxy series. Once more, the most active
compounds presented methoxy substituents on ring B, regardless of its number and
positioning. These results point towards the importance of substitution of ring B in
determining the type of ring Aubstituents that would give optimum antimalarial activity.
The authors further suggesithat size considerations are dominated by ring B while ring

A may be more important in influencing hydrophobicity, which in this instance may
reflect the polar chargeristics of the molecule. Later on, Lat al (2003) using QSAR
methodology studied the physiochemical atdictural requirements for antileishmanial
activity (Leishmania donovahiand antimalarial activity of the chalcones. It was found
that good antiralarial effects were found among alkoxylated chalcones as mentioned
above. In an elaborate study, @bal. (2004) reported thah vitro antimalarial action of
chalcones against chloroquinesistant, Plasmodium falciparum(K1) was primarily
influenced bythe properties of ring B. A few of the alkoxylated chalcones had a very low

ICso values.

However, Domingueet al., (2001) reported -12,4-Dichlorophenyly 3-[3-(2- chloro-6,7-
dimethoxiquinolinyl)}2-propenl-one (Figure 2.10) as most promisinguinolinyl
chalcone with reported Kgvalue of 19.Qumol/l againstPlasmodium falciparunsysteine

protease. The compounddeectron deficient ring B.
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(£)-3-(2-chloro-6,7-dimethoxyquinolin-3-y1)-1-(2.4-dichlorophenyl)prop-2-en-1-one

Cl cl
Figure 2.11: Quinolinyl substituted chalcone

In another rport, screening of substituted chalcone derivatives for antiplasmodial activity
suggested that small or medium sized lipoplglicups containing multiple nitrogen atoms

or amine in acetophenone moiety (ring B) favors antiplasmodial potential (Mislala
2008). Among all the tested compoundsshoro, 4methoxy and 3,4;f&rimethoxy series

of 1,2,4triazole substituted chalconte 4chloro series (Figure 2.)1%vas found to be the

most effective (IG: 1.52 pg/ml) in inhibiting the growth d®. falciparum.

0
7 C
v cl

CE-1=-(4-01 -1, 2, 3-riazol-1-vDphenyli-3-(4-chlorophenyprop-2-cn- 1 -one

Figure 2.12: 1,2,4triazole substituted chalcones

Kumar et al. (2010), attempd to find a potent core skeleton of chalcones having simple
substituents and good antimalarial effdéeeping in mindthe well known antimalarial
potency of various chlorinated compounds like chloroquine and previous findings on the
importance of electronrich ring B and electrodeficient ring A, Kumar et al. (2010)

considered3- (4-chlorophenyh1-(4-methoxyphenyl) pp- 2-ent1-one as a starting point.
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However,testagainstP. falciparum3D7 strain revealed that it lagkignificant potency.
Thereafter, molecules with different substituents on each of the two rings were synthesized
and evaluated for antimalarial adgtiv Surprisingly, a reversabf substituents between
rings A & B of lead compound (Kg. 88.0 uM) led to a threefold increase in activity JC

28.8 uM) of resulting compound. Therefore, electron density on ring A was increased
while, keeping chloro subtution constant on ring B. Interestingly, compounds with 2,4
dimethoxy and 2,4fimethoxy groups on ring A exhibited progressively better
antimalarial potential with 165 values of 6 pM and 4 pM respectively (Kumaer al.,
2010). These observationsally indicate that increase in the electron density on ring A
significantly enhanced the antimalarial activity which is evidently in contrast to earlier
reports linking potent antimalarial activity with electron deficient ring A of chalcones (Li

et al.,1995; Liuet al.,2003).

SAR analysis of various derivatisef 2,4,5trimethoxy chalcone revealed the importance
of the 2,4,5tri-methoxy group. It also shows the importance of keeping ring B electron
deficientandbromine (Br) at position4 of ring A for best activity (Figure 2.13 While,

the presence of multiple electron withdrawing gmwum the A ringdid not lead to any

significant increase in activity (Kumat al.,2010)
o}
/O \
o I o I Br
(E)-1-(4-bromophenyl)-3-(2,4,5-trimethoxyphenyl)prop-2-en-1-one

Figure 2.13: (E}1-(4-bromophenyl}3-(2,4,5trimethoxyphenyl) prop2- en-1-one

In conclusion there is a strong dependence of antimalarial activity on specific substitution

of ringsA & B of the chalcone scaffold, with various opposing views.
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2.3.4Present work

From the above disegion, it is clear that extensive effort for the introduction of chalcones
as effective and inexpensive antimalarials are in progress. Various derivatives of
chalcones including heterocyclic analogues (Wits andO containing compounds) have
been repodd to possess antimalarial activity. However, there is no clear conclusion as to
the substitution pattern of the two chalcone rings for better antimalarial activity
particularly on inhibition of the plasmodia proteases. While, the initial findings of
chalmnes as protease inhibitor by ket al. (1995) and other studies point out the
significance of electronich ring A and electrondeficient ring B, it was found otherwise

in some studies As mentionecearlier structurectivity relationship study conductey
Kumaret al (2010)aimed atexploring the basic chalconeomty for antimalarial activity
revealed that the presence of methoxy substitution, particularly -tig&hoxy
substitution, on ring A of chalcone and electron withdrawing groups at rgigrificantly

favors the antimalarial activitgontrary topreviousfindings.

Therefore this research looked at previous studies and picked chemical scaffolds
importantfor good activity and matched them, to see if the combination will give a better
compound than the individual component. Hybridization of biologically active molecules,
based on the combination of complementary pharmacophoric features of two or more
known bioactive compounds or moiety, which, through adequate fusion, lead to the design
of new hybrid architectures that maintain 4sedected characteristics of the original
templates, is a powerful strategy for drug design. Other chalcone derivatives not
previously studied with substitution similar or contrary toeLial. (1995) proposal were

also designed, synthesized and, evaluatethfaro antimalarial activity.

Although proteases have previously been validated as potential drug targets, studies from

knockout experiments raise questions regarding the validity of either falcipains or
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plasmepsins as single drug targets (&iwal.,2005; 2006Bonilla et al.,2007). The work

of Liu et al. (2006) revealed that the doubling time for the malaria parasite was longer for
the plasmepsins/ falcipain knoc&ut (plasmepsin |, plasmepsin IV afalcipain-2) than

for either plasmepsin or falcipain knceokits alone.Thus, effective drug cocktail
combining falcipain and plasmepsin inhibitors is important for inhibition to the level that
will be lethal to the parasite. Hence, compound combiningtsaldeatures that can bind
favourably to all the key proteases may perhaps be promising as dual target inhibitor.
Therefore, this research used silico experiment (docking and molecular dynamic
simulation) to study the interaction of the chalcone datives with both falcipains (FP2
and FP3) and plasmepsinsifiPll and Am-IV). This is to search for compounds with
good binding affinity aass all the targets (enzymesjith a view togain insight into the
binding orientation, dynamic stability and sttwral features interacting with each
enzyme. Identification of molecular groups involved in the interactions of a chemical
moiety with a specific site on a target heljps the understanthg of the molecular
mechanism(s) responsible for their specific ogptal activities. Consequently,
information acquired can help in-designing new compouna®nsideringthe structural
features having favorable interaction with key amino swoidthe enzymes. Additionally,

the binding orientation and interaction of tb#ferent compounds with good binding
affinity across all the enzymes might explain the ambiguity regarding the substitution

pattern of the chalcone ring for better activity

2.4 Computational Chemistry

Computational chemistry is a set of techniques feestigating chemical problems on a
computer. Problems commonly investigateaimputationally are: olecular geometry,
energies of mecules and transition state$ietnical reactivity, IR, UV, and NMR spectra

and, the interaction of a substrate with an ereyhewars, 2016).
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Computational chemistry is fairly cheap, it is fast compared to experiment, and it is
environmentally safe. However, it does not replace experiment, which remains the final
arbiter of truth about naturdLewars, 2016). Furthermore, to Ravnew entity
(drug/chemical) experiment is unavoidable. Today, computation has become so reliable in
same respects that, more and maentists are employing it before embarking on an
experimental project, and in the future, grants for experimental makt depend on the

extent one has computationally explored the feasibility of a proposal (Lewars, 2016).

Computational chemistry encompasses numerous methods and theories, including
guantum mechanics, molecular mechanics, conformational analysis, miromizend

other computebased methods for understanding and predicting the behavior of molecular
system to solve various chemical and biochemical problems (Cranie). 2@olecular
modelers employcomputational methods to generate large volumes of data and
information atan atomic and molecular level on the behavior of atoms and moleaules.
understanding of atomic interactions is quite essential. Atomic interactions can be

described in two ways; quantum mechanics (QM) and molecular mechanics (MM).

Therefae, from a computational perspective, a researcher has two options when trying to
answer questions about a biomolecular system. One is to adhere to the fundamental laws
of physics that govern the behavior of electrons such ash r ° dsiequgtierm, soldig

the problem using quantum chemistry and physics that is the quantum mechanics (QM)
approach. The QM approach however, even in its most simplistic form is computationally
expensive and timeonsuming; and is not feasible for biological systems whichagont
thousands of atoms. Alternatively, the second approach is to use molecular mechanics
(MM) approach, which is essentially a mechanical model of a molecule, envisioned as a
collection of balls (atoms) which are held together by springs (bonds); adteNegvton

& laws of classical mechanics. This mechanical system rotates, vibrates and translates
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until an energetically favorable conformation is reached while-iated intra molecular

forces act on the system. MM provides an understanding of the memhaature of
proteins, and provides insights into the changes in the cellular structure, cellular responses
and cellular functions of a protein (Bao and Suresh, 2003). Molecular mechanics is the
more popular of the methodsed as it is simpler to usadarequires considerably less
computing time tproduce a model. Using this model, total energy of the system may be

expresed mathematically by equatiokisown as force fields.

Force fields (interatomic potentials) are the mathematical description tlalsntine
interactions between molecules at an atomistic level; it is the functionat fofrrthe
potential energy function that predicts the molecular energy of a system in relation to
specific particle coordinates. Even though each force field usesediffemctional forms

each equation is always comprised of bonded terms (bond lengths, bond angles and
torsions) and nobonded terms (electrostatic and van der Waals) (Equation 1 and 2 )

(Jensen, 1999).

Fean= [esant réeraian(l)

[FEcss [fdadar faeatr [fwiiet [Fadk s asét o (2)

Where, Eya represents the total energy of the systemg:ikis the energy contribution

from bond stretching, dnqis the energycontribution fromangle bending, &sion IS the
energy contribution from torsional motions around single bonds; these make up the energy
contributions from bonded interactions,ofed(Equation 1). Eonbonded iS the interactions
between atomthat are not directly bonded together, it is made up.fibstaic@NdEvan der

waals Collectively these energies/parameters create the MM force field, and describe the

energy contribution of numerous atomic forcese Bhergy terms above are parameterized
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to align to experimental and QM data to ensure systems mimic the behavior of actual

molecules in motion (Lwars, 2016).

To date, numerous force fields have been developed and differ in their means of
parameterizationdorce fields should be selected based on the conditions and the type of
system being investigated. The most commonly used biomolecular force fields include
CHARMM (Bestet al.,2012), AMBER (Caset al.,2005) and GROMOS (Christest al.,

2005). In the pesent study, the standard AMBER Force Field was used to parameterize
the protein systems; and the general AMBER Force Field (GAFF) was used to

paameterize the ligands.

2.4.1Computer-assisted drug design (CADD)

Drug discoveryand development is a tedioasdtime-consumingprocess and the cost has
increased drastically during the past thilbyr years, with few compounds making it into
the market. Although expert biological knowledge is indisputably important for
successfully guiding drug discovery proig CADD approaches, with the availability of
supercomputers, parallel processing, and the graphics processing un)t (@& been
playing a pivotal role on prioritizing compounds for synthesis and/or biological
evaluation. CADD represents a timdaba-, and coseffective strategy to obtain lead
compounds in the early stages of drug discovery and for lead optimization (Magalino
al.,, 2015). CADD employs computational chemistry methods to model both drug
molecules and their receptors. Drugs that essfully enter the market through CADD
approach include Zanamivir, Amprenavir, Raltitrexed among others (Geinaés2017).
CADD is broadly divided into; structwigased drug design (SBDD) algland-based drug

design (LBDD)

2.4.1.1Structurebased druglesign (SBDD)
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In SBDD, 3D structural information of a macromolecule is used to design or evaluate
ligands based on their predicted interactions and affinity with protein binding sites. Thus,
identification of a valid biochemical target and the acquisitibits structural information

are the first vital steps in SBDD. Researchers from computational and structural biology
facilitatedin the generation of thousands of structures with the use of homology modeling,
X- ray crystallography, cryelectron microsgpy (EM), and nuclear magnetic resonance
(NMR) (Lionta et al., 2014). Currently, more than 13,000 3D structures have been
experimentally solve@nd stored in the Protein DaBank (PDB), leading to attractive

opportunities for the application of SBDD strgies (Roset al.,2016)

SBDD can be divided into virtual screening (VS) atel novoapproaches. In VS large
chemical libraries are processed to search for compounds that possess complementarities
toward the targets. De novo design exploits informatiomfthe 3D model of the receptor

to find small fragments that match well with the binding site. These fragments should be
linked, providing a structurally novel ligand that can be synthesized for furthatro
assays. However, because of its knowleldgsed characteristic, SBDD strongly depends
on the amount and the quality of information available about the system under
investigation. Regardless of what kind of protein will be employed as a molecular target,
important issues, such as the suitable assgmnof protonation states, solvation, and
protein flexibility (Lionta et al., 2014), must be considered. Protégand docking,
molecular dynamics simulations and structbhased pharmacophores are the main SBDD

tools (Gomeet al.,2017).

Proteinligand docking:

Proteinrligand docking is the most extensively ussttlucture based virtual screening
(SBVS) method. It predicts possible binding modes of a compound or fragment in a target
binding site and estimates affinity based onrntsrmolecular interactiws inthe binding
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pocket. Docking is often carried out in two parts. In the first part, the ligand is placed
inside the binding site in different orientations and conformations using a search algorithm
to facilitate the identification of the binding modEhen, a scoring function ranks the
different poses of the ligand that are generated by the search algorithm and orders them by
a score. These scores are features that aid in investigating the interactions between the
small molecule and the biological tatgehereby providing context about biological

activity (Liontaet al.,2014; Ferreiraet al.,2015).

Although the concept of docking seems to be precise, it remains a major challenge of this
approach. Usually, the scoring functions are found to have timiteuracy in the ranking

of compounds and sometimes cannot distinguish between active and inactive molecules.
In addition, the insertion of protein flexibility to some active residues can help in
identifying new hits with better molecular complementarityhen compared with
traditional rigid docking. However, it requires more complex calculations because the
proteins of high conformational energy score would result in idealistic binding mode

(Ferreiraet al.,2015).

Consequently, some streamlined strategieave been developed to solve these
methodological limitations. To incorporate protein flexibilignsemblenethods make use

of multiple input conformations of a targefsing a set of different 3D structures
experimentally determined (kay crystallograpy or NMR) or computationally produced
using molecular dynamics simulations. Instead of single rigid structure, carefully chosen
3D conformations of the target can be used to represent conformational changes in the
protein backbone and/or side chain. Oe thther hand, averaging the results from two or
more scoring functions and forming a consensus has proved to be more beneficial in

scoring and ranking compounds. In addition to consensus scoringprposssing

37



techniques such as the molecular mechamessBri Boltzmann surface area methods can

be used to better estimate the free binding energies (Gatraes2017)

Moleaular dynamics (MD) simulations:

MD uses MM to generate the forces acting on molecules, which is then used to calculate
their motions intime. Structures generated from NMR and crystallographic studies,
represent a static view of biomolecular systems; these structures alone are insufficient in
understanding the wide range of biological activity. Molecular dynamics programs allow
the dynani nature of molecules to be studied by simulating the natural motion of the
atoms in a structure (Lewars, 2016). In essence, MD is a deterministic method that strives
to mimic the time dependebehaviorof molecules in space. The assumption is that the
atoms in a given molecule will interact with each other in accordance to the force field
applied;resulting in a MD trajectory. Arajectory is a data set that represents the positions
(coordinates) and velocities of particles in the system over time; nongdahe structural

and dynamic properties of the system (Kalyaanamoorthy and Chen, 2014)

Molecular dynamics is based on an integrated approaheofv t ®laws df motion (F =

m.a), which solves the equation of motion for atoms on an energy surfacefof@er
motion can be simulated for a molecule as it changes conformations over time, or upon
ligand binding. The trajectories generated are defined by both location and velocity
vectors which describe the time progression of the biomolecular system tlpbagé
space. The location (changing through time) for each particle in space and the velocities
are used to determine the thermodynamics (temperature and kinetic energy) of the
biomolecular system. The functional properties of a system can be affectiahdoyic
events, which can be detected at an atomic level. MD has been particularly useful in the
structural refinements of pedbcking complexes, such that the complementarity between
the ligand and the receptor is enhanced in the complex state, alldvatigr
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complementarities. MD can provide information on physiological conformations of target
proteins, which are, in many cases, not even accessible through experimental techniques
(Kalyaanamoorthy and Chen, 2014). Methodologically, MD regards atoms lids so
spheres and the bonds connecting them as spiiihgdrajectories ohtoms and molecules

are determined by numericalgolving N e wt ® equations ofnotion fora systemof
interacting particleswhere forces between the particles and their poteatafgies are

calculated using force figs with predefined parameters.

Structue-Based Pharmacophores (SBPs):

In addition to docking, 3D structural information may be used to derive pharmacophore
hypotheses. Pharmacophore is defined by the Internatiémah of Pure and Applied
Chemistry(l UPAC) as dan am slectmobit featuresd necessagyrta ensure

the optimal supramolecular interactions with a specific biological target and to trigger (or
block) its biological responseand can be used 8zreen a compound database (Wermuth

et al., 1998). A typical pharmacophore features include hydrophobic centroids, aromatic
rings, hydrogen bond acceptors or donors, cations, and anions. Hence, SBPs describe the
spatial arrangement of essential ligandciomolecule interactions directly from the 3D
structural data. This approach determines chemical features based on complementarities
between a ligand and its binding site. Nonetheless, the selection of features in SBPs is a
more complex effort than in ligadghsed, since there are more possibilities of
conformational and spatiatates Rirhadiet al., 2013). Typically, SBPs can be created
using ligand macromolecule complexes (holo) or using ligdree macromolecules

(apo). The generation of models usindohstructures allows complete exploration of the
ligand interactions with the bindingites, and the inclusion of shapand volume
information derived directly from the structural data (Pirhetdal.,2013). In the absence

of a ligand in the binding sitpharmacophores can be obtained using functional groups or

39



small fragments, also referred to as molecular probes, to map possible interaction sites or
hot spots within a binding site. Selected hot spots can then be converted into

pharmacophoric features generate a striiere-based pharmacophore model.

2.4.1.2Ligand-Based Drug Design (LBDD)

In some cases, usually when data pertaining to the 3D structure of a target protein are not
available, CADD can instead be based on processes using the known lifjantdsget

protein or known active compounds in phenotypic assays as starting points. This approach
is known as LBDD (Pirhadkt al.,2013). Similarity search, ligaAdased pharmacophores,

and quantitative structwactivity relationship (QSAR) analysis eathe most popular

methods in the LBDD process

Similarity search:

The major principle of medicinal chemistry is the assumption that structurally similar
compounds exhibit similar biological activitig§&Someset al., 2017) Based on this
premise, similarit search techniques have been applied to chemical structures to allow
rapid struatiral comparison in an effort tiolentify structurally similar compounds or to

cluster collections basl on structural similarity.

Methodologically, both query ligand and tatabase of compounds could be represented
and further compared using molecular fingerprints (a string made up of binary digits that
account for the presence (1) or absence (0) of representative fragments or atoms in the
chemical structure). These fingargs vary greatly in length and complexity ranging from
simple topological representations to complicated mpdint 3D pharmacophore

arrangemerst (Muegge and Mukherjee, 2016).

Ligand-Based Pharmacophores (LBPs):
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The pharmacophore approach aims to idgntiblecules containing different scaffolds,

but with a similar 3D arrangement of key interacting functional groups. LBPs identify key
common features (e.g., hydrogen bond donors or acceptors, aromatic rings, partial charges,
and hydrophobicity) and the egive orientations of known active ligands not shared by
inactive ligands. Its elucidation involves two main stages: (i) the analysis of the training
set molecules to identify common pharmacophoric points and (ii) the alignment of the
bioactive conformatios of these molecules to determine the best oveflagrresponding
features. Duringhis process, moleculdeatureswhich are not consistently observed in
active componds should be madeptional or removed from the model. Furthermore,
spatial constriats can be employed in moieties occupied by inactive compounds and
refined to avoid making the model too restrictive. After model refinement, validation
studies using statistical metrics must be performed to determine the ability of the model to

discriminate between known active and inactive compounds (Vuodhah,2015).

Quantitative structure activity relationsh{QSAR):

QSAR is a mathematical model describing the relationship between chemical structure and
respective biological activity of a set cbmpounds. QSAR modeling could be presented

as a twepart process. Firstly, chemical structures are converted into a vector of features,
which are also known as descriptors and represented generically by the symbol x.
Thousands of descriptors, both frealyailable and commercial, encode a compound as a
feature vector. Then, machine learning methods are used to establish quantitative
relationships between descriptors and biological activities. This involves empirically
discovering a function that maps beewn the feature vectors and activities. Nevertheless,
the resulting QSAR model is useful if and only if it is predictive. Hence, the quality of the
resulting QSAR model is measured by using the appropriate metrics regarding its ability to

correctly predicthe activities of compounds experimentally determined. The influence of
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various factors on QSR performance decreases in tudlowing row: data quality >

molecular descriptors > machine learning approach (Cherkasdy2014).

Once validated, this metican be applied to untested chemical compounds for numerical
prediction of biological activity (continuous model) or the discrimination between active

and inactive compounds (binary model).

2.5Theoretical Oral Bioavailability

The drug ability ofchemicé compounds, that is their ability to be orally available is an
important point of consideration during a drug design project and can be predicted
theoretically using Lipinski rule of five which states that a compound is hiidgely (>90

%) to be orallyunavailable, if it has two or more of the following:

1. Molecular weight >500

2. Log P >5

3. More than 5 kbond donors (OH and NH)

4. More than 10kbond acceptors (O and N)

55Number of rotatable bondsO 10
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CHAPTER THREE

3.0 MATERIALS AND METHODS

3.1 Materials
3.1.1 Equipment and glassware

Pyrex made glassware were used. The glassware were properly cleaned with distilled
water and dried in an oven before use. Maisthe equipment were sourced from the
Department of Pharmaceutical and Medicinal Chemistry, Ahmadu Bello University
(ABU), Zaria. Fourier Transform Infrared (HR) and Nuclear Magnetic Resonance
(NMR) experiments were performadithe Multi-User Laboratry, Chemistry Department,

ABU, and Zaria. Mass Spectrometry (MS) and some NMR experiments were perttrmed

the Schoobf Chemistryand Physics, University of Kvizallu-Natal Durban SouttAfrica.
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Some of the equipment and glassware used inclcai@cal flask, spatula, test tubes,
beakers, measuring cylinder, glass rod, funnel, pipette, watch glass, sintered glass,
microscopic slides, syringes, capillary tubes, TLC tank, magnetic stirrer, stirring bar,
refrigerator, gallenklamp melting point apparatus, w©Gfmge, incubator, centrifuge,
microtitre plate, eppendorf tubes,analytical balance, microscopeagilent FT-IR

spectrometer, 400MHz Agilent and500MHz Bruker NMR spectrometer.

3.1.2 Reagents, solvents and standard drugs

The reagentsiere purchased frol@igmaAldrich, Germany. All the starting reagents and
solvents used for the experiments were of analyticalegeantl were used without further
purification, these include; -mhethoxybenzaldehyde, 2, -dimethoxyacetophenone,
Sodium hydroxide (50%), Acetophene,haem chloride, sodium acetateglacial acetic
acid, iodine crystals;hloroform, ethylacetate, Nhexane gthanol, hydrochloric acid, 10%

giemsa stainacacia,chloroquinephosphatequinine,andarthemether

3.1.3 Experimental Animals

Adult Swiss dbino mice (1822 g) of either sex, locally bred in the Department of
Pharmacology and Therapeutics, Ahmadu Bello University (ABU), Zaria were used for
the experiment. The animals were housed in clean polypropylene cages under standard
laboratory conditiongoptimum temperature and humidity, and X2ohlight/dark circle)

and allowed free access to standard rodent pellet diet and water ad libitum. All
experimental protocol on animals was in accordance with Ahmadu Bello University
Research Policy and guiddsr the use and care of laboratory animals as accepted
internationally. Ethical approval was sought from the ABlUhoottee on animal use and

care.

3.1.4 Malarial parasite
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Chloroquinesensitive malaria parasites (Plasmodium berghei NK 65) were obtained from
the Department of MicrobiologyNationd Medical Research Institute RI), Lagos.
The parasites were maintained viable in new groups of mice by continuous intraperitoneal

injection of 0.2ml of infected erythrocytes every four days (Ad#al.,2007).

3.1.5 Computer hardware and software

AutoDock Vina (Trott and Olson, 2011), Ligplotht{p://www.ebi.ac.uk/thornton

srv/software/LIGPLOT/), Molegro Molecular Viewer (MMV) (www.nlcbio.com), MGL

tools (Sanner, Ots, andSpehner, 1996), UCSF Chimera (Petterseal.,2004), Amber
(Caseet al, 2012), ChemDraw ultra.12, Accelerys Discovery Studio, Spartan 04, Ligand
Scout, Origin data analysis, software version 6 (http://www.originlab.com/), O&X,

Windows (ntel processor, coi7)

3.1.6 Protein crystal structure

High resolution, nommutant crystal structure files of the following enzymes were obtained
from RCSBProtein DataBank (ttp://www.rcsb.org/pdb)Falcipain2 [FP-2; PDB ID:
3BPH (Kerr et al., 2001), Falcipin-3[FP-3; PDB ID: 3BWHK] (Kerr et al., 2001),
Plasmepsidl [PIm-1I; PDB ID: ILF3] (Asojo et al.,2003), PlasmepsktV [PIm-1V; PDB

ID: 1LS5] (Asojoet al.,2003)

3.2 Methods
3.2.1Design strategy

Spurred by the previous findings on substitutions tgpd pattern of the two aromatic
rings (ring A: from the aldehyde and B: from acetophenone) of chalcone for potent
antimalarial activity (Liet al., 1995; Liuet al.,2001; Dominguezt al.,2001; Shikhaet

al., 2009), six series of chalcones, broadly sifsd according to the substitution pattern

of the A ring were designed. In series; one, three and four, ringgsubstituted with

2,3,4 trimethoxy, 2,4 dimethoxy andn2ethoxy groups respectively (varying electron
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density), and series five have-subgituted A ring (Figure 3.1l The other aromatic ring
(ring B) in the seriesvassubstituted with groups of varying electronic character. In series
two, ring A wasreplaced by Zhloroquinoline ring with and without-@nethoxy group
and ring B comprises d,3,4 trimethoxy and, 2,4 dethoxy substitutions (Figure 3.2
Furthermore series six have electron deficient ring A with ring B of varying electron

densities.

R=2.3.,4 OClH;, 2,4 OCH; and 2-OCH;
X= Electron withdrawing groups; C1, F, CF3
(Mono and di substituted) (Li er al, 19953; Liu et al,2001)

N = R N =
v TG
/\x H,CO OCH, /\x HiCO A

Series: One Series: Three Series: Four
X= Groups of varying electronic character

N N N
DA OENORA O

X X
Series: Five Series: Six

H,CO

Figure 3.1: Design of methoxysubstituted chalcones
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R=H or OCH;

IC5y 19.0pumol/l (Dominguez er al, 2001) [Csy 6.5 pmol/l. (Liu er al,2001)

Series: Two (R=H or OCH; ; R,=H or OCH;

Figure 3.2: Hybrid design of quinolinyl chalcones

3.2.2 Evaluation of theoretical oral bioavailability

The oral bioavailability of the designed chalcones was predictedrdtically using
Li pi nss kule of6 five, prior to synthesis with SWISS ADME safire

(http://www.swissadme.ch).

3.2.3 Synthesis of chalcones (Claiseifschmidt Condensation)

All the chalcones were synthesized via base catalyzed condensation of respective
equimolar amounts of substituted acetopheramkesubstitutebenzaldehydeisingNaOH

as catalyst. The chemical equations for the synthesis are as shown in Figure 3.8elSilica
thin layer chromatography (TLC) was used to monit@r pinogress of the reian with
ethylacetate: #mexane (7:3) as developing solvent (Kuretal.,2010). Appearance of a
single new spot and disappearance of the reactants spot indicate the formation of the

product, which were visualized under 2%# ultra violet light and iodie vapor.
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40% NaOH

” L0
95% Ethanol
R b _ R
Aromatic acetophenone Aromatic a dehyde Substituted chalcone

Figure 3.3: Scheme for the synthesis of substituted chalcones

3.2.4 Procedure for the synthesis of the substituted chalcones

Equimolar amounts of substituted acetophenof@e01 moles) and substuted
benzaldehyd€0.01 moles)Table 3.1) were mixed with 2@l ethanol in round bottom
flask. To this 10ml of 40% sodium hydroxide solution was added drop wise with
continuous stirring for 30 mins while, keeping the mixture cold. The mixing was then
continued for another 2irs at room temperature using magnetic stirrer and kept in
refrigerator overnight until it formed an orange solid mass. Drops of 10% HCI were added
to stop the reaction. The mixture was diluted usingni@e-cold distilled water ash then
filtered; the residue was washed well with moredo& distilled water, and dried in air.

The product was rerystallized with ethanol, dried, final weight taken and the percentage
yield was calculated?3and P8 werdoweverpurified using antisolvent recrystallization.

The final product have variousolorand forms and they were confirmed using TLC.
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Table 3.1: Reagents for the synthesis of the substituted chalcones

Compound Substitued aldehyde

Substituted acetophenone

P1

P2

P3

P4

P8

P11

P12

P13

P15

P16

P17

2,3,4trimethoxy Benzaldehyde
2, 4dimethoxy Benzaldehyde

2-chloro-6-methoxy3-quinoline
carbaldehyde

2-chloro-3-quinoline carbaldehyde

2-chloro-6-methoxy3-quinoline
carbaldehyde

2, 4dimethoxy benzaldehyde
2, 4dimethoxy Benzaldehyde
2,3,4trimethoxy aldehyde
4-methoxy Benzaldehyde
4-methoxy benzaldehyde

2, 4dimethoxy Benzaldehyde

49

2,3,4trimethoxy acetophenone
2, 4dimethoxy acetophenone
2, 4dimethoxy acetophenone
2, 4dimethoxy acetophenone
2,3,4trimethoxy acetophenone
2, 4dichloro acetophenone
Acetophenone

2, 4dichloro acetophenone

2, 4dimethoxy acetophenone
Acetophenone

2,3,4trimethoxy acetophenone



P19 Benzaldehyde 2, 4dimethoxy acetdpenone
P21 4-triflouro-methyl benzaldehyde 2, 4dimethoxy acetophenone
P22 4-triflouro-methyl benzaldehyde Acetophenone

P23 4-methoxy Benzaldehyde 2,3,4trimethoxy acetophenone
P24 Benzaldehyde 2,3,4trimethoxy acetophenone
P25 4-methoxy Benaldehyde 2, 4dichloro acetophenone

3.2.5 Characterization

3.22.1 Melting point determination

All melting point were determined using a Gallenkamp melting pagpiaratus and were

uncorrected.
3.2.5.2 Spectroscopic analysis

Detailed structurabnalysis of the synthesized compounds was performed using Fourier
Transformed Infrared Spectroscopy (M), Mass Spectrometry (MS) and, Nuclear
Magnetic Resonance (NMR) which include; protdh)(NMR, carborl3 (°C) NMR,

Correlated SpectroscopY (COSHSQC andHMBC
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FT-IR data are reported in terms of frequency of absorptiorl.cBata for'H NMR and
“YCNMRare reported as: chemical shift (U ppn
= doublet of doublet, m = multiplet), integrati¢#). Data for'>C NMR reported in terms

of chemical shift (0 ppm).

3.2.6 Evaluation of in vivo antiplasmodial activity

3.26.1Inoculationof Plasmodium berghei parasite

Blood was collected into a heparinized capillary tube via the tail vein from donor mouse
with P. berghi Parasitemia level of about Z25% and then transferred into a sterile plain
bottle. About 2ml of the bbod was diluted with 1@nl normal saline such that Orfl
contained approximately 1xitnhfected red blood cells. Each mouse was then inoculated

intraperitoneally with 0.2nl of blood suspension (Kalet al., 2006).

3.2.6.2Curative test in mice

Evaluaion of the curative potential of compounds against established plasmodia infection
was carried out as described by (Ryley and Peters, 1970). Briefly (using compound P1),
the mice were inoculated with parasites as described above and left untreatedeuntil t
fourth day postnoculation. After Parasitemia was establishenh parasitemia
determinationthe mice were randomly divided into five groups of five mice each. Groups
1-3 were intraperitoneally administered with 25, 50 and, f&@f)kg body weight of
compund P1 respectively. Group 4 and 5 wadeninisterecb mg/kg of chloroquine and

0.2 ml of 1%wl/v acacia suspension intraperitoneatspectively. The treatment was
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given for four consecutive days. On the fifth day, blood was collected from the tadfvein
each mouse and smeared on slide to make a thin film (Saiay 2000) for parasitemia

determination.

The same procedure was repeated for the rest of the compoundsP@s) eachwith
threegraded doses. The study was conducted at three differezs wuith different set of
compounds At each experiment different dose of the positive controls was used to
improve responseThus, for chloroquine 5, 10 and 2%g/kg were used and for

arthemether 1.65, 2.3 andrigykg were used.

3.2.6.3Parasitemia determiation

The thin blood film on microscope slide was fixed with absolute methanol for 10 secs and
stained with 3% geimsa stain at pH 7.2 for 45 mins. The remaining stain was gently
poured off and the slides were rinsed with distilled water and carefullgl driea rack.

Each slide was placed on a microscope stage, with one to two drops of inmersion oil
placed on the slide. Using X100 objective lens, four immersion fields were viewed and the
number of parasitesin each field counted using a tally counter. Aage percentage
parasite suppression relative to the control was calculated for each treatment group using

the formula below (lwalewat al.,2008):

% Parasitemia = P T

3.2.7In vitro determination of hematin polymerization inhibitory activity

Hemadin polymerization inhibition test was investigated by the method of Baelgtaals
(2000). A solution of hemin chloride in 10% dimethyl sulfoxide (&0 5.2 mg/ml) was
distributed in 96well microplates. 5QL solution of different concentration of daof the
test compounds (50, 100 and 20§/ml) in DMSO were added in triplicate into the test

wells. Controls were DMSO (5QL) and chloroquine (5QL, 2.5 mM). Betahematin
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synthesis was initiated by the addition of sodium acetate |{L00.2 M, pH 4.4) Plates

were incubated at 8 for 48 hrs to allow completion of the reaction and the resultant
mixture centrifuged (4,000 rpm for 15 mins). The supernatant was discarded and the pellet
was washed three times with 200 DMSO and finally dissolved in NaOBblution (200

KL, 0.2N). The solubilized aggregates were further diluted 1:2 with NaOH solution (0.1N)
and absorbance recorded at 405 using a spectrophotometer. The results were expressed
as percentage inhibition of bet@matin synthesis compared wntrol using the equation

below:

% Inhibition = p T

3.2.8Data analysis

Statistical softwareg(SPS$ was used to determine the mean parasitemia level and standard
error of mean. The mean values of the control group were compared with the mean values
of the groups treated with the test compounds usingwaye analysis of variance
(ANOVA) test, followed by Benferroni pos$ioc test for statistical significance and P
values <0.05 were considered significant. % parasitemia suppression for each group was

computed.

3.2.9 Computational studies

3.2.91 Protein structure preparation

The crystal stctures were obtained from protein data bank as mentioned earlier. Only
protein crystallized fronf. falciparumwith available published data were selected. Other
filters include proteins corystallized with small molecule inhibitors (P is an

excepion).

Prior to docking, residues surrounding the

crystallographic water molecules, ions and bound ligands were removed on all 3D
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structures obtained from PDB using Chimera UCSF (Pettetsain 2004). The sepated
co-crystallized ligands were prepared on Chimera and saved as Lig.mol, and the isolated
receptors prepared too and saved as rec.pdb. The output files of Chimera was input to
ADT (Sanner, Olson, & Spehner, 1996), were Lig.mol and rec.pdb were editattliing

polar hydrogen and Gastier ecgas then saved as pdbqt files.

3.2.92 Ligand structure preparation

All the ligands studied (17Zchalcones) were designed and synthesizetiouse as
mentioned earlier. The 2D structures were generated using ChemAndvEpartan was

used to convert the 2D structures to 3D. Geometrical optimization using the AMI semi
empirical method was performed on all the compounds using the Spartan software and
saved as mol2 file. Hydrogen and Gasteir charges were added on ADml@2dile

converted to pdbqt.

3.2.9.3Evaluation of docking methodologies

Docking procedure for each enzyme was validated prior to docking the test compounds by
separating the corystallized ligand from the enzyme crystal structure andorking it

using the setup parameters. Procedure that gives conformation superimposable with
geometrical conformation of the -@oystallized ligand in the active site was chosen (de

Oliveiraet al.,2013).

3.2.9.4Molecular docing

Molecular docking was performed consithg a flexible ligand and rigid receptor (Eder
de Oliveiraet al., 2013; Syahriet al., 2017). Docking was carried out using virtual

screening software AutoDock vina (Trott and Olson, 2010). Seventeen (17)wadstit

54



chalcones were docked on the acsite of each enzyme. The grid box parameter for each

enzyme is as shown ahe Table below

Table 3.2: Grid -box parameters for the enzymes

Enzyme Gridbox size Center

X Y Y X Y Z
FP-2 10 16 12 -36.75 3105 -47.07
FP-3 16 16 12 5.96 -22.35 50.07
Plm-II 12 20 18 16.22 6.85 27.61
PIm-IvV. 20 8 16 -24.49 37.80 41.2

The gridbox parameter was used to write configuration file (config.txt). AutoDock Vina
generated results in the pdbgt pdbqgt format. Compouadsidy the best binding energy,
optimal geometric conformation and, broad inhibition across all the enzymes studied were
selected from the ViewDock feature of Chimera and saved in complex with the reference
enzyme. The enzyme and ligand for each systenpvegmared using Chimera (Pettersgn

al., 2004), and MMV molecular modeling suites and subsequently subjected to molecular

dynamic smulations and BFE calculations.

3.2.9.5Molecular dynamis simulation

To determine stability and map intermolecular inteoas between the hit compounds (P3
and P4) and the enzymes MD simulation was perormsing the GPU version of the
PMEMD engine provided with the Amber 14 package. The FF14SB force field of the
Amber software package (Naand Miners, 2014) was used tcestribe the complex.

ANTECHAMBER module (Wanget al., 2006) was used to generate atomic partial
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charges for the ligands by employing the Restrained Electrostatic Potential (RESP) and the
General Amber Force Field (GAFF) procedures. The Leap module of AMbgas used

to add missing hydrogen atoms to the systems as well AsdaCl counter ions for
neutralization. The system was suspended implicitly within an orthorhombic box of TIP3P
water molecules such that any solute atoms were within 10 A of angdsxduring the
simulation. Particle mesh Ewald method was used to treat-rborge electrostatic

interactions with a direct space and van der Waals cutoff of 12 A.

An initial minimization of 2000 steps of steepest desearecarried out with an applied
restraint potential of 500 Kcal/mol for both complexes. An additional full minimization of
1000 stepsvere further carried out by conjugate gradients algorithm without restrain. A
gradual heating of the systems from 0 K to 300 K withkc&l/mol A harmoit restrain
potential and a Langevin thermostat of collision frequency of 1/ps using a canonical
ensemble constant volume and temperature (NVT). MD simulation was then carried out.
All the systems were then equilibrated at 300 K in a constant pressutenapérature
(NPT) ensemble for 500 ps without restrain and the pressure of the system were
maintained at 1 bar pressure using Berendsen barostat. All hydrogen bonds (HBs) were
constrained using the SHAKE algorithm in a time step of 2 fs and all MD ruresdeee

using SPFP precision model. A 88 production run wagerformed without any restrain

on the systems in an NPT ensemble at a temperature of 300 K with target coupling

constam of 2 ps and pressure at 1 bar

Trajectories from all system simulationsr&esaved and analyzed in every 1 ps. fRéiSt
analyses, such as root mean square deviation (RMSD), radius of gyratiomr{Rg)ot
mean square fluctuation (RMSF), were performed using the CPPTRAJ and PTRAJ

modules Roe and Cheatham, 2013) of thenBer 14suites. All plots were constructed
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using Origin data analysis tool (http:/www.originlab.com). Molecular modeling suite

Chimera (Petersest al.,2004) and Discovery studio suite mgaused for all visualizations.

3.2.9.6Binding free energy calculations

To estimate the binding affinities of each system, the binding free energies were calculated
using the Molecular Mechanics/Generalizgorn Surface Area method (MM/GBSA)
(Genheden and Ryde, 2015). Binding free energies were averaged over 30000 snapshots
extttect ed from the 30 ns trajectory. The fr

method for each molecular species (complex, ligand and receptor) can be represented as:

P Gind = Geonplex I Greceptor = Giigand 1)

P Gind = Egast Gsoi- T S (2)
Egas= Eint + Evaw + Eelec (3)
Gsol = Ggp + Gsa (4)
Gsa= 02 SASA (5)

The term Eas denotes the gagshase energy, which consist of the intdranergy (),

Coulomb energy Eeied, and the van der Waals energi@sqw). The Eas was directly
estimated from the FF14SB force field terms. T8wdvation free energyGso), was
estimated from the energy contribution from the polar st@es) and norpolar states

(Gsa). The nonpolar solvation energyGsa), was determined from the solvent accessible
surface area (SASA), using a water probe radius of 1.4 A, whereas the polar solvation,
(Geg)contribution was estimated by solving t
change in entropy of the solute and temperature respectively. To obtain the contribution of

each residue to the total binding free energy profile between the ligands (P3)aadd
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the enzymes, per residue free energy decomposition was carried out at the atomic level for

imperative residues using the MM/GBSA method in Aniber

CHAPTER FOUR

4.0RESULT

4.1 Designed Substituted Chalcones

The molecular formula, 2D striwice and IUPAC names of the seventeen (17) chalcones

synthesized were presented in Talllel T 4.3. Compounds P3, P4 and P8 are quinolinyl
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chalcones from series two while, others represent various substituted chalcones. P1, P2, P3
and P8 are new compoundst reported in any literature/data base as ascertain from

SciFinder search.

4.2 Analysis of Theoretical Oral Bioavailability

Table 4.4 present the molecular weight, hydrogen bond donor, hydrogen bond acceptor,
number of rotatable bond and MLogP valuetlod synthesized chalcone for predicting

theoretical oral bioavailability based @ni p i s rslddf fived

Table 4.1: Chemical description P1, P2, P3, P4 and, P8

Compound Molecular 2D- Representation/IUPAC Name
ID formula
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P1

P2

P3

P4

P8

C21H2407

C20H2206

C21H18CINO4

C20H16CINO4

CooH 20C|N Os

(E)-3-(2-chloroquinolin-3-yl)-1-(2,4-dimethoxyphenyl)prop-2-en-1-one

N cl o
A ~ CH,
Hac\O P = . _CHs

(E)-3-(2-chloro-6-methoxyquinolin-3-yl)-1-(2,3,4-trimethoxyphenyl)prop-2-en-1-one

Table 4.2: Chemical description of P11, P12, P13, P15, P16 and P17

Compound

ID

Molecular
formula

2D- Representation
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P11

P12

P13

P15

P16

P17

C17H14Cl503

Ci17H1603

C18H16C1204

C18H1804

C16H1402

C20H2206

0
/(\)E‘\
HC CH
™o o e cl

(E)-1-(2,4-dichlorophenyl)-3-(2,4-dimethoxyphenyl)prop-2-en-1-one

0]

/‘i\)‘\‘
H,C CH
3 \o O/ 3

(E)-3-(2,4-dimethoxyphenyl)-1-phenylprop-2-en-1-one

o

H;C

(E)-1-(2,4-dichlorophenyl)-3-(2,3,4-trimethoxyphenyl)prop-2-en-1-one

(0]
/‘/\)E‘\
HyC CH
\O ® \0 O/ s

(E)-1-(2,4-dimethoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one

H;C.

AN

H;C
\O

(E)-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one

HaC

(E)-3-(2,4-dimethoxyphenyl)-1-(2,3,4-trimethoxyphenyl)prop-2-en-1-one

Table 4.3: Chemical description of P19, P21, P22, P23, P24 and P25
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Compound ID

Molecular formula

2D- Representation

P19

P21

P22

P23

P24

P25

Ci17H1603

CigH15F303

Ci6H11F30

Ci19H200s

Ci18H1804

C16H12CL0;

[0}

Pl
cl o]

(E)-1-(2,4-dichlorophenyl)-3-phenylprop-2-en-1-one

(E)-1-(2,4-dimethoxyphenyl)-3-(4-(trif luoromethyl)phenyl)prop-2-en-1-one
o

AN

F

~
o
F

(E)-1-phenyl-3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one

o]

\
H;C H;C CH
3\0 3\0 o/ 3

0
\CH3

(E)-3-(4-methoxyphenyl)-1-(2,3,4-trimethoxyphenyl)prop-2-en-1-one

(E)-3-phenyl-1-(2,3,4-trimethoxyphenyl)prop-2-en-1-one

0
/‘/\)‘)\
HsC
o cl cl

(E)-1-(2,4-dichlorophenyl)-3-(4-methoxyphenyl)prop-2-en-1-one
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Table 4.4: Analysis of theordical oral bioavailability of the substituted chalcones
based on Lipinskibés rule of five

CompoundID Li pinski 68 rule of five

Mol Wt *? HbA HbD nRB MLogP Inference

P1 388.41 7 0 9 1.36 Pass
P2 358.39 6 0 8 1.67 Pass
P3 383.82 5 0 6 2.35 Pass
P4 353.80 4 0 5 2.69 Pass
P8 413.85 6 0 7 2.01 Pass
P11 337.20 3 0 5 3.67 Pass
P12 268.31 3 0 5 2.66 Pass
P13 367.22 4 0 6 3.31 Pass
P15 298.33 4 0 6 2.31 Pass
P16 238.28 2 0 4 3.03 Pass
P17 358.39 6 0 8 1.67 Pass
P19 268.31 3 0 5 2.66 Pass
P21 336.31 6 0 6 3.51 Pass
P22 276.25 4 0 4 4.32 Pas§
P23 328.36 5 0 7 1.99 Pass
P24 298.33 4 0 6 2.31 Pass
P25 307.17 2 0 4 4.05 Pass

(a) Molecular weight in g/mol, (b) Lipinskét al., 2001 ( Mwt O500, MLogP(
o010, NH or OHO5 and numlckpass with ome oviblationa b | e
(MLogP_ 4.15) .
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4.3 Synthesis and Characterization of the Substituted Chalcones
4.3.1 Yield and some physical properties of substituted chalces.

The yield and some physical properties of the synthesized compounds are presented in
Table 4.5The yield of the various chalcones ranges from low to high, with P11, P12, P22,
P23 and P2having the highest yield. Most of the compounds appeared dsalsragter

purification, only P1 occurred as a viscous g@lor of the compounds is mostly yellow.
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Table 4.5: Yield and Some Physical Properties of the substituted chalcones

Compound ID Color/appearance R;Value* Melting point (°C) % Yeild

P1 Yellow viscous oil  0.38 3940 57.00
pZ Orange crystal 0.64 120123 78.08
P3 Light yellow crystal 0.40 109111 50.64
P4 Yellow cottortlike 0.55 80-81 28.27
Pg Yellow cottortlike 0.43 88-89 50.29
P11 Light yellow solid 0.59 114116 87.00
P12 Yellow wax-like 0.61 4850 83.93
P13 Yellow gummy solid 0.67 92-94 65.40
P15 Pale yellow crystals 0.25 82-84 36.87
P16 Yellow crystals 0.65 71-74 30.00
P17 Yellow crystals 0.68 66-68 37.50
P19 Light yelow powder 0.32 7578 76.0

P21 Light yellow crystals 0.45 78-80 58.63
P22 Light yellow crystals 0.47 124128 97.01
P23 Yellow soft crystals 0.42 60-61 95.50
P24 Yellow crystals 0.64 96-99 21.10
P25 Yellow wax 0.31 41-42 93.40

(a)Silica Thin layer ctomatography plate was used witthexane: ethyl acetate (7:3) as
development solvent. Rf is retention factor. * New compounds not reported in chemical
literature (www. Scifinder.com)
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4.3.2'H and **C NMR Data of P1, P2 and P13
The'H and**C NMR dataof compound P1, P2 and P13 (Figure 4.1) are shown in Table

4.6 andAppendcesl13, 14, 21 and 22

R, R, R,
Pl OCH; OCH; OCH,
P2 OCH; H  OCH,
P13 CI H Cl

Figure 4.1: 2 0 , 3-tdi ;métldoxy substituted chalcones (P1, P2 and, P13)
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Table 4.6: *H and *C NMR Data of P1, P2 and P13

Carbon P1 P2 P13
Position
e 'H (@pm)  °C G(ppr=C G(pr
u u(pp u(pp
1 191.17 192.76
1 . 38 126.60 123.80 42(d
=51 H6z(, =16Hz
3 13 . 86 137.62 141.89 0OO0(d
6@z 1 =1 61H)
106 127. 122.78 136.45
20 153. 160.38 142.20
30 142. 98.85 129.94 73(c
J=4.0H
1H)
4 6 155. 164.04 121.06
50 107. 6. 67(d, 10775 6. 56 ( dd 127.15 (6 dt,
J=8.88F J=2.59H =7z 6H
9. 0Hz, 1
6 0 1 33(d, 13292 7. 33(d, 130.35 . 74(d
J=8.8Hz J=8.5Hz =9. 6H
H)
10 122. 122.71 132.11
20 153. 153.79 153.68
30 142. 142.62 137.74
40 156 . 155.48 156.27
50 107. 6. 70(d, 1052 6. 10767 7. 02(d
J=8.8Hz J J=7.6H
1H)
6 0 12 7.41(d, 12368 7 12465 7. (6d,
J=9. 0Hz J J=7.6H
20m 61.43.87 56.22 3. - -
36m 60.8 3. 87 - - - -
46m 56.03.83 55.90 3. - -
20m 62.0 3. 88 6158 3. 61.51 4. 25
30m 61.03.87 61.08 3. 6080 4. 24
40m 56.13.85 55.69 3. 56.01 4. 24
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+4.3.3'H and *C NMR data of P3, P4 and P8
The'H and**C NMR data of compounds P3, P4 and P8 (Figure 4.2) are as shown in Table

4.7 andAppendces?25, 26, 32, 3340and 41

P OCH, H  OCH, OCH,
P4 OCH, H  OCH, H
P§  OCH, OCH, OCH, OCH,

Figure 4.2: 3-quinolinyl -substituted chalcones (P3, P4 and, P8)
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Table 4.7: *H and *C NMR Data of P3, P4 and P8

Carbon P3 P4 P8
Position
e 'H (fpm) “C 'H tG(prcC 'H G(pp
u(pp! u(pp a(ppn
196.42 - 189.55 197.91
104.86 6.81(d, 131.50 7.72(d, 104.94  6.82(d,
J=20Hz, 1H) J=16Hz, J=16Hz, 1H)
1H)

3 135.09  7.84(d, 136.24 8.03(d, 135.08  7.80(d,
J=21Hz, 1H) J=15.9Hz, J=16.0Hz1H)

1H)

16 119.75 - 123.84 - 124.53 -

20 160.39 - 160.75 - 153.35 -

36 97.89 6.24(d, 98.67 6.49(d, 142.32
J=2.12Hz, J=2.00Hz,
1H) 1H)

46 164.69 - 164.64 - 158.10 -

56 105.84  6.45(dd, 105.4 6.57(dd, 122.40 7.21(d J=
J=2.68Hz, J=2.1Hz, 8.84Hz, 1H)
9.16Hz, 1H) 8.6Hz, 1H)

60 133.24  7.77(d, 128.27  7.80(d, 129.59  7.72(d,
J=8.68Hz, J=9.00Hz, J=9.20Hz, 1H)
1H) 1H)

20 148.88 - 150.51 - 148.84 -

30 13291 - 131.38 - 132.12 -

40 53.09 4.93(d, 133.24 8.39(d, 41.73 4.97(d,
J=2.40Hz, J=2.40Hz, J=5.10Hz, H)
1H) 1H)

50 41.44  4.79(d, 128.65 7.82(d, 51.85 4.86(d,
J=10.0Hz, J=6.36Hz, 1H)
1H)

6 0 158.04 - 127.80 7.61(d, 157.57
J=9.0Hz,
1H)

70 122.34  7.16(dd, 121.61  7.46(dd, 107.20 6.62(dd,
J=2.24Hz, J=4.04Hz, J=4.04Hz,
8.88Hz, 1H) 9.0Hz, 1H) 8.84Hz, 1H)

80606 12944  7.19(d, 133.07 7.72(d, 126.19  7.42(d,
J=9.2Hz, J=9.2Hz, J=8.84Hz, 1H)
1H) 1H)

966 12792 - 127.12 - 127.82 -

100606 14216 - 147.47 - 141.29 -

26m 5555 3.76(3H) 5584 3.76(3H) 61.38 4.09 (3H)

36m - - - 55.60 3.65 (3H)

46m 5551 374(3H) 5561 374(3H) 60.77 3.83 (3H)

6 0m 55.09 3.38 (3H) - - 56. 123. @8)
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4.3.4'H and *C NMR Data of P11, P12 and P17
The'H and**C NMR data of compound P11, P12 and P17 (Figure 4.3) are shown in Table

4.8 andAppendces48, 49, 54, 55, 58 and 61

R, R, R;
P11 Cl H Cl
P12 H H H

P17 OCH,; OCH, OCH,

Figure 4.3: 2 0 ,-dd-rbethoxy-substituted chalcones (P11, P12 and, P17
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Table 4.8: *H and *C NMR Data of P11, P12 and P17

Carbon P11 P12 P17
Position
e 'H (8pm) °C 'H G(ppn™C '"H G(pp
u(pp u(pp u(pp
193.28 - 191.12 - 191.47 -
12415 7. 42 (d 12836 7. 48 (d, 12547 7. 93 ( d.
J=16Hz J=14Hz, J=16Hz.
3 14255 8. 33(d. 14053 8. 04(d, 13884 8. 46 ( d.
J=16.0 J=Dd#z, 1 J=15. 9|
16 136.31 - 138.78 117.04 -
20 138.08 - 12889 7. 98 ( dd 15650 -
J=8. 0Hz
1H)
36 13006 7. 72 (d 12849 7. 54 (dd 153.38 -
J=1. 8H; J=8. 2Hz
1H)
406 132.29 - 13234 7. 45( dd 16289 -
J=8. 6Hz
2. 0Hz,
56 12709 7.56(d. 12842 7.54(dd 10719 7. 25(d,
J=8. 2H: J=8. 2Hz J=8.1H:
1. 8Hz, 8. 1Hz,
6 0 13032 7. 77 (d. 12882 7. 98(dd 12459 8. 06 ( d.
J=8. 2H. J=8. 0Hz J=7. 8H.:
1H)
10 116.40 - 116.97 127.29 -
20 160.46 - 16037 142.05 -
30 9842 6.53(d 9834 6.43(d, 9827 6.96(d,
J=2. 2H: J=2.0Hz J=4. 0H;
40 163.61 163.04 160.13
50 10562 6. 76 (d. 10539 6. 50(d, 10549 7. 02( d.
J=8. 6H; J=8.6Hz J=8.6H;
2. 2Hz, 2. 2Hz, 1H)
6 0 131.07 8. 05(d.13094 7.55(d, 13027 7. 96 (d.
J=8.6H: J=8. 1Hz J=11. 21
1H)
206 m - - - - 61.92 4. 43 (.
36m - - - - 60.90 4. 43 (.
46m - - - - 56.01 4. 42 (.
20m 5555 3.82 (:5548 3.85 (35542 4. 36 (3
40m 5553 3.82 (:5546 3.81 ( 3 5537 4.3 ( 3 H
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4.3.5'H and *C NMR Data of P15, P16 and P23
The 'H and**C NMR data of compounds P15, P16 and P23 (Figure 4.4) are as shown in

Table 4.9 and\ppendces64, 65, 67, 69, 71 and 73

R, R, R, R2
PIS OCH, H  OCH,
PI6 H H H

P23  OCH, OCH,; OCH,

Figure 4.4 : 4 émethoxy substituted chalcones (P15, P16 and, P23)
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Table 4.9: *H and *C NMR Data of P15, P16 and P23

Carbon P15 P16 P23
Position
¥c H  (Bpm) ¥c H u(ppr®C H u(pp
u(pp u(pp u(ppr
1 189.81 - 189.96 - 191.31 -
2 124.21 7.36(d, 119.24 7.39(d, 124.61  6.31(d,
J=15.7Hz,1H) J=16.0Hz,1H) J=15.8Hz,1H)
3 141.23 7.65(d, 144.20 7.76(d, 143.45  6.59(d,
J=15.7Hz,1H) J=15.5Hz,1H) J=157Hz,1H)
106 121.67 - 138.05 127.32 -
20 160.42 - 128.78 7.98(d, 153.93 -
J=8.0Hz,1H)
30 97.85 6.48(d,J=1.8Hz, 128.05 7.51(d, 142.40 -
1H) J=12Hz, 1H)
40 163.14 - 132.13 7.55(dd, 161.74 -
J=7.2Hz;12Hz,
1H)
56 104.32 6.54(dd, 127.98 7.51(d, 107.57  5.69(d,
J=8.2Hz;1.4Hz,1H) J=12Hz, 1H) J=8.8Hz, 1H)
60 131.90 7.74(d, J=8.4Hz, 128.13 7.98(d, 126.05  6.40(d,
1H) J=8.0Hz, 1H) J=8.2Hz, 1H)
10 127.35 - 127.14 128.13
20 129.45 7.54(d, J=8.5Hz, 129.82 7.45(d, 130.92  6.50d,
1H) J=14.6Hz, 1H) J=8.0Hz,1H)
30 113.81 6.90(d, J=8.4Hz, 114.30 6.88(d, 115.11  5.85(d,
1H) J=8.0Hz, 1H) J=7.2Hz, 1H)
40 159.43 161.25 157.12
50 113.48 6.90(d, J=8.4Hz, 113.99 6.88(d, 114.66  5.85(d,
1H) J=8.0Hz, 1H) J=7.2Hz, 1H)
60 129.16 7.54(d, J=8.5Hz, 129.50 7.45(, 130.46  6.50d,
1H) J=14.6Hz, 1H) J=8.0Hz, 1H)
206m 54.92  3.88 (3H) - - 62.47 2.85 (3H)
36m - - - 61.42 2.85 (3H)
406m 54.70  3.86 (3H) - - 56.44 2.85 (3H)
40m 54.54  3.81 (3H) 5490 3.78 (3H) 55.72 2.77 (3H)
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4.3.6'H and **C NMR assignment of P19, P4 and P25
The 'H and**C NMR data of compounds P19, P24 and P25 (Figure 4.5) are as shown in

Table 4.10 and\ppendces77, 79, 81, 8275and76.

R, R, R, R,
PI9 OCH; H OCH; H
P24 OCH; OCH; OCH,; H
P25 Cl H Cl  OCH,

Figure 4.5: 4 émethoxy subgituted chalcone (P25) and ursubstituted
ring A chalcones (P19 and, P24)
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Table 4.10. *H and *C NMR Data of P19, P24 and P25

Carbon P19 P24 P25
Position
13C 1H (mm) 13C lH U ( p p r 13C lH
u(pp ua(pp U(ppmii(pp
190.47 190.80 192.60
2 12748 7. 03(d, 12587 7. 78( d, 123.60 7.52
J=16Hz, J=16Hz,
3 14207 7.19(d, 14298 7. 79(d, 146.71 8. 014
J=15. 8 H; J=15. 0H
106 122.25 135.10 136.58
20 160.80 153.77 137.68
36 98.78 5.96(d, 14207 130.10 7.93
J=2.0Hz
406 164.62 157.05 132.23
56 10566 6. 03 (dd 10729 6. 89 ( d, 127.23 7. 48
J=8. 5Hz J=8. 2Hz
1H)
6 6 13319 7.29(d, 12648 7.82(d, 130.8% 7. 98
J=8. 4Hz . J=8. 4Hz
10 135.70 126.68 126.85
20 12919 7. 08(dd 12837 7. 64 ( dd 130.55 7. 86
J=8. 5Hz J=11. 4H
1H) z, 1H)
30 12861 6. 86 (d, 12889 7. 62 ( d, 114.83 7. 414
J=8.0Hz J=11. 4H
40 13033 6.86(d, 13023 7. 51( dd 162.10
J=8.0Hz J=11. 4H
z, 1H)
50 12803 6.86(d, 12889 7. 62 ( d, 11452 7. 414
J=8. 0Hz . J=11. 4H
6 0 12887 7. 08(dd 12837 7. 64 ( dd 130.34 7. 86
J=8. 5Hz J=11. 4H
1H) z, 1H)
26m 55.97 3.32( 3H 6212 4. 04 (3- -
36m - - 61.07 4. 04 (3- -
406 m 55.79 329 ( 3H) 56.11 4. 04 (3- -
40m - - - - 55.44 4. 35
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4.3.7'H and *C NMR data of P21, and P22
The'H and**C NMR data of compounds P21 and P22 (Figure 4.6) are as shown in Table

4.11 andAppendces87, 88, 91 and 92

0
['_.f‘ J\ ﬁf
> o P
5” :::;,.- “‘x‘l::f__.-' "‘x:t:%_f__.-' e, L M:::t“ 5!
FLt ‘ 1
F '“x4"ll;"'L“ﬁ -~ 1" ,fi:;“‘i
C S R~ 5 R
- \ i i i 1
P ; :
F
R R2

P2l OCH3  OCH3
P22 H H

Figure46:4 0 t r i f | eaubstduled chalopries (P21 and, P22)
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Table 4.11: *H and *C NMR Assignment of P21, and P22

Carbon P21 P22
Position
e 'H (fpm) e '"H d(ppm)
d(ppm d(ppm)

1 189.76 - 189.46 -

2 124.75 7.60(d, J = 123.73 7.55(d, J=1

3 139.60 7.80(d, J = 142.20 7.77(d, J=1

16 125.71 - 137.32 -

206 160.60 - 128.05 8.02(dd,
J=13. 7Hz; 6.

36 98.52 6. 53(d, J = 128.27 7.61(d, J=1

406 164.57 - 132.67 7.69(dd,
J=8.2Hz; 3.2

56 105.35 6.57(dd, 128.27 7.6d, J=11.

J=8.0Hz; 2

6 0 133.13 7.82(d, J = 128.05 8.01(dd,
J=13. 7Hz; 6.

10 138.93 - 137.82

20 128.57 7.68( Hz,J A 128.10 7.57(d, J =28

30 128.16 6.59(d, J = 127.78 7.50(d, J=28

40 129.33 - 128.50

50 127.98 6.59(d, J = 127.78 7.49(d, J=28

6 0 128.30 7.68(d, J = 128.10 7.56(d, J =28

26 m 55.73 4. BH)( - -

406 m 55.57 3.89 (3H) - -

40m 121.66 - 125.43 -
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4.3.8 FT-IR spectral data of the substituted chalcones

The FFIR spectral data of all the compounds synthesized are presented in Appendix VI.
In all the spectra, there is appearance of Hegacteristics strong C=0 stretching vibration

at 1640cm’ and an olefinipeak observed at 298908cm™.

4.3.9 Mass spectral data of the substituted chalcones

The mass spectral data of all the compounds is also presented in Appendix V. Each mass
spectum present molecular ion peak [l corresponding to the molecular weight of the
respective compound. The molecular ion peak in most of the spectrum is the most

abundant peak.
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4.4 Antiplasmodial Studies on the Substituted Chalcones in Mice

4.41 Effect of P1, P2, P3, P4, P23, P24 and P25 on established P. berglgiction in
mice

The test compounds showed promising activity with some producing a ehgrpeession
comparable to the standard drugs (Figure 4.7). P2 has the highest suppresSiobOat 2

and 100mg/ kg of 62.4% (p 0.05), 79% (p  0.05)
quinolinyl chalcones: P3, P4 and P8 significantly reduced the parasitemia level compared

to the standard. P25 also showed promising activity with, the smaller doseg(R®)

producing igher chemesuppression of 72%.

The standard drug chloroquine at 8%/kg produced a chensuppression of 85.5%
(p 0. 05) compared to the mgkgproducedea checmamt r ol
suppression of 77 % (dpcedotheMighest pafasitd seppresgianion i n €

88.5% at 1Gng/kg (Figure 4.7).
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25 1

M 25mg
B 50mg
N 100mg

Figure 4.7: Effect of P1, P2, P3, P4, P8, and PZX5 on the parasitaemia level oP.

bergheiiinfected mice.
Values are mesented as Mean; Data analyzed by one way ANOVA followec

Bonf er r o-lnot Gest; npSo gt9.05, b 9.01, cp 9.001 versus control
CLQ=chloroquine, ART= arthemeter, QUIN= quinine; Route of administration=ip
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4.4.2 Effect of P11, P12, B3, P15, P16, P17, P19, P21 and P22 on establislired
berghii infection in mice

P11, P12 and, P17 at doseof 100 mg/kg, 300mg/kg and 50mg/kg respectively,
significantly (@’ 0.05) suppress parasitaemia in mice, with percent chemosuppression of
82.8%, 8944% and, 80.3% respectively compared to control (Figure 4.8). The standard
drug (chloroquine) at the dose of 2Bg/kg produced significantp(0.05) parasite

suppression of 91.8% compared to control.

35 5
30
25
20 A
a
15 - c e W 1st Dose
16 < € @ P E . B 2nd Dose
S c® 3rd Dose
il M

O T B T . T T T T T T 1

2 & o ¢ A ® > 0

v ®
Qf)
&

Figure 4.8: Effect of P11, P13, P17, P18, and PzE22 on the parasitaemia level dP.
bergheiiinfected mice.

Values are presented as Mean + SEM; Data analyzeth&way ANOVA followed by
Bonf er r ehaciteStsn=5pas 9.05, cp 9.001 versus  control;@=chloroquine,
P11, P13 (25, 50,10g/kg); P17 (50,100,20éng/kg); P18 (75,150,30eng/kg); P21
(175,350,700ng/kg); P22 (250,500,1000g/kg); Route of administratiofg-
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4.5 Effect of Substituted Chalcones on Inhibition ob-hematin Synthesis

With the exception of P12 and P17, none of the compound inhibits the formatfen of
hematin(Table 4.12). Compounds P12 and P17 showed modest inhibitibrhefatin
synthesis with percent inhibition of 59.28% artd04% respectively at a dose ofuskg.
The sandard drug (chloroquine) produced 74.58% inhibitionbdfematin synthesis

(Table 4.12).
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4.6 Molecular Docking Studies of P3 and P4 Complexes on EB FP-3, PIm-Il, and
PIm-IV.

4.6.1Validation of docking procedure

The docking procedures applied on all the four enzymes were well validated. As shown on
Table 4.13 all the carystallized ligands relocked (Cyan color) on their respective

proteins are well super imposed on their original Proteila Bank (PDB) structures.
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Table 4.13: Showing the crystal structure of enzymes complexes and-oocked
ligand superimposed on the crystal structure for validation.

Enzyme Crystal structure complex Crystal structure complex with

(Enzyme and Ligand) Re-docked ligand (Validation)
3-BPF 4 ; : 5

Cyan colour molecule is the-oocked ligand and the green highlighted molecule is co

crystallized ligand.
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4.6.2The binding energies of the cecrystallized ligands and 17 substituted Chalcones
against four enzymes (FF2, FP-3, PImt-Il, and, PIm-IV)

Docking results as shown on Figure 4.9 indicated that all the compounds studied exhibited
better binding energies to FPthan the o-crystallized ligand (5.1 Kcal/mol). However,

only compound P8 (quinolinyl chalcone) showed better binding energy Kcal/mol)

than the cecrystallized ligand with 6.9 Kcal/mol for F®. With the aspartic proteases;

PIm-11, the cocrystallized ligand xhibited better binding energy (10.1 Kcal/mol) than all

the compounds, nevertheless compound P3, P4, and P8 have a reasonable binding energy
of 8.0, 7.9, and 7.7 Kcal/mol respectively. Seven compounds showed better binding
energy for PImlV as compared tdhe cocrystallized ligand, with P3 and P4 having

remarkable binding energy of 9.3 and 9.1 Kcal/mol respectively.

Interestingly the ranking of the ligands relative to each o#ref the cecrystallized
ligands,point out two chalcones; P3 (Figure 4.10) & (Figure 4.11), possessing high

ranking across all the enzymes studied (Feg.9)
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Figure 4.9: The binding energies of the ligands across all the enzymes. P represents
the cocrystallized ligand of each enzyme.
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Figure 4.10: Compound P3 [(E)}3-(2-chloro-6-methoxyquinolin-3-yl)-1-(2, 4
dimethoxyphenyl) prop-2-en-1-one]
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Figure 4.11: Compound P4 [(E)}3-(2-chloroquinolin-3-yl)-1-(2, 4 dimethoxyphenyl)
prop-2-en-1-one
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4.6.3 The bindingposesand binding interaction analysis of P3 and P4 against FR,
FP-3, PIm-l, and PIm-IV.

The binding conformation ahninteraction with residues on the active site of the enzymes
studied using chimera (Petterseat al., 2004) and Discovery studio suite
(www.accelrys.com) is shown on Figure 44.29. P3 and P4 fitted well onto the long
cleft of FR2 and FP3 (Figure 4.124.15), extending from S1 subsite to S3, but having
more extended conformation in f8RAFigure 4.14). On the plasmepsins (Figure 4111Q)

the two compoundéit into the binding pocket, resting on the catalytic dyad &ully

covered with the flap.

With the exception of PIatV (Figure 4.18), the two congeners bind to all the enzymes in
an opposite orientation (in different conformation). Nonetheless, the two congeners have
similar interactions with the active site residues in the case of each enzyme @ity

4.15, 4.17 and, 4.19).
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Figure 4.12: 3D binding posesand interaction of P3 and P4 in relation to various sh
sites of FR2 binding cavity.
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Figure 4.13: (A) 2D interaction diagram of FP-2 and P3 (B) 2D interaction diagram

of FP-2 and P4.
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Figure 4.14: 3D binding posesand interaction of P3 and P4 in relation to various sh
sitesof FP-3 binding cavity.
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Figure 4.15: (A) 2D interaction diagram of FP-3 and P3 (B) 2D inteaction diagram
of FP-3 and P4.
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Figure 4.16: 3D binding posesand interactions of P3 and P4 in relation to various

sub sites of Plmll binding cavity
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Figure 4.17: (A) 2D interaction diagram of PIm-1l and P3 (B) 2D interaction diagram
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Figure 4.18: 3D binding posesand interaction of P3 and P4 in relation to various sub
sites of PImIV binding cavity.
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4.7 Molecular Dynamics Simulation Studies of P3 and P4 Complexes of FB, FP-3,
PIm-I11, and PIm-IV.

4.7.1 System stability

After approximately @ns, the RMSD trajectories converged and fluctuations did not
exceed 3.0U for either system fan22L.TFhe dur a
average RMSD values forthel® b a c k b o n e -2,aFR3) Rl and PInA\PIn

complex with P3 werel.481, 1.7022 . 141 and 2.277U0 res-pecti v
FP-3, PImIl and PImIV in complex with P4 were 1.700, 1.565, 1.602 and 2.010A
respectively. For the © Rg, the falcipains compl exes
4.21, A and B). The avega Rg of P3 and P4 are 18.446 ah®l474 A respectively for

FP-3 and 18.278 A for both P3 and P4-ERomplexes. The average Rg displayed by P3

in PIm-Il and PImIV system are 20.642, and 19.982 A respectively and that of P4 in PIm

Il and PImIV system are20.594 and 20.049. The two systesmowed fluctuation in Rg

values from the beginning of the simulation katgbilizeand decreased after about 10ns

(Figure 4.21, C and D).

The RMSF plots of the falcipaifigyand complexes are similar also (Figure 4.22and

B). The region showing the highest fluctuation are residu@® tepresenting the -N

terminal insertion and the second insertion consisting of residue® 076 -ha{rpin),

been the most flexible regions. From the RMSF plot no fluctuations are observed in the
active site (GIn36/45, Cys42/51, Hisl174/183, and Asn204/213 for FP2 and FP3
respectively) thus, the protéiigand complex system rema&d stable during the
simulationperiod. The average RMSF of thetNer mi nus i fharpimr forithen and
FP2P3and FB-P3 complexes arkl.06 A, 9.21 Aand6.95 A, 7.26 Arespectively, while

that of FP2P4 and FP34 complexes ar@.96 A, 11.53 Aand 13.39 A, 7.14 A

respectively.
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For the plasmepsins systems (fg4.22, C and D), the amino acid residues-3208

show a Igher fluctuation relative to other residues. The region represents the L3 loop
(231-244) and L4 loop (2%283) PIlmll numbering, where the flexible loop is situated.
There was no significant movement of the flap as the compounds remained embraced by
the 1ap at the active site cavity. The overall average RMSF forlPbound to P3 and P4

are 7.652A and 7.138A respectively. And, PlalV complexes showed an average RMSF

of 5.860A and 9.111A for P3 and P4 respectively. Compound P3 have less residual

fluctuation as compared to P4.
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Figure 4.20: RMSD plot of FP-2 (A); FP-3 (B); PIm-1l (C); PIm -1V (D) bound to
compound P3 ad P4 during a 30ns simulation.
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4.7.2 Perresidue energy decomposition analysis

Per residue energy decomposition plots of each protein ligand complex studied are
presented on Figure 4.224.25. Most of the amino acid residues surroundiegligand in

each complex studied showed favorable binding interaction with the ligand.
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Figure 4.23: Per residue energy decomposition plot of (A) FR in complex with P3
and (B) FP-2 in complex with P4
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4.7.3 Binding free energy (BFE) analysis of P3 and P4 in complex with ER FP-3,
PIm-1l and PIm-IV

The total binding free energies of all the systems studied are presented on Table 4.14.
Plasmepsin complexes showed the most falerbinding energies. With the exception of
PIm-1l complexes, P3 complexes with all the enzymes have lower binding energies
compared to P4 complexes. Van der Waals interactions contributefadiostblyto the

binding free energy in all the systems.
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Table 4.14: Binding free energy analysis of P3 and P4 in complex with FP, FP-3,
PIm-Il and PIm-IV

Energy Components (kcal/mol)

Compound o Eqw P Bilec P Gas P Gorv P Ging
P3in -34.4215  -3.0563 -37.4777 13.3121 -24.1657
complex

with ER-2 +3.9523 +3.6522 1+4.8821 +3.6631 +3.6475
P4 in -31.9415  -2.8439 -34.7855  12.0119 -22.7735
complex

with ER-2 +4.3850  +3.2947 +5.8335 +3.2910 + 3.5486
P3in -30.0052 -3.1560 -33.1612 10.7847 -22.3765
complex

with ER-3 +4.2458 + 3.0240 1+5.8761 +3.1163 +3.9726
P4 in -25.9544 -0.9678 -26.9222 9.5954 -17.3268
complex

with ER-3 +4.1852 + 3.3010 +6.0429 + 3.3199 + 3.4926
P3in -31.2919 -16.3381 -47.6300 23.3292 -24.3008
complex

with PImel +4.6702 +5.5511 +6.7991 +5.1865 +4.2644
P4 in -40.1709 -5.0930 -45.2639 13.2342 -32.0296
complex

with Pl + 6.3652 +4.8214 + 9.5492 +4.5107 +6.8397
P3in -44.2400 -18.9574 -63.1975 27.9581 -35.2393
complex

with PImeIV +2.5772 +4.9074 +5.2082 +4.2710 +2.7171
P4 in -36.4033 -17.5173 -53.9206 25.0089 -28.9117
complex

with PIm-ly 40001 + 4.2052 +5.6791 + 3.7916 +4.1073
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CHAPTER FIVE

5.0DISCUSSIONS

5.1 Design of Substituted Chalcones

Novel malaria targets and drugs against such targets are urgently needed to combat the
burden of malaria and provide potential solution to the alarming rise of ACTSs resistance.
Although chalcones have been idBetl as promising agents against malarial proteases,
there was no conclusion on the structural requirement for good activity. The compounds
desigred in this study are based deaturesof some active compounds froprevious
studies constituting various @ive chemical scaffoldsSeventeen chalcone derivatives
were designedqTables 4.1 7 4.3), the compoundswere represergd in six series that
differed from each other by the substitution pattern on ring A. The choice of electron
dense A ring chalcones foerges: one, three and four as a focus for investigation is based
on contradictory findings by Kumaet al. (2010 suggestingthat contrary to previous
report (Kumar et al., 2010 linking electron rich B ringvith good antimalarial activity,
electron defi@nt B ring and electron dense A ring was found to exhibit potent
antimalarial activity.Thereforeto verify these claims substituents on some of the active
compounds from Liwet al (2001) findings having electron dense B ring were reversed
between the twaromatic rings (Table 4.1, 4.2, and 4.3) leading to design of series one,
three, four and five. On the othkeand,hybrid design was applied in the design of series
two, where 2chloro quinolinyl ring A scaffold2,3,4 trimethoxyand 2,4 dimethoxy ring

B scaffold associated from previous studiesdLal.,1995; Liuet al.,2001; Dominguez

et al.,2001; Shikheet al.,2009) with potent antimalarial activity were merged to form a

single chemical entity (Table 4.2).
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P1, P2, P3, and P8 are new chalcoaevdtives not reported in any literature or chemical
data base while, P12, P16 and P22 vkei@vn compounds butot previouslyevaluated

for antimalarial activity www.scifinder.conj.

5.2 Theoretical Oral Bioavalability

Prediction of theoretical oral bioavailability is an important step in drug design process.
This is to reduce the chances of drug failure at a later stage of the process due to poor
pharmacokineticsAll the substitutedchalcones designed have ped the criteria put
forward by Lipinskiet al. (2009 for a chemical compound to be orally bioavaila@dable

4.4). The relatvely small molecular weight of halconescoupled with the ease of
substitution on the two aromatic ringbestowed on them dregke properties

(Nowakowska, 2007).

5.3 Synthesis and Characterization

5.3.1 Synthesis and characterization of 2,3j4drimethoxy benzaldehyde Chalcones
(P1, P2 and P13)

The procedure using Clais&cthmidt condensation furnishes good yields; 57886, and

65% for P1, P3 and Pl8espectively(Table 4.5) Completion of the reaction was
established by the disappearance of spots due to reactants on the thin layer chromatogram
and appearance of single spat each of theroducs; P1, P2 and BB appeared as yew

viscous oil, orange crystaind yellow gummy solidrespectively. Thisagreeswith the
appearance of naturahalcones and other chalcone derivatives reported in the literature

(Li et al.,1995; Sinheet al.,2013). The sharp melting point (Table 4.B5served with the

three compounds suggest that the compounds have high degree of purity (Vogel, 1956).

The FTIR data (Appendies12 and 2] indicates presence of carbonyl (C=0), ether (C
O-C), aromatic (=€H), olefinic (=GH), and aliphatic {C-H) functioral groups in both
P1, P2, and P3, as evidenced by the appearance of prominent bands at 1@6-Gm

112


http://www.scifinder.com/

stretching vibrations), 1260 and 108B7" (C-O-C stretching vibrations), 3040 ¢m
(aromatic GprH stretching vibrations), 3008n™ (Olefinic GCspzH stretching vibrations),
2990 cnt (Aliphatic GCspzH stretching vibrations), 1580 ch{C=C stretching vibrations)

for both compounds. The olefinic peak observed in the region-2998 cn is evidence

that the chalcones have been formed. Also, the chagac i s 4urisaturated carbonyl
group of the chalcones was confirmed by the prominent band in betweerl @B25m™
Additionally, the methoxy function is evidence by coupled strong vibration at 1260 and

1095cm’* for C-O-C stretching vibrations (Kumat al.,2010).

TheH NMR, **C NMR and 2DNMR spectra was used &ucidatethe strctures of P1,

P2, and P3 (Tablet.6). A noticeable change from the starting materials is the
disappearance of the aldehyde and methyl ketone chemical shifts, which appeagiet
around9.8a1 0. 30 ppm and 2.50 ppm respectively.
unsaturated ketone linker protons observed as doublets in the region of 7488ppm
(H-U) a n d8.00 ppd 6H b with coupling constants of 1585.0Hz. It is evident

from these coupling constants that the proddotsned are predominantlthe trans
isomers (Eform). The configuratiorof the Z isomer is unstable due to the strong steric
effects between the carbonyl group and theiny (Gomeset al., 2011). The other
noticeable observations in theMMR are the methoxy proton as singlet at the region of
3.8371 4.25 ppm. The rest of the protons appear in their expected regions with their usual

coupling constants (Table 4.6 argpendcesl3 and 2L

Additional support for the structures of P1, P2, and P3 comes froMCHe¢MR spectra

(Table 4.6 andAppendces 14 and 23 where the carbonyl car
unsaturated ketone linker is observed in the region 192 ppm, compared to the
aldehye carbonyl group (C=0) at 195 ppm and methyl ketone carbonyl group (C=0)

which appears in the FreahoncatomsiwitiOrespeptio.theT h e
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carbonyl group give rise to e€l2abr.abc tpeprm sdn
137.61419pm respectivel y. -3mhecafdnatbms)are@videnaer b o n
that the chalcone have been formed. As seen in Table 4.8ppendces14 and 22 the

positions of all C atoms in P1, P2, and P3 have been assigned. The nature of carbon atoms
(CHs- ori1 CH) for P1 and P2vas established by means of the Distortionless Enhancement

by Polarization Transfer (DEPT) spectroscdpppendix 15 for PL The DEPT spectra

(DEPT 135), showed signals due to OCahd CH above the baseline and the methoxy
protors appeared upeld (Crewset al.,1998). Thetwo-dimensionalCOSY, HSQC and

HMBC) NMR spectroscopic data confirm the tentative structassignment that was

made using'H and *C NMR for P1 and P2 (newlerivatives). COSY correlates two
identical'H NMR spectra; whereas, HSQC and HMBC correldi¢$NMR spectrum and

13%C NMR spectrum of the same molecule at short range langrange distances
respectively (Crewst al., 1998). The connection between each carbon aonh the

attached hydrogen ato(s) was mambiguously established using HSQC #mrrange

correlation between protons and carbon was established using HMBC, which led to
linking of substructural fragments (Table 4.6, AppendiX). Protons at C2C3, - C50

C 6 6 a mdCeoGHowed COSY correlatiofor both P1 and P@ppendix 16)

Mass spectral (MS) data further confirmed the structural assigamgngthe NMR. The
MS data of the compounds indicated the molecular ion peak (m/z) corresponding to their
molecular weight. The molecular ion peaks (Nf+are 389 and, 368 for P1 and, P13

respectively Appendcesl9 and 23

5.3.2Synthesis and characterization of ]juinolinyl benzaldehyde Chalcones (P3, P4
and P8)

The percentage yield for P3, P4 and P8 are 57%, 78%, and 65% respe(iaialy 4.5.
Both compounds precipitate as mixtures and were separated and purified using anti
solvent recrystallization. Completion of the reaction was established by the disappearance
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of spots due to reactants on the thin layer chromatogram and appearance of a dew spot
to product. P3appeared abght-yellow crystal while P4and P8are Yellow cottoHike.
The sharp melting point (Table 4.5) observed with the three compounds suggest that the

compounds have high degree of purity (Vogel, 1956).

The FFIR data Appendtes 24, 31 and 3Pwere as described in section 5.3.1, with
prominent carbonyl peak C=0 appearing at 1613 and olefinic =GH vibration at 2983
cm™. Sharp strong coupled absorption 6OaC stretching also appeared at 1236 and 1017

cmt,

The'H NMR, *C NMR and 2DNMR spectra confirmed the structures of P3, P4, and P8
(Table 4.7 andAppendces 25, 32 and 4D . [ n addition toe the
unsaturated ketone linker protons observed as doublets in the region &f G&ppm

H-U) ands.o3pp@4db) with coupl i 2@Hz¢ransisomashit s of
and the methoxy protons as singletieg region of 3.38 4.09 ppm, the rest of the protons

appear in their expected regions with their usual coupling constants. A noticeable
observation is the appearance ofoGéd C® protons ugfield for P3 and P8. The two

protons of P3 are at 4.93 and@9ppm for C4 and C® respectively. And, for P8 the ©4

and C® protons are at 4.97 and 4.86 ppm respectively. The shift of delta value could be
explainedby the strong influence of electron donating methoxy group &t po8ition

causing a shielding effec

Additional support for the structures of P3, P4, and P8 also comes frofCthMR

spectra (Table 4.7 anéippendces26, 33 and 4}l where the carbonyl carbon (C=0) of

t h e-undatubated ketone linker is observed in the region 196.42, 189.55, 1pmJrp

P3, P4, and P8 respectively. Alsoh e U caabordatoifns with respect to the carbonyl
group give rise to characl12ti50i ppmi-gndl 4
136.24 ppm respectively.
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The positions of allcarbon atoms in P3, P4, al®B have been assign€dable 4.7
Appendces26, 33, and 4]l The spectroscopic differences between P4 devoid of methoxy
group at C6 and P3, P8 with a methoxy group at theo@@sition was noteworthy.
Indeed, the presence of the methoxy group had siramijienced both théH NMR, and

3C NMR. The nature of carbon atoms (Etér i CH) was established by means of the
Distortionless Enhancement by Polarization Transfer (DEPT) spectroscopy as in section
5.3.1 (Appendces 27, 34 and 42)The two-dimensional(COSY, HSQC and HMBC)

NMR spectroscopic data confirmed the tentative structural assignment that was made
using*H and**C NMR for both compounds (Table 4.7). The connection between each
carbon atom and the attached hydrogen atom (atoms) was unambigustablisteed

using HSQC antbng-rangecorrelation between protons and carbon was established using
HMBC, which led to linking of sulstructuralfragments (Table 4.7 andppendces?29,

30, 36, 37, 44 and 35COSY correlatonwas b ser ved oniChiot@EI® at
C40- C50and CH- C80 for P3 (Appendix28) , -CB 6 ,00 C&4and Cb C80 for P8
(Appendix 43) andC36C2E&BEHGO BB C6O- C70 and CH C8d for P4

(Appendix35).

5.3.3Synthesis and characterization of 2 4dimethoxy benzaldehyde ®alcones (P11,
P12 and P17)

The percentage yield for P11, P12 and P17 are 87%, 83.93%, and 37.50% respectively
(Table 4.5. Both compounds were recrystallized using ethanol. Completion of the
reaction was established by the disappearance of spots dwetante on the thin layer
chromatogram and appearance of a new spot due to product. P11, P12 and P17 appeared
as light-yellow solid, yellow waxlike solid and yellow crystals respectively. The sharp
melting point (Table 4.5) observed with the three compsisuggest that the compounds

have high degree of purity (Vogel, 1956).
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The FFIR data Appendces 46, 53 and 5y were as described in section 5.3vith
prominent carbonyl peak C=0 appearing at 1647 and olefinic =GH vibration at 3004
cmi’. Sharp sng coupled absorption ofO-C stretching also appeared at 1207 and 1013

cm™.

The'H NMR, **C NMR and 2DNMR (P11 only) spectra confirmed the structures of P11,

P12 and P17 (Tabl e 4 -uBsaturated kene tinkeat pratans a&sr i st
doubles were also observed in the region of 7.4293ppm (H U) a n d8.48pprd 4

H-b) with coupl i-16 iz (caosisentera) randsthe sméthoxly frotons as

singlet at the region of 3.814.43 ppm, the rest of the protons appear in their exgecte
regions with their usual coupling constants (Tab&and Appendces47, 54 and 58 For
Pl2withurs ubst i tuted ring A (acetophenone ring

the same chemical environment ofnthes@n® pp m

environment of 7.54 ppm (Table 4.8 aAghpendces47,54 and 58

Furthermore, thé*C NMR spectra (Table 4.8 andppendtes48, % and61) of the P11,
P12 and P17 showed t he c-ansdwateg ketogealinkeroin ( C=
the characteristic region of 193.28,191183 1. 47 ppm respectively
carbon atoms with respect to the carbonyl group give taseharacteristic signals in

bet ween -128236 1pp m -ad2.85 ppm réspedtivedy 4

Here also, the positions of all C atoms in P11, P12 and P17 have been assigned as shown
on Table 4.8 andjppendces 4855 and 61P11 and P12 with no elech density on the

A ring have similat H NMR and®® C NMR values comparetb P17 having electrerich

ring A (Table 4.8 andAppendces48, 55 and 6]l Because the compounds are not new
derivatives no 2ENMR experiment was performed. Thel NMR and*® C NMR values

of P11, P12 and Plagreewith what is reported in the literature (&i al.,1995; Liuet al.,

2001; Bandgaet al.,2010).
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The mass spectral data of the compounds indicated the molecular ion peak (m/z)
corresponding to their molecular weigfihe molecular ion peaks (M+I)are 269 and

359 for P12 and P17 respectivéAppendces56 and 62)

5.3.4 Synthesis and characterization of i4nethoxy benzaldehyde Chalcones (P15,
P16, P23 and P25)

Thepercentage yield for P15, P16, P23 and &2536.87%30.00%, 95.50% and 93.40%
respectively(Table 4.5. Completion of the reaction was established by the disappearance

of spots due to reactants on the thin layer chromatogram and appearance of a new spot due
to product. P15 appeared paleyellow crystals P25 as yellow wax while, P16 and P23

as yellow crystals. The sharp melting point (Table 4.5) observed with the three compounds

suggest that the compounds have high degree of purity (Vogel, 1956).

The FFIR data Appendces63 and 6§ were as described section 5.3.1, with prominent
carbonyl peak C=0 appearing at 1572 cemd olefinic =GH vibration at 2952 cfh

Sharp strong coupled absorption 6)aC stretching also appeared at 1285 and 1025 cm

The'H NMR and**C NMR spectra confirmed the struceis of P15, P16, P23 (Table 4.9)
and P25 (Tabl e 4. 1 @psaturafed leetoree tinker pratonseas dogbtets ¢ s
were observed in the region of 6.87.52ppm (HU) and8.08ppmo+b) wi t h
coupling constants of 1586 Hz (transisomers) and the methoxy protons as singlet in

the region of 2.77 4.35 ppm, the rest of the protons appear in their expected regions with
their usual coupling constantfTable 4.10 andAppendces 64, 67, 71 and 75)
Furthermore*C NMR spectra (Table 4.9nd, Appendtes65, 69, and 73 of the P15,

P16, P23 and P25 (Table 4.10, Appendéy showed the carbonyl carbon (C=0) of the

U ,- bnsaturated ketone linker in the characieriségion of 189.81, 189.9691.31

and 192.60 ppm r es p ecarbon atars with regpecstothe carboryl U
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group giverisetochacters t i ¢ si gnallk.24-24.6lep we @ Ald23-0 1

146.71ppm respectively.

Here also, the positions of all carbon atoms in P15, P16, P23 and P25 have been assigned
as shown on Table 4.9 anflppendces65, 69, 73 and 76P15and P23 with electro

density on the A ring have similarH NMR and®® C NMR values as compared to P16
having no electron density on ring A. Since the compounds are not new derivatives no 2D
NMR experiment was performed. Thd NMR and**C NMR of P15, P16, P23 and P25

agreewith what is reported in the literature (&f al.,1995; Mohammaet al.,2010).

The mass spectral data of the compounds indicated the molecular ion peak (m/z)
corresponding to their molecular weight. The molecular ion peaks (Mafg 299, 239

and 329 6r P15, P16 and P23 respectivéppendces63, 70 and 74)

5.3.5 Synthesis and characterization of wsubstituted (benzaldehyde) Chalcones
(P19 and P24)

The percentage yield for P19 and, P24 are 7 @hd31.10% respectivelyTable 4.5.
Completion of he reaction was established by the disappearance of spots due to reactants
on the thin layer chromatogram and appearance of a new spot due to product. P1 appeared
aslight-yellow powder while, P24 as yellow crystals. The sharp melting point (Table 4.5)
observed with the three compounds suggest that the compounds have high degree of purity

(Vogel, 1956).

The'H NMR and™*C NMR spectra confirmed the structures of P19 and P24 (Table 4.10).
The c¢har aeunsaturatsdtkétoneslinker protons as doubleie observed in the

region of7.037 7.78ppm (HU) and7.7pph@®Hb) with coupling
16 Hz (trangsomers) and the methoxy protors singlet in the region 8f29- 4.04

ppm, the rest of the protons appehin their expectedegions with their usual coupling

constants (Table 4.10 antippendces?77 and 8L
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13C NMR spectra of P19 and P24 (Tabld@.and,Appendces79 and 82 showed the
carbonyl c a r b o-unsafu@tedkitone linkertirhtlee charadieristic region of
190. 47 and, 190. 80 pp m -cabenpamms withvrespegtto thal s o,
carbonyl group give rise toharacteristic signalsn b et we el2748 25 &7h d
142.07142.98 ppm respectively. Also, the positionsatifcarbon atoms in P18nd P24

have been assigned as shown on Table 4.10 Applendces 79 and 82Since the
compounds are not new derivatives 89-NMR experiment was performetd NMR and

13C NMR data agreed with Liet al.(2001) values.

The mass spectral data of the compmisunindicated the molecular ion peak (m/z)
corresponding to their molecular weight. The molecular ion peaks (Matg 269 and

299 for P19 and P24 respectivéfppendces80 and 83)

5.3.6 Synthesis and characterization of -#iflouromethyl benzaldehyde Chalcones
(P21 and P22)

The percentage wld for P21 and, P22 are 58.63%d 97.01% respectivelyrable 4.5.
Completion of the reaction was established by the disappearance of spots due to reactants
on the thin layer chromatogram and appearance of a nevdsp to product. P21 and P22
appeared abght-yellow crystals. The sharp melting point (Table 4.5) observed with the

three compounds suggest that the compounds have high dégregy (Vogel, 1956).

The FTFIR data Appendces86 and 9)were as desitred in section 5.3.1, with prominent

carbonyl peak C=0 appearing at 1658’cand olefiric =C-H vibration at 3008 cih

The'H NMR and,®C NMR spectra confirmed the structures of P21 and P22 (Table 4.11).
The c¢har aeunsaturatsdtketoneslinkBrptdns as doublets were observed in the

region of7.557 7.60ppm (HU) and780pph®™b) with coupling
14 - 17 Hz transisomers) and the methoxy poois as singlet in the region 88971 4.04

ppm, the rest of the protons appehin their expected regions with their usual coupling
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constants (Table 411and, Appendtes87 and 91 *C NMR spectra of P21 and P22

(Table 4.11 andAppendces88 and 92 s howed the car bonyl car
unsaturated ketone linker in the cheteristic region of 189.76 and89.46 ppm
respecti vel y.-cabbnsamms withhrespett to sha carbdnyugrgive rise

to characteristic i gnal s i 1I23.7Belt2mde.e’n5 Upp m ald2Ad20 ppm13 9. 6
respectivelyThepositions of all cebon atoms in P1and22 have been assigned as shown

on Table 4.1 and, Appendces88 and 92 Since the compounds are not new derivatives

no 2DNMR experiment was performed, and the NMR speaggeewith the literature

(Liu et al.,2001).

The mass specirdata of the P21 (Appendi&9) indicated the molecular ion peak (m/z)
corresponding to its molecular weight (Table 4.4). The molecular ion peak (Ms-BB7

(Appendix 89).

5.4 Antimalarial Studies
5.4.1In-vivo antimalarial studies (Curative test)

R a mrsdedt evaluates the cukadicapability of test compounam established infection
(Ryley and Peters, 1970). In the curative study the substituted chalcones did not eradicate
P. falciparumparasite completely on four days treatment, but showed significaasite
suppressive effectdNine of the compounds showed antimalarial potentials greater than
standard drugs used in the study at certain dose (Figure 4.7, Apdgndixthe first
segment of the experiment P3, P4, P8 and P25 showed significadbsodependent
parasitemia suppression with highest percentage inhibition of 73.9, 67.1, 77.6, and 72.3%
respectively. At a dose of 25, 50, 100 andn2® for P3, P4, P8 and P25 suppressed the
parasitemia better than chloroquine (57.5% inhibition) at a do4@ wfg/kg, arthemeter

(67% inhibition) at a dose of 118g. However, P2 showed significant suppression (90%,

p’  0.05) comparable to the most potent standard drug in this study; quinine (88.5%
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suppression) at a dose of 1@@/kg. Interestingly, there is a good representation of active
compounds from the quinolinyl chalcones (P3, P4, and P8). Quinolones are estiablish
chemical scaffold in antimalarials (Sinkaal.,2013). Several quinolinyl chalcones have

been reported to possassitro antiplasmodial activity (Liet al.,1995; Liuet al.,2001).

In the second segment of the study, with the exception of P1BEhdll the compounds
showed significantn vivo activity compared to the negatiwentrol. P12 had the most
significant parasite suppression (89.44% at a dose of m@pP which is close to
chloroquine (91.8% inhibition) at a dose of &&gy/kg. In vitro antiplasmodial activity
against W2 and D6 plasmodium parasite of P11 was reporteddiyali(1995) where, it
showed moderate activity of 3.8 uM (W2) and 3.4 uM (D6) compared to the control:
chloroquine with 0.24 pM (W2) and 0,013 puM (D6). Though,vitro results are not
always correlated tm vivo studies. P17 and P21 were also reported to possessethgood
vitro anti-plasmodial activity with 1G, value of 16.5uM and 5.9uM respectively and P15
reported to displayed modest activity (128 uM) (lgu al., 2001). However, from the
literature P12, P16 and P22 were not evaluated for antimalarial activity

(www.scifinder.con). Although they have aimple substitutionhaving unsubstituted ring

B they were found to exhibsignificant parasite suppression.

Overall, among the six series studied, chalcones with Guinoline ring A were more
promising. The most active in the series are P3 and P8 witb®H; substitution on the
quinoline ring. Even though, P3 and P4 hawventethoxy substituted ring B and P8 have
tri- methoxy substituted ring B, P3 and P8 were more active than P4, indicating the
importance of the ®@OCH;z substitution. A chalcone with 6dimethoxy quinolinyl ring A

and 2,4 dichloro ring B have been repoadteas the most active compound among the
derivatives studied (Dominguet al, 2001). Similarly, Shikh&t al. (2009)reported 6

methoxyquinolinyy ring A and zZbromo,4-chloro ring Bchalcones as the most
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active in the series studied. Among thnethoxy substituted benzaldehyde chalcones, 2,4
dimethoxy substitution yields more of the active compounds. Even the most active
compound in this study; P12 has -2inethoxy ring B (acetophenone). P15 and P22
having 2,4 dimethoxy ring B but, with 4nethoxy and 4trifluoromethyl substituted ring

A respectively were very active. Triflouromethyl substituted chalcones were also reported
to be active against plasmodium parasitevitro (Li et al., 2001; Liu et al., 2009).
However, P1 with more electron dégson both rings (2,3;4trimethoxy) exhibited low
antiplasmodial activity. This is in contrast to reported goodtro activity (2.1uM) of bis
2,4-dimethoxy chalcones (Liet al., 2001). From the above observation it seems that
electronic factors areomn the determinant factor for the antiplasmodial activity, steric

factors might be playing more roées proposed by Liat al.(2001).

Additionally, this study contradicts the previous findings on the importance of
substitutions of B ring in determining @htype of A ring substituents that would give
optimum antimalarial activity (Liuet al., 2001). It was reported that, 2¢dchloro
substitution of ring A in the timethoxy ring (B) chalcones gave rise to a very active
compound (IG 5.4 uM), but the samsubstituent gave rise to less active compounds in
other series of chalcones. Same scenario was observed with different series of ring A as
evidence from the differences in activity of P11, P13 and PR6&s,conformational and
stericfactors seento be moe important, which this study further evaluated usinsilico

methods.

5.4.2In-vitroant i mal ar thematindnhihitidnyasséyp

Since the chalcone derivatives showed promising antimalarial adtiwiyo, the possible
mechanism of the antimalakiactivity was evaluated using the haem polymerization
inhibition assay (HPIA). The HPIA has been proposed as possible rautuiteo assay

for the detection of antimalarial activity. Studies have shown that the ability of the test
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compounds to inhibit éme polymerization is directly related to the antimalarial activity
(Eganet al., 2000). Compounds that act through this mechanism are considered to have
similar action with chloroquine (Rodrigues and Dominguez, 2007). With the exception of
P12 and P17 allthe compounds showed no activity (Table 4.1Zherefore, the
compounds studied act through mechanism other than inhibiting haem polymerization.
Thus they can be considered as potential candidates for treatment of chloroquine
resistance malaria. This ia line with the previous findings (Let al., 1994) and the
observed in silico inhibitory activity of some compound. The positive standard

(chloroquine) has shown appreciable inhibition (Table 4.12).

5.5 Computational Studies
5.5.1 Docking Sudies

The do&ing procedures applied on all the four enzymes were well validated (Table 4.13).
From the docking scores it can be deduced thatséventeen chalconestudied have
better affinity for FP2 and PIm1V, although few have shown appreciable inhibition to all
the proteases. Recent repbasshown that polnhibition of falcipains and plasmepsins

is desirable in potential antimalarial to ensure clinical efficacy and combat resistance due
to their complementary role (Coomésal.,2001; Liuet al.,2005; 2006 Sriwilaijaroenet

al., 2006). The two enzymes have high significance in hemoglobin degradation activity of
P. falciparum FR-2 represents more than 93% of the total cysteine protease activity in the
food vacuole during the early and late trophozoite estagf the parasite (Marco and
Coteron, 2012). FR is also implicated for the conversion of fp@asmepsin to
plasmepsins (Bjeliet al.,2011). Also, PIm IV is the only plasmepsin located in the food
vacuole ofP. falciparumwhich has orthologs in the ah threePlasmodiumspecies

infecting humans (Damet al.,2003).
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Indeed 3quinolinyl ring A chalcones; P3, P4 and P8 were well represented among
compounds with the high ranking, with low binding energy across all the enzymes. The
quinoline ring is a commo scaffold in established antimalarials. It may play a role in
facilitating the localization of the drug within the acidic food vacuole of the parasite
because of its basic propertidsu et al., 2001) in addition to the good binding on the
active site ofthe enzymes. Severad-formyl quinoline chalcones have been reported to
possess antimalarial activity (et al.,1995; Domingueet al.,2001 Sriwilaijaroenet al.,
2006). P3 and P4 are congeners having a dimethoxy phenyl ring B, with P3 possessing
addtional methoxy group at position six of the quinoline ring (Fig4rd0 and 4.11). The

3D view of the compounds on Spartan (Figu4€l0- 4.11) showed that they are nearly
planar with a torsion angle of 1%This feature has been shown to be imporitabinding

onto the long cleft of the active site of cysteine proteasedt a., 2001). Thus, P3 and

P4 fitted well onto the long cleft of FPand FP3 (Figures 4.12-4.15), extending from S1
subsite to S3. On the plasmepsins (Figutel64.19) the twocompoundsfit into the

binding pocket, resting on the catalytic dyad and fully covered with the flap.

With regard to the binding interactions, it appears that the most contributing features of the
ligand for receptor interaction are the quinoline ringboayl group and, 2methoxy

group in FP2 and FP3 complexes. The hydrogen bonding between the catalytic Cys42 of
FP-2 and the oxygen of the carbonyl anan2thoxy group ofigandsis replace by less
strong hydrophobic interaction in FBPcomplexes. In wikh case the catalyt@mino acid;
Cysb1 interact with the quinoline ring of the ligand through hydrophobic interactions. This
might be one of the reasons why-Emindsmore favorably with the ligands than 8P

Since good binding is associateith highe number of strong interactions (Gallicchebd

al., 2011). This interaction between P3 and P4 cannot be interpreted as inhibition in wet

experiment unless validated by the experiment. Also, for the plasmepsine@&itsand
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4.18) more of the active siteesidues interacted with the ligands. But, there was no
interaction with the catalytic amino acid (Asp34 and Asp214), interaction is between the
ligands and residues on the flap. Tyr 192 also interacted with the ligands. Most important
interactions includ; hydrogen bond, carbdrydrogen bond, Palkyl and van der Waals
interaction with the quinoline, Cl, andr@ethoxy group. Could it be that the ligands

interacted with thégate keepefdo cover the active site?

5.5.2Molecular dynamics simulation

To ensire stability within the systems and accuracy of successive post dynamic analyses,
theowmots mean square deviation (RMSD) of th
monitored during the simulation time for all the systems. After approximatehslthe

RMSD trajectories converged and fluctuations did not exceet) 3dd either system for

the duration of the simulation (Figure 4.20). In three of the enzgystemqFP-3, PIm|

and PImIV), compound P3rotein complex attained a high RMSD value, while P4
protein complex has higher value with-BRonly (Figure 4.20). The results indicate P4
complexes in those systems as the most stable compared to P3 complexes. The average
RMSD values forthe @ b ac k b o n e -2,&R3 Risll aod PInfVPin complex

with P3 were 1.4811.7022.14land 2. 277U r espec®iFREPIF, whi
Il and PImIV in complex with P4 were 1.700, 1.565, 1.602 and 2.010A respectively.
RMSD values ranging from 1.8A up to 2.9A was reported for plasmodial cysteine protease

complexes (Musyokat al.,2016).

To further provide insight into the stability of tpeotein systems, as well as to determine
the compactness of the proteins 3D structure (how folded or unfolded a protein is) upon
binding with the two compounds throughout the MD simulation, Rg was calculated and
analysed (Figure 4.21). For the falcipaif$>@ and FP3) the two complexes showed

similar pattern of the Rg (Figure 4.21). In-BRhe Rg for the two compounds maintain a
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relatively steady value over the simulation time indicating a compact and stable system,
while in FR2 system there was stabjlifrom the beginning of the simulation for both
compounds until after 15ns whenfliictuatesincreasing slightly then decrease. Overall,
the two falcipairsystemsmaintaineccompactness and stability of the protein 3D structure
upon binding with both Pand P4, with an average Rg of 18.446 and 18.474 respectively
for FR-3 and 18.278 for both in FP. This agreeswith an average Rg reported by

Musyokaet al.(2016).

Conversely, with plasmepsins system the two compounds showed different pattern in their
Rg. P4 showed lower and more stable values in-Plas compared to P3, while it
displayed slightly higher values in Piniiv. PIm-IV system showed fluctuation in Rg
values from the beginning of the simulation but, stabilizes and decreased after absut 10
with values for both compound smaller than Rlmystem. The pattern of the Rg for both
PIm-1l and PImIV system is similar to that repted by McGillewie and Solimairi2015).

The average Rg displayed by P3 in Rlnand PImIV system are 20.642, and 19208
respectively and that of P4 in Rliinand PImIV system are 20.594 and 20.049. Rg of apo

PIm-1l and PImIV are 20.48 and 20.66 respectively (McGillewi and Soliman, 2015)

To gain insight into the mobility of the individual residues within the four engysgstem

upon binding with P3, and P4 that mediate conformational flexibility and dynamics of the
enzyes, peresidue fluctuation (RMSF) was evaluated and analyzed. The RMSF plots of
the falcipaindigand complexes are similar (Figsré.22, A and B). Theegion showing

the highest fluctuation are residue representing the -Merminal insertion, that has
previously been reported to mediate folding of the mature enzymes (Rosenthal, 2002) and
the second insertion consisting of residues-208 that formst h ehairpin associated

with the binding of haemoglobin (Hb) (Pandetyal., 2005; Hogget al.,2006). Previous

studies have shown that these insertions are novel to Plasmodia cysteine proteases and are
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more flexible than the rest of the structure (Rds&int2002; Hogeet al., 2006; Wanget
al., 2006). Other residues showing fluctuations are located on degipn From the
RMSF plot no fluctuations are observed in the active site (GIn36/45, Cys42/51,
His174/183, and Asn204/213 for FP2 and FP3 respeglivbus, the proteirligand

complex system remained stable during simulation period.

For the plasmepsin systems (Figure 422ndD), the amino acid residues 2380 show

a higher fluctuation relative to other residues. The region represents thed-@B1244
residues) and L4 loop (27283 residues) Pl numbering (McGillewie and Soliman,
2015) where the flexible loop is situated and the fluctuation have been attributed to the
coordinated recoiling motion of the flexible loop (Karaleiual., 2015; McGillewie and
Soliman, 2015). There was no significant movement of the flap as the compounds
remained embraced by the flap at the active site cavity, but the residues behind the flap
fluctuate higher to move the flap over the binding cavity as seesshgl inspection of

the trajectories. Less residual fluctuation was reported for boundl Risncompared to

the apo (Karabiet al.,2015).

The RMSF pattern is similar to that reported by Kanbiwal. (2015 reflecting similar

region of higher fluctuadns with lower values as compared to the free plasmepsins
(Karabiuet al.,2015; McGillewie and Soliman, 2015). The overall average RMSF for the
free Plmll is 9.84 A and that of Plail boundto P3 and P4 are 7.652 A and 7.138 A
respectively. These indie@atower conformational flexibility as the enzymes bound to the
compounds. Also, PlaV complexes showed an average RMSF of 5.860 A and 9.111 A
for P3 and P4 respectively. Compound P3 have less residual fluctuation as compared to

P4,

To gain insight into ta energetics of P3 and P4 binding to the proteases, the relative BFE
and various energy components contributions of the protgjand complexes were
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averaged over 30,000 snapshots extracted froms3@D trajectories, at an interval of 50

ps using MMPBSA method. Table 4.14 shows a summary of the overall BFE underlying
the binding of P3 and P4 in complex with FP2, FP3, PImll, and PImIV. From the results, it
was noted that plasmepsins complexes had the lowest binding energies, an indication of
stronger in¢ractions compared to the falcipains. The results are in agreement with the
docking results with the exception of PImll system where docking result rank P3 higher
than P4 but reverse was observed on the simulation result. Still, the result (Table 4.14)
shavs a high energy contribution in the gas phase from P3 but with higher solvation
energy which docking result could not read, causing the overall BFE to drop. The lower
binding energy of the plasmepsins complexes is not a surprise; studies showed that
plasnepsins are highly flexible enzymes capable of adopting different conformation to

accommodate different ligands (Asa@bal.,2003; McGillewie and Solimar2015).

From the different energetic contributions (Table 4.14), it is evident that the binding
process was principally favored by van der Waals and little by electrostatic terms while
the polar solvation impaired it. Similar finding was reported by Musagalab (2016) on

the falcipain. The low electrostatic energy can be explained by few hydroges bond

observed in all the system.

Result from the decomposition of the total BPE to individual residue interaction energy
revealed that, the significant contribution of the active site residues to the binding of the
ligands in energy terms is also van dérfaak interactions (Figuse 4.234.26).
Electrostatic interactions and polar solvation energy (in few residues) also codtribute

favorably (Figure 4.23-4.26).

The residues contributing favorably to the binding of P3 witi2F3 shown in Fig 23
are; GLY40, CYS42, TRP43, ASN81, GLY82, GLY83, LEU84, ILESHERIL49,
GLN171, LEUL72, ASN173, HIE174 and&LA175. However, residues GLY36, CYS80,
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GLY171 and, ASP234 showed unfavorable energy carttab to P3 binding (Figure
4.23. It appeared that there is favombhteraction with some residue in the active site
(CYS42), S2 region (LUE84), S3 region (GLY83), aithte keepdr(LEU172). It was
reported that a series of possible hydrophobic interaction with some residues in the
nonpolar region (GLY40, GLN82, GLN8$ER149, LEU172 and, ASN173) exist in FP2

E64 crystal structure (Keret al., 2009). Also, in thecrystal structure, the active site
CYS42 forms a covalent irreversible hetiioketal with E64 epoxy carbon (Keet al.,

2009) but, in the current study tha&teraction with CYS42 is through hydrogen bonding,
this suggests mode of inhibition other than irreversible covalent binding to CYS42.
Although detecting covalent interactions is beyond the scope of this work. The same trend
was observed in PBP2 complexwith fewer interactions (CYS42). lat al. (1995) have

also foundnoncovalentinhibitors of falcipains through virtual screening and validated
their finding experimentally. The unfavorable total BFE of some residues was observed as
a result of their higlhnternal energy even though there was reasonable van der Waals and

electrostatic energy contribution.

FP-3 complexes have similar residues contribution with few favorable interactions as
compared to FR complexes (Figure 42 Residues contributing favaly to binding

with P3 andP4 are; CYS51, TRP52, GLY91, GLY92, TYR93, SER158, PRO181,
ASN182, HIE183 and,GLU243. This also showed favorable interaction with some
residue in the active site (CYS51), S2 region (GLU243) and, S3 region (GLY92). Possible
hydrophobic interaction with some residues in the nonpolar region (TRY90, GLY91,
TYR93, ILE94 and, SER158) was also observed in-leBBeptin crystal structure (Kerr

et al., 2009). In the light of the above information the lower binding energy from the
dockingand BFE analysis of P3 and P4domplex with FP2 as compared to P3 and P4

in complex with FP3 can bexplained. A favorable number of interactions relative to
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binding give a stable complex that lead to low negative enthalpy in binding process. This
resut justifies the high affinity of the compounds for FP2 compared to FP3 as obtained
from the docking result (Table), which was confirmed from the BFE analysis (Table

4.14).

The plasmepsin complexes have few residues contributing favorably to the BEE w
include GLY36, TYR77, VAL78, LEU131, TYR192 and THR217 with only GLY36,
TYR192 and, THR217 giving the most significant contribution (Figur&)4&s observed

from falcipain systems van der Waals and electrostatic attraction are the major forces
contiibuting favorably to the binding. In the flap region TYR77, VAL78 and SER79 (P4
complex only) contributed favorably to the BFE (Figures}.Z2YR192 consistently forms
hydrogen bond with the compounds in all the plasmepsin systems (big.262. It was
reported that the hydroxyl groups of SER218 and TYR192 form hydrogen bond with
EH58 (the inhibitor) in the crystal structure (As@pal.,2003), this interaction was found

to be favorable in the present study. GutiedeZeran et al. (2006) studied the
interaction of allophenylnorstatine with PIm IV and reported similar residues contribution
with this study. P4 complex showed more favourable interaction with the active site
residues, probably explaining the high t®@&E as compared to P3 complex in didd to

other factors. Overall some residues previousBported (Recachat al., 2015;
McGillewie and Soliman, 2015) to interagith known inhibitors have shown favorable

binding to the compounds studied.

The same trend as describe above was obseove@lihlV complexes (Figure 462 but,
there is a favorable BFE from TYR77, GLY78 (replacing VAL78 in PImll), LEU131, and
ILE 133. This is probably the reason for high BFE of PImIV (Table 4.14) complexes as

compared to PIm Il complexes, as more favourafieractions stabilizes the system and
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gives high negative Gibbs free energy. In this system the energy contribution by TYR 192

and THR217 is small.

CHAPTER SIX

6.0SUMMARY, CONCLUSION AND RECOMMENDATION

6.1 Summary of Findings

Seventeen chalcone detives were designed, successfully synthesized and characterized,
four of which (P1, P2, P3 and P8) are neampoundsand have not been reported in the

literature as ascertained from a search using Scifind@rw(scifinder.con). All the

compounds are potential drug candidate predicted using i p i @ ralédf fived

Chalconederivatives with promising antimalarial activity comparable with chloroquine at

a dose of 25ng/kg and, arthemeter at a dose of &@kg and quinine at a dose of 10
mg/kg have been identified. Eleven compaaindh a v e b e e nactivebffomtthe f i e d
presenstudy.The mostactive compound from this study is P2, with percentage inhibition

of 90.32%. An interesting observation is #esociation of good antimalarial activity with

the 3quinolinyl A ring derivatives.
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In silico studies showed that the compounds studied have dual affinity f@rafd Pl

1V, although few have shown appreciable inhibition to all the proteases. Receams repo

have shown that polynhibition of falcipains and plasmepsins is desirable in potential

antimalarial to ensure clinical efficaagynd combat resistance due to their complementary

role (Sriwilaijaroenet al, 2006; Bjelicet al.,2007). P3, P4 and, P8\eahigh rank across

all the enzymes. Interestingly they also have good antiplasmodial activity in the
experimentaln-vivo study (Appendixl). Thus,thedual inhibition of the proteaséxs the

hits is an indication oktanding against resistance by theagdewhen develop into a

drug

It appears that the most contributing features of the ligand for receptor interaction are the
qguinoline ring, carbonyl group and; thethoxy group. The interactions were between the
ligands and the catalytic residues for fhkipains. But, interaction with plasmepsins is
only with the residues on the flap and Tyr192. It could be that the ligands interacted with

the@ate keepess t o cover the active site.

The BFE results from simulatioagreewith the docking results withhe exception of
PImIl system. From the different energetic contributions, it is evident that the binding
process is principally favored by van der Waals and little by electrostatic terms while the
polar solvation impaired it. The significant contributiontloe active site residues to the
binding of the ligands in energy terms is also Van der Waals also interaction. All the

simulated system remains stable throughout the simulation

Residues that contributddvorablyin all the systems are implicated in bimg with an
inhibitor. The highefavorableinteractions in FR2 complexes relative to FB complexes
justify the high affinity for FP2, as predicted by docking and BFE analysis. For the

Plasmepsin system there were favorable interactions with the resauehe flap.
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Although the ligand were stable within the binding cavity throughout the simulation

period, no interaction with the e site residue was observed.

Contrary to Liuet al (2001) findings on the importance of electronic feature in
modulathg antimalarial activity of substituted chalcones, steric featne playing more
important role. This has been supported by the evidence from-#ikco studies, where

the two active compounds having similar features bind to the enzymes on different

orientation.

6.2 Conclusion

Seventeen Chalcone derivatives were designed as protease inhibitors and, successfully
synthesized and characterized using various spectroscopic techniques. Eleven have shown
promising antimalarial activitin vivoin mice nfected withP berghiicomparable taome
standard drugs. Contrary to ket al (1995); Liuet al (2001) and Kumaet al (2010)
findings, this work suggest thasteric features are more important in deciding the

antimalarial activity than electronic feae.

In silico studies pointed three quinolinyl chalcones as potential dual inhibitors of aspartic
and cysteine proteases. Molecular dynamic simulahas shown that P3 and P4
(quinolinyl chalcones) complexes with the enzymes were stable andwberéavorable

interactions with the amino acids at the active site.
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Most of the chalcones with goadd vivo activity are not acting through- hematin
synthesis inhibition and, are therefore potential candidate in chloroquine resistance
malaria. Overall, chalca@s with quinolinyl scaffold and -gethoxy phenyl ring are

potentialcandidats for further optimization.

6.3  Contribution to Knowledge

The sudy established;

1. Synthesis okeventeen substituted chalcone derivatif@s of which are nepwP1
[(E)-1,3-bis(2,3,4trimethoxyphenyl)proj2-en1-one)], P2 [(E)-1-(2,4-dimethoxyphenyh
3-(2,3,4trimethoxyphenyl)proj2-en1-one], P3 [(E)-3-(2-chloro-6-methoxyquinolin3-
yl)-1-(2,4-dimethoxyphenyl)proj2-en1-one] and P4 [(E)-3-(2-chloro-6-

methoxyquinolin3-yl)-1-(2,3,4trimethoxyphenyl)proj2-en-1-one].

2. Nine dalconederivatives withsignificant (p<0.05)antimalarial activityin vivo
comparable to standard drugs; chloroquine, and artheateddoseof 25 to 100mg/kdor

further studies and optimization

3. Three quinolinyl Chalconeshaving broad inhibition of aspartic and cysteine
protease silico with binding energyKcal/mol) of; P3 [FR2 (-6.0), FR3 (-6.8), PImiI
(-8.0), PImIV (-9.3)], P4 [FP2 (-6.7), FR3 (-6.6), PImll (-7.7), PImIV (-9.1)], P8 [FP2

(-6.0), FR3 (-7.0), PIm-11 (-7.7), PImIV (-8.9)] as potential drug candidate

6.4 Recommendation

Both acute and chronic toxicity studies of the compounds should be carried out to

determine the safety of the compounds.

Thein silico studies should bealidated within vitro experiment on cysteine and aspartic

proteases.
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Further structural modification of the quinolinyl chalcones should be carried out to

improve binding onto the enzymes and the antimalarial activity.
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APPENDICES

Appendix 1
Effect of compound P1, P2, P3, P4, P8, and PP25 on the parasitaemia level of P.
berghei infected mice.
Treatment groups Dose(mg/kg) Average parasitemia Percentage suppression

(%)

Acacia 5ml/kg 22.00£1.® 0

CQ 10 9.34+1.0% 57.54
CQ 25 3.20+1.0% 85.45
Quinine 10 2.52+0.4% 88.54
ART 1.8 7.14+0.88 67.54
ART 2.3 5.84+0.68 73.45
ART 5 5.06+1.17 77.00
P1 25 13.0514.40 40.68
P1 50 14.92+2.29 32.18
P1 100 12.34+1.15 43.90
P2 25 8.28+1.88 62.36
P2 50 4.60+0.68 79.09
P2 100 2.00+0.39 90.90
P3 25 5.74+1.37 73.90
P3 50 7.80+1.3% 64.54
P3 100 6.57+3.52 70.15
P4 25 8.34+2.26 62.09
P4 50 7.22+1.24 67.18
P4 100 10.28+1.00 53.27
P8 25 10.76+3.12 51.09
P8 50 6.52+2.28 70.36
P8 100 4.93+08F 77.61
P23 25 9.70+1.98 55.90
P23 50 12.84+2.73 41.63
P23 100 29.4445.13 -33.81
P24 25 14.32+4.92 34.90
P24 50 15.04+2.11 31.63
P24 100 29.12+3.42 -32.36
P25 25 6.08+2.10 72.36
P25 50 6.80+1.07 69.09
P25 100 11.05+2.39 49.77

Values are piented as Mean = SEM; Data analyzed by one way ANOVA followed by
Bonf ersrpogthbc test; n=5 g 9.05, bp 9.01, cp 9.001 versus control;

CLQ=chloroquine, ART= arthemeter, QUIN= quinine; Route of administration=ip
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Appendix 2
Effect of compound P11, P12, P13, P15, P16, P17, P19, P2land, P22 on the
parasitaemia level ofP. bergheinfected mice.

Average

Treatment groups Dose(mg/kg) parasitemia Percentage suppression (%
Acacia 10ml/kg 28.65+0.95 0
Chloroquine 25 2.33:0.88 91.85
P11 25 8.98+1.42 68.65
P11 50 5.00+0.95 72.54
P11 100 4.93+0.57 72.78
P12 25 9.58+2.98 66.56
P12 50 4.10+1.95 85.68
P12 100 3.03+1.28 89.44
P13 25 16.40+0.46 42.75
P13 50 17.40+0.40 39.26
P13 100 17.74+1.13 38.08
P15 25 11.20+1.24 60.90
P15 50 12.50+2.0% 56.36
P15 100 4.93+0.95 82.78
P16 25 9.58+2.58 66.56
P16 50 12.50+2.01% 56.36
P16 100 14.50+2.0% 46.26
P17 50 5.65+1.75 80.29
P17 100 6.20+1.28 78.35
P17 200 10.80+2.89 62.30
P21 175 9.20+0.58 67.88
P21 350 11.20+1.88 60.90
P21 700 13.80+2.40 51.83
P22 250 11.20+1.24 60.90
p22 500 12.50+2.0% 56.36
P22 1000 12.20+2.44 57.41

Values are presented as Mean + SEM; Data analyzexh&dway ANOVA followed by
Bonf e s posthoc test) n=5 g= 9.05, cp 9.001 versus control; CLQ=chloroquine

Route of administration=ip
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Appendix 3
The binding energyof co-crystallized ligands and17 chalcones against four enzymes
(FP-2, FP-3, PIm-1l, and, PIm-IV).

Docking score (Kcal/mol)

Ligands  Falcipain-2 Falcipain-3 Plasmepsinl| PlasmepsinlV

(FP-2) (FP-3) (PIm-I1) (PIm-1V)
P1 5.7 (7) -6.0(7) -6.7(10) -7.1(12)
P2 -5.7 (7) -5.7(9) -7.1(7) -7.5(10)
P3 -6.0(5) -6.8(2) -8.0(1) -9.3(1)
P4* -6.7(1) -6.6(3) -7.7(3) -9.1(2)
P8 -6.0(5) -7.0(1) -7.7(3) -8.9(3)
P11 -5.8(6) -5.9(8) -7.1(7) -7.7(8)
P12 -5.7(7) -5.6(10) -7.0(8) -7.6(9)
P13 -5.8(6) -5.7(9) -7.4(5) -8.1(5)
P15 -5.4(10) -5.7(9) -7.0(8) -7.2(11)
P16 -5.5(9) -5.5(11) -6.8(9) -7.2(112)
P17 -5.5(9) -6.0(7) -6.8(9) -7.0(13
P19 -6.0(5) -5.5(11) -6.8(9) -7.6(9)
P21 -6.3(3) -6.1(6) -7.5(4) -8.0(6)
P22 -6.2(4) -6.2(7) -7.7(3) -7.9(7)
P23 -5.4(10) -5.9(8) -6.8(9) -7.0(13)
P24 -6.4(2) -5.9(8) -6.8(9) -7.5(10)
P25 -5.5(9) -5.7(9) -7.2(6) -7.2(11)
P -5.1 -6.9 -10.1 -1.7

Number in bracket= Ranking, P= Respective liganaigtallised with the enzymes (FP2

T E64, FP3CIP. PImIk EH5 and, PImIV Pepstatin), * Best hits
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Appendix 4
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MD trajectory showing 30 nanoseconds (ns) molecular dynamic simulation of P3
bound to FP-2. (Magenta highlights the catalytic amino acids residues, blue is the-S3

subsite, green is SBubsite and P3 colored by element)
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Appendix 5
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bound to FP-2. (Magenta highlights the catalytic amino acids residues, blue is the-S3
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MD trajectory showing 30 nanoseconds (ns) molecular dynamic simulation of P4
subsite, green is SBubsite and P4 colored by elaent).



Appendix 6

N L )

MD trajectory showing 30 nanoseconds (ns) molecular dynamic simulation of P3
bound to FP-3. (Magenta highlights the catalytic amino acids residues, blue is the-S3

subsite, green is SBubsite andP3 colored by element)
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Appendix 7

SRR

MD trajectory showing 30 nanoseconds (ns) molecular dynamic simulation of P4
bound to FP-3. (Magenta highlights the catalytic amino acids residues, blue is the-S3

subsite, greens S2subsite and P4 colored by element)
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Appendix 8
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MD trajectory showing 30 nanoseconds (ns) molecular dynamic simulation of P3
bound to PImll (Magenta highlights the catalytic aspartic acid residues, blue is the

flap, cyan is Tyr 192,green is flexible loop and P3 colored by element)
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Appendix 9

\_

MD trajectory showing 30 nanoseconds (ns) molecular dynamic simulation of P4
bound to PIm-Il. (Magenta highlights the catalytic agartic acid residues, blue is the

flap, cyan is Tyr 192, green is flexible loop and P3 colored by element)
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Appendix 10

MD trajectory showing 30 nanoseconds (ns) molecular dynamic simulation of P3
bound to PIm-IV. (A magentahighlights the catalytic aspartic acid residues, blue is

the flap, cyan is Tyr 192, green is flexible loop and P3 colored by element).
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Appendix 11

MD trajectory showing 30 nanoseconds (ns) molecular dymic simulation of P4
bound to PIm1V. (Magenta highlights the catalytic aspartic acid residues, blue is the

flap, cyan is Tyr 192, green is flexible loop and P4 colored by element)
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Appendix 19

Sample Information
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Appendix 21

'H NMR of compound P13
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Appendix 23

Sample Information
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Appendix 25
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Appendix 26
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Appendix 27

DEPT spectrum of compound P3
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