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ABSTRACT

Natural products have proven to be effective in fighting various human diseases. The
identification of bioactive natural products is an efficient method of finding new drug
leads. Screening of natural product extracts on therapeutic targets for the presence
of active compounds is a rapid and effective strategy to identify noncovalent
interactions between active ligands from natural product extracts and their
therapeutic protein targets. This thesis presents an effort of exploring a novel
approach to screen natural product extracts using bioaffinity mass spectrometry
against malarial targets and studies the relationship between HPLC retention time
and Log P values of natural products.

With an aim to identify noncovalent complexes and to obtain chemical information
of active compounds at the screening stage as well as exploit the connection
between HPLC retention time and Log P values of chemical constituents isolated
from the active extracts, a research plan containing four major steps has been
undertaken in this study. Step one includes understanding of mass spectrometry
technique and its approaches in drug discovery screening, understanding of
physicochemical properties of antimalarial natural products and using ChemGPS to
assess drug potential of reported anti-malarial natural products. Step two involves
developing optimized conditions for ESI-FTIMS screening. Step three aims to use the
optimized method to screen natural product extracts, and identify noncovalent
complexes formed between a natural product ligand and a protein target, obtaining
accurate molecular mass of the active components. The active ligands are then
isolated and purified. The binding of the pure compounds with proteins is validated
to confirm the accomplishment of the research project. In step four, the isolation
and structure elucidation of additional compounds from the selected extracts that
showed a protein-ligand complex was performed to prove that reversed-phase HPLC
is an appropriate method to capture drug-like chemical constituents (Log P value of

no more than 5).



The thesis reports outcomes against all the aims. For aim 1, analysis of the
physicochemical properties of 506 antimalarial natural products and comparison
with the physicochemical properties of malaria drugs revealed major differences
between the Log P distributions and the molecular weight distributions of these two
sets. Principle component analysis of the 506 antimalarial natural products and the
30 malaria drugs using ChemGPS-NP indicated that not many antimalarial natural
products were toward the cluster of low molecular weight malaria drugs.

For aim 2, the procedure to achieve the optimal ESI-MS condition for detecting
protein-small molecule complex has been successfully developed using bCA Il as the
test target protein. Results showed that methanol can improve the intensity of
proteins signals on ESI-FTMS.

For aim 3, three malarial targets were screened with natural product extracts using
ESI-FTMS. It was the first time a bioaffinity MS screening method has been used to
study the malarial target PfRabl1a and PfUCH-L3, and it is the first time that natural
product binders have been reported. A new natural product inhibitor of PfRabl1la
has been reported. In order to predict the binding sites of the active compounds,
virtual docking was employed to provide valuable clues for future research.

For aim 4, including the ligands identified by ESI-FTMS, a number of natural products,
including flavonoids, alkaloids, triterpenoids and so on, were isolated from the active
extracts. Physicochemical property analysis indicated that most of them met
Lipinski’s Ro5. Their Log P value showed a linear relationship with HPLC retention

time.



STATEMENT OF ORIGINALITY

This work has not previously been submitted for a degree or diploma in
any university. To the best of my knowledge and belief, the thesis
contains no material previously published or written by another person

except where due reference is made in the thesis itself.

(Signed)

Name of Student



TABLE OF CONTENTS

CHAPTER ONE INTRODUCTION

11

1.2
121
1.2.2
1.2.3
1.3

14
141
1.4.2
1.4.3
1.5

1.6
1.6.1
1.6.2
1621
1.6.2.2
1.6.3
1.63.1
1.6.3.2

1.6.3.3

1.6.3.3.1
1.6.3.3.2
1.7

1.8

Malaria

Current clinical agents

Nucleic acid antimalarial drugs

Blood schizontocydes

Antibiotic based malaria drugs

Drug resistance

Malarial targets

PfdUTPase

PfRablla

PfUCH-L3

Protein-ligand noncovalent interactions
Mass spectrometry (MS)

General

lon sources

MALDI

ESI

Analyzers

TOF

Quadrupole

Fourier transform ion cyclotron resonance mass spectrometry
(FTICR-MS, FT-MS)

FT-MS theory

FT-MS applications

Lead-like enhanced extracts (LLEE) library

Objectives

27

27

28

29

31

34

34

36

36

39

40

42

45

46

47

48

49

51

51

52

52

55

56

57



1.9

Research plan

CHAPTER TWO PREDICTING NATURAL PRODUCT VALUE, AN EXPLORATION OF

ANTIMALARIAL DRUG SPACE

21 Introduction

2.2 Data and method

221 Data

2.2.2 Method

2.3 Results and discussion

2.3.1 Physicochemical properties of malaria drugs

2.3.2 Physicochemical properties of antimalarial natural products (506)
reported in the time frame of 1990-2012

2.3.3 Comparison of antimalarial natural product physicochemical space
vs current malaria drugs

2.4 Summary

CHAPTER THREE OPTIMIZATION FOR ELECTROSPRAY IONIZATION FOURIER

TRANSFORM MASS SPECTROMETRY

31
3.2
321
3.2.2
3.2.3
3.3
331
3.3.2
34
34.1
34.2

343

Introduction

Instrument used in this thesis

ESI source

lon transfer line

ICR cell

Materials and methods
Materials

Methods

Results and discussion
Sensitivity of protein in ammonium acetate
Influence of methanol on protein

Influence of trifluoroethanol on protein

57

59

59

60

60

61

64

65

68

70

72

74

74

75

76

79

80

80

80

81

82

82

83

84



344

3.5

Influence of different ligand/protein ratios

Summary

CHAPTER FOUR SCREENING LEAD-LIKE ENHANCED EXTRACTS AGAINST

PFDUTPASE USING ESI-FTMS

4.1

411
4.1.2
4.2

4.2.1
4.2.2
4.2.3
4.2.4
4.2.5
4.3

43.1

4.3.2

433
4.3.4

4.4

Introduction

PfdUTPase

Lead-like enhanced extract library

Materials and methods

PfdUTPase and buffer exchange

A known binder to PfdUTPase

LLEE library establishment

Bioaffinity ESI-FTMS screening

PfdUTPase expression and purification

Results and discussion

Desalting and buffer exchange

Detection of complex formed between PfdUTPase and its known
ligand in NP extract matrix

LLEE library and Bioaffinity ESI-FTMS screening
PfdUTPase expression and purification

Summary

CHAPTER FIVE SCREENING LEAD-LIKE ENHANCED EXTRACTS AGAINST PFRAB11A

USING ESI-FTMS

51

5.2

521

522

5.2.3

Introduction

Results and discussion

Detection of protein by ESI-FTMS in physiological pH

Detection of complexes formed by protein and active components
in natural product extracts

Determination of ligand molecular mass

85

86

87

87

87

87

88

88

89

90

91

91

92

93

93

95

96

97

99

100

101

101

101

103



524

5241
5242
525
5.2.6

5.2.7

53

54

54.1
54.2
543
544
54.5

5451

5.4.5.2

5453

5454

54.5.5

5.4.6
54.7

54.8

Structure elucidation of natural products and the analysis of their
physicochemical properties

Structure elucidation

The physicochemical property analysis

Determination of Kp

Determination of ICso

Evaluation of possible PfRabl1a binding sites of those natural
product binders via virtual docking

Summary

Experimental

PfRablla

Natural product extracts

ESI-FTMS analysis

HPLC, MS and NMR instruments

Extraction and isolation

Chemical constituents from the Australian plant Psydrax
montigena

Chemical constituents from the Australian plant Wendlandia
basistaminea

Chemical constituents from the Australian plant Psydrax
lamprophylla

Chemical constituents from the Australian plant Prunus persica
Chemical constituents from the Australian plant Larsenaikia
ochreata

Dissociation constant (Kp) determination

Enzyme assay

Virtual docking

CHAPTER SIX SCREENING LEAD-LIKE ENHANCED EXTRACTS AGAINST PFUCH-L3

105

105

147

152

154

155

160

160

160

161

161

162

162

163

165

167

169

172

174

175

176

178



USING ESI-FTMS

6.1
6.2
6.2.1

6.2.2

6.2.3

6.2.4

6.2.4.1
6.2.4.2
6.2.5
6.2.6

6.3

6.4
6.4.1
6.4.2
6.4.3
6.4.4
6.4.5
6.4.5.1

6.4.5.2

6.4.5.3

6.4.6

6.4.7

Introduction

Results and discussion

Detection of protein by ESI-FTMS in physiological pH

Detection of complexes formed by protein and active components
in natural product extracts

Determination of ligand molecular mass

Structure elucidation of natural products and the analysis of their
physicochemical properties

Structure elucidation

Physicochemical property analysis

Determination of Kp

Valuation of possible PfUCH-L3 binding sites of those natural

product binders via virtual docking

Summary

Experimental

PFUCH-L3

Natural product extracts

ESI-FTMS analysis

HPLC, MS and NMR instruments

Extraction and isolation

Chemical constituents from the Australian plant Prunus Rosaceae
Isolation of target compound from the sponge lanthella
quadrangulata

Chemical constituents from the Australian plant Canthium
Rubiaceae

Dissociation constant (Kp) determination

Virtual docking

178

179

179

179

181

182

182

200

202

203

206

207

207

207

207

208

208

209

211

212

214

214



DISCUSSION AND CONCLUSION 216
APPENDICES 220

REFERENCES 227



Figure 1.1.1

Figure 1.2.1.1

Figure 1.2.1.2

Figure 1.2.2.1

Figure 1.2.2.2

Figure 1.2.3.1

Figure 1.4.1.1

Figure 1.4.1.2

Figure 1.4.2.1

Figure 1.4.3.1

Figure 1.5.1

LIST OF FIGURES

Countries with ongoing transmission of malaria, 2013
Chemical structures of sulfadoxine (1),
pyrimethamine (2), biguanides (progualnil) (3),
cycloguanil (4), sulfalene (5) and dapsone (6).
Chemical structure of atovaquone (7)

Chemical structures of chloroquine (8), amodiaquine
(9), pyronaridine (10), lumefantrine (11), quinine (12),
mefloquine (13), primaquine (14), halofantrine (15)
and piperaquine (16).

Chemical structures of artemether (17), artemisinin

(18), dihydroartemisinin (19) and artesunate (20).

Chemical structures of tetracycline (21), doxycycline

(22), and clindamycin (23)

PfdUTPase with 5'-Diphenyl Nucleoside Inhibitors

(PDB ID: 3T60)

Chemical structures of the securinine fragment series

shown to bind PfdUTPase

Crystal structure of PfRabl1a in complex with GDP

(PDB ID: 3BFK)

Crystal structure of PfUCH-L3 (PDB ID: 2WE6)

“Lock and Key” model: The green key (ligand) has the
right shape for the red lock (protein) and a

ligand-protein complex can be formed. The blue key

10

27

29

30

31

33

34

36

39

39

40

42



Figure 1.5.2

Figure 1.6.1.1

Figure 1.6.2.1.1

Figure 1.6.2.2.1

Figure 1.6.2.2.2
Figure 1.6.3.1.1

Figure 1.6.3.1.2

Figure 1.6.3.2.1

Figure 1.7.1

Figure 2.2.2.1

Figure 2.2.2.2

Figure 2.2.2.3

Figure 2.2.2.4

Figure 2.2.2.5

Figure 2.3.1.1

Figure 2.3.1.2

Figure 2.3.1.3

with unsuitable shape thus no complex is formed.

An illustration of conformational change in protein
acquired by ESI-MS. (a) Charge states for native
protein. (b) Charge states for denatured protein.

Main components of a mass spectrometer

A schematic of MALDI

Electrospray ionization

Two ESI mechanisms: CRM and IDM
TOF Schematic

Equations for TOF

Quadrupole Mass Spectrometer Schematic
Example of a lead-like enhanced extract HPLC

chromatogram

Step One

Step Two and Three

Step Four and Five

Step Six and Seven

Step Eight. Each dot represents one molecule.

Pie chart presentation of the percentage of malaria
drugs compliant with Lipinski’s Ro5

Structure of solithromycin (24)

Physicochemical property histograms of malaria
drugs: a) MW, b) calculated Log P, c) HBD, and d)

HBA.

11

45

47

48

49

50

51

52

52

57

61

62

62

63

63

66

66

67



Figure 2.3.2.1

Figure 2.3.2.2

Figure 2.3.3.1

Figure 2.3.3.2

Figure 2.3.3.3

Figure 3.2.1

Figure 3.2.2

Figure 3.2.1.1

Figure 3.2.1.2

Figure 3.2.2.1

Figure 3.2.2.2

Figure 3.2.3.1

Pie chart presentation of the percentage of
antimalarial natural products compliant with

Lipinski’s Ro5

Physicochemical property histograms of antimalarial
natural products: a) MW, b) calculated Log P, c) HBD,

and d) HBA.

Score plot of malaria drugs.

Score plot of antimalarial natural products.

Comparison of the physicochemical space of 506
antimalarial natural products (blue dots) with
physicochemical space of 30 malaria drugs and

candidates (red dots).

ESI-FTICR-MS, Bruker 4.7 Tesla

A schematic cutaway view of ESI-FTICR-MS

Apollo ESI source diagram

Xmass tune page for ESI source

A schematic of the ion transfer line

Electric potential values of the ion transfer optic line.
A decrease voltage value from +1 V to -2.5 kV helps to
accelerate the ions. An increase voltage from -2.5 kV

to +1 V makes the ions slowly go into the ICR cell.

A drawing of Bruker ICR cell

12

68

69

70

71

72

75

76

77

78

79

79

80



Figure 3.4.1.1

Figure 3.4.2.1

Figure 3.4.2.2

Figure 3.4.3.1

Figure 3.4.4.1

Figure 3.4.4.2

Figure 4.1.2.1

Figure 4.2.1.1

Figure 4.2.2.1

Figure 4.3.1.1

Figure 4.3.1.2

Figure 4.3.2.1

Protein intensity in 10 mM ammonium acetate

Influence of methanol on protein

A spectrum of bCA Il in 10mM ammonium acetate

with 20% MeOH.

Influence of TFE on protein.

Compared different ligand/protein ratios.

A spectrum of bCA Il and its complex. For instance,
2644.48 is the signal of [bCA I1]**, on its right hand

side is the signal of [bCA Il-ligand complex]'!*

Example of a lead-like enhanced extract HPLC

chromatogram

Buffer exchange steps. (1) Column Preparation.
Excess storage buffer is allowed to flow through the
column. (2) Column Equilibration. Column is
equilibrated with buffer chosen by user (ammonium
bicarbonate in this case). (3) Sample application.
Sample is applied to column. (4) Elution. Purified
sample is eluted from the column with buffer chosen

by user (ammonium bicarbonate in this case).

Chromatogram of chosen LLEF extract.

MS spectrum of PfdUTPase without buffer exchange

MS spectrum of buffer exchanged PfdUTPase

Comparison of protein-ligand complexes formed by

13

83

83

84

84

85

86

88

89

90

93

93

94



Figure 4.3.4.1

Figure 4.3.4.2

Figure 5.2.1.1

Figure 5.2.2.1
Figure 5.2.2.2
Figure 5.2.2.3
Figure 5.2.2.4

Figure 5.2.2.5

Figure 5.2.4.1.1

Figure 5.2.4.1.2

Figure 5.2.4.1.3

Figure 5.2.4.1.4

PfdUTPase with ligand in different concentrations.

Lane 1: Marker (15, 30, 68 kDa); Lane 2: fraction (fr)
20/2; Lane 3: fr 20/5; Lane 4: fr 50/2; Lane 5: fr 50/5;
Lane 6: fr 100/2; Lane 7: fr 100/5; Lane 8: fr 200/2;
Lane 9: fr 200/5; Lane 10: 500/2. (For instance, fr
20/2 means this is fraction 2 of buffer containing 20

mM imidazole)

ESI-FTMS spectrum of PfdUTPase (15.2 uM after
buffer exchange) made here. m/z 2034.8:

[dUTPase]**; m/z 2260.8: [dUTPase]°*.

Mass spectrum of PfRab11a acquired under native

condition

Mass spectrum of PfRabl11a-ligand Complex One
Mass spectrum of PfRabl11a-ligand Complex Two
Mass spectrum of PfRabl1a-ligand Complex Three
Mass spectrum of PfRabl1a-ligand Complex Four

Mass spectrum of PfRabl1a-ligand Complex Five

Chemical structure and *H NMR spectrum of 29

Chemical structure and 3C NMR spectrum of 29

Key COSY (in bold) and HMBC correlations (H->C) for

29

Chemical structure and *H NMR spectrum of

compound 33

14

97

97

101

102

102

103

103

103

105

106

107

109



Figure 5.2.4.1.5

Figure 5.2.4.1.6

Figure 5.2.4.1.7

Figure 5.2.4.1.8

Figure 5.2.4.1.9

Figure 5.2.4.1.10

Figure 5.2.4.1.11

Figure 5.2.4.1.12

Figure 5.2.4.1.13

Figure 5.2.4.1.14

Figure 5.2.4.1.15

Figure 5.2.4.1.16

Figure 5.2.4.1.17

Figure 5.2.4.1.18

Figure 5.2.4.1.19

Figure 5.2.4.1.20

Figure 5.2.4.1.21

Figure 5.2.4.1.22

Figure 5.2.4.1.23

Chemical structure and *H NMR spectrum of 39

Chemical structure and *H NMR spectrum of 45

Chemical structure and *H NMR spectrum of 52

Chemical structure and 3C NMR spectrum of 52

Chemical structure and *H NMR spectrum of 27

Chemical structure and 3C NMR spectrum of 27

Chemical structure and *H NMR spectrum of 28

Chemical structure and 3C NMR spectrum of 28

Chemical structure and *H NMR spectrum of 30

Chemical structure and 3C NMR spectrum of 30

Chemical structure and *H NMR spectrum of 31

Chemical structure and 3C NMR spectrum of 31

Chemical structure and *H NMR spectrum of 32

Chemical structure and *H NMR spectrum of 34

Chemical structure and 3C NMR spectrum of 34

Chemical structure and *H NMR spectrum of 35

Chemical structure and 3C NMR spectrum of 35

Chemical structure and *H NMR spectrum of 36

Chemical structure and *C NMR spectrum of 36

15

110

111

111

112

113

113

114

114

116

116

117

118

119

120

120

121

122

123

123



Figure 5.2.4.1.24

Figure 5.2.4.1.25

Figure 5.2.4.1.26

Figure 5.2.4.1.27

Figure 5.2.4.1.28

Figure 5.2.4.1.29

Figure 5.2.4.1.30

Figure 5.2.4.1.31

Figure 5.2.4.1.32

Figure 5.2.4.1.33

Figure 5.2.4.1.34

Figure 5.2.4.1.35

Figure 5.2.4.1.36

Figure 5.2.4.1.37

Figure 5.2.4.1.38

Figure 5.2.4.1.39

Figure 5.2.4.1.40

Figure 5.2.4.1.41

Figure 5.2.4.1.42

Chemical structure and *H NMR spectrum of 37

Chemical structure and *H NMR spectrum of 38

Chemical structure and 3C NMR spectrum of 38

Chemical structure and *H NMR spectrum of 40

Chemical structure and 3C NMR spectrum of 40

Chemical structure and *H NMR spectrum of 41

Chemical structure and *C NMR spectrum of 41

Chemical structure and *H NMR spectrum of 42

Chemical structure and *H NMR spectrum of 43

Chemical structure and 3C NMR spectrum of 43

Chemical structure and *H NMR spectrum of 44

Chemical structure and *H NMR spectrum of 46

Chemical structure and *C NMR spectrum of 46

Chemical structure and *H NMR spectrum of 47

Chemical structure and *C NMR spectrum of 47

Chemical structure and 'H NMR spectrum of 48

Chemical structure and 3C NMR spectrum of 48

Chemical structure and *H NMR spectrum of 49

Chemical structure and *C NMR spectrum of 49

16

124

125

126

127

127

128

128

129

130

130

131

132

133

134

134

135

136

137

137



Figure 5.2.4.1.43

Figure 5.2.4.1.44

Figure 5.2.4.1.45

Figure 5.2.4.1.46

Figure 5.2.4.1.47

Figure 5.2.4.1.48

Figure 5.2.4.1.49

Figure 5.2.4.1.50

Figure 5.2.4.1.51

Figure 5.2.4.1.52

Figure 5.2.4.1.53

Figure 5.2.4.1.54

Figure 5.2.4.2.1

Figure 5.2.4.2.2

Figure 5.2.4.2.3

Figure 5.2.4.2.4

Chemical structure and *H NMR spectrum of 50

Chemical structure and *3C NMR spectrum of 50

Chemical structure and *H NMR spectrum of 51

Chemical structure and 3C NMR spectrum of 51

Chemical structure and *H NMR spectrum of 53

Chemical structure and 3C NMR spectrum of 53

Chemical structure and *H NMR spectrum of 54

Chemical structure and 3C NMR spectrum of 54

Chemical structure and *H NMR spectrum of 55

Chemical structure and 3C NMR spectrum of 55

Chemical structure and *H NMR spectrum of 56

Chemical structure and *C NMR spectrum of 56

Natural products isolated from the Australian plant

Psydrax montigena

Natural products isolated from the Australian plant

Wendlandia basistaminea

Natural products isolated from the Australian plant

Psydrax lamprophylla

Natural products isolated from the Australian plant

Prunus persica

17

138

139

140

140

141

142

143

143

144

145

146

146

149

149

150

150



Figure 5.2.4.2.5

Figure 5.2.4.2.6

Figure 5.2.5.1

Figure 5.2.6.1

Figure 5.2.7.1

Figure 5.2.7.2

Figure 5.2.7.3

Figure 5.2.7.4

Figure 5.4.5.1.1
Figure 5.4.5.2.1
Figure 5.4.5.3.1
Figure 5.4.5.4.1

Figure 5.4.5.5.1

Natural products isolated from the Australian plant

Larsenaikia ochreata

Relationship between Log P and Retention Time (min)

Titration of 5 ligands with PfRab11a for determination
of Kp. L3 (39), L4 (45) and Ls (52) didn’t give curves as

their high Kp values.

ICso calcultations

Ligand-protein interaction diagrams of the selected

ligands generated by LIGPLOT.

Ligand-protein interaction diagrams of the selected

ligands generated by LIGPLOT (Rab2_neg).

Compound 29 (Rab1), 33 (Rab2), 39 (Rab3), 45 (Rab4)
and 52 (Rab5) bound to four different pockets in the
PfRabl1a (3BFK) binding site. The ligands are shown
in stick model while the binding site is depicted as a

surface for better visualization.

Compound 33 (Rab2_neg) bound to PfRab11a (3BFK).
The ligand is shown in stick model while the binding

site is depicted as a surface for better visualization.

HPLC chromatogram of Psydrax montigena sp.

HPLC chromatogram of Wendlandia basistaminea sp.
HPLC chromatogram of Psydrax lamprophylla sp.
HPLC chromatogram of Prunus persica sp.

HPLC chromatogram of Larsenaikia ochreata sp.

18

151

151

153

154

157

158

159

159

164

166

168

170

172



Figure 6.2.1.1

Figure 6.2.2.1
Figure 6.2.2.2

Figure 6.2.2.3

Figure 6.2.4.1.1

Figure 6.2.4.1.2

Figure 6.2.4.1.3

Figure 6.2.4.1.4

Figure 6.2.4.1.5

Figure 6.2.4.1.6

Figure 6.2.4.1.7

Figure 6.2.4.1.8

Figure 6.2.4.1.9

Figure 6.2.4.1.10

Figure 6.2.4.1.11

Figure 6.2.4.1.12

Figure 6.2.4.1.13

Figure 6.2.4.1.14

Figure 6.2.4.1.15

Mass spectrum of PfUCH-L3 acquired under native
condition

Mass spectrum of PfUCH-L3-ligand Complex One
Mass spectrum of PfUCH-L3-ligand Complex Two

Mass spectrum of PfUCH-L3-ligand Complex Three

Chemical structure and *H NMR spectrum of 58

Chemical structure and *H NMR spectrum of 63

Chemical structure and 3C NMR spectrum of 63

Chemical structure and *H NMR spectrum of 68

Chemical structure and 3C NMR spectrum of 68

Chemical structure and *H NMR spectrum of 57

Chemical structure and 3C NMR spectrum of 57

Chemical structure and *H NMR spectrum of 59

Chemical structure and 3C NMR spectrum of 59

Chemical structure and *H NMR spectrum of 60

Chemical structure and 3C NMR spectrum of 60

Chemical structure and *H NMR spectrum of 61

Chemical structure and 3C NMR spectrum of 61

Chemical structure and *H NMR spectrum of 62

Chemical structure and *C NMR spectrum of 62

19

179

180

180

181

182

183

183

184

185

186

186

187

188

189

189

190

191

192

192



Figure 6.2.4.1.16

Figure 6.2.4.1.17

Figure 6.2.4.1.18

Figure 6.2.4.1.19

Figure 6.2.4.1.20

Figure 6.2.4.1.21

Figure 6.2.4.1.22

Figure 6.2.4.1.23

Figure 6.2.4.1.24

Figure 6.2.4.1.25

Figure 6.2.4.2.1

Figure 6.2.4.2.2

Figure 6.2.4.2.3

Figure 6.2.5.1

Figure 6.2.6.1

Chemical structure and *H NMR spectrum of 64

Chemical structure and 3C NMR spectrum of 64

Chemical structure and *H NMR spectrum of 65

Chemical structure and 3C NMR spectrum of 65

Chemical structure and *H NMR spectrum of 66

Chemical structure and 3C NMR spectrum of 66

Chemical structure and *H NMR spectrum of 67

Chemical structure and *C NMR spectrum of 67

Chemical structure and *H NMR spectrum of 69

Chemical structure and 3C NMR spectrum of 69

Natural products isolated from the Australian plant

Prunus Rosaceae

Natural products isolated from the Australian plant

Canthium Rubiaceae

Relationship between Log P and Retention Time

(min). Each blue dot represents a natural product.

Titration of 3 ligands with PAUCH-L3 for determination
of Kp. Upper curve belongs to L, (63) and the other
curve belongs to L3 (68). L1 (58) didn’t give a curve as

its high Kp value.

Ligand-protein interaction diagrams of the selected

20

193

194

195

195

196

196

197

198

199

199

201

201

202

203

205



Figure 6.2.6.2

Figure 6.4.5.1.1

Figure 6.4.5.2.1

Figure 6.4.5.3.1

ligands generated by LIGPLOT.

Ligands are shown in stick model while the binding

site is depicted as a surface for better visualization.

Structural data was from PDB structures 2WEB6.

HPLC chromatogram of Prunus Rosaceae

HPLC chromatogram of lanthella quadrangulata

HPLC chromatogram of Canthium Rubiaceae

21

206

210

212

213



Table 1.4.1.1
Table 1.4.1.2

Table 1.5.1

Table 1.6.1.1

Table 2.3.1.1

Table 3.3.1.1
Table 4.2.2.1
Table 4.3.3.1
Table 5.2.4.1.1
Table 5.2.4.2.1
Table 5.2.5.1
Table 5.2.6.1

Table 5.2.7.1

Table 5.4.5.1
Table 6.2.4.2.1
Table 6.2.5.1

Table 6.2.6.1

Table 6.4.5.1

LIST OF TABLES

Structures of some PfdUTPase inhibitors
Inhibition activity of nucleosides
Advantage and disadvantages of some biophysical
methods to study protein-ligand interactions

Progresses in MS

Physicochemical properties of 31 approved malaria drugs
and candidates in clinical trials.

Structure and Kp of ethoxzolamide, an inhibitor of bCA Il
Structure of the known binder (26) to PfdUTPase

Sources of the samples in Nature Bank

NMR spectroscopic data for arborside E

Physicochemical properties of compounds 27-56

Results for the determination of Kp (LM)

Results for the determination of ICsp (LM)

Docking scores of the ligands interacting with five
different binding sites in 3BFK predicted by SiteMap.
Taxonomy information of active extracts

Physicochemical properties of compounds 57-69

Results for the determination of Kp (LM)

Docking scores of the ligands interacting with five
different binding sites in 2WE6 predicted by SiteMap.

Taxonomy information of active extracts

22

37

38

43

46

65

81

89

95

108

147

153

154

155

162

200

203

204

208



ABBREVIATIONS

ACT Artemisinin combination therapy

BAMS Bioaffinity mass spectrometry screening

bCA Il Bovine carbonic anhydrase Il

COosy (Homonuclear chemical shift) Correlation spectroscopy
CRM Charge residue model

dUTPase desoxyuridine 5'-triphosphate nucleotidohydrolase
ESI Electrospray ionization

FT-MS or FTMS Fourier transform mass spectrometry

GC Gas chromatography

HMBC Heteronuclear multiple bond correlation

HPLC High performance liquid chromatography
HSQC Heteronuclear single quantum correlation

ICR lon Cyclotron Resonance

IDM lon desorption model

LC Liquid chromatography

LLEE Lead-like enhanced extract

LLEF Lead-like enhanced fraction

m/z mass-to-charge ratio

MALDI Matrix-Assisted Laser Desorption lonization
MeOH Methanol

MHz mega hertz

NMR Nuclear magnetic resonance

NP Natural product

RF Radio frequency

Pf Plasmodium falciparum

Ro5 Rule of five

ROESY Rotating frame Overhauser effect spectroscopy

23



SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel

SEC Size-exclusion chromatography

SPE Solid-phase extraction

TFE Trifluoroethanol

TOF Time of flight

UCH-L3 Ubiquitin carboxyl-terminal esterase L3

24



ACKNOWLEDGMENTS

Looking back on the four years of PhD research and life here in Eskitis Institute bit by
bit, | cannot help a myriad of thoughts. Ph.D. is a long and fulfilling process. Without
the encouragement and support from my dear supervisors, friends and family
members, | was not able to get it. In occasion of the completion of this thesis, |
would like to express my most sincere gratitude to those people.

This thesis is written under the guidance of my supervisors Professor Ron Quinn,
Doctor Yun lJiang Feng and Doctor Hoan Vu. Many thanks to Ron for giving me the
chance to start my PhD in Australia and also for his guidance and all kinds of support
throughout my PhD studies. | would like to thank Yun for her efforts and valuable
suggestions to my chemistry experiments and manuscripts. | would like to thank
Hoan for his help with the mass spectrometry.

During the last four years, | am fortunate to get to know lots of kind people in Eskitis

Institute. Thanks to all of you.

25



ALL PAPERS INCLUDED ARE CO-AUTHORED

Acknowledgement of Papers included in this Thesis

Included in this thesis is one paper in Chapter Five which is co-authored with other
researchers. My contribution to this co-authored paper is outlined at the front of the
relevant chapter. The bibliographic details (if published or accepted for
publication)/status (if prepared or submitted for publication) for this paper including

all authors, are:
Paper name: Bioaffinity Mass Spectrometry Screening.

Authors: Ben Yang, Yun Jiang Feng, Hoan Vu, Brendan McCormick, Jessica Rowley,
Liliana Pedro, Gregory J. Crowther, Wesley C. Van Voorhis, Paul |. Forster, and Ronald

J. Quinn.

This paper was accepted for publication by the Journal of Biomolecular Screening in

November, 2015.

Appropriate acknowledgements of those who contributed to the research but did

not qualify as authors are included in this paper.

(Signed) (Date)

Name of Student

(Countersigned) (Date)

Name of Supervisor

26



CHAPTER ONE INTRODUCTION

Abstract: This chapter presents the background of this project, including malaria,
current clinical agents, drug resistance, malarial targets, protein-ligand noncovalent
interactions, mass spectrometry and natural product lead-like enhanced extract library.
Malaria is one of the most global harmful acute parasitic diseases. Due to the severe
drug resistance, it is urgent to search for new antimalarial therapeutics. Plasmodium
falciparum dUTPase, Rab11a and UCH-L3 are three potential malarial targets involved
in this research. Natural product lead-like enhanced extracts, being rich in small
molecules with high drug-like properties, can be a source of the future therapeutics.
Active drug compounds can form noncovalent complexes with the therapeutic protein
targets. Bioaffinity mass spectrometry, which is a speed and sensitive approach, will
be employed to detect the noncovalent binding between malarial protein targets and
active components from lead-like enhanced extracts. These binding compounds will be

developed further for becoming antimalarial drugs.

1.1 Malaria

2

ﬂ-

B 0 10-50 01-1 No ongoing malaria transmission
B 50-100 1-10 0-01 Mot applicable Source: Natianal malaria control programme eports

Confirmed malaria cases per 1000 population

Figure 1.1.1 Countries with ongoing transmission of malaria, 2013.! (Permission

authorized by WHO)

Malaria is one of the most harmful infectious diseases in the world. According to the
World Malaria Report, 97 countries and territories had ongoing malaria transmission

(Figure 1.1.1). An estimated 3.3 billion people were at risk of malaria, of whom 1.2
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billion are at high risk.! There were an estimated 198 million cases of malaria
worldwide (range 124-283 million) in 2013, and an estimated 584,000 deaths (range
367,000-755,000). 90% of all malaria deaths occur in Africa. In 2013, an estimated
437,000 African children died before their fifth birthday due to malaria. Globally, the
disease caused an estimated 453,000 under-five deaths in the same year.!

There are five species of Plasmodium that can cause malaria in humans, including
Plasmodium falciparum (P. falciparum or Pf), Plasmodium vivax (P. vivax),
Plasmodium ovale, Plasmodium malariae and Plasmodium knowlesi. Malaria due to
P. falciparum is the most deadly, and it predominates in Africa.! Malaria is
transmitted to humans by the bite of infected female mosquitoes, which introduces
the protists via its saliva into the circulatory system, and ultimately to the liver where
they mature and reproduce. The disease causes symptoms that typically include
fever and headache, which in severe cases can progress to coma or death.?

The life cycle of malaria parasites is complicated. At first, malarial parasites are
transmitted to human when an infected female Anopheles mosquito feeds.3
Secondly, infectious sporozoites move to the liver, where they develop and produce
thousands of merozoites. The merozoites rapidly invade erythrocytes, grow,
reproduce, exit from the cells, and infect new erythrocytes, causing many different
kinds of disease symptoms.* After a feeding mosquito ingests some reproductive
gametocytes produced by mature parasites in its gut, they will become oocysts that
develop, burst, and release sporozoites, which migrate to the mosquito's salivary

glands in order to complete the cycle.®

1.2 Current clinical agents

Therapy and prevention for malaria depend on a lot of factors such as the type of
infection (by which kind of Plasmodium parasites), severity of clinical cases and drug
resistance. Anti-malarial drugs can be generally classified by their mode of action or
chemical nucleus. However, at present, many antimalarial drugs available have not

had their mode of action unequivocally elaborated.
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1.2.1 Nucleic acid antimalarial drugs
The nucleic acid antimalarial drugs include folate antagonists and atovaquone.

1) Folate Antagonist Drugs
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Figure 1.2.1.1 Chemical structures of sulfadoxine (1), pyrimethamine (2), biguanides

(progualnil) (3), cycloguanil (4), sulfalene (5) and dapsone (6).

Folate antagonists can inhibit enzymes involved in the folate pathway and
pyrimidine synthesis. In other words, they can reduce the quantity of DNA and serine
as well as block the methionine formation.® As shown in Figure 1.2.1.1, these kind of
drugs consists of sulfadoxine (1), pyrimethamine (2), biguanides (progualnil) (3),

cycloguanil (4), sulfalene (5) and dapsone (6).

Sulfalene (5) is a structural analogue to sulfadoxine (1) and also a competitive
antagonist of p-aminobenzoic acid. Both of them are competitive inhibitors of
dihydropteroate synthase, which is an important enzyme responsible for the
incorporation of p-aminobenzoic acid during the synthetic process of folic acid.’

Pyrimethamine (2) currently is only used in synergistic combination with sulfadoxine
(1), sulfalene (5) or dapsone (6) for prevention.2 By inhibiting plasmodial
dihydrofolate reductase (DHFR), it blocks nucleic acids synthesis indirectly in the
body of malaria parasite.® The elimination half-life is approximately 100 hours.° In
the past, it was effective against all kinds of human malaria; however, in Southeast
Asia, drug resistance has emerged unexpectedly.’! This drug is also used in the

treatment of toxoplasmosis and isosporiasis and can be used in the prevention
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against Pneumocystis carinii pneumonia.’

As a biguanide compound, progualnil (3) is metabolized in the human body via the
polymorphic cytochrome P450 enzyme CYP2C19 to the active metabolite,
cycloguanil (4).*2 About 3% of Caucasian and African populations and 20% of asian
people are “poor metabolizers” and have seriously suppressed biotransformation
from progualnil (3) to cycloguanil (4).13 Furthermore, cycloguanil (4) also inhibits
plasmodial dihydrofolate reductase.'® Progualnil (3) has weak antimalarial activity
through an unknown mechanism of action. It also has sporontocidal activity,
rendering gametocytes non-infective to the mosquito vector.® Unfortunately, drug
resistance to progualnil (3) grew rapidly, and it is not used alone for malaria therapy
any more. Now it is administered as the hydrochloride salt in combination with
atovaquone (7).’

2) Atovaquone (7)

Atovaquone (7) (Figure 1.2.1.2) is one of the hydroxynaphthoquinone antiparasitic
drugs against all Plasmodium species.’* It curbs pre-erythrocytic development in
human’s liver and oocyst development in the body of mosquito.'® It is currently
combined with progualnil (3) for the treatment of malaria.” Atovaquone (7)
selectively curbs electron transport through the parasite mitochondrial cytochrome
bcl complex and collapses the mitochondrial membrane potential at much lower

concentrations than those at which the mammalian system is influenced.*
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Figure 1.2.1.2 Chemical structure of atovaquone (7)
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1.2.2 Blood schizontocydes

Blood schizontocydes are classified as drugs that are active against intra-erythrocytic
parasites. This kind of drugs includes the quinoline-containing compounds and the
artemisin-type compounds.

1) Quinoline-containing drugs

As shown in Figure 1.2.2.1, the quinoline containing drugs consist of chloroquine (8),
amodiaquine (9), pyronaridine (10), lumefantrine (11), quinine (12), mefloquine (13)
and primaquine (14).1°

Chloroquine (8) is a 4-aminoquinoline that has been used widely for the treatment of
malaria. It disrupts parasite haem detoxification and inhibits the growth of
parasitemia. It is not active against the liver-infecting forms.'” Although it is effective
against P. vivax, P. ovale and P. malariae, widespread drug resistance has developed
in P. falciparum *& 13

Amodiaquine (9), a 4-aminoquinoline compound, has the same mode of action as
that of chloroquine (8).2 Even though there is some cross drug resistance, it is still

effective against some chloroquine-resistant strains of P. falciparum.?°
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Figure 1.2.2.1 Chemical structures of chloroquine (8), amodiaquine (9), pyronaridine
(10), lumefantrine (11), quinine (12), mefloquine (13), primaquine (14), halofantrine
(15) and piperaquine (16).
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Pyronaridine (10), a 4-aminoquinoline compound, is highly effective against P.
falciparum. It is regularly used with artesunate in combination therapy for common
malaria.?!

Lumefantrine (11) is a racemic chlorinated derivative. It is only effective in oral
preparation combined with artemether (17).7% 22

Quinine (12) was isolated from the bark of the Cinchona tree. Quinine inhibits the
mature trophozoite stage of P. falciparum® and also kills the sexual stages of P. vivax,
P. malariae and P. ovale, but not mature P. falciparum gametocytes. Its mechanism
of action appears to be the inhibition of parasite haem detoxification in the food
vacuole.” It is generally used in combination with tetracycline (21) or doxycyclin (22)
or clindamycin (23).23 24

Mefloquine (13), a 4-methanolquinoline, is effective against all forms of malaria.” It
is normally used in combination with artesunate and has been successful in the
treatment of P.vivax malaria in chloroquine-resistant areas.?®

Primaquine (14), an 8-aminoquinoline, is effective against intrahepatic forms of all
types of malarial parasite.’ It has blood schizontocidal and gametocytocidal activity
via inhibition of protein transport.® Primaquine (14) is also gametocytocidal against P.
falciparum and has significant blood stages activity against P. vivax (and some are
against asexual stages of P. falciparum). The drug has serious adverse effects
including a life-threatening hemolysis in humans with
glucose-6-phosphate-dehydrogenase (G6PD) deficiency, a genetic polymorphism
particularly abundant in Africa and Asia.?®

Halofantrine (15) is an oral antimalarial, but not used for prevention. A possible
mechanism of action has been shown in a crystallographic study, indicating that
halofantrine binds to hematin in vitro.?’

Piperaquine (16), a 4-aminoquinoline derivative, has the same mode of action as
chloroquine (8).22 It is now commonly used as a fixed dose formulation with

dihydroartemisinin (18) against Plasmodium parasites.?®
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2) Artemisinin (18) and its derivatives

Artemisinin (18), a peroxy containing sesquiterpene lactone, was first isolated from
the Chinese medicinal herb Artemisia annua L. (sweet wormwood), also known as
“ginghaosu”.?® In China, Artemisia annua L. has been used to treat fever for
thousands of years. The structure was first elucidated in 1972,Y” and several
semi-synthetic derivatives of artemisinin have been reported.?’” Artemisinin is an
effective and rapidly acting blood schizontocide in vitro. It is active against all
Plasmodium species with an unusually broad activity against asexual parasites, killing
all stages from young rings to schizonts.?® Furthermore, artemisinin is highly
effective in reducing the parasite biomass 10,000-fold in a single asexual cycle,
making artemisinine the most active and rapidly acting antimalarial drug.3° These
drugs are now used as a combination therapy (Artemisinin Combination Therapies;

ACTs) to prevent the parasite resistance.3!
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Figure 1.2.2.2 Chemical structures of artemether (17), artemisinin (18),

dihydroartemisinin (19) and artesunate (20).

A number of analogues have also been reported and widely used, including
artemether (17), dihydroartemisinin (19) and artesunate (20).2’” Their chemical

structures are shown in Figure 1.2.2.2.
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1.2.3 Antibiotic based malaria drugs
The well-known antibiotics including tetracyclines (21), doxycycline (22) and
clindamycin (23) (Figure 1.2.3.1) have been successfully used for the treatment of

malaria.’

"'.-.rCI H

21 1 13

Figure 1.2.3.1 Chemical structures of tetracycline (21), doxycycline (22), and

clindamycin (23)

Synthetic tetracyclines (21) are applied in malaria therapy as well as the natural
products which were derived from a variety of Streptomyces genera.?? The
hydrochloride salt or phosphate complex of tetracycline is given either orally or
intravenously.” Tetracyclines (21) inhibit binding of aminoacyl-tRNA during protein
synthesis.?3

Doxycycline (22) is an analogue of tetracycline. It has a longer half-life (11-23
hours),3* which can make dosing schedules much easier.” Besides its long half-life,
more reliable absorption and better safety profile in patients with renal dysfunction
are the reasons it is generally preferred over tetracycline.3>

Clindamycin (23) is a lincosamide antibiotic and it acts against the early stages of
protein synthesis.3® It is also employed as the phosphate either via the intramuscular

route or the intravenous route.’

1.3 Drug resistance
Although there are quite a lot of antimalarial drugs on the market, increasing drug

resistance poses a growing problem in current malarial treatment. Drug resistance to
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all classes of antimalarials has emerged in the last several decades. Antimalarial
resistance is more common in Plasmodium falciparum. Resistance in P. vivax has
appeared comparatively later and is mainly in southeast Asia.3”:38

In the 1950s, drug resistance to antimalarials first came into prominence.3® In the
1970s and 1980s, chloroquine resistance became common and was responsible for
the malaria recurrence in the tropics and in Africa.*® Now, there are many countries
where chloroquine resistance in P. falciparum is observed. Compared to P.
falciparum, drug resistance to P. vivax is relatively insignificant. However, treatment
failure with chloroquine in patients infected with P. vivax has been reported.*
Resistance in P. falciparum to the antifolate drugs (pyrimethamine-sulfadoxine) was
reported in the same year as the introduction of the drugs. Antifolate resistance
became widespread in the early 1980s in Southeast Asia, especially the
Thai-Cambodian border where antimalarial resistance first emerged.4% 43

Present knowledge indicates that drug resistance in malaria emerges through
selection of parasites. Genetic mutations confer a selective advantage to some
parasites over sensitive parasites in the presence of drug pressure.** Resistance to
antifolates is known to be caused by mutations in the genes encoding the drugs
therapeutic targets, dihydrofolate reductase (DHFR) and dihydropteroate synthase
(DHPS).*> In the case of quinoline-based compounds, such as chloroquine and
mefloquine, resistance is thought to be dependent on the exclusion of the drug from
the site of action.*® This was thought to be mediated by mutations in two genes
denoted pfmdrl and pfcrt, which encode proteins localized on the membrane of the
parasitophorous food vacuole where these drugs are thought to act.*® In recent
years, heath authorities have been increasingly recommending the use of ACTs in an
effort to prevent the spread of antimalarial drug resistance.*’ Resistance to
artemisinin derivatives has not yet been reported in human, but studies in rodent

malaria models suggested that artemisinin resistance occurred in P. falciparum.*®
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Given the critical drug resistance, there is an urgent need for new therapeutics to

fight malaria.

1.4 Malarial targets

With the outstanding progress in molecular biology, many proteins with key roles in
the function of both normal and abnormal cells have been identified, which has
allowed the formation of specific hypotheses about how modulating the function of
defined proteins that are linked to disease could be a route to new drugs. Such
disease-linked proteins are commonly known as targets. Nowadays, target-based
drug discovery becomes popular in the pharmaceutical industry. The target-based
approach can very effectively develop novel treatments for a therapeutic target. In

this study, three malarial targets were involved.

1.4.1 PfdUTPase

Figure 1.4.1.1 PfdUTPase with 5'-Diphenyl Nucleoside Inhibitors (PDB ID: 3T60)*

dUTPase (Figure 1.4.1.1) is indispensable in eukaryotes as well as in prokaryotes. It
catalyzes the hydrolysis of 2'-Deoxyuridine 5'-Triphosphate (dUTP) to deoxyuridine
monophosphate (dUMP). It is involved in pyrimidine metabolism, which is a major
route for therapeutic intervention against malaria. The enzyme is thought to be
crucial to DNA integrity in two ways. It prevents the buildup of dUTP and ensures the
provision of dUMP, the substrate for thymidylate synthase in the biosynthesis of
deoxythymidine triphosphate (dTTP). As a result, a low dUTP/dTTP ratio is
maintained, which greatly reduces uracil incorporation into DNA. Under normal
circumstances, following dUTP misincorporation into DNA, uracil is excised and

replaced by thymine through a repair process catalyzed by uracil-DNA glycosylase.*®
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However, when dUTP levels are abnormally high, repetitive cycles of introduction
and excision of uracil will take place, giving rise to DNA fragmentation and ultimately
cell death.*® In another word, inhibition of dUTPase in Plasmodium parasites results
in the death of parasites. If we could selectively inhibit PfdUTPase, we could
selectively kill Plasmodium parasites. Therefore, selective inhibition of PfdUTPase
could lead to potential antimalarial drugs.

There are several different oligomeric forms of dUTPase: monomeric (in herpes virus
and Epstein-Barr virus), dimeric (in trypanosomes and leishmania), and trimeric (in
mammals, plasmodium, and various bacteria and viruses).** From the kinetic point of
view, trimeric dUTPases appear extremely selective toward dUTP; they can
discriminate between the four nucleobases and are also selective toward the sugar
moiety.*® Thus, other naturally occurring nucleotides such as dTTP, deoxycytosine
triphosphate (dCTP), and uridine triphosphate (UTP) are very poor substrates.*°
Whittingham and her colleagues compared the crystal structures of six trimeric
dUTPases (P. falciparum, human, equine infectious anemia virus, feline
immunodeficiency virus, E. coli and M. tuberculosis). They found that dUTPases from
these 6 oligomeric classes had similar 3D structures though they shared only
low-level pair-wise sequence identities. These dUTPase trimers possessed five
conserved sequence motifs, which formed the substrate recognition site and
reaction center.*® PfdUTPase had a low sequence identity (28.4%) compared with its
human ortholog. This might make it a suitable target for drug development.*°

Table 1.4.1.1 Structures of some PfdUTPase inhibitors®
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A number of PfdUTPase inhibitors were reported. Nucleoside derivatives (Table
1.4.1.1) were tested for their inhibitory activity against PfdUTPase and human
dUTPase.*® The result suggested that compound Il inhibited PfdUTPase with a Ki
value of 0.2 pM, in comparison to 46.3 uM for the human enzyme, giving a
selectivity of the order of 200-fold (Table 1.4.1.2). In addition, these inhibitors were
tested against P. falciparum K1 strain cultured in erythrocytes. The results suggested
that compound Il also selectively inhibited Plasmodium parasites with an 1Cso value

of 4.5 uM, while it had 10-fold less activity against L6 cells (Table 1.4.1.2).

Table 1.4.1.2 Inhibition activity of nucleosides*®->°

Inhibition of the Enzyme Activity against Parasites

Pf Ki (UM) Human K; Select.  PfI1Cso (LM) L6-cells Select.
No. (uM) ICs0 (LM)
| 1.8 17.7 9.8 6 192 32
] 0.2 46.3 232 4.5 43.5 9.7
n 2.8 909 325 1.1 ND
v 4.98 457 91 2.0 35.4 17.7
\' 12.45 >1000 >80 53 30.3 5.7
Vi 227.1 >1000 >4.4 >13 25.2

ND = Not detectable.

ICs0 values for standard drugs against P. falciparum: Chloroquine = 0.195 pM;
artemisinin = 0.0057 pM.

L-6 cells are rat skeletal myoblasts and compounds are assayed against these cells to
give an idea of toxicity against mammalian cells.

Selectivity (Select.) values are shown in parentheses, where:

Selectivity for the enzyme is defined as Ki (human)/K; (P. falciparum, Pf). Selectivity
for the parasite is defined as ICso (L-6 cells)/ICso (Pf).

Research carried out in Professor Ron Quinn’s group at Eskitis Institute has identified

seven securinine-derivatives (Figure 1.4.1.2) which bound to PfdUTPase through by
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ESI-FTMS. Subsequant in vitro whole cell assay against P. falciparum suggested that
the securinine-derivatives also inhibited viability of both P. falciparum gametocyte

(sexual) and blood (asexual) stage parasites with I1Cso of 36.7 (£3.0) uM to 81.1 (+2.1)

UM and 17.1 (+ 0.9) uM to 82.4 (+ 10.8) uM respectively.>!

Figure 1.4.1.2 Chemical structures of the securinine fragment series shown to bind
PfdUTPase>!
Our results in combination with literature reports indicated that PfdUTPase might be

a valid target for the discovery and development of new antimalarial drugs.

1.4.2 PfRabl1la

Figure 1.4.2.1 Crystal structure of PfRab11a in complex with GDP (PDB ID: 3BFK)>?
Rab GTPases, constituting the largest family of small monomeric GTPases, are key
regulators of vesicular traffic in eukaryotic cells. The small G-protein Rablla is
conserved in eukaryotes and it has been shown to play an important role in
regulating trafficking of certain plasma membrane receptors through recycling
endosomes.>® Furthermore, in animal cells, Rablla has been demonstrated to be
essential for delivering plasma membrane to the cleavage furrow, indicating a
conserved function during cell division.>*>>

Plasmodium parasites were reported to have a family of 11 different Rabs.>®

Plasmodium falciparum Rablla was first described by Langsley et al in 1996 and
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subsequently shown to be expressed in the asexual blood stage of parasites.”®>7 In
2003, Quevillon et al reported that PfRablla might mediate an essential recycling
endosome function in P. falciparum.>® Later, Agop-Nersesian et al demonstrated that
the final step during parasite cell division involves delivery of new plasma membrane
to the daughter cells, a process requiring functional Rab11a.°® Importantly, Rab11a
can be found in MTIP (Myosin-Tail-Interacting-Protein), which is a member of a
4-protein motor complex that is crucial for parasite to invade the host cell.>® Ablation
of Rabl11a function results in daughter parasites having an incompletely formed IMC
(Inner Membrane Complex) that leads to a block at a late stage of cell division.>®

PfRab11a therefore might be a potential target for anti-malarial drug discovery. To
date, no efforts have been put into screening PfRabl1a using ESI-FTMS. Meanwhile,

no natural product inhibitor/binder of PfRab11a has been reported.

1.4.3 PfUCH-L3

Figure 1.4.3.1 Crystal structure of PfUCH-L3 (PDB ID: 2WE6)>°

PfUCH-L3, an ubiquitin C-terminal hydrolase (UCH), is thought to be essential for
Plasmodium falciparum to survive.>® Ubiquitin (Ub) is a protein present in all
eukaryotes that is composed of a well-conserved sequence of 76 amino acids. This
ubiquitin-proteosome system is crucial to eukaryotic survival and is involved in
protein degradation as well as cell's maintenance of synthesized and degraded
proteins.>® When this balance is out of equilibrium, the cell can run into functional
problems and can eventually lead to cell death.®°

PfUCH-L3 consists of a central six-stranded anti-parallel 8-sheet surrounded by seven
a-helices. Viewing PfUCH-L3 in complex with an ubiquitin-based suicide

substrate (UbVME) allows us to know the dual specificity of this enzyme. The 8-sheet
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conformation of the C-terminus of ubiquitin has backbone carbonyl and amide
groups that hydrogen bonds to the PAUCH-L3 residues. The C-terminus of Ubiquitin
binds to the narrow groove, lined by the catalytic triad residues: Cys-92, His-164, and
Asp-179. These three residues are all within hydrogen bonding distance of each
other. Ser-12 forms an additional hydrogen bond to the backbone nitrogen of
Ub Leu-73 in the Ub-binding groove of PfUCH-L3. All of the hydrogen bond donors
and acceptors of Ub C-terminal residues 71-75 are then fulfilled.>®

An important element of the bound complex is the active site crossover loop. In
unbound PfUCH-L3, the crossover loop is very ordered. This is due to crystal
contacts that hold the loop in a distinct conformation. No significant structural
changes occur upon the binding of Ubiquitin.®?

This loop encounters the C-terminal of the Ubiquitin suicide substrate (UbVME) and
is thought to assist in the positioning of the substrate. When the substrate is not
present, the crossover loop becomes flexible and cannot be detected in the crystal
structure, hence why we cannot see it on this free molecule. However, when
ubiquitin is present, the crossover loop connects the two halves of the catalytic
center, bringing key residues close enough to catalyze the binding of ubiquitin. The
crossover loop also functions as a substrate filter by limiting the types and sizes of
substrates the enzyme can hydrolyze. While the structure and function of the
cross-over loop is not yet well understood, there are a few key features that are
visible in the ubiquitin bound crystal structure. Leu-71 and Leu-73 point to the
opposite side of the binding groove and occupy a hydrophobic binding pocket where
the substrate attaches. Asp-157 is located in the crossover loop and forms a salt
bridge with the side chain of Arg-74 of Ub to provide stability to the bound complex.
This ubiquitin binding pocket can now be visualized.>®

The key difference between HsUCH-L3 and PfUCH-L3 is that the sequence of the
crossover loop is not conserved. Therefore, these two enzymes do not interact with

Ub in the same pattern and do not share the same conformation. While the Ub
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recognition and binding mode between each enzyme and Ub is similar, the Ub
interfaces of both enzymes have a few key differences. In PAUCH-L3, Ser-12 in the
Ub-binding-groove forms an additional hydrogen bond to the backbone nitrogen of
Ub Leu-73. Ub-Arg-74, a highly conserved residue and central to Ub recognition,
forms a network of hydrogen bonds with HsUCH-L3 residues. However, PfUCH-L3
residues have a completely different conformation of hydrogen bonds. One example
of this is the formation of a salt bridge to Asp-157 in PAUCH-L3 that is not present in
HsUCH-L3. Also, the interfaces of PfUCH-L3 and Ub have the nonconserved residues
of Thr-163 and Ser-219. These key differences allow researchers to specifically target
the parasite rather than the human host cells.>® There was no natural product
inhibitor of PfAUCH-L3 reported. Hence, PfUCH-L3 might be treated as a potential

target for antimalarial drug discovery.

1.5 Protein-ligand noncovalent interactions

Ligand-protein complex
Key (ligand)

|

Lock (protein)

|

Incorrect key

No complex

Figure 1.5.1 “Lock and Key” model: The green key (ligand) has the right shape for the
red lock (protein) and a ligand-protein complex can be formed. The blue key with

unsuitable shape thus no complex is formed.

Understanding protein-ligand interactions is essential in order to obtain novel
therapeutic drugs to deal with diseases. Interactions between a protein and a ligand

have been explained by the “lock and key” model introduced by Emil Fischer.®?
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Based on this theory, the “key” represents the ligand and the “lock” represents the
protein or some other receptor. Only those ligands with a right geometrically shape
can fit into the keyhole of the lock (Figure 1.5.1).

There are two different kinds of chemical bonds between ligand and protein: the
covalent bond and the noncovalent bond. The covalent bond is directionality and
saturated. When a ligand and a receptor form a covalent bond, due to the solid
structure and strong bond, this kind of binding is irreversible, making it less desirable
to be used a drug. Meanwhile, there are many types of noncovalent interaction such
as ionic bonds, hydrophobic interactions, hydrogen bonds, van der Waals forces and
dipole-dipole bonds.®3 A noncovalent complex is formed when a noncovalent bond is
created between a ligand and a protein. Today most drugs have a pharmacological
effect on a therapeutic target by forming a noncovalent complex with the target.%
Currently, there are a lot of biophysical methods available for studying protein-ligand
interactions, including ESI-MS, X-ray crystallography, Nuclear Magnetic Resonance
(NMR), Surface plasmon resonance (SPR), Isothermal titration calorimetry (ITC) and
Spectroscopy methods. Their advantages and disadvantages are summarized in

Table 1.5.1.

Table 1.5.1 Advantage and disadvantages of some biophysical methods to study

protein-ligand interactions

Methods Advantages Disadvantages
ESI-MS e Fast e Little structure
e Able to detect information
small amount of e Destructive method
sample o Not suitable for
e Able to observe insoluble protein
protein in native
state
X-ray crystallography e Highly accurate e Difficult to generate
e Determination of crystal
structure and e Time-consuming
interaction with e Difficult to capture
ligands at high the dynamic
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Nuclear Magnetic
Resonance (NMR)

Surface plasmon
resonance (SPR)

Isothermal titration
calorimetry (ITC)

Spectroscopy
(Fluorescence,
Ultraviolet-visible,
Circular dichroism)

atomic resolution
No molecular
weight limit

Detect
biomolecules
configuration
under normal
physiological
conditions
Observe
continuous
dynamic
information
Non-destructive
method
Convenient

Fast

Suitable for turbid,
opaque or colored
solution

Observe
continuous
dynamic process

Accurate

Sample can be used
in solution
Non-destructive
method

Sample can be used
in solution

Low amount of
sample required

information of
biomacromolecules
High amount of
sample required in
most cases
Molecular weight
limit (<30, 000 Da)
Large amount of
sample required
Difficult and
time-consuming to
analyze the
spectrum

Not suitable for
insoluble protein

Influenced by
external
environment
(temperature and
etc)

Difficult to
distinguish
non-specific
adsorption

Large mass ligands
Slow (30-60
min/sample)
Large amount of
sample required

Influenced by
external
environment (pH,
temperature, etc)
Little structure
information

44



Compared with other methods, ESI-MS provides a more rapid and sensitive choice
for the identification of noncovalent interactions in mixtures.®* Since it is a
soft-ionization ion method, ESI can detect fragile noncovalent complexes.®* ESI-MS
can also distinguish whether a protein exists as its native folded state (pH=7) or
remains in a denatured state (pH=1-3) in liquid-phase. Difference between native
state and denatured state of one protein is shown in Figure 1.5.2. Native protein has
a broad and low charge state mass spectrum (high m/z), while a narrow and high
charge state spectrum (low m/z) is correlated to denatured (unfolded) protein. This
is mainly because folded protein has fewer basic sites available for protonation than

its unfolded conformation.®®

"' ‘e
q

Native protein

Denaturation Renaturation

16%

| Denatured protein

Figure 1.5.2 An illustration of conformational change in protein acquired by ESI-MS.

(a) Charge states for native protein. (b) Charge states for denatured protein.

The coupling of ESI and FT-MS has greatly advanced the capabilities of mass
spectrometry for biological applications.®® One significant application is to use the
ESI-FTMS for screening, which can be reffered as bioaffinity mass spectrometry

screening (BAMS).

1.6 Mass spectrometry (MS)
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With the purpose to get a better understanding of BAMS, an overview of related MS

information is presented below.

1.6.1 General

MS is an analytical technique used to separate ions according to their mass to charge
ratio (m/z). In the early of last century, this technique was used to measure masses
of atoms.®’” And with its help, scientists successfully demonstrated the existence of
isotopes; this discovery fueled the contemporaneous ongoing debates about the
structure of the atom.®® By the 1940s, MS was used to detect the abundances of
small hydrocarbons in process streams by chemists working in the petroleum
industry.®® It was not until the 1960s that MS was applied to natural products
chemistry and other chemists really began to realize that how complex molecules
MS can deal with and to ponder the range of its possible applications.”®

To really recognize how the research area of MS has expanded to its present-day size,
it is useful to review the great advances in the field. Some important progresses are

listed in Table 1.6.1.1.

Table 1.6.1.1 Progresses in MS

Year Progress

1897 Early MS

1949 lon Cyclotron Resonance (ICR)

1953 Quadrupole Analyzers

1956 Identifying Organic Compounds with Mass Spectrometry
1968 Electrospray lonization

1974 Fourier Transform lon Cyclotron Resonance

1984 Quadrupole/Time-Of-Flight Mass Analyzer

1985 Matrix-Assisted Laser Desorption lonization (MALDI)
1989 ESI on Biomolecules

2005 Direct Analysis in Real Time (DART)
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Nowadays, MS has both qualitative and quantitative applications, which include
identifying unknown compounds, determining the isotopic composition of elements
in a compound, and determining the structure of a molecule by observing its
fragmentation. Other applications include quantifying the amount of a compound in
a sample or studying the fundamentals of gas phase ion chemistry (the chemistry of
ions and neutrals in a vacuum). This technology is commonly used in analytical
laboratories to study biological, chemical, or physical properties of a wide range of
molecules.

Generally, an ionization source, a mass analyzer and a detector are the main
components of a mass spectrometer (Figure 1.6.1.1). In order to maintain the
pressure far below the atmospheric pressure, a good vacuum system is required.
Sample vaporization is the first step, followed by ionization, separation according to
different m/z ratio, and detection of the ions. The signal is processed into mass

spectra via a computer system.

ESI
Ton Source [y SRS
l Quadrupole (Q)

Quadrupole Trap (QT)
Linear Ion Trap (LIT)
Mass Analyser [ S TN e 101 )

Fourier Transform lon Cyclotron

Resonance (FTICR)
Orbitrap

Detector — Electron Multiplier

Array Detecter

Figure 1.6.1.1 Main components of a mass spectrometer

1.6.2 lon sources

lonization is the process by which an electrically neutral atom, molecule, or radical
loses or gains one or more electrons and becomes an ion. lonization can occur in
gases, liquids, or solids.
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There are many different types of ionization, such as Electron Impact (El), Chemical
lonization (Cl), Field lonization (Fl), Field Desorption (FD), Fast Atom Bombardment
(FAB), Matrix-Assisted Laser Desorption lonization (MALDI) and ESI. MALDI and ESI

are the most common used methods for biological applications.

1.6.2.1 MALDI

lons in MALDI are assembled by pulsed-laser irradiation of a sample.”t A
co-crystallization between the sample and the solid matrix take place, which is able
to absorb the wavelength of light emitted by the laser.”> The mechanism of the ion
formation is not quite clear though the formation of singly-protonated analytes is
characteristic.”® A notable advantage is that MALDI has a very high level of sensitivity.
It can couple with time-of-flight (TOF) to preserve molecular weight information
rapidly.”t MALDI has a high tolerance to salts and buffers, however its drawback is
that it needs more substance than ESI.”# In addition, the presence of a matrix causes
chemical noise at m/z ratio below 500 Da.””> As a result, samples with low MW are

normally hard to analyse. MALDI schematic is shown in Figure 1.6.2.1.1.

Mass analyzer

Accelerationby electrical potentials

® ®—— Matrixions and neutrals
Laser @ °

Analyte ions

Analyte molecules

Sample plate

Figure 1.6.2.1.1 A schematic of MALDI
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1.6.2.2 ESI
Skimmers

Transfer capillary

Droplets
Spray needle/Capillary —

Sample solution \ \ _I / / To mass analyzer
; B o oot s S g —
— I . \

N; (g) flow

Vats

Cone l

Atmospheric pressure Pumping

Figure 1.6.2.2.1 Electrospray ionization

In Dole and co-workers’ research, gas-phase ions was generated by spraying a
solution from the tip of an electrically charged capillary.”® Based on Dole’s work,
Fenn and co-workers developed electrospray as an ionization technique for MS.”’

In the process of ESI (Figure 1.6.2.2.1), the analyte is injected into the source in
solution either from a syringe pump or as the eluent flow from liquid
chromatography (LC) at atmospheric pressure. The analyte solution flow goes
through a capillary into a small-diameter needle held at high potential (typically
within vary from 2.5 to 4 kV). This forces the spraying of charged droplets from the
needle with a surface charge of the same polarity to the charge on the needle. The
droplets are released from the needle towards the cone on the counter electrode.
While the droplets move towards the cone, solvent evaporation happens. The
droplet becomes smaller until it reaches the Rayleigh limit, at which the repulsive
Coulombic force is equal to the surface tension force.”® The droplets become
unstable and generate smaller droplets. This Coulomb fission process is repeated
until there are small highly charged droplets.

Currently, there is no consensus about the mechanism to explain how the charged

droplets generate solute ions.”® Charge residue model (CRM) by Dole et al and ion
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desorption model (IDM) by Iribarne and Thomson are two famous theories on ion
formation.”® 80

Dole et al assumed that droplets become smaller with solvent evaporation. Due to
the Coulomb fission process, the droplet divides into smaller ones. This process
continues until one droplet contains only one charged molecule. After the last
solvent evaporates, a completely desolvated ion is formed. The CRM is more
plausible for macromolecules.®!

Iribarne and Thomson supposed that when a droplet is highly charged, the surface
electric field becomes large enough for the desorption of ions. This IDM theory is
more likely to be valid for small ions.®?

A diagram demonstrating the CRM and IDM models of ion formation in electrospray

is shown in Figure 1.6.2.2.2.

I < Spray needle tip

\ " Taylor cone

CRM Solvent evaporation from
a droplet containing a single
analyte molecule

Solvent
evaporation Solvent evaporation and

Coulomb fission

|
.—.—+

DM h. ———

Solvent evaporation and
Coulomb fission

Surface electric field “support™
ion to escape from droplet

Figure 1.6.2.2.2 Two ESI mechanisms: CRM and IDM

In addition to its high sensitivity, ESI has a lot of advantages. First, ESI can be easily
connected with a LC system. Secondly, multiple charged ions can be formed and it’s
possible to measure macromolecules. Thirdly, unlike MALDI, ions with a small m/z

can be clearly observed. However, ESI has shortcomings. For instance, most samples
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need to be desalted before analysis, because high salt conditions can inhibit ion

formation.83

1.6.3 Analyzers

1.6.3.1 TOF

Figure 1.6.3.1.1 shows the working principle of a linear TOF mass spectrometer. In
order to allow the ions to fly through the flight path without hitting anything else, all
the air molecules have been pumped out to create an ultra high vacuum. TOF
identify molecules by measuring the time that sample molecules, all starting with the
same kinetic energy, require to fly a known distance.?* Once the sample molecules
are ionized, an electrical field accelerates them all to the same energy. According to
the equation (1) in Figure 1.6.3.1.2, lower m/z ions achieve higher velocities than
ions with higher m/z ratio. As they all travel the same distance, and their velocity is
dependent upon their mass, measuring the flight time each ion takes to fly through
the time measurement region is just proportional to the square root of their mass
(equation 2 in Figure 1.6.3.1.2). An advantage of TOF is that the mass range is

theoretically limitless.®

Ionization area
'\ Acceleration area

|

\ ‘ Flight path

Sample inlet

Light ions
NG °. ion
—_— e . @ o® sz Ion-detector

|

Heavy ions

. Time measurement
Vacuum chamber

Figure 1.6.3.1.1 TOF Schematic
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Figure 1.6.3.1.2 Equations for TOF

1.6.3.2 Quadrupole

The quadrupole mass analyzer has become more and more popular. Especially for
gas chromatography/mass spectrometry (GC/MS) as well as liquid
chromatography/mass spectrometry (LC/MS), the quadrupole was the first choice.®
87 An advantage of the quadrupole is the low cost of the instruments and their ease
of automation.® And the mass separation in a quadrupole is addicted directly by the
m/z ratio of the ion and is a result of ion motion in a dynamic electric field (Figure

1.6.3.2.1).8°

Detector

Molecules

D Successful ion path

Quadrupole ion analyzer

GC

Ions

Electron impact ionizer

Figure 1.6.3.2.1 Quadrupole Mass Spectrometer Schematic

1.6.3.3 Fourier transform ion cyclotron resonance mass spectrometry (FTICR-MS,
FT-MS)

1.6.3.3.1 FT-MS theory

The technique of ICR-MS was first published in the middle 1950s, when it was
demonstrated for measurement of very small mass differences at very high
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precision.®® The technique remained a largely academic tool until the application of
FT methods by Alan Marshall and Melvin Comisarow in 1970's.°! In 1978, Marshall
and Comisarow built the first FT-ICR-MS mass spectrometer, and the performance of
these instruments made a major leap forward and laid the basis of modern FT-MS.%?
Coupled with superconducting magnets in 1980, FT-MS's stability and reproducibility
was significantly improved. At the same time, since the magnetic field increased, the
resolution, measurement accuracy and quality range of FT-MS was greatly improved.
It is now one of the most sensitive methods of ion detection in existence and has
almost unlimited resolution (>107).%2

FT-MS is based on the ICR principle. lons generated by electrospray ionization (ESI)
are trapped in the ICR cell, which is located in a homogenous magnetic field of a
superconducting magnet. In the absence of an electrical field, an ion with mass (m)
and charge (g) moves in circular motion as a result of the Lorentz force and the
centrifugal force working on it in opposite direction. The angular frequency of this
motion is given by: w=v/r=qgB/m (equation 1), in which wc is the cyclotron frequency
in radians per second, B is the magnetic field strength in Tesla, and m/q is the mass
to charge ratio of the ions in kg/C. The total charge on an ion can be described as
g=ze, in which z is the net number of electronic charges on the ion and e is the
charge per electron in Coulomb (1 e=1.6022 x 10°*° C). Equation (1) can be rewritten
as: fc=zeB/2nmm=15357zB/m (equation 2), in which f. is the cyclotron frequency in
Hertz, z is the charge state of the ion, and m is the mass of the ion in Da (1 Da =
1.66054 x 10-27kg). Following equation (2) it is evident that ICR frequency is
independent of ion velocity, or of kinetic energy. lons of a given mass will have the
same ion cyclotron frequency, regardless of the spread in the ions’ kinetic energy
distribution. This avoids the peak broadening and achieves ultra high mass resolution.
The equation (1) is the unperturbed cyclotron frequency in which there is only a
uniform magnetic field applied on the ICR cell. In reality an electrostatic DC is applied

to the trapping plate of the ICR cell to prevent the ions escaping along the z axis. The
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combination of the magnetic field and the electrostatic field create three motions in
the cell: the axial trapping motion, the magnetron motion and the cyclotron motion,
and lead to the real cyclotron frequency which is smaller than that of equation (1).
wc real =wcwm, in which wn is the magnetron frequency. To obtain high resolution
and mass accuracy, the magnetron motion has to be eliminated or minimized. High
trap potentials and ion density increase the growth of magnetron motion, whereas
on-axis injection and longer injection times to increase the symmetry of the trapped
ion cloud minimize magnetron motion. Coulomb interactions occur between an
orbiting ion packet and other ion packets or with the electrostatic trapping plates,
cause frequency shifts and peak coalescence effect (coupling of cyclotron
frequencies) and affect the resolution and mass accuracy.

Here is a brief introduction about how FT-MS instrument works. In a general FT-MS
instrument, the ions are produced in the source (for instance, ESI) and then pass
through a series of pumping stages at increasingly high vacuum into the ion trap
(also known as ICR cell). The ion trap is located inside a spatial uniform static
superconducting high field magnet cooled by liquid nitrogen and liquid helium. The
ions are bent into a circular motion in a plane perpendicular to the field due to the
Lorentz Force, when they enter the magnetic field. At each end of the ion trap, there
is a trapping plate to prevent the ions from escaping. The ion cyclotron frequency is
dependent on their m/z ratio. At this stage, there is no signal observed because the
radius of the motion is very small. Excitation of each individual m/z is achieved by a
swept radio frequency (RF) pulse across the excitation plates of the cell. Each
individual excitation frequency will couple with the ions natural motion and excite
them to a higher orbit where they can generate an alternating current between the
detector plates. The cyclotron frequency of the ions is the same as the frequency of
this current. In addition, the number of ions is proportional to the current’s intensity.
The signal of this current will be recorded, processed and finally transformed into

the mass spectrum. (The ions return to their natural orbit, when the RF is off
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resonance for that m/z.) Deconvolution of this signal by FT methods results in the
deconvoluted frequency vs. intensity spectrum, which is then converted to the mass
vs. intensity spectrum (the mass spectrum). It is also usual to correct for mass errors

at this stage by applying a calibration.

1.6.3.3.2 FT-MS applications

FT-MS is used in many applications, from small molecules to larger polymers, due to
its high resolution and high mass accuracy.

(1) Macromolecular analysis

He et al managed to use FT-MS to distinguish two peptides with a molecular weight
difference of 3.4 mDa.®® In order to analyze the preliminary amino acid sequence,
Wood et al determinated the accurate mass of protein by FT-MS.%* MS data obtained
from Wood'’s research confirmed the presence of a dimer in the solution.

Yu et al reported the applications of FT-MS in the analysis of RNA structure as well as
RNA and protein interactions.®> Without gel electrophoresis experiments, FT-MS can
directly provide clear RNA structure information, which greatly improves the working
efficiency and analysis accuracy.

High polymers have large molecular weight and complex structures. Aaserud
reviewed the application of mass spectrometry in the plastics industry, with
particular emphasis on the large analysis range and high-resolution of MALDI-FTMS
and ESI-FTMS.%®

(2) Metabolomics analysis

FT-MS can directly detect and identify metabolites without chromatography. What's
more, MS/MS can play an important role in elemental composition analysis of the
substance and its structure identification.®’

In 2002, Aharoni et al identified some small molecular metabolites from strawberry
on its metabolic transition from immature to ripe fruit. And they draw out a
metabolic “fingerprinting” about the ripening process of strawberry.®®

(3) Others
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FT-MS has also been applied to isotopic analysis. Zhang et al reported the use of this
method to analyse the natural abundance of the elements in a protein molecule.®®
Xiong et al identified two kinds of compounds from a surfactant mixture.°

In addition, coupling ESI with FTMS has greatly advanced the capabilities of MS for
biological applications. The high resolution of FTMS and the multiple charging of ESI
make ESI-FTMS extremely useful in determining accurately the mass of large
biomolecules such as proteins or protein-ligand complexes.

In this thesis, ESI-FTMS is used to screen natural product extracts against malarial

targets for antimalarial natural products.

1.7 Lead-like enhanced extracts (LLEE) library

Natural products have historically been an invaluable source of therapeutic agents
and medicines. Natural product extracts are rich in chemical components, which may
have the possibility to form noncovalent complexes with therapeutic targets.

Eskitis LLEE library consists of over 18,000 Lead-like enhanced (LLE) extracts of plants
and marine organisms from Australia, China, Malaysia and Papua New Guinea. The
library was constructed by LLE extraction procedure followed by reverse-phase HPLC
fractionation.'®* In comparison with traditional natural product drug discovery,
which can carry out physicochemical assessment only after natural products are
isolated, purified and their structures elucidated, the new protocol in Eskitis allows
front-loading of the lead-like properties at the extract and fraction stage.'%?

Lead-like enhanced extraction procedure involves: solvent extraction by DCM and
MeOH, HLB solid phase extractions (SPE) eluted with 90% MeOH/10% H,O to
eliminate compounds with log P > 5, and HPLC fractionation using reversed-phase
solvent conditions (MeOH/H20/0.1% TFA) and a Phenomenex C18 Monolithic HPLC
column (4.6 mm x 100 mm). Five fractions were collected per sample within the
region of the chromatogram corresponding to log P < 5 (Figure 1.7.1). Previous

research suggested that these five fractions mostly contain compounds with

drug-like properties.1? In this thesis, natural product extracts from the LLEE library
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was screened against malarial target PfdUTPase using ESI-FTMS.
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Figure 1.7.1 Example of a lead-like enhanced extract HPLC chromatogram

1.8 Objectives

Overall the project is to screen natural product extracts for ligands, which bind to
potential malarial targets using ESI-FTMS.

This thesis aimed to: (1) use ChemGPS to analyze physicochemical properties of
antimalarial natural products and drugs; (2) optimize ESI-FTMS screening conditions;
(3) detect noncovalent complexes using ESI-FTMS and provide molecular mass of the
active compounds; (4) isolate active molecules bound to the target; (5) evaluate the
binding activity and inhibitory activity of the active compounds; (6) predict binding
sites for the active compounds using virtual docking.

In order to prove that the LLE process has the ability to capture drug-like chemical
constituents (Log P of no more than 5), this thesis also aimed to: (1) select samples
that show a protein-ligand complex and isolate drug-like molecules; (2) evaluate
drug-like properties of all the isolated natural products including the active

compounds; (3) study the relationship between Log P and HPLC retention time.

1.9 Research plan

A research plan containing four major steps was undertaken in this study. Step one
included understanding of mass spectrometry technique and its approaches in drug
discovery screening (Chapter 1.6), understanding of physicochemical properties of
antimalarial natural products (Chapter 2) and using ChemGPS to assess drug
potential of reported anti-malarial natural products and drugs (Chapter 2). Step two

involved developing optimized conditions for ESI-FTIMS screening (Chapter 3). Step
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three aimed to use optimized method to screen natural product extracts, and
identify noncovalent complexes formed by active natural product ligand and protein
targets, obtaining accurate molecular mass of active components. The active ligands
are then isolated and purified. The binding of the pure compounds with proteins is
validated through titration experiments (Chapter 4, 5 and 6). In step four, Chapter 5
and Chapter 6 included the isolation and structure elucidation of additional
compounds from the selected extracts that showed protein-ligand complex with the

purpose to provide evidence to that the LLE process can capture drug-like molecules.
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CHAPTER TWO PREDICTING NATURAL PRODUCT VALUE, AN EXPLORATION

OF ANTIMALARIAL DRUG SPACE

Abstract: Malaria remains a worldwide threat to human health. Many antimalarial
drugs are available on the market. However, there are very few new chemical entities
being developed to solve this global problem. From 1990 to 2012, 506 antimalarial
natural products were reported in the literature. Here we present a perspective based
on an analysis of the drug-like properties of the reported antimalarial natural

products in order to assess drug potential.

2.1 Introduction

Malaria, caused by parasites of the genus Plasmodium, is one of the significant
infectious diseases in many tropical and subtropical regions, where more than 3
billion people are at risk of being infected with malaria or developing disease.! It has
been responsible for the death of approximately 600,000 deaths per year, and 78%
of malaria deaths occurred in children aged under 5 years.!

Malaria can be cured by undertaking therapeutic drug treatments suggested by
World Health Organization (WHO). However, due to a number of factors such as
limited access and treatment in developing countries and the emergence of
antimalarial drug resistance, malaria still remains a leading threat to human health.?
In addition to the resistance-mediated decline in efficacy, current antimalarial drugs
have their shortcomings, such as side effects, etc. There is an urgent call for new
efficacious and affordable chemotherapeutics in order to improve patient outcomes,
reduce side effects, and reduce the emergence of resistance strains.

Nature is an infinite source of active compounds. Approximately 50% of the
pharmaceuticals currently available are derived from natural products.®®> Compared
to synthetic molecules, nature-derived compounds have a higher chemical diversity
as well as an average increase of heteroatoms. It was also revealed that natural

products are more similar to the chemical space occupied by drugs than compounds
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obtained from synthesis.’®* Most natural products are biologically active and have
better ADME (adsorption, distribution, metabolism and excretion) properties
compared to synthetic molecules.1%

Historically, natural products play a vital role in antimalarial drug discovery. By way
of example, in China, during the second century BCE, the Qinghao plant (Artemisia
annua), which is also known as the annual or sweet wormwood, was described in the
medical treatise.’® In 340 CE, the antifever properties of Qinghao were first
described.?® The active ingredient of Qinghao, known as artemisinin, was isolated by
Chinese scientists in 1971.1% Derivatives of this extract, known collectively as
artemisinins, are today very potent and effective antimalarial drugs, especially in
combination with other medicines.1%’

A number of natural products have been reported to have activity against malaria
during the last two decades and are covered by a lot of recent comprehensive
reviews of antimalarial natural products.1%1! However, the vast majority of these
natural products have not been developed for treatment of malaria. In this chapter,
we review literatures and present a perspective based on an analysis of drug-like

properties of antimalarial natural products.

2.2 Data and method

2.2.1 Data

In order to analyze the physicochemical properties of antimalarial natural products,
first we have to find out how many natural products were reported to have
antimalarial activity in the last twenty years. A literature search was launched to
achieve this goal. Malaria, natural product, and anti-malaria (or antimalarial) were
the key words used to search literatures in the database, including Web of Science,
PubMed, Embase, etc. Thousands of literatures were found. After a filtration process

by reading their abstract, several literatures!0&111

were selected to study. Hundreds
of natural products with antimalarial activity involved in these literatures were

recorded and their structures were drawn in InstantJChem 3.0.4 [InstantJChem 3.0.4,
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2009 ChemAxon Ltd. (http://www.chemaxon.com)] to calculate the physicochemical

properties of each compound. This process was repeated to find malaria drugs
(including promising candidates in clinical trials) and to have their physicochemical

properties calculated.

2.2.2 Method

ChemGPS-NP*2 was used for principle component analysis of antimalarial natural
products and malaria drugs (including promising candidates in clinical trials), in order
to compare the distribution of malaria drugs and antimalarial natural products in

physicochemical space. Figures from 2.2.2.1 to 2.2.2.5 are used to illustrate how this

method works.
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Figure 2.2.2.5 Step Eight. Each dot represents one molecule.
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2.3 Results and discussion

Generally, the activity of any compound depends on its ability to permeate the cell
membrane in order to reach and modify the target. By examining the
physicochemical properties of the compound, it is possible to predict its cell
permeability and bioavailability. Lipinski and his co-workers selected 2,245
compounds that reached phase Il clinical trials from World Drug Index (WDI) and
evaluated their physicochemical properties including molecular weight (MW), Log P
(the logarithm of the partition coefficient between water and 1-octanol),
hydrogen-bond acceptor number (HBA, such as number of N, O) and hydrogen-bond
donor number (HBD, such as number of —NH, -OH), in order to understand which
factors are responsible for compound attrition in clinical development. After their
investigation based on a simple set of calculated physicochemical properties, the
“rule of five” (Ro5) was released as their result.!'®* They concluded that for a
compound to be drug-like it should have the cut-off numbers of five or multiples of
five in MW, HBD, HBA and Log P, based on the comparison of drug-like and
non-drug-like molecules. According to Lipinski’s Ro5, a drug-like compound should
have a MW of 500 Da or less, equal or less than 5 HBDs, equal or less than 10 HBAs,
and a partition coefficient Log P of 5 or less. If two or more properties are violated
for a molecule, there is high probability of lack of oral activity and bioavailability.**3
However, it is vital to keep in mind that even if a molecule is in line with the Ro5,
there is still no guarantee that the compound is druggable. The aim of Ro5 was to
guide medicinal chemists for a better selection and design of molecules, for the
purpose to reduce the attrition during clinical development owing to unsatisfactory
pharmacokinetics.''*

Here, the four individual physicochemical properties MW, HBD, HBA, and Log P were
analyzed for 31 malaria drugs (approved and candidate in clinical trials) as well as

506 antimalarial natural compounds reported between 1990 and 2012.
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The following paragraphs are devoted to discussion of physicochemical properties of
malaria drugs, followed by physicochemical properties of antimalarial natural

products and comparison between these two sets.

2.3.1 Physicochemical properties of malaria drugs
The calculated data for physicochemical properties of approved malaria drugs and

candidates in clinical trials are shown in Table 2.3.1.1.

Table 2.3.1.1 Physicochemical properties of 31 approved malaria drugs and

candidates in clinical trials.

Name MW* Log # HBD" HBA" PSA” ROTB®  Ro5"

tafenoquine 463.50 4.97 2 5 78.63 10 Pass
doxycycline 444.44 -3.29 6 9 181.62 2 Pass
artesunate 384.43 3.10 1 7 100.52 5 Pass
mefloquine 378.32 4.11 2 3 45.15 4 Pass
ferroquine 433.76 1.88 1 3 28.16 7 Pass
NITD-246 373.79 3.71 3 2 56.92 0 Pass
CDRI-97/78 500.59 4.96 1 7 100.52 10 Pass
fosmidomycin 138.06 -0.74 2 4 70.06 1 Pass
clindamycin 424.98 1.04 4 6 102.26 7 Pass
cipargamin 390.24 4.17 3 2 56.92 0 Pass
rosiglitazone 357.43 2.45 1 5 71.53 7 Pass
artefenomel 469.62 5.44 0 6 49.39 5 Pass
DSM-265 415.33 5.68 1 4 55.11 4 Pass
artenimol 284.35 2.84 1 5 57.15 0 Pass
piperaquine 535.52 5.27 0 6 38.74 6 Pass
KAF-156 411.46 3.07 2 4 76.18 4 Pass
arterolane 392.54 3.11 2 5 82.81 4 Pass
artemether 298.38 3.48 0 5 46.15 1 Pass
lumefantrine 253.73 2.38 5 5 83.79 2 Pass
atovaquone 528.94 9.19 1 2 23.47 10 Fail
proguanil 366.84 5.00 1 3 54.37 2 Pass
AQ-13 291.82 3.00 1 3 28.16 7 Pass
halofantrine 500.43 8.06 1 2 23.47 11 Fail
solithromycin 845.02 5.76 2 12 197.87 11 Fail
quinine 376.49 3.15 0 4 68.43 2 Pass
hypoestoxide 355.87 3.76 2 4 48.39 6 Pass
amodiaquine 518.06 4.20 2 7 73.75 7 Pass
pyronaridine 312.41 3.84 0 5 46.15 2 Pass

[e)]
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artemotil 369.47 2.38 2 5 72.48 8 Pass
bulaquin 319.88 3.93 1 3 28.16 8 Pass
chloroquine 324.42 2.51 1 4 45.59 4 Pass

* MW, molecular weight; Log P, partition coefficient; HBD, hydrogen bond donor; HBA,
hydrogen bond acceptor; PSA, polar surface area; ROTB, rotatable bond; Ro5, rule of

five.

90.3% compliant with Ro5

Figure 2.3.1.1 Pie chart presentation of the percentage of malaria drugs compliant

with Lipinski’s Ro5

The percentage of malaria drugs compliant with Lipinski’s Ro5 is depicted in Figure
2.3.1.1. Approximately 90.3% of malaria drugs are in line with all of the Lipinski’s Ro5
or just have one violation while 9.7 percent (three drugs), all of which were from
semi-or synthesis, have two or more violations. The three drugs that violated
Lipinski’s Ro5 are atovaquone (7), halofantrine (15) and solithromycin (24) (Figure

2.3.1.2), which are all orally bioavailable drugs.

24

Figure 2.3.1.2 Structure of solithromycin (24)
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As described in Chapter 1.2.1, atovaquone (7) is currently combined with progualnil
(3) for the treatment and prophylaxis of P. falciparum malaria; halofantrine (15), a
phenanthrene-methanol, is a highly effective treatment for malaria in many parts of
the world and has been remarkably free from adverse effects.'*> Solithromycin (24),
a macrolide antibiotic, was developed for the potential treatment of P. vivax

infection.11®
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Figure 2.3.1.3 Physicochemical property histograms of malaria drugs: a) MW, b)

calculated Log P, c) HBD, and d) HBA.

The physicochemical property histograms for MW, calculated Log P, HBD and HBA of
these malaria drugs are depicted in Figure 2.3.1.3. Approximately 90.3% of malaria
drugs have a molecular weight less than 500 Da (Figure 2.3.1.3a). The distribution of
the calculated Log P (Figure 2.3.1.3b) revealed a wide range of variability. The
majority of molecules are distributed between Log P of 1 to 6. The distribution of
HBD (Figure 2.3.1.3c) showed a maxima at 1 and then steadily decreased, while a

wide range of variability was observed in the distribution histogram of HBA (Figure
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2.3.1.3d) of the malaria drugs. There was no compound that had violations from the
HBD cut-off numbers 5. There was only one molecule that had violation against the

HBA cut-off numbers of 10. This drug is solithromycin (24), which has 12 HBAs.

2.3.2 Physicochemical properties of antimalarial natural products (506) reported in
the time frame of 1990-2012

A dataset consisting of 506 compounds reported in the literature during the period
from 1990 to 2012 was compiled. The calculated physicochemical properties of the

natural products with reported antimalarial activity is presented in the Appendix.

Figure 2.3.2.1 Pie chart presentation of the percentage of antimalarial natural

products compliant with Lipinski’s Ro5

The percentage of malaria drugs compliant with Lipinski’s Ro5 is depicted in Figure
2.3.2.1. Approximately 82.8% of antimalarial natural products are in line with all of
the Lipinski’s Ro5 or just have one violation while 17.2 percent have two or more
violations.

Histograms of the calculated physicochemical properties of antimalarial natural
products are depicted in Figure 2.3.2.2. The histogram of molecular weight (Figure
2.3.2.2a) showed a peak at 300-400 Da. About 23.9% of the analyzed molecules had
molecular weights more than 500 Da. The MW distribution was similar to the MW
distribution of 126,140 natural products from Dictionary of Natural Products (DNP),
which was previously examined for Lipinski’s Ro5.1” The calculated Log P histogram

of antimalarial natural products (Figure 2.3.2.2b) showed a normal distribution,
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however, a shift to a higher log P value was noticed compared to other Lipinski’s
parameters. In contrast to malaria drugs where 9.7% showed negative calculated Log
P, a higher percentage (25.9%) of the antimalarial natural products had a negative
Log P. Another difference between these two sets was observed that the distribution
of the calculated Log P for antimalarial natural products had a much wider range of
variability. The distribution of HBD is depicted in Figure 2.3.2.2c. Similar to malaria
drugs the distribution showed a peak at 1 following by a steady decrease. Only about
4.3% of these antimalarial natural products had more than 5 HBDs. The histogram of
HBA (Figure 2.3.2.2d) showed a peak at 5 that included 21.7% of the molecules
followed by a steady decrease. About 97.0% of these antimalarial natural products

had no more than 10 HBAs.
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Figure 2.3.2.2 Physicochemical property histograms of antimalarial natural products:

a) MW, b) calculated Log P, c) HBD, and d) HBA.

While 90.3% of malaria drugs were complaint with the Lipinski’s Ro5, the proportion
of antimalarial natural products was lower and about 82.8% of the molecules had no

violation or just one violation from Lipinski’s Ro5. The result for antimalarial natural
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products is similar to two previous analyses of natural products.’®® 17 |n both
researches, approximately 80% of analyzed molecules were in line with Lipinski’s

Ro5.

2.3.3 Comparison of antimalarial natural product physicochemical space vs current
malaria drugs

With the purpose to compare the distribution of malaria drugs and antimalarial
natural products in physicochemical space, ChemGPS-NP*'2 was used for principle
component analysis (PCA) of the 506 antimalarial natural products and the 31
malaria drugs (including both the marketed drugs and promising candidates in
clinical trials). The first three principle components are plotted in Figures 3a and 3b.
PC1 represents size, shape, and polarizability, PC2 expresses aromatic and
conjugation related properties, and PC3 describes lipophilicity, polarity and H-bond

capacity.'*?
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Figure 2.3.3.1 Score plot of malaria drugs.

Physicochemical space of 30 approved malaria drugs and candidates in clinical trials
(except ferroquine, as it has the highest PC3 value of -168.856, which was too far
away from the area focused) was demonstrated in Figure 2.3.3.1. Green dots show

the three drugs, which are purely from nature. While, blue dots represents the three
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drugs, which didn’t obey Lipinski’s Ro5. It shows that nature derived and synthetic

malaria drugs occupy a broad range of physicochemical space.

Figure 2.3.3.2 Score plot of antimalarial natural products.

Physicochemical space of 506 antimalarial natural products was demonstrated in
Figure 2.3.3.2. It shows the majority of these molecules fall into drug-like
physicochemical space.

In order to evaluate the 506 antimalarial natural products reported in the 1990-2012
timeframe against malaria drugs physicochemical space, their first three PCs are
plotted and compared to malaria drugs in Figure 2.3.3.3. Red dots represent malaria
drugs and blue dots show antimalarial natural products. Similar to the distribution of
malaria drugs, the majority of antimalarial natural compounds fall into drug-like
space. Compared to malaria drugs, antimalarial natural products occupy a much
wider range of physicochemical space. However, there were more antimalarial
natural products with two or more violations against Lipinski’s parameters.

About 9.7% of malaria drugs and 23.9% antimalarial natural products have MW value
more than 500 Da, which indicates that natural products are more likely to have a
high MW. Log P plays a vital role in druggability of antimalarial natural products.
About 25.8% of antimalarial natural products with Log P value more than 5,

demonstrates the ability of lipophilic molecules to pass through the cell wall in order
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to reach the target enzyme. As to malaria drugs, only three compounds had Log P

value more than 5.

Figure 2.3.3.3 Comparison of the physicochemical space of 506 antimalarial natural
products (blue dots) with physicochemical space of 30 malaria drugs and candidates

(red dots).

2.4 Summary

Natural product-based malaria drugs are important components of malaria drugs
and have significant efficacy in malaria treatment. Efforts of the past two decades for
identification of antimalarial natural products have been very productive. About 506
natural compounds belonging to various chemical classes are reported to have
antimalarial activity. Analysis of the physicochemical properties of these antimalarial
natural products and comparison with the physicochemical properties of malaria
drugs revealed major differences between the Log P distributions and the molecular
weight distributions of these two sets. Antimalarial natural products showed a shift
to higher Log P values and a high percentage (25.9%) had negative calculated Log P,
while a small percentage of malaria drugs (9.7%) had negative Log P values. 76.1% of
antimalarial natural products possess molecular weight no more than 500 Da

whereas 90.3% of malaria drugs have a molecular weight no more than 500 Da.
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Principle component analysis of the 506 antimalarial natural products and the 30
malaria drugs using ChemGPS-NP also indicated that not many antimalarial natural
products were toward the cluster of the low molecular weight malaria drugs. The
drug space of existing malaria drugs may help prioritization of a continuing discovery
pipeline of antimalarial natural products and identification of antimalarial natural

products reported in the literature.
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CHAPTER THREE OPTIMIZATION FOR ELECTROSPRAY IONIZATION FOURIER

TRANSFORM MASS SPECTROMETRY

Abstract: This chapter described an optimization strategy for protein detection on
ESI-FTMS. Experiments were designed and employed to study the influence of
methanol and trifluoroethanol as well as the ratio of ligand to protein. Results
showed that the addition of methanol and trifluoroethanol at the concentration of
<20% and <30%, respectively, can improve the intensity of protein signals. The proper

ratio of ligand to protein (bCA Il) to observe bCA lI-ligand complex was 2:1.

3.1 Introduction

ESI-FTMS has proven to be a powerful tool in the study of noncovalent
complexes.?8120 |t is well suited for high throughput affinity screening, and a variety
of types of complexes can be analyzed. For example, RNA has been used as a target
for drug discovery in an assay called multi-target affinity-specificity screening to
interrogate the noncovalent interaction with components derived from a bacterial
natural product library.!?! There are also examples to apply FT-MS to detect

123

protein-ligand complexes, including oligosaccharides,'?> peptides,’*®* and other

proteins.1?*

Despite its sensitivity and accuracy, bioaffinity ESI-FTMS still has technical limitations,
particularly when the sample matrix is complicated as in natural product crude
extracts,'2>128 or when the sample preparation is intricate, such as protein with a
nonvolatile buffer, which is incompatible with the ESI process.'?° As a result, further
optimization is required to achieve best protein and complex desolvation in the
presence of methanol or trifluoroethanol. In the initial spray solution, the protein
concentration is an important factor that significantly affects the ESI-MS signal

intensity. Optimization to find out a proper protein concentration to employ

bioaffinity mass spectrometry screening is also required.
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Proteins selected for ESI-FTMS optimization were carbonic anhydrase (CA, EC
4.2.1.1), PfRabl1la, and PfUCH-L3. PfRablla and PfUCH-L3 were described in
Chapter 1. CAs has been studied clinically for a long time. For instance, a role for CA
inhibition as an anticancer therapy has been identified, indicating it could be a
therapeutic target.'30-13! pPoulsen has reported an application of ESI-FTMS to the
direct screening of a dynamic combinatorial library against bCA Il and observed bCA
ll-small molecule complexes.'3? In this chapter, bCA Il was used for the candidate to

learn how to prepare samples for screening and how to operate the instrument.

3.2 Instrument used in this thesis

An actively shielded 4.7 Tesla superconducting magnet (Magnex Scientific Ltd.,
Oxford, UK) is cooled in a cryosystem by liquid helium to 4.2 Kelvin. The horizontal
bore of the magnet is lined up with a metal frame supporting a vacuum system, ion
sources and a gas inlet system. Data acquisition and analysis is performed using
Xmass software running on a 1200 MHz Pentium IIl data station under Windows
2000 operating system. A picture of ESI-FTICR-MS used in this project is shown in

Figure 3.2.1.

Figure 3.2.1 ESI-FTICR-MS, Bruker 4.7 Tesla
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A schematic cutaway view shows different pressure regions of the ESI-FTICR-MS
(Figure 3.2.2). The vacuum system has two regions, the ultra high vacuum analyzer
and the source vacuum. The ultra high vacuum system is capable of sustaining a base
pressure of below 4 x 10% mbar. The source vacuum system, which consists of two

turbo-molecular pumps and a rotary pump, has a base pressure of 10°® mbar.
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Figure 3.2.2 A schematic cutaway view of ESI-FTICR-MS (adapted from the Bruker

Manual and drawn by the candidate)

Including a good ultra high vacuum system, a FT-MS instrument consists of three

other main parts, which are external ion sources, ion transfer line and ICR, cell.

3.2.1 ESI source

The external ion source we have is called Apollo source (Figure 3.2.1.1). The main
components of this source are: the off-axis grounded nebulizer, high voltage
endplate, glass ion transport capillary, skimmer 1, pre-hexapole, skimmer 2, main
hexapole, and the trapping/extracting electrode.

The distance from the off-axis and grounded nebulizer to the end plate is
approximately 1.5 mm. Sample solution is injected into the spray chamber via the
nebulizer. A spray of charged droplets is produced through an electrical field in the

chamber, aided by a nebulizer nitrogen gas. Heated drying nitrogen gas helps the
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desolvation and therefore the ionization of the droplets, as it flow counter current
towards the stream of the droplets. Driven by the electric force, ions are moving
towards the inlet glass capillary, which is 15 cm long, 0.5 mm in diameter and both
its ends are capped with platinum. The capillary acts like a bridge between the
atmosphere pressure and the vacuum. After transferred through the capillary, ions

enter into the source vacuum.
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Figure 3.2.1.1 Apollo ESI source diagram (adapted from the Bruker Manual and

drawn by the candidate)

Figure 3.2.1.1 demonstrates ions transfer from capillary through skimmer 1 and
enter into pre-hexapole, which is biased at the same voltage as skimmer 2. Once
they move through the pre-hexapole and skimmer 2, ions are accumulated in the
main hexapole, which is biased at a DC offset voltage. By applying a positive voltage
to the electrode for positive ions, they can be trapped between the skimmer 2 and

the trap/extract electrode (the gate). The voltage of the trap/extract electrodes is
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decreased after a user pre-determined time (d1) and ions come out from the
hexapole. The gate continues to be open for a user-defined time (d2). At the end of
the gate pulse, the voltage applied to the trap/extract electrodes is increased again
and the next cycle of ion accumulation in the hexapole takes place. Because of this
step, ions are produced in ion pulses from the ESI source into the ICR cell.

Increasing the potential difference between the transfer capillary exit and the
skimmer 1, the collisions transform the kinetic energy of the ions into internal
energy causing fragmentation of the ions. Therefore structural information can be
detected. The name of this process is Collision Induced Dissociation (CID). All source
parameters, which can affect the desolvation and dissociation, including flow rate,
desolvation nebulising gas pressure, drying gas, end plated voltage, capillary voltage,
temperature, capillary exit voltage, skimmer 1 and skimmer 2 can be adjusted on the

Xmass tune page (Figure 3.2.1.2).

Tune XMass Acqu parameters

API100_ESI | 10nTransfer| cell | RI_MS1 | Rf_MS2 | Rf_MS3 | ﬁf_MStll Scout 100

Figure 3.2.1.2 Xmass tune page for ESI source
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3.2.2 lon transfer line
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Figure 3.2.2.1 A schematic of the ion transfer line (adapted from the Bruker Manual

and drawn by the candidate)

As shown in Figure 3.2.2.1, the ion transfer line includes deflection plates (PL1, PL2
and PL4), high acceleration voltage (XDFL and YDFL) and Einzel lens (FOCL1, PL9 and
FOCL2). By speeding up them to high potential energy, ions generated in the ESI
source are driven through various pumping circumstances. Then, ions are

de-accelerated to help in ion capture within the analyzer or trapping cell.
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Figure 3.2.2.2 Electric potential values of the ion transfer optic line. A decrease
voltage value from +1 V to -2.5 kV helps to accelerate the ions. An increase voltage
from -2.5 kV to +1 V makes the ions slowly go into the ICR cell (adapted from the

Bruker Manual and drawn by the candidate).
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The correlation between the values of electric field potentials and the transfer optic
coordinate is drown in Figure 3.2.2.2, which shows the acceleration and

de-acceleration of the ions towards the analyzer cell.

3.2.3ICRcell

Cubic or cylindrical design cells are most common in use today. Generally, a Bruker
analyzer ICR cell has six electrodes, which consist of two trap electrodes with
trapping voltage PV1, and PV2, two excitation electrodes and two detection
electrodes. It also has two sidekick electrodes, which are used for sidekick trapping

technique. Figure 3.2.3.1 is a drawing of Bruker ICR cell.

Sidekick electrodes

Figure 3.2.3.1 A drawing of Bruker ICR cell (adapted from Bruker Manual and drawn

by the candidate).

In this thesis, ESI-FTMS is used to screen natural product extracts against malarial

targets for antimalarial natural products.

3.3 Materials and methods

3.3.1 Materials

Bovine carbonic anhydrase Il (bCA Il, EC 4.2.1.1, 29089 Da) was purchased from
Sigma-Aldrich, and used without further purification. It was dissolved in ammonium
bicarbonate (10 mM, pH 7.0) to generate stock solution (34 uM).

PfRabl11a and PfUCH-L3 were from Van Voorhis Group (University of Washington,
WA, USA). They were dissolved in ammonium bicarbonate (10 mM, pH 7.0) to

generate stock solution (20 uM).

80



Ethoxzolamide (25) was purchased from Sigma-Aldrich (Table 3.3.1.1). It was

dissolved in methanol to generate stock solutions (400 uM).

Table 3.3.1.1 Structure and Kp of ethoxzolamide, an inhibitor of bCA 1l

Name Structure MW Kp
Ethoxzolamide!33-134 CQHSO\C[S 258.31 0.25x10°M
/>_802NH2
N 0.15x10° M

3.3.2 Methods

Series of experiments were carried out as follows:

(1) Sensitivity of protein (20 uM, 10 uM, 5 uM, 2 uM, 1 uM) in buffer (ammonium
acetate).

(2) Influence of methanol (MeOH) (from 10% to 90%) on protein.

(3) Influence of trifluoroethanol (TFE) (from 10% to 90%) on protein.

(4) The ratio of ligand (ethoxzalamide for bCA Il) and protein (10:1, 5:1, 2:1, 1:1).

All experiments were performed on a Bruker Apex Il 4.7 Tesla external ESI source
FTICR mass spectrometer. Samples were injected directly by a Cole-Parmer syringe
pump with a flow rate of 2 uL per minute. The end plate voltage was biased at 3200
V and the capillary voltage at 4500 V relative to the ESI needle during data
acquisition. A nebulizing N2 gas with a pressure of 50 psi and a counter-current
drying N2 gas with a flow of 30 L per minute were employed. The drying gas
temperature was maintained at 100°C for direct infusion ESI-FTICR-MS. The capillary
exit voltage was tuned at 140 V and skimmer 1 voltage at 15 V. lons were
accumulated in an external ion reservoir comprised of an re-only hexapole, a
skimmer cone (skimmer 2) with a tuning voltage of 12 V, and an auxiliary gate
electrode, prior to injection into the cylindrical Infinity™ analyzer cell, where they
were mass analyzed. Each run took 3-5 minutes. These optimized conditions were

used based on our previous studies.> 135
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Mass spectra were recorded in the positive ion mode with mass range from
160-6000 m/z for broadband low-resolution acquisition. All date acquisitions were
performed on a 1200 MHz Pentium Il data station running Bruker’s Xmass software

under Windows 2000 operating system.

3.4 Results and discussion

3.4.1 Sensitivity of protein in ammonium acetate

bCA Il was dissolved in ammonium acetate (10 mM, pH 7.0) to generate solutions
with different concentration (20 uM, 10 uM, 5 uM, 2 uM, 1 uM). The total volume of
each solution was 100 pl. After incubated at room temperature for 1 h, 15 pul of each
solution was injected into the ESI-FTMS for analysis. For nondenaturing ESI-MS, the
buffer pH is an important factor. The buffer pH must be the same as that of
physiological condition so that denaturing of protein does not occur and the
formation of protein-ligand complex can take place. In this case, the pH of the
ammonium acetate was at 7.0, which was in the range of physiological condition
needed for the protein to maintain in its native form.

Mass spectrum of bCA Il acquired under this physiological pH showed the peaks at
charge states of 9+, 10+ and 11+ with the major peak at the charge state of 10+.
Mass spectrum of PfRab11a acquired under this physiological pH showed the peaks
at charge states of 9+, 10+ and 11+ with the major peak at the charge state of 10+.
Mass spectrum of PfUCH-L3 acquired under this physiological pH showed the peaks
at charge states of 10+, 11+ and 12+ with the major peak at the charge state of 11+.
The intensity of the major peak for each protein {[bCA I1]'%*, [PfRab11a]*®*, and
[PfUCH-L3]***} was plotted and shown in Figure 3.4.1.1. The result suggested that 10
UM of bCA I, 5 uM PfRabl11la and 5 pM PfUCH-L3 gave the most intense protein
signal respectively. This result indicated that an appropriate solution concentration
was important for protein observation on ESI-FTMS. Either a much lower

concentration or a much higher concentration should be avoided.
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Figure 3.4.1.1 Protein intensity in 10 mM ammonium acetate.

3.4.2 Influence of methanol on protein

bCA Il (10 uM), PfRablla (5 uM), and PfUCH-L3 (5 uM) were incubated with
different MeOH concentrations (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%),
respectively. Samples were incubated overnight at 4°C before being analyzed by
ESI-FTMS. The intensity of the major peak for each protein {[bCA I1]'%*, [PfRab11a]%*,

and [PfUCH-L3]***} was plotted and shown in Figure 3.4.2.1.
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Figure 3.4.2.1 Influence of methanol on protein

Methanol (MeOH) can increase the solubility of natural products in buffer solution,
thus improve the interaction between protein and ligands. However, too much
methanol can cause protein denaturation.’3® The results indicated that low
proportion of methanol (up to 20%) significantly increased the intensity of protein
signal. And the 10-charged signal was much more stable and easy to observe. The

signal was weak or even no signal when the concentration of methanol was very high,
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probably because the protein was denatured.3® Figure 3.4.2.2 is a spectrum of bCA Il

in 10mM ammonium acetate with 20% MeOH.

bca '
2908.72

beam'*

2,,5,‘!}%,,5]
‘ ‘ bea
3231.17

Figure 3.4.2.2 A spectrum of bCA Il in 10mM ammonium acetate with 20% MeOH.

As a result, in the next stage of study, the percentage of methanol in the sample

solution should be no more than 20%.

3.4.3 Influence of trifluoroethanol on protein

bCA Il (10 uM), PfRab11a (5 uM), and PfUCH-L3 (5 uM) were incubated with different
concentrations of TFE (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% and 90%),
respectively. Samples were incubated overnight at 4°C before being analyzed by
ESI-FTMS. The intensity of the major peak for each protein {[bCA I1]'%*, [PfRab11a]%*,

and [PfUCH-L3]*'*} was plotted and shown in Figure 3.4.3.1.
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Figure 3.4.3.1 Influence of TFE on protein.
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It is reported that low concentrations of trifluoroethanol (TFE) can stabilize protein
tertiary structure.'3” The result suggested that there was no protein signal when the
percentage of TFE reached 40%.

The results indicated that certain percentage of MeOH (no more than 20%) or TFE
(no more than 30%) can improve the intensity of protein signal in FT-MS spectrum.
When compared the effects of MeOH and TFE on the protein signal, MeOH gave a
better result. For instance, the intensity of [bCA I1]*%* with 20% of MeOH and 20%
TFE was 7.9 x 107 and 2.8 x 107 respectively.

As a result, MeOH was used to dissolve the lead-like enhanced extracts and its
percentage will be no more than 20% in the sample, which will be acquired on

ESI-FTMS.

3.4.4 Influence of different ligand/protein ratios
Different ligand/protein ratios (10:1, 5:1, 2:1, and 1:1) were used to observe the
influence of the ratio to the intensity of the protein. The results suggested that a 2:1

ratio of ligand to protein gave a better spectrum (Figure 3.4.4.1).

Influence of different ligand/protein ratios
60
50

40 M 11 charged complex/11
30 - charged protein

Intensity of [ligand-
protein]/protein

20 W10 charged complex/10
10 | charged protein

5:1 2:1 1:1
ligand/protein

Figure 3.4.4.1 Compared different ligand/protein ratios.
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Figure 3.4.4.2 A spectrum of bCA Il and its complex. For instance, 2644.48 is the

signal of [bCA 11]***, on its right hand side is the signal of [bCA ll-ligand complex]**.

Figure 3.4.4.2 is an ESI-FTMS spectrum of bCA Il and its complex formed with
ethoxzalamide. As shown in this spectrum, six peaks were observed. The two at m/z
2644.48 and 2668.00 represented [bCA I]*** and [bCA Il-ligand]'* complex
respectively; peaks at m/z 2908.68 and 2934.46 represented [bCA I1]1%* and [bCA
l-ligand]'®* complex respectively; peaks at m/z 3259.93 represented [bCA II-ligand]®*
complex. In this case, peak of [bCA 11]°* was too weak to be observed. The molecular
weight of the ligand (ethoxzolamide) was calculated based on the following equation,
Molecular Weight of ethoxzolamide = [m/z (bCA ll-ethoxzolamide complex) — m/z

(free bCA 11)] x (2) = [2668.00 - 2644.48] x 11= 258.72 (Da).

3.5 Summary

In this chapter, an optimization strategy for protein detection on ESI-FTMS was
successfully developed. According to the results, the addition of methanol and
trifluoroethanol at concentration of <20% and <30%, respectively, can improve the
intensity of protein signals. And, the proper ratio of ligand to protein (bCA Il) to
observe bCA ll-ligand complex was 2:1. When compared with TFE, a percentage of
MeOH (no more than 20%) can help to get higher intensity ESI-FTMS spectra. As a
result, in the next stage of research, MeOH will be used to dissolve the LLE extracts

and its percentage will be no more than 20% in the sample solution.
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CHAPTER FOUR SCREENING LEAD-LIKE ENHANCED EXTRACTS AGAINST

PFDUTPASE USING ESI-FTMS

Abstract: This chapter presents a strategy for using ESI-FTMS to detect the complex
formed between PfdUTPase and its ligand in natural product extract matrix. A known
PfdUTPase binder was spiked into a marine sample extract and the mixture was used
to confirm the feasibility and sensitivity of the method. Then, 4,400 lead-like
enhanced extracts were screened against PfdUTPase on ESI-FTMS. This chapter also
describes the establishment of the lead-like enhanced extracts library and the cloning

and purification of PfdUTPase.

4.1 Introduction
4.1.1 PfdUTPase

Described in Chapter 1.4.1.

4.1.2 Lead-like enhanced extract library

Eskitis lead-like enhanced extract (LLEE) library was established based on Nature
bank, which consists of over 200,000 fractions derived from over 18,000 biota
samples. The library was constructed by Lead-like enhanced (LLE) extraction
procedure followed by reverse-phase HPLC fractionation. In comparison with
traditional natural product (NP) drug discovery, which can carry out physicochemical
assessment only after natural products are isolated, purified and their structures
elucidated, the new protocol allows front-loading of the lead-like properties at the
extract and fraction stage.!38

Lead-like enhanced extraction procedure involves solvent extraction by DCM
(dichloromethane) and methanol (MeOH), solid phase extractions (SPE) eluted with
90% MeOH/10% H0 to eliminate compounds with Log P > 5, and HPLC fractionation
using reversed-phase solvent conditions (MeOH/H,0/0.1% TFA) and a Phenomenex

C18 Monolithic HPLC column (4.6 mm x 100 mm). Five fractions were collected per

87



sample within the region of the chromatogram corresponding to log P < 5 (Figure
4.1.2.1). Previous work suggested that these five fractions mostly contain
compounds with drug-like properties.'3® Five LLEFs were combined and dried to
generate a LLE extract (LLEE). In this project, a LLEE library was built up and used for

screening against PfdUTPase on ESI-FT-MS.
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Figure 4.1.2.1 Example of a lead-like enhanced extract HPLC chromatogram

4.2 Materials and methods

4.2.1 PfdUTPase and buffer exchange

PfdUTPase was from Van Voorhis Group (University of Washington, WA, USA) and
stored in a nonvolatile buffer (Tris, pH 8.0), which is incompatible with MS. The Tris
buffer was then replaced by ammonium bicarbonate (10 mM, pH 7.0) through a
buffer-exchange process.

Gel filtration uses size exclusion to separate proteins from small molecules. The
separation takes place due to different access to the porous beads (gel filtration
media). Small molecules permeate to the pores of the gel filtration media, while
proteins are excluded from the pores and elute faster. Based on this characteristic,
gel filtration is used for the desalting and buffer exchanging of proteins in
non-volatile buffer. The gel column is first equilibrated with the volatile buffer. The
protein is introduced to the column with volatile buffer constantly passing through.

Small nonvolatile buffer molecules diffuse into the pores and elute later, whereas
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the protein elute first together with the volatile buffer. In this study, Sephadex G25

column was used for desalting and buffer exchanging (Figure 4.2.1.1).

1. Column Preparation
2. Column Equilibration

3. Sample application

4. Elution

Figure 4.2.1.1 Buffer exchange steps. (1) Column Preparation. Excess storage buffer
is allowed to flow through the column. (2) Column Equilibration. Column is
equilibrated with buffer chosen by user (ammonium bicarbonate in this case). (3)
Sample application. Sample is applied to column. (4) Elution. Purified sample is
eluted from the column with buffer chosen by user (ammonium bicarbonate in this

case).!3>

4.2.2 A known binder to PfdUTPase
The ligand (Table 4.2.2.1) used in this project is a securinine derivative (26) according
to our research. It was dissolved in MeOH to generate different concentrations (5

mM, 2.5 mM, 1.25 mM, 0.5 mM, 0.4 mM, 0.3 mM, 0.2 mM, and 0.1 mM).

Table 4.2.2.1 Structure of the known binder (26) to PfdUTPase

Structure MW

217.2

For the spiked experiments, one LLE extract was chosen because its HPLC
chromatogram showed that it consisted of a number of chemical components

(Figure 4.2.2.1).
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Figure 4.2.2.1 Chromatogram of chosen LLEF extract.

One set of samples for proof of concept experiments was prepared as follows:

LLE extract (5 pL) and the ligand (1 uL, 5 mM/2.5 mM/1.25 mM/0.5 mM/0.4 mM/0.3
mM/0.2 mM/0.1 mM) were incubated with PfdUTPase (50 uL, 18.0 puM) in
ammonium bicarbonate (10 mM, pH 7.0). The final concentrations of the ligand were
89.3 UM, 44.6 uM, 22.3 UM, 8.9 uM, 7.1 uM, 5.4 uM, 3.6 pM, and 1.8 pM.

The total volume of each sample was 56 pL. They were incubated overnight at 4°C

before being analyzed by ESI-FTMS.

4.2.3 LLEE library establishment

LLEE library has been built according to the LLE protocol as followed. A small amount
(300 mg) of dried biota sample was packed into a SPE cartridge (Waters Oasis HLB,
400 mg), washed with n-hexane (8 mL), and then extracted with DCM (8 mL), then
MeOH (8 mL). The DCM and MeOH extracts were combined, dried, and resuspended
in DMSO (300 pL). The extract (100 pL) was fractionation by C18 analytical HPLC with
solvent conditions consisting of a linear gradient from 90% H,O (0.1% TFA)/10%
MeOH (0.1% TFA) to 50% H,0 (0.1% TFA)/50% MeOH (0.1% TFA) in 3 min at a flow
rate of 4 mL/min, followed by a linear gradient to 100% MeOH (0.1% TFA) in 3.5 min
at a flow rate of 3 mL/min. This was held at 100% MeOH (0.1% TFA) for 0.5 min at a
flow rate of 3 mL/min and for further 1.0 min at a flow rate of 4 mL/min, then a
linear gradient back to 90% H,0 (0.1% TFA)/10% MeOH (0.1% TFA) in 1 min at a flow
rate of 4 mL/min was applied. Finally, the gradient was held at 90% H.O (0.1%
TFA)/10% MeOH (0.1% TFA) for 2 min at a flow rate of 4 mL/min, ready for the next
injection. Total run time for each injection was 11 min, and 5 fractions were

collected between 2.0 and 7.0 min, one min per fraction.
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Five LLE fractions were combined, dried, resuspended in MeOH (200 uL). 10 pL was

taken to a second 96-well V-plate for bioaffinity MS screening against PfdUTPase.

4.2 .4 Bioaffinity ESI-FTMS screening

For the LLEE library screening, 5 pL of LLEE sample (12.5 pge/uL) were incubated
with PfdUTPase (9.01 uM) in ammonium bicarbonate (10 mM, pH 8.0) for direct
infusion ESI-FTMS. The total volume of each sample was 55 pL. They were incubated
overnight at 4°C before being analyzed by MS. Fifty 96-well plates (each plates
contains 88 samples; 4,400 samples in total) were screened. Mass spectral data was
obtained in the positive ion mode on a Bruker Apex Il 4.7 Tesla spectrometer, which
was equipped with an ESI Apollo source. Samples were directly infused by a Cole
-Parmer syringe pump with a flow rate of 120 puL per minute. The end plate or
counter electrode voltage was biased at 4,000 V and the capillary voltage at 4,400 V
relative to the ESI needle. N, gas was used as nebulizing gas with a pressure of 40 psi
and as counter-current drying N2 gas with a flow of 20 L/min. The drying gas
temperature was maintained at 125°C. The capillary exit voltage was tuned at 100 V.
ESI mass spectra were recorded in the m/z range 50-5,000. Data acquisition and

processing were performed using Xmass software.>? 135

4.2.5 PfdUTPase expression and purification
The plasmid containing the PfdUTPase gene was a gift from Greg Crowther

(Department of Medicine, The University of Washington). The full-length mature
protein was cloned into the vector X that incorporates a HIS6-tag to give the
following primary structure:
MAHHHHHHMHLKIVCLSDEVREMYKNHKTHHEGDSGLDLFIVKDEVLKPKSTTFVKLGIKAIAL
QYKSNYYYKCEKSENKKKDDDKSNIVNTSFLLFPRSSISKTPLRLANSIGLIDAGYRGEIIAALDNTS
DQEYHIKKNDKLVQLVSFTGEPLSFELVEELDETSRGEGGFGSTSNNKY

The construct was transformed into the expression strain BL21(DE3)pLysS to enable

over-expression of PfdUTPase using auto-induction method.'3® Cells were grown at
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37°C for 4 hours and at 15°C for another 72 hours. Cells were harvested at 3000 rpm
for 30 min in an Avanti J-E centrifuge (Beckman Coulter, USA).

Pellets were resuspended in buffer containing 20 mM Tris (pH 8.0) and 100 mM NacCl
(50 mL per 20 g of pellet) and frozen at -80°C.

Cells were lysed using a thaw-freeze cycle for three times to lyse the bacterial
cells.}® In the freeze thaw cycle, resuspended cells were frozen at -80°C and then
thawed in warm water. After the first thawing step, 100 microliter of PSMF inhibitor
was added per 10 mL of lysate. The lysed cells were then sonicated to disrupt the cell
membrane using a sonicator (Branson, USA) with a duty cycle of 80% for 5 min.
Ultrasonics propagates in liquid media by pressure waves that alternatively expand
and contract, thereby creating microbubbles or ‘cavities’. Collapse of these cavities
can produce extreme shear forces with the ability to disrupt membranes.*#!

Cells were then centrifuged at 40,000 rpm for 30 min at 4°C using an Optima XL 100K
ultracentrifuge (Beckman, USA).

The supernatant was passed through a column prepared with freshly charged Ni-NTA
resin, so that the His-tagged PfdUTPase can bind to it. The resin was washed with
100 mL buffer containing 20 mM Tris (pH 8.5) and 100 mM NaCl. The protein was
then eluted step-wise with the same buffer and 20 mM, 50 mM, 100 mM, 200 mM
and 500 mM imidazole. A 12% SDS PAGE was performed to check for fractions that
contain PfdUTPase and to roughly determine the purity. Fractions containing protein
were pooled and loaded onto a column with Q sepharose media for ion exchange to
remove unwanted protein bands. A NaCl-gradient with buffer containing 20 mM Tris
(pH 8.5) and 0.1 M NaCl was performed to further purify PfdUTPase to remove
unwanted protein side products. Fractions were assessed by SDS-PAGE on a 12% gel
and fractions containing PfdUTPase pooled and concentrated. A buffer exchange
step was introduced so that the final buffer was 20 mM Tris (pH 8.5) and 150 mM

NacCl.

4.3 Results and discussion
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4.3.1 Desalting and buffer exchange

Size-exclusion chromatography (SEC) is a chromatographic method in which
molecules in solution are separated by their size, and in some cases molecular
weight.'#? It is usually applied to large molecules or macromolecular complexes such
as proteins and industrial polymers. Typically, when an agueous solution is used to
transport the sample through the column, the technique is known as gel-filtration
chromatography. SEC is a widely used polymer characterization method because of

its ability to provide good molar mass distribution results for polymers.
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Figure 4.3.1.1 MS spectrum of PfdUTPase without buffer exchange
As shown in Figure 4.3.1.1, protein solution without buffer exchange was difficult to
show signals in FTMS, compared with buffer exchanged protein solution (Figure

4.3.1.2)
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Figure 4.3.1.2 MS spectrum of buffer exchanged PfdUTPase

4.3.2 Detection of complex formed between PfdUTPase and its known ligand in NP

extract matrix
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All samples showed signals of unbound protein. 4 samples showed the signals of
complexes. Some raw spectra of PfdUTPase-LLE extract and PfdUTPase-binder-LLE
extract samples were presented in Figure 4.3.2.1.

In Figure 4.3.2.1, with the increased ligand concentration, the intensity of
protein-ligand complexes was improved. According to the method discussed in
Chapter Three, the molecular weight of the ligand was 217.2. This result confirmed

the accuracy of the method and the instrument.
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Figure 4.3.2.1 Comparison of protein-ligand complexes formed by PfdUTPase with

ligand in different concentrations.

The followed condition was used to test the sensitivity of the ESI-FTMS screening
methodology. The concentration of the NP extract was 12.5 puge/uL and its volume
used for each sample was 5 pL. The volume of ligand was 1 uL .The total sample
volume was 56 L. The ligand was titrated in a range from 89.3 uM to 1.8 UM, in the
presence of protein and NP extract. The prtein-ligand complex was detected when
the concentration of the ligand was increased to 8.9 uM. With this low concentration,
a compound with percentage yield of 0.17% in the extract can be detected if it

bound to the target protein. [(8.9 UM x 56 x 10°®L x 217.2 pg/umol)/(5 uL x 12.5
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uge/uL) x 100%] = 0.17%. These results indicated that ESI-FTMS was sensitive and

accurate to observe non-covalent complexes formed by protein target and its ligand.

4.3.3 LLEE library and Bioaffinity ESI-FTMS screening

Natural products have formed the basis of around half of all drugs discovered over
the last two decades. Nature Bank at Eskitis Institute is a huge drug discovery source
of desperately needed new medicines.

Nature Bank is a collection of over 72,000 samples from plants and marine
organisms ready for screening against any disease. During the last twenty years the
Eskitis Institute has acquired a significant biota collection of predominately
terrestrial plants from Queensland, China and Papua New Guinea, and marine
organisms from the Great Barrier Reef and Tasmania (Table 4.3.3.1). Value adding to
the biota samples was achieved via a generic procedure that aligned extracts and
subsequent fractions within lead- and drug-like physicochemical space based on Log
P. The current methodology relies on initially preparing crude extracts that are then
passed through an SPE cartridge containing a copolymer of divinylbenzene and
N-vinylpyrolidone to afford a lead-like enhanced extract. Subsequent
chromatography provides simplified fractions for screening. Besides, Nature Bank is
enriched with 4,500 pure natural products. These pure compounds were acquired in
sub-milligram to gram quantities. In-house analysis showed that over 80% of the
compound library comply with Lipinski’s Rule of Five, i.e. MW < 500, log P < 5,
hydrogen bond acceptor (HBA) < 10, and hydrogen bond donor (HBD) < 5. This result
validates the drug-like quality of the current Nature Bank compounds and is
consistent with the published data calculated on a smaller library of 814 natural
product compounds.

Table 4.3.3.1 Sources of the samples in Nature Bank

Country Plants Marine organism

From Queensland
> 8,000 invertebrates
> 3,500 species

From Queensland

Australia >20,000 plant samples

From Tasmania

>8,000 plant species .
> 1,200 invertebrates
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276 families > 700 species
6,545 samples

China >2,000 plant species NA

183 plant families

5,743 samples

>1,500 plant species NA

163 families

Papua New
Guinea

In this project, 4,400 lead-like enhanced extracts were screened against PfdUTPase
on ESI-FTMS. This was the most time-consuming and labour-requiring stage of the
project. More frustrating no complexes were detected by FT-MS; therefore no
binder was indetified for PfdUTPase.

According to previous research, PfdUTPase was a validated malarial target and its
securinine derivative binders showed antimalarial activity. Moreover, spiked
experiments were successful. Failure to identify any potential binders may due to
many reasons, one being low percentage yield of any potential ligands or no binders

in the LLE extracts screened.

4.3.4 PfdUTPase expression and purification

PfdUTPase was expressed and purified as described in Chapter 4.2.5. Figure 4.3.4.1
shows bands of eluted of PfdUTPase from Ni-NTA resin. Most of PfdUTPase could be
eluted in buffer containing 50 mM imidazole (Lane 5), but a band size of PfdUTPase
could also be traced in buffer containing 500 mM imidazole (Lane 10).

After buffer exchange to ammonium bicarbonate (10 mM, pH 7.0), expressed and
purified PfdUTPase (15.2 uM) was injected into ESI-FTMS (Figure 4.3.4.2). The results
showed that the purity of P/dUTPase was as good as the protein from the University
of Washington. Thus, it can be used for bioaffinity FTMS screening in future research.

This work played a vital role to provide enough protein material for FTMS screening.
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Figure 4.3.4.1 Lane 1: Marker (15, 30, 68 kDa); Lane 2: fraction (fr) 20/2; Lane 3: fr
20/5; Lane 4: fr 50/2; Lane 5: fr 50/5; Lane 6: fr 100/2; Lane 7: fr 100/5; Lane 8: fr
200/2; Lane 9: fr 200/5; Lane 10: 500/2. (For instance, fr 20/2 means this is fraction 2

of buffer containing 20 mM imidazole)

The final concentration of expressed PfdUTPase was 76.2 uM (5 mL).

[PfAUTPase]*
[PfAUTPase] 'O
22608
1900 2000 2100 2200 2300 2400 M/z

Figure 4.3.4.2 ESI-FTMS spectrum of PfdUTPase (15.2 uM after buffer exchange)

made here. m/z 2034.8: [dUTPase]'°*; m/z 2260.8: [dUTPase]°*.

4.4 Summary

This chapter described a strategy for using ESI-FTMS to detect the complex formed
by PfdUTPase and its known ligand spiked in natural product extract matrixes. The
results confirmed the feasibility and sensitivity of the method. 9,600 LLE extracts

were prepared to establish a LLEE library according to Eskitis’ in house protocol and
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4,400 LLE extracts were screened against PfdUTPase on ESI-FTMS. The cloning and
purification of PfdUTPase has been done with the purpose to keep the protein
guantity. However, as there was no hit found with PfdUTPase, other malarial targets

would be screened in the next stage of research.
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Abstract: This chapter presents a strategy for using ESI-FTMS to detect the complex
formed between PfRablla and its ligand in natural product extract matrix. Lead-like
enhanced extracts were incubated with PfRabl1la and then analyzed by ESI-FTMS.

3,520 extracts were screened against PfRab11a and five noncovalent complexes were
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identified. Mass-directed isolation and purification gave five natural products
(including one new natural product) as potentially active compounds. Subsequently,
their binding to PfRablla was confirmed by ESI -FTMS. The quantification of each
ligand binding to PfRablla was illustrated by measuring the dissociation constant
(Kp) for the PfRabl1a-ligand complex. The enzyme assay result also confirmed their
binding activity. In order to predict the binding sites of these binders, virtual docking
was carried out. This was the first time a bioaffinity MS screening method has been
used to study the malarial target PfRab11a, and it is the first time that binders to this
target and a new natural product inhibitor (arborside E) have been reported. In this
chapter, contents related to arborside E has generated a manuscript, which was
accepted by Journal of Biomolecular Screening. A number of natural products from
the samples that gave positive FTMS screening result was isolated and purified based
on spectroscopic data analysis to study the relationship between Log P value and

HPLC retention time.

5.1 Introduction

This chapter demonstrates the ability of ESI-FTMS in detecting noncovalent
complexes and identifying the active ligands in natural product extracts. The target
selected for this study was Plasmodium falciparum Rablla (PfRablla, PF13_0119)
with the molecular mass of 23 kDa.

ESI-FTMS was applied to screen lead-like enhanced extracts based on the formation
of a noncovalent complex between a protein target and active constituent. 3,520
plant extracts from Nature Bank were incubated with PfRablla and analyzed by
ESI-FTMS. Five active extracts were identified. Five natural products isolated from
these extracts were confirmed to bind to PfRablla. The Kp of active compounds
were measured based on titration experiments and their binding sites were
predicted according to a virtual docking method. Additional compounds were
isolated from the active extracts during the process; their structures were

determined based on spectroscopic data analysis.
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5.2 Results and discussion

5.2.1 Detection of protein by ESI-FTMS in physiological pH

PfRabl1la was dissolved in ammonium acetate buffer solution (10 mM, pH 6.8) to
give a protein solution (4.5 uM). PfRabl1la ammonium acetate solution (50 uL) was
injected into mass spectrometer to give peaks at charge states of 9+, 10+ and 11+
with the major peak at the charge state of 10+ (Figure 5.2.1.1). PfRabl1la has the
molecular weight of 23,238 Da, whilst three peaks at m/z 2583.1570, 2325.0116, and
2113.6818 were observed from MS spectrum, indicating a 9+, 10+, and 11+ charge

state of the protein.
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Figure 5.2.1.1 Mass spectrum of PfRab11la acquired under native condition

5.2.2 Detection of complexes formed by protein and active components in natural
product extracts

3,520 extracts were screened against PfRabl1a by FT-MS. Each extract (250 uge/pL,
5 pL) was incubated with PfRabl1la (4.5 uM, 50 pL) at what temperature for how
long. A portion of the protein-extract mixture (55uL) was directly infused to the
ESI-FTMS. 98.6% of incubated samples showed signals of native protein or
complexes.

Of the 3,520 extracts, five samples showed signals of PfRabl1a-ligand noncovalent
complexes in MS spectrum (Figure 5.2.2.1-5.2.2.5). Their mass spectra showed peaks

of PfRablla-ligand noncovalent complexes (Complex One to Five) with the major
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peak at charge state 10+. The masses of the charge states, from 9+ to 11+, confirm
the molecular mass of the protein to be 23,239 + 0.5 Da were in excellent agreement
for low-resolution mode with the calculated mass (23,238 Da) obtained from the
amino acid composition. It was observed that the complex remained intact and there
was still free protein in the assay solution. The experiments were performed in a

low-resolution mode for a quick turnaround time (3-5 minutes per run).
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Figure 5.2.2.1 Mass spectrum of PfRabl1a-ligand Complex One
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Figure 5.2.2.2 Mass spectrum of PfRabl1a-ligand Complex Two
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Figure 5.2.2.3 Mass spectrum of PfRabl1a-ligand Complex Three
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Figure 5.2.2.4 Mass spectrum of PfRabl1a-ligand Complex Four
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Figure 5.2.2.5 Mass spectrum of PfRabl1a-ligand Complex Five

5.2.3 Determination of ligand molecular mass
Knowledge of molecular mass of an active component (ligand) in crude natural

product extracts is vital to solve the bottleneck in the isolation process for natural
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product discovery. If the molecular mass is known, the commonly used and
time-consuming process of bio-guided fractionation will be shortened. Owing to the
high resolution of the FTMS, the molecular mass of the ligand can be deduced from
the mass-to-charge ratio (m/z) of the protein-ligand complex.

For example, in Figure 5.2.2.1, each charge state consisted of a grouping of two
peaks: one peak at a lower m/z value corresponded to free PfRabl1la, and the other
peak at higher m/z corresponded to PfRabl1la-ligand complex. The ligand mass is the
difference between the average molecular mass of the complex and the average
molecular mass of PfRabl11a. Using the following equation, the molecular weight of
ligand one was calculated as 629.1626 Da.'*?

MW!@igand 1 = [m/z (PfRab11a-natural product ligand complex) - m/z (free PfRab11a)] x
(z) =[2170.9110 - 2113.7144] x 11 =629.1626 Da

The molecular weight of the other four natural product ligands (Ligand 2 to Ligand 5)
was obtained in the same procedure as follows.

MW!igand 2 = [m/z (PfRab11a-natural product ligand complex) - m/z (free PfRab11a)] x
(z) =[2147.5191 - 2113.7352] x 11 =372.4237 Da

MW!igand 3 = [m/z (PfRab11a-natural product ligand complex) - m/z (free PfRab11a)] x
(z) =[2160.1352 - 2113.7232] x 11 =510.5320 Da

MW!@igand ar = [m/z (PfRabl1a-natural product ligand complex) - m/z (free PfRabl11a)]
x (z) =[2173.8262 - 2113.7405] x 11 = 660.9427 Da

MW!igand 5 = [m/z (PfRab11a-natural product ligand complex) - m/z (free PfRab11a)] x
(z) =[2187.4876 - 2113.7219] x 11 = 811.4227 Da

In order to obtain sufficient quantity of the ligands for further study, mass-directed
isolation and purification was undertaken to isolate these active natural products
from the lead-like enhanced extracts, which led to the identification of arborside E
(Ligand 1, MW 630.2; compound 29) from the Australian plant Psydrax montigena,
geniposidic acid (Ligand 2, MW 374.3; compound 33) from the Australian plant

Wendlandia basistaminea, 6-0-benzoylshanzhiside methyl ester (Ligand 3, MW
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510.5; compound 39) from Australian plant Psydrax lamprophylla, acantrifoside D
(Ligand 4, MW 660.8; compound 45) from the Australian plant Prunus persica, and
rivaloside E (Ligand 5, MW 810.9; compound 52) from the Australian plant

Larsenaikia ochreata.

5.2.4 Structure elucidation of natural products and the analysis of their
physicochemical properties
5.2.4.1 Structure elucidation

Ligand 1: MW 630.2

’“ ‘ 1 \l.i.u_‘l.h |

Figure 5.2.4.1.1 Chemical structure and *H NMR spectrum of 29

Compound 29 was obtained as a light yellow, amorphous solid with an [a]zD8 +10.8
(c=0.5, CHCIs). Its molecular formula was determined to be C31H34014 on the basis of
(+)-HRESIMS measurements {{M+H]* ion at m/z 631.19419}, which was consistent
with 15 degrees of unsaturation. The *H NMR spectrum (Figure 5.2.4.1.1) displayed
characteristic signals for two mono-substituted aromatic rings [6n 7.81 (dd, J=8.2, 1.2
Hz, 2H), 7.56 (m, 1H), 7.37 (t, J=1.6, 2H)]; 6x 7.92 (dd, J=8.2, 1.2 Hz, 2H), 7.59 (m, 1H),
7.45 (m, 2H)], a sugar moiety [6n 4.51 (d, J=8.2 Hz, 1H), 3.33-3.47 (m, 5H)], three

oxygenated methines [6n 5.64 (d, J/=2.3 Hz, 1H), 5.39 (t, J/=4.7, 1H), 5.19 (d, J=5.3 Hz,

105



1H)], two other methines [én 3.29 (m, 1H), 2.94 (dd, /=11.2, 1.8 Hz, 1H)], one
methoxyl [6n 3.44 (s, 3H)], and one methyl [6x 1.30 (s, 3H)]. Analysis of the 3C NMR
(Figure 5.2.4.1.2) and HSQC (data provided in Table 5.2.4.1.1) spectra indicated a
total of 31 resonances ascribed to two methyls (6c 51.4, 22.5), one methylene (&¢
61.6), 23 methines [6c 151.9, 92.5, 79.1, 76.2, 47.3, 34.0; a sugar moiety (6c 98.2,
77.7,77.0, 73.6, and 70.5); 12 aromatics (6c 133.7, 133.6, 129.9 x 2, 129.8 x 2, 129.5
x 2,129.0 x 2, and 128.9 x 2)], and five quaternary carbons [6¢c 109.4, 76.6; three

carbonyls (6¢ 166.7, 165.5 and 165.0)].

AJWMJM_
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Figure 5.2.4.1.2 Chemical structure and 3C NMR spectrum of 29

Analysis of the COSY correlation data established four spin systems: two
mono-substituted benzene rings (a and b), one sugar moiety (c), and one
-CH-CH-CH-CH-CH-CH;- moiety (d) (Figure 5.2.7.1.4, in bold). Further HMBC
correlations from a methine doublet in d (6u 5.64, J=2.3 Hz, 1H) to an oxygenated
olefinic carbon (6c 151.9), and from another methine in d (6n 3.29, m, 1H) to the
oxygenated olefinic carbon (6c 151.9) and a quaternary carbon (6¢c 109.4) indicated
the formation of a six-member ring system. HMBC correlations from the methine
doublet (6n 5.64, J=2.3 Hz, 1H) and two oxygenated methines [6n 5.39 (t, J=4.7 Hz,

1H), 5.19 (d, J=5.3 Hz, 1H)] in d to the quaternary carbon (6c 76.6) indicated the
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formation of a five-member ring system. Therefore, an iridoid nucleus was

confirmed.

OH

Figure 5.2.4.1.3 Key COSY (in bold) and HMBC correlations (H—>C) for 29

On the basis of HMBC correlations from an aromatic proton signal in a [6n 7.81 (dd,
J=8.2, 1.2 Hz, 2H)) to a carbonyl carbon (6c 165.0) and from &4 7.92 (dd, J=8.2, 1.2 Hz,
2H) in b to &6c 165.5, two benzoyl moieties were established. Further HMBC
correlation from a methine triplet in d (6 5.39, J=4.7 Hz, 1H) to the carbonyl signal
(6c 165.0) suggested that a benzoyl moiety was connected to the C-6 position via an
ester functionality. Similarly, the second benzoyl moiety was connected to the C-7
position via an ester group by the presence of HMBC correlation from a methine
doublet ind (61 5.19, J=5.3 Hz, 1H) to the second carbonyl signal (6¢c 165.5).

The deshielded carbon chemical shift of anomeric carbon (8¢ 98.2), the presence of
four oxymethine resonances and a deshielded methylene (&¢c 3.71/3.47, 6¢ 61.6)
suggested a monosaccharide. The coupling constant of the anomeric proton (/=8.2
Hz) and the chemical shift of the anomeric carbon (6c 98.2) indicated B8-O-glycosidic
linkage of the glucopyranoside moiety in 29. HMBC correlations from a methine
doublet in d (61 5.64, J=2.3 Hz, 1H) to the anomeric carbon (6¢c 98.2), and from the
anomeric proton (6n 4.51) to 6¢c 92.5 in d suggested that the glucopyranoside moiety
was attached to the C-1 position in d. HMBC correlations from H-3 (6n 7.45), H-5 (6w

3.29), and a methyl singlet (6u 3.44) to the carbonyl (6¢c 166.7) suggested that a
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CHs-0-C=0- moiety was connected to the C-4 position. The chemical shift of C-8 (6c
76.6) suggested that a hydroxyl group was present at C-8 position. A methyl was
connected to C-8 position proven by the HMBC correlations from the methyl singlet
(61 1.30, 3H) to C-7, C-8 and C-9. Based on all the evidence, the planar structure of
29 was elucidated. All the key COSY and HMBC correlations were presented in Figure
5.2.4.1.3.

The relative configuration of 29 was inferred from the ROESY experiment (data
provided in Table 5.2.4.1.1). The correlations between H-6/CHs-10, H-7/CH3-10, and
H-1/CH3-10 were observed clearly, suggesting that H-1, H-6, H-7 and CH3-10 were
co-facial. The presence of correlation of H-5/H-9 and the absence of correlations
between H-5/H-7 and H-9/CHs3-10 indicated that these two protons were on the
other face of the ring system. The relative configuration of 29 was therefore

determined as shown in the structure.

Table 5.2.4.1.1 NMR spectroscopic data for arborside E*

No. 13C 'H (mult., Jin Hz, int.) HMBC ROESY
1 92.5 5.64 (d, 2.3, 1H) 3,5,8,1' 91
3 151.9 7.45 (s, 1H) 1,4,5,11
4 109.4
5 34.0 3.29 (m, 1H) 3,4,6,9 9
4,5,7,8,9,
6 76.2 5.39 (t, 4.7, 1H) 1" 7
5,8,9, 10,
7 79.1 5.19 (d, 5.3, 1H) 1 6
8 76.6
2.94 (dd, 11.2, 1.8,
9 47.3 1H) 1,4,5, 8,10 5
10 22.5 1.30 (s, 3H) 7,8,9 1,6,7
11 166.7
12 51.4 3.44 (s, 3H) 11
1 98.2 4.51(d, 8.2, 1H) 1 4
2 73.6 3.00 (m, 1H) 1,3
3 77.0 3.18 (m, 1H) 24
4 77.7 3.18 (m, 1H) 35
5' 70.5 3.07 (m, 1H) 46
6' 61.6 3.47 (dd, 11.7, 5.9, 4' 5 4
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1H)
3.71(dd, 11.7, 1.8,

1H) 5' 4

1" 165.0
2" 129.9
3" 129.5 7.81(dd, 8.2,1.2,2H) 1",2",4",5" 4"
4" 128.9 7.37 (t, 1.6, 2H) 2", 3", 5"
5" 133.6 7.56 (m, 1H) 3" 4"
6" 128.9 7.37 (t, 1.6, 2H)
7" 129.5 7.81(dd, 8.2, 1.2, 2H)
1" 165.5
2" 129.9

1", 2" 4,
3" 129.8 7.92 (dd, 8.2, 1.2, 2H) 5™ 4
4 129.0 7.45 (m, 2H) 2", 3", 5"
5" 133.7 7.59 (m, 1H) 3" 4
6" 129.0 7.45 (m, 2H)
7" 129.8 7.92 (dd, 8.2, 1.2, 2H)

* Spectra were recorded in DMSO-ds at 600 MHz.

Ligand 2: MW 374.3

Figure 5.2.4.1.4 Chemical structure and *H NMR spectrum of compound 33
Compound 33 was identified from the Australian plant Wendlandia basistaminea. It
was obtained as yellow needles. Its molecular formula was determined to be
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C16H22010 on the basis of (+)-HRESIMS measurements {{[M-H]* ion at m/z 373.5926},
which was consistent with 6 degrees of unsaturation. The *H NMR spectrum (Figure
5.2.4.1.4) displayed a sugar moiety and other signals. The 13C NMR spectrum showed
a total of 16 resonances. Its molecular formula and genus name were searched in the
DNP, and 33 hits were found. By comparing their *H and 3C NMR data, compound
33 was determined as geniposidic acid.'** Geniposidic acid has antifungal,
anti-inflammatory and other activities, it can be used to lower blood pressure in
clinical, pain, and sedation.'>-14¢ For instance, geniposidic acid showed inhibitory
activity to the mycelial mass development of Colletotrichum gloeosporioides at 150
ug/mL.147

Ligand 3: MW 510.5

1 P

Figure 5.2.4.1.5 Chemical structure and *H NMR spectrum of 39
Compound 39 was identified from the Australian plant Psydrax lamprophylla. It was
obtained as brown powder. Its molecular formula was determined to be C4H30012
on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z 511.5204}, which was
consistent with 10 degrees of unsaturation. The *H NMR (Figure 5.2.4.1.5) displayed
peaks for aromatics and sugar moieties. The 3C NMR spectrum showed a total of 24
resonances. Its molecular formula and genus name were searched in the DNP, and
31 hits were found. By comparing their *H and 3C NMR data, compound 39 was

determined as 6-O-benzoylshanzhiside methyl ester.14®

110



Ligand 4: MW 660.9
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Figure 5.2.4.1.6 Chemical structure and *H NMR spectrum of 45

Compound 45 was identified from the Australian plant Prunus persica. It was

obtained as white needles. Its molecular formula was determined to be C32Hs2014 on

the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z 661.7984}, which was

consistent with 10 degrees of unsaturation. The *H NMR (Figure 5.2.4.1.6) displayed

sugar moieties and other signals. The 3C NMR spectrum showed a total of 32

resonances. Its molecular formula and genus name were searched in the DNP, and

five hits were found. By comparing their 'H and 3C NMR data, compound 45 was

determined as acantrifoside D.14°

Ligand 5: MW 810.9

HO. O

Figure 5.2.4.1.7 Chemical structure and *H NMR spectrum of 52

111



Figure 5.2.4.1.8 Chemical structure and *3C NMR spectrum of 52
Compound 52 was identified from the Australian plant Larsenaikia ochreata. It was
obtained as amorphous solid. Its molecular formula was determined to be Cs2Hss015
on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z 811.4362}, which was
consistent with 10 degrees of unsaturation. The *H NMR displayed sugar moieties
and other signals (Figure 5.2.4.1.7). The 3C NMR spectrum showed a total of 42
resonances (Figure 5.2.4.1.8). Its molecular formula and genus name were searched
in the DNP, and 61 hits were found. By comparing their *H and 3C NMR data,
compound 52 was determined as rivaloside E.'*°
Additional compounds were also identified from the purification process. They
included: compounds 27-28 and 30-32 from the Australian plant Psydrax montigena;
compounds 34-38 from the Australian plant Wendlandia basistaminea; compounds
40-44 from the Australian plant Psydrax lamprophylla; compounds 46-50 form the
Australian plant Prunus persica; 51 and 53-56 from the Australian plant Larsenaikia

ochreata.

Compound 27
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Figure 5.2.4.1.10 Chemical structure and 3C NMR spectrum of 27
Compound 27 was obtained as yellow powder with an [a]ZD6 -5.1° (¢=0.5, CHCI5). Its
molecular formula was determined to be C;7H30016 on the basis of (+)-HRESIMS
measurements {{M+H]* ion at m/z 611.2643}, which was consistent with 13 degrees
of unsaturation. 'H NMR spectrum (Figure 5.2.4.1.9) displayed one exchangeable
proton singlet (6u 12.60), five aromatics [7.56 (1H, d, J/=2.1 Hz), 7.54 (1H, d, J=2.3 Hz),

6.84 (1H, d, J=8.1 Hz), 6.39 (1H, d, J=2.0 Hz), 6.20 (1H, d, J=2.0 Hz)], two oxygenated
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methines (64 5.35, 4.39), and sugar moieties (6x 3.07-3.40). The 3C NMR spectrum
of 27 (Figure 5.2.4.1.10) showed a total of 27 resonances, including 12 sp? hybridized
and 17 sp? hybridized carbons. Its molecular formula and genus name were searched
in the DNP, and 150 hits were found. By comparing their 'H and 3C NMR data,
compound 27 was determined as rutin. Rutin has exhibited a variety of
pharmacological properties, including antimicrobial, antifungal, and anti-allergic
151

activity.

Compound 28

Figure 5.2.4.1.12 Chemical structure and *C NMR spectrum of 28
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Compound 28 was obtained as yellow powder with an [a]3° -126.3° (c=0.5, MeOH).
Its molecular formula was determined to be C;1H20012 on the basis of (+)-HRESIMS
measurements {{M+H]* ion at m/z 465.0351}, which was consistent with 12 degrees
of unsaturation. The *H-NMR spectrum (Figure 5.2.4.1.11) of compound 28 exhibited
a characteristic meta-coupled proton signal at 61 6.19 (1H, d, J=2.0 Hz) and 6.38 (1H,
d, J=2.0 Hz) corresponding to a flavonoid A ring. Another AX coupling system was
indicated by the presence of 6u 7.36 (2H, brs) from B ring. The sugar moiety was
suggested by the characteristic sugar anomeric proton signal at 64 5.33 (1H, d, J=1.1
Hz). The 3C NMR spectrum of 28 (Figure 5.2.4.1.12) showed a total of 21 resonances,
including 6 sp® hybridized and 15 sp? hybridized carbons. Its molecular formula and
genus name were searched in the DNP, and 80 hits were found. By comparing their
'H and 3C NMR data, compound 28 was determined as myricitrin.'>?> Chung et al
examined the antioxidant activity of myricitrin and found out that it showed lower
ICso values (0.697 mM and 0.034 mM) than ascorbic acid.'> In the study carried out
by Winekenstadde et al, myricitrin showed strong inhibition of 5-lipoxygenase with
an ICso value of 7.8 + 0.2 uM, suggesting good anti-inflammatory activity.*>* Qin et al
demonstrated that myricitrin can inhibit oxidized low-density lipoprotein-induced
endothelial apoptosis and prevent plaque formation at an early stage in an
atherosclerotic mouse model, which results in reduced atherosclerotic plaque
formation, indicating that myricitrin might be used as a drug candidate for the

treatment of cardiovascular diseases.1>®
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Compound 30
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Compound 30 was obtained as yellow needles. Its molecular formula was
determined to be Ci5H1006 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 287.3108}, which was consistent with 11 degrees of unsaturation. The H
NMR spectrum of compound 30 (Figure 5.2.4.1.13) showed the presence of three
meta coupled aromatic doublets at éu 6.28, 6.46 and 7.36, one ortho coupled

aromatic doublet at &4 6.85, one doublet at 6n 7.56 corresponding to an ortho and
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meta coupled aromatic proton, and a singlet at 61 6.75. The 3C NMR spectrum of 30
(Figure 5.2.4.1.14) showed a total of 15 sp? hybridized carbon resonances, six of
which were oxygenated. Compound 30 was confirmed as a flavonoid from the
positive characteristic chemical test with aluminum trichloride solution. Its molecular
formula and genus name were searched in the DNP, and 152 hits were found. By
comparing their *H and 13C NMR data, compound 30 was determined as luteolin.'>®
Studies have shown that luteolin possessed a variety of pharmacological activities,
including anti-inflammatory, antioxidant, anticancer, and antimicrobial activities.'®’
In the study carried out by Miyazawa et al, luteolin showed antimutagenic activity

with an 1Csg value of 0.44 umol/ml.1>7

Compound 31

Figure 5.2.4.1.15 Chemical structure and *H NMR spectrum of 31

117



Figure 5.2.4.1.16 Chemical structure and 3C NMR spectrum of 31
Compound 31 was obtained as light brown powder with an [cz]zD6 -20.1° (c=0.1,
MeOH). Its molecular formula was determined to be CisH120s on the basis of
(+)-HRESIMS measurements {[M-H]* ion at m/z 273.3354}, which was consistent with
10 degrees of unsaturation. 'H NMR spectrum of compound 31 (Figure 5.2.4.1.15)
showed singlets at 64 12.18, 9.56 and 5.45 representing exchangeable protons.
Aromatic peaks at x4 5.94 (1H, J=2.0 Hz) and 5.90 (1H, J=1.8 Hz) showed the pattern
due to a tetra-substituted benzene ring. Aromatic doublets at &x 7.38 (2H, /=8.6 Hz)
and 84 6.88 (2H, J=8.3 Hz) indicated another benzene ring. The 3C NMR spectrum
(Figure 5.2.4.1.16) showed the presence of one carboxyl at 6¢ 196.8, one methylene
at 8¢ 42.4, one sp? hybridized methine at 6¢ 78.9, and 12 sp? hybridized methines,
four of which were oxygen-bearing. Its molecular formula and genus name were
searched in the DNP, and 243 hits were found. By comparing their 'H and 3C NMR
data, compound 31 was determined as naringenin.’®® Naringenin showed
effectiveness in the protection against oxidative damage to lipids in a
dose-dependent manner and it was effective in reducing DNA damage.**® Cytotoxic
effects were induced in human cancer cell lines when high concentrations of

naringenin were administered (50% effective concentration: 150-560 uM).6°
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Compound 32

Figure 5.2.4.1.17 Chemical structure and *H NMR spectrum of 32
Compound 32 was obtained as light brown powder with an [a]4® -81.1° (c=0.5,
CHsCl). Its molecular formula was determined to be C;7H4403 on the basis of
(+)-HRESIMS measurements {{M-3H]* ion at m/z 413.4254}, which was consistent
with 6 degrees of unsaturation. The *H NMR spectrum showed four methyls and
other signals (Figure 5.2.4.1.17). The 3C NMR spectrum of 32 showed a total of 27
sp® hybridized carbons, four of which were oxygenated. Compound 32 was
confirmed as a steroidal aglycone from the positive characteristic chemical tests with
Liebermann-Burchard and Molisch's reagents. Its molecular formula and genus name
were searched in the DNP, and 150 hits were found. By comparing their *H and 3C
NMR data, compound 32 was determined as sarsasapogenin.'®! Sarsasapogenin
derivatives displayed excellent selective cytotoxicity toward human cancer cell lines,
and one of them exhibited significantly inhibitory activity against A375-S2 (ICs0=0.56

UM) and HT1080 (ICs0=0.72 uM) cells. 62
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Compound 34
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Figure 5.2.4.1.19 Chemical structure and *C NMR spectrum of 34
Compound 34 was obtained as brown powder. Its molecular formula was
determined to be C0H20NO4 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 338.5144}, which was consistent with 12 degrees of unsaturation. *H NMR
(Figure 5.2.4.1.18) displayed one exchangeable proton (6n 8.97), four aromatics [6n

8.19 (1H, dd, J=2.3, 9.2 Hz), 8.02 (1H, d, J=9.2 Hz), 7.70 (1H, s), 6.86 (1H, s)], and
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other signals. The 3C NMR spectrum of 34 (Figure 5.2.4.1.19) showed a total of 20
carbons, 10 of which were oxygen- or nitrogen-bearing. Compound 34 gave positive
results with Dragendorff's reagents suggesting that it was an alkaloid. Its molecular
formula and genus name were searched in the DNP, and 15 hits were found. By
comparing their 'H and 3C NMR data, compound 34 was determined as
jatrorrhizine.'®® Jatrorrhizine was tested by Kong et al and showed anti-bacterial
activity with 1Cso value of 479.3 pg/mL.%%* It also showed strong antimicrobial activity
against the 20 clinical isolates of Propionibacterium acnes with minimal inhibitory
concentration values between 25 and 50 pg/mL.%°

Compound 35
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Figure 5.2.4.1.20 Chemical structure and *H NMR spectrum of 35
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Figure 5.2.4.1.21 Chemical structure and 3C NMR spectrum of 35
Compound 35 was obtained as colorless needles with an [a]2D6 -29.4° (c=0.1,
MeOH). Its molecular formula was determined to be CicHisO9 on the basis of
(+)-HRESIMS measurements {[M-H]* ion at m/z 355.3417}, which was consistent with
8 degrees of unsaturation. The *H NMR spectrum (Figure 5.2.4.1.20) exhibited signals
in aliphatic and aromatic range. In the aromatic range, the 'H NMR spectrum
revealed an ABX system at 64 7.03 (1H, d, J=2.0 Hz), 6.91 (1H, dd, J=8.2, 2.1 Hz), 6.73
(1H, d, J=8.0 Hz) characteristic for 1, 3, 4-tri-substituted benzene. The 3C NMR
spectrum of 35 showed a total of 20 resonances (Figure 5.2.4.1.21). Its molecular
formula and genus name were searched in the DNP, and 28 hits were found. By
comparing their 'H and 3C NMR data, compound 35 was determined as chlorogenic
acid.'®® Sato et al measured superoxide anion-scavenging activity of chlorogenic acid
and its ICso value was 41.0 + 12.1 pM.®’ Chlorogenic acid showed in vitro antifungal
activity against strains, such as Candida albicans, Trichosporon beigelii and
Malassezia furfur with minimum inhibitory concentration values between 40 and 80
pg/ml.1%8 Study carried out by Guo et al indicated that chlorogenic acid could inhibit

the inflammatory reaction in herpes simplex virus encephalitis via the suppression of
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Toll-like receptor 2/Toll-like receptor 9 myeloid differentiation factor 88 signaling
pathways.'®®

Compound 36
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Figure 5.2.4.1.22 Chemical structure and *H NMR spectrum of 36
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Figure 5.2.4.1.23 Chemical structure and *3C NMR spectrum of 36
Compound 36 was obtained as yellow needles. Its molecular formula was

determined to be CisH100s on the basis of (+)-HRESIMS measurements {{M-H]* ion at
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m/z 269.3385}, which was consistent with 11 degrees of unsaturation. In the *H NMR
spectrum (Figure 5.2.4.1.22), aromatic doublets at &y 7.68 (2H, /=8.8 Hz) and 6.92
(2H, J=8.8 Hz) indicated two aromatic protons, suggesting a para
hydroxyl-substituted benzene ring. Singlets at &y 6.47 and 6.18 indicated an ortha
hydroxyl-substituted benzene ring. 3C NMR spectrum (Figure 5.2.4.1.23) gave
presence of 15 carbons, six of which were oxygenated. Compound 36 gave positive
result with aluminum trichloride solution, which confirmed it was a flavonoid. Its
molecular weight and genus name were searched in the DNP, and 160 hits were
found. By comparing their *H and 3C NMR data, compound 36 was determined as
apigenin.’>® Apigenin was screened by Liu et al for its in vitro antibacterial activity
against four bacteria (Staphylococcus aureus, Bacillus subtilis, Escherichia coli and
Pseudomonas aeruginosa) and gave minimum inhibitory concentrations between
31.25 and 62.25 pg/ml.'’° Choudhury et al found out that apigenin induced
apoptosis and cell death in lung epithelium cancer (A549) cells with an 1Cso value of
93.7+3.7 uM for 48 h treatment.'’! In the research carried out by Miyazawa et dl,
apigenin suppressed the furylfuramide-induced SOS response in the umu test with
an ICso value of 0.55 pmol/ml, indicating its anti-mutagenic activity.'>®

Compound 37
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Figure 5.2.4.1.24 Chemical structure and *H NMR spectrum of 37

124



Compound 37 was obtained as brown powder. Its molecular formula was
determined to be C31H22010 on the basis of (+)-HRESIMS measurements {{M-H]* ion
at m/z 433.5624}, which was consistent with 11 degrees of unsaturation. The H
NMR spectrum of compound 37 (Figure 5.2.4.1.24) was similar to naringenin (31),
but with two more proton signals (6u 3.51 and 3.57) and peaks for a sugar moiety.
The 3C NMR spectrum of 37 showed a total of 21 resonances. Its molecular formula
and genus name were searched in the DNP, and 79 hits were found. By comparing
their 'H and 3C NMR data, compound 35 was determined as naringenin
7-O-glucoside.”? Naringenin 7-O-glucoside has been tested by Rigano et al for its
antibacterial activity against 12 bacteria strains and gave minimum inhibitory
concentration between 32 and 256 pg/ml.1”3

Compound 38
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Figure 5.2.4.1.25 Chemical structure and *H NMR spectrum of 38
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Figure 5.2.4.1.26 Chemical structure and *C NMR spectrum of 38
Compound 38 was obtained as yellow needles. Its molecular formula was
determined to be Ci4HsO4 on the basis of (+)-HRESIMS measurements {{M-H]" ion at
m/z 239.2835}, which was consistent with 11 degrees of unsaturation. In the *H NMR
spectrum (Figure 5.2.4.1.25), &u 7.74 (2H, d, J=7.7 Hz), 7.65 (2H, dd, J/=7.7 Hz, 8.2 Hz),
7.06 (2H, d, J=8.2 Hz) indicated the existence of benzene ring; &éu 11.9 (2H, brs)
suggested exchangeable protons. The 3C NMR spectrum of 38 (Figure 5.2.4.1.26)
displayed a total of 21 resonances, four of which were oxygenated. Compound 38
gave positive result with Borntrger agents, which confirmed that it was a flavonoid.
Its molecular formula and genus name were searched in the DNP, and 14 hits were
found. By comparing their *H and 3C NMR data, compound 38 was determined as 1,
8-dihydroxyanthraquinone.'’* 1,8-dihydroxyanthraquinone can be administered to

terminal cancer patients to alleviate the side effects resulting from morphine use.'”>
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Compound 40

Figure 5.2.4.1.28 Chemical structure and *3C NMR spectrum of 40
Compound 40 was obtained as brown powder. Its molecular formula was
determined to be Ci11H1405 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 227.2674}, which was consistent with 5 degrees of unsaturation. 'H NMR
spectrum was shown in Figure 5.2.4.1.27. The 3C NMR spectrum of 40 displayed a
total of 11 resonances (Figure 5.2.4.1.28). Its molecular formula and genus name
were searched in the DNP, and 95 hits were found. By comparing their *H and *3C

NMR data, compound 40 was determined as genipin.1’® Genipin has been tested by
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Chaipukdee et al against Human small cell lung cancer cell line (NCI-H187) with an
ICso value of 18.28 ug/ml.Y”7 Son et al determined that the 50% cytotoxicity dose
(CDso) of genipin was 70 uM, indicating that genipin caused a strong cytotoxicity in
latently infected host cell Epstein-Barr virus.'”®

Compound 41

AT

Figure 5.2.4.1.30 Chemical structure and 3C NMR spectrum of 41
Compound 41 was obtained as light yellow needles with an [a]ZD6 -136.5° (c=0.5,
CHCIs). Its molecular formula was determined to be CyHisN20s on the basis of

(+)-HRESIMS measurements {[M+H]* ion at m/z 365.2147}, which was consistent
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with 12 degrees of unsaturation. The H NMR spectrum (Figure 5.2.4.1.29) showed
four aromatic signals at &u 8.45 (1H, s, H-7), 8.04 (1H, d, J=9.3 Hz, H-12), 7.28 (1H, d,
J=2.4 Hz, H-9), 7.27 (1H, s, H-14), one methyl at &4 0.89 (3H), and one proton at &u
6.60 (1H, s). The 13C NMR spectrum of 41 (Figure 5.2.4.1.30) displayed a total of 20
resonances, nine of which were oxygen- or nitrogen- bearing. Compound 41 was
confirmed as an alkaloid by the positive results with Dragendorff's reagents. Its
molecular formula and genus name were searched in the DNP, and six hits were
found. By comparing their *H and 3C NMR data, compound 41 was determined as
10-hydroxycamptothecin.!’® Research by Ping et al showed that a relatively low dose
(5-20 nM) of 10-hydroxycamptothecin was able to inhibit the growth of human colon
cancer. 180

Compound 42
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Figure 5.2.4.1.31 Chemical structure and *H NMR spectrum of 42
Compound 42 was obtained as brown powder. Its molecular formula was
determined to be C31H24011 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 465.3716}, which was consistent with 10 degrees of unsaturation. Compound
42 has similar NMR spectrum to naringenin 7-O-glucoside (37). 'H NMR of
compound 42 (Figure 5.2.4.1.31) showed one more methoxyl at 64 3.81 (3H, s).

Another difference was the downfield shift of C-3 position from &¢ 43.1 in naringenin
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7-0O-glucoside (37) to 8¢ 79.3 in compound 42. The 3C NMR spectrum of 42 displayed
a total of 21 resonances. Its molecular formula and genus name were searched in the
DNP, and 52 hits were found. By comparing their *H and 3C NMR data, compound
42 was determined as glucoferide.'81-182

Compound 43
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Figure 5.2.4.1.32 Chemical structure and *H NMR spectrum of 43

m__a—LM—J_J«J

Figure 5.2.4.1.33 Chemical structure and 3C NMR spectrum of 43
Compound 43 was obtained as white needles with an [a]3° -18.2° (c=2.5, CHCls). Its

molecular formula was determined to be Cz;:H28N204 on the basis of (+)-HRESIMS
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measurements {{M+H]* ion at m/z 385.4185}, which was consistent with 10 degrees
of unsaturation. In the *H NMR spectrum (Figure 5.2.4.1.32), &4 7.35 (1H, s), 7.25 (1H,
d, J=6.9 Hz), 7.15 (1H, ddd, J= 7.7, 7.7, 1.1 Hz), 7.05 (1H, ddd, J=7.5, 7.5, 0.9 Hz)
indicated that there was an ortho-substituted benzene ring; &u 3.74 (3H, s) and 64
3.60 (3H, s) were signals from two methoxyls. The 13C NMR spectrum of 43 displayed
a total of 22 resonances (Figure 5.2.4.1.33). Compound 43 gave positive results with
Dragendorff's reagents, which confirmed that it was an alkaloid. Its molecular
formula and genus name were searched in the DNP, and 71 hits were found. By
comparing their 'H and 3C NMR data, compound 43 was determined as
rhynchophylline.'® Rhynchophylline can act on cardiovascular and central nervous
system diseases, including hypertension and bradycardia.’® It has shown effects on
anticoagulation, inhibited vascular smooth muscle cell proliferation, and has shown
to be anti-endotoxemic.®

Compound 44
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Figure 5.2.4.1.34 Chemical structure and *H NMR spectrum of 44
Compound 44 was obtained as brown powder with an [a]ZD6 +64.8° (¢=0.3, CsHsN).
Its molecular formula was determined to be C3gHs4s03 on the basis of (+)-HRESIMS

measurements {{M+H]* ion at m/z 455.4326}, which was consistent with 7 degrees

of unsaturation. In the 'H NMR spectrum (Figure 5.2.4.1.34), there were seven
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methyl signals between &4 0.40 and 1.10 characteristic for pentacyclic triterpenoids,
which was also confirmed by the positive result of adding 5% sulfuric acid to the
solution of compound 44. The 3C NMR spectrum of 44 displayed a total of 30
resonances. By comparing its 'H and 3C NMR data with references, compound 44
was determined as ursolic acid.'8>-18% |n the study by Nascimento et al, ursolic acid
has showed antimicrobial activity against Staphylococcus aureus with a minimal
inhibitory concentration value of 32 pg/ml.*®” It has been effective against
Escherichia coli, Klebsiella pneumoniae and Shigella flexneri with a minimal inhibitory
concentration value of 64 ug/ml.187 By inhibiting DPPH
(2,2-diphenyl-1-picrylhydrazyl), ursolic acid strongly scavenged DPPH radical, with an
ICso value of 5.97 x 1072 + 1 x 1073 mg/ml.18’

Compound 46
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Figure 5.2.4.1.35 Chemical structure and *H NMR spectrum of 46
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Figure 5.2.4.1.36 Chemical structure and 3C NMR spectrum of 46
Compound 46 was obtained as white needles. Its molecular formula was determined
to be CgH1003 on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z
154.1276}, which was consistent with 4 degrees of unsaturation. In the *H NMR
(Figure 5.2.4.1.35), 64 6.81 (1H, d, J=7.4 Hz, H-7), 6.79 (1H, d, J=7.6 Hz, H-4), 6.48 (1H,
d, J=7.4 Hz, H-6) suggested a 1, 3, 4-tri-substituted benzene ring; 6u 3.78 (3H, s)
represented one methoxyl. The 3C NMR spectrum of 46 displayed a total of 8
resonances (Figure 5.2.4.1.36). Its molecular formula and genus name were searched
in the DNP, and 84 hits were found. By comparing their *H and 3C NMR data,
compound 46 was determined as vanillyl alcohol.'®-8% vanillyl alcohol has been
tested by Jung et al for anti-angiogenic activity through chick chorioallantoic
membrane assay and its ICso was determined to be 4.04 pg/egg.**° Vanillyl alcohol at
the oral doses of 3, 10, and 30 mg/kg showed an inhibition of 13.7%, 28.3%, and 34.2%
in vascular permeability assay respectively, indicating that vanillyl alcohol had an

acute anti-inflammatory activity.?*°
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Compound 47
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Figure 5.2.4.1.38 Chemical structure and 3C NMR spectrum of 47
Compound 47 was obtained as light yellow crystal powder with an [a]ZD6 +40.1°
(c=0.1, CHCI3). Its molecular formula was determined to be C20H1sN204 on the basis

of (+)-HRESIMS measurements {{M+H]* ion at m/z 348.1439}, which was consistent
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with 14 degrees of unsaturation. Compound 47 exhibited similar *H and 3C NMR
spectra (Figure 5.2.4.1.37 and Figure 5.2.4.1.38) with 10-hydroxycamptothecin (41).
Its positive results with Dragendorff's reagents suggested that 47 was an alkaloid. Its
molecular formula and genus name were searched in the DNP, and seven hits were
found. By comparing their *H and '3C NMR data, compound 47 was determined as
camptothecin.!"192 Camptothecin has been reported as a strong antitumor agent
and displayed nanomolar potency in cytotoxicity against many human tumor cell
lines, such as HT29, LOX, SKOV3, and SKVLB, with ICso values between 37 nM and 48
nM.1%3 According to Luzzio et al, combined with TNF, camptothecin can induce
apoptosis in primary mouse hepatocytes with an ICso value of 13 uM.2%3

Compound 48

AN LU | Y \ ]

R R R S

Figure 5.2.4.1.39 Chemical structure and *H NMR spectrum of 48
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Figure 5.2.4.1.40 Chemical structure and *3C NMR spectrum of 48
Compound 48 was obtained as vyellow needles. Its molecular formula was
determined to be Ci5H1006 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 285.3427}, which was consistent with 11 degrees of unsaturation. The H
NMR spectrum (Figure 5.2.4.1.39) displayed four exchangeable proton singlets (&n
10.73, 9.50, 9.26, 9.03) and aromatic peaks. The 3C NMR spectrum of 48 displayed a
total of 15 resonances (Figure 5.2.4.1.40). The positive result with aluminum
trichloride solution suggested that 48 was a flavone. Its molecular formula and genus
name were searched in the DNP, and 152 hits were found. By comparing their *H and
13C NMR data, compound 48 was determined as fisetin.*®*1% |n the research by Zhuo
et al, fisetin could inhibit cell viability of both A549 and A549-CR cells in a
dose-dependent manner; ICso of fisetin was 214.47 uM for A549 and 320.42 for
A549-CR cells respectively, suggesting that fisetin could be a promising agent for lung
cancer therapy.'®® The cytotoxic effect of fisetin was determined using MTT
(3-(4,5-Dimethylthiazol-2-Yl)-2,5- Diphenyltetrazolium Bromide) method by Zandi et
al and its 50% cytotoxicity (CCso) value was 247 pug/mL.*%7

Compound 49
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Figure 5.2.4.1.41 Chemical structure and *H NMR spectrum of 49
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Figure 5.2.4.1.42 Chemical structure and 3C NMR spectrum of 49
Compound 49 was obtained as light brown powder. Its molecular formula was
determined to be CigsH1sNOs on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 329.8592}, which was consistent with 10 degrees of unsaturation. The H
NMR spectrum (Figure 5.2.4.1.41) displayed one exchangeable proton (6n 11.96),
two methoxyls (64 3.83, 4.16), one methyl, and other proton signals. The 3C NMR

spectrum of 49 (Figure 5.2.4.1.42) showed a total of 18 carbons, 10 of which were
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oxygen- or nitrogen-bearing. Its molecular formula and genus name were searched
in the DNP, and 58 hits were found. By comparing their *H and 3C NMR data,
compound 49 was determined as evodine.'?81%° Cai et al reported that the ethanol
extract of Evodia Rutaecarpa exhibited better antinociceptive activity, which
appeared to be related to the higher contents of evodine existed in the extract.!%

Compound 50
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Figure 5.2.4.1.43 Chemical structure and *H NMR spectrum of 50
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Figure 5.2.4.1.44 Chemical structure and *3C NMR spectrum of 50
Compound 50 was obtained as yellow crystal. Its molecular formula was determined
to be C3oHs604 on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z
471.2406}, which was consistent with 8 degrees of unsaturation. Compound 50
showed similar NMR spectra with ursolic acid (44). The *H NMR spectrum (Figure
5.2.4.1.43) showed seven methyls between &y 0.65 and 1.25 characteristic for
pentacyclic triterpenoids, which was confirmed by the positive result of adding 5%
sulfuric acid to the solution of compound 50. The 3C NMR spectrum of 50 showed a
total of 30 resonances (Figure 5.2.4.1.44). There was one more keto group in 50,
indicated by the carbon downfield shift from 6¢ 23.8 in ursolic acid (44) to 6c 199.3 in
50 at C-11 position. The carbon chemical shift also suggested that the position of
carboxyl group connected to C-17 position in ursolic acid (44), but connected to C-20
position in 50. By comparing its 'H and 3C NMR data with references, compound 50
was determined as glycyrrhetinic acid.?%2°1 The anticancer activities of glycyrrhetinic
acid against MCF-7, MDA-MB-231 and hTERT-RPE1 were determined by Li et al
through an in vitro MTT assay and the ICso of glycyrrhetinic acid were ranging from

63.41 to 84.70 uM.?%2 Schwarz et al tested the antitumor activity of glycyrrhetinic
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acid through a sulforhodamine B assay using 15 different human tumor cell lines,
and the ICso values were between 18.52 and 86.80 uM.2%

Compound 51
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Figure 5.2.4.1.46 Chemical structure and *C NMR spectrum of 51
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Compound 51 was obtained as white powder. Its molecular formula was determined
to be Cy0H17N304 on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z
363.7345}, which was consistent with 14 degrees of unsaturation. Compound 51
exhibited similar *H and '3C NMR spectra (Figure 5.2.4.1.45 and Figure 5.2.4.1.46)
with 10-hydroxycamptothecin (41) and camptothecin (47). Its positive results with
Dragendorff's reagents suggested that 51 was an alkaloid. Its molecular formula and
genus name were searched in the DNP, and five hits were found. By comparing their
'H and 3C NMR data, compound 51 was determined as 9-aminocamptothecin.?04-29>
According to the study by Naik et al, 9-aminocamptothecin showed inhibitory
activity to the growth of prostate cancer in a dose-dependent manner across a 1 to
100 ng/ml concentration range.2%

Compound 53
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Figure 5.2.4.1.47 Chemical structure and *H NMR spectrum of 53
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Figure 5.2.4.1.48 Chemical structure and 3C NMR spectrum of 53
Compound 53 was obtained as white powder. Its molecular formula was determined
to be C21H26N203 on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z
355.2905}, which was consistent with 10 degrees of unsaturation. Its 'H and 3C NMR
were displayed in Figure 5.2.4.1.47 and Figure 5.2.4.1.48. Its molecular formula and
genus name were searched in the DNP, and 109 hits were found. By comparing their
'H and 3C NMR data, compound 53 was determined as yohimbine.??”-2%8 Yohimbine
has been studied as a potential treatment for erectile dysfunction and could be used

as a drug lead for type 2 diabetes.?®®
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Compound 54
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Figure 5.2.4.1.49 Chemical structure and *H NMR spectrum of 54
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Figure 5.2.4.1.50 Chemical structure and 3C NMR spectrum of 54
Compound 54 was obtained as yellow crystal powder. Its molecular formula was
determined to be C;2H20N204 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 377.3264}, which was consistent with 14 degrees of unsaturation. Compound

54 has similar NMR spectra (Figure 5.2.4.1.49 and Figure 5.2.4.1.50) to camptothecin
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(47). The only difference was that C-7 position in 54 was connected to an ethyl group,
evidenced by one methyl signal at 64 1.33 (3H, t, J/=7.6 Hz) and one ethyl signal at &u
3.24 (2H, q, J=7.5 Hz). The '3C NMR spectrum of 54 showed a total of 22 carbons. By
comparing its 'H and *3C NMR data with references, compound 54 was determined
as 7-ethylcamptothecin.?!° In the research by Nagata et al, 7-ethylcamptothecin had
better antitumor activity than camptothecin.?!! 7-ethylcamptothecin inhibited the
growth of KB cells in vitro, 50% effective doses of 3.5 ng/ml, compared to 8.6 ng/ml
of camptothecin.?!!

Compound 55
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Figure 5.2.4.1.51 Chemical structure and *H NMR spectrum of 55
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Figure 5.2.4.1.52 Chemical structure and 3C NMR spectrum of 55
Compound 55 was obtained as white powder. Its molecular formula was determined
to be C3oHss03 on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z
455.4107}, which was consistent with 7 degrees of unsaturation. Compound 55
displayed similar 'H and 3C NMR spectra (Figure 5.2.4.1.51 and Figure 5.2.4.1.52)
with glycyrrhetinic acid (50). By comparing its *H and 3C NMR data with references,
compound 55 was determined as betulinic acid.?'>?!3 Betulinic acid was tested by
Kumar et al and showed good anti-leukemic activity with 1Cso of values at 13.73,
12.84, 15.27 mg/ml in human leukemic cell lines U937, HL60 and K562,
respectively.?'* In the study by Fujioka et al, betulinic acid has showed inhibitory
activity against HIV-1 replication with an ECso value of 1.4 puM and inhibited
uninfected H9 cell growth with an 1Csp value of 13 uM.?'> Betulinic acid has showed
in vitro and in vivo antimalarial activity. The in vitro anti-plasmodial 1Cso values of
betulinic acid against sensitive (T9-96) and chloroquine resistant (K1) Plasmodium
falciparum were 25.9 pg/ml and 19.6 pg/ml, respectively.?'® Betulinic acid was
tested for in vitro anti-malarial activity against asexual erythrocytic stages of the
Plasmodium falciparum parasite and showed the anti-malarial activity between of

moderate to good.?!’
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Compound 56
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Figure 5.2.4.1.53 Chemical structure and *H NMR spectrum of 56

Figure 5.2.4.1.54 Chemical structure and *3C NMR spectrum of 56
Compound 56 was obtained as white powder. Its molecular formula was determined
to be C3oHs00 on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z

427.3925}, which was consistent with 6 degrees of unsaturation. In the 'H NMR
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spectrum (Figure 5.2.4.1.53), there were seven methyl signals between 64 0.50 and
1.05 characteristic for pentacyclic triterpenoids, which was also confirmed by the
positive result of adding 5% sulfuric acid to the solution of compound 56. The 3C
NMR spectrum of 56 showed a total of 30 resonances (Figure 5.2.4.1.54). By
comparing its 'H and *3C NMR data with references, compound 56 was determined
as as lupeol.?!® Lupeol displayed antiprotozoal, antimicrobial, anti-inflammatory,
antitumor and chemopreventive properties.?!® For instance, in the last 10 years,
lupeol and its derivatives were tested for anti-malarial activities against lots of
Plasmodium strains and their ICsp values were ranging from 1.5 to more than 391

ug/ml in vitro.?*®

5.2.4.2 The physicochemical property analysis

In order to investigate their drug-like properties, physicochemical properties of
compounds 27-56 were calculated using the method described in Chapter Two. The
results are shown in Table 5.2.4.2.1. Five out of thirty natural products violated
Lipinski’s Ro5, which means the molecule has no less than two violations against
Ro5.113

Table 5.2.4.2.1 Physicochemical properties of compounds 27-56

No. MW Log # HBD HBA Ro05
27 610.52 -0.87 10 16 Fail

28 464.38 0.60 8 12 Fail
29 630.60 1.26 5 11 Fail
30 286.24 2.40 4 6 Pass
31 272.26 2.84 3 5 Pass
32 416.65 5.33 1 3 Pass
33 37434 -259 6 10 Pass
34 374.84 -137 1 4  Pass
35 35431 -0.27 6 8 Pass
36 270.24 2.71 3 5 Pass
37 434.1 3.32 1 7  Pass
38 240.21 3.61 2 4  Pass
39 51049 -0.55 5 10 Pass
40 226.23 -0.44 2 4  Pass
41 364.36 0.92 2 5 Pass
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42 464.42 2.10 2 3 Pass
43 384.48 2.61 1 4  Pass
44 456.71  6.58 2 3 Pass
45 660.75 -0.72 9 13 Fail

46 154.17 0.74 2 3 Pass
47 348.36 1.22 1 4  Pass
48 286.24 1.81 4 6 Pass
49 329.35 2.53 1 5 Pass
50 470.69 6.03 2 4  Pass
51 363.37 0.39 2 5 Pass
52 810.98 1.60 9 14 Fail

53 354.45 2.10 2 3  Pass
54 37641 2.18 1 4  Pass
55 456.71 6.64 2 3 Pass
56 426.73  7.45 1 1 Pass

*Content in red means violation against Ro5.

Log P is one of the key factors when drug molecules transferred to cell membrane or
protein binding sites (hydrophobic) from the aqueous phase. And, the HPLC method
employed in the thesis aims to generate front-loading of both extracts and
subsequent fractions with desired physicochemical properties (especially Log P) prior
to ESI-FTMS screening. Thus, in this thesis, the relationship between Log P and HPLC
retention time was studied. Figures from 5.2.4.2.1 to 5.2.4.2.5 showed the Log P

value of each isolated natural product and the fraction from which it was isolated.
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Figure 5.2.4.2.5 Natural products isolated from the Australian plant Larsenaikia
ochreata
Lead-like enhanced extraction of selected samples was processed with solid-phase
extraction (SPE) protocol that filtered on Log P. With the increasing of methanol in
the mobile phase, the polarity of mobile phase becomes decreasing and the polarity
of compounds isolated from Fraction 1 to 60 should also decrease. Whilst, their Log

P values should increase at the same time.

8

Log P
@*
-
-

5 - Retention
1 20 23 ° 30 ER] 40 43 30 33 60 Tlme (mln)

Figure 5.2.4.2.6 Relationship between Log P and Retention Time (min)
As is shown in Figure 5.2.4.2.6, the retention time for the isolated natural products in

this chapter had a linear relationship with their Log P value. Similar with previous
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researches, this result proved that the LLE process has the ability to capture most

drug-like chemical constituents.

5.2.5 Determination of Kp

Compounds (29, 33, 39, 45 and 52) were confirmed as active molecules, which
bound to PfRablla. Their molecular weight met the calculation results. In order to
determine the binding affinity of these five ligands, the Kp was measured by a
titration experiment monitoring the equilibrium population of free protein and
ligand-protein complex using a constant concentration of protein (PfRabl11a, 4.5 uM
in 10 mM ammonium acetate buffer, pH 6.8) and increasing concentrations of ligand
(2 uM, 3 uM, 4 uM, 8 uM, 40 uM and 50 uM). Each protein-ligand mixture was
incubated at 4 °C for 1 hr before analyzing by ESI-FTMS. The experiment was run in
triplicate.

It is assumed that the observed protein ion intensity reflects the true protein
concentrations. Either peak height or peak area can be used for quantitation method.
The peak height intensity of the PfRablla at 10+ charge state was used for the
calculation of the bound PfRabl1a because the PfRablla peak height intensity at
other charge states was in lower abundance. Prism software (Version 6.01) was used
to plot the fraction of bound protein against the total ligand concentration of each
ligand (Figure 5.2.5.1). According to Equation 6, the value of Kp of each ligand was

determined. The results were shown in Table 5.2.5.1.
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Figure 5.2.5.1 Titration of 5 ligands with PfRabl1a for determination of Kp. L3 (39), La

(45) and Ls (52) didn’t give curves as their high Kp values.

Table 5.2.5.1 Results for the determination of Kp (uLM)

No. Best-fit values Standard deviation
L1 (29) 1.921 0.4028
L2 (33) 5.131 0.3485
L3 (39) 12.58 0.6860
Ls (45) 14.34 1.412
Ls (52) 34.07 3.548

Kp is the equilibrium dissociation constant, a ratio of Koft/Kon, between the protein
and its ligand. Kp and affinity are inversely related. The Kp value relates to the
concentration of ligand (the amount of ligand needed for a particular experiment)
and so the lower the Kp value (lower concentration) and thus the higher the affinity
of the ligand. According to the titration experiments, arborside E (29) had the lowest
Ko value. Therefore, its binding affinity was the best among all the five PfRablla
natural product binders identified by ESI-FTMS. In order to distinguish a real affinity
from titration-like-binding, we used the same method to measure the Kp value of
arborside E (29) again with a lower protein concentration (PfRabl1a, 3.0 uM), and

the Kp value was 1.963 + 0.2134 uM, which indicated a real Kp was measured.
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5.2.6 Determination of ICso

Nonspecific binding can be detected by a competition experiment using a known
ligand to compete with binding of the first ligand to the specific site. However, there
is no published ligand for PfRabl1a. Under this circumstance, an orthogonal enzyme
assay was run against PfRabl1a using the Innova GTPase Kit to confirm the inhibitory
activity of Compounds (29, 33, 39, 45 and 52). Titration experiments were carried
out with PfRabl1a at a fixed concentration of 4.5 uM in 10 mM ammonium acetate
buffer (pH 6.8) and the ligand at a varied concentration from 0.01 uM to 100 puM
(0.01 uM, 1.0 uMm, 1.5 uM, 4.5 uM, 10 uM, 20.0 uM, 30.0 uM, 40.0 uM, 50.0 uM,

80.0 uM and 100.0 uM). The results were showed in Figure 5.2.6.1 and Table 5.2.6.1.

Percentage of inhibition (29)
Percentage of inhibition (33)
Percentage of inhibition (39)
Percentage of inhibition (45)
Percentage of inhibition (52)

Pothe

Percentage of inhibition

Igcligand

Figure 5.2.6.1 ICsg calcultations

Table 5.2.6.1 Results for the determination of ICso (M)

No. ICso Standard deviation
29 19.73 1.174
33 34.24 0.8943
39 82.54 1.341
45 79.66 0.7761
52 67.50 0.9311

The results suggested that arborside E (29) had an ICsp value of 19.73 + 1.174 uM,

which was the best in all the five compounds. This result also confirmed that
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ESI-FTMS can be used for bioaffinity screening to identify bioactive small molecules,

which can inhibit a protein target.

5.2.7 Evaluation of possible PfRablla binding sites of those natural product
binders via virtual docking

Molecular Docking. Five binding sites were obtained for the protein PfRabl1la (3BFK)
using SiteMap. The molecules obtained by ESI-FTMS screening were docked to the
sitemaps respectively with Glide software to find the most appropriate binding site
of the target and to investigate their ligand-protein interactions. The binding
orientation and features of each molecule relative to the receptor protein were
determined and scored with internal scoring function GlideScore. The docking results
are given in Table 5.2.7.1. The binding site of the highest docking score ligand was
selected and the binding models of them are shown in Figure 5.2.7.1 to Figure

5.2.7.4.

Table 5.2.7.1 Docking scores of the ligands interacting with five different binding

sites in 3BFK predicted by SiteMap.

Docking Score (kcal/mol) Site 1 Site 2 Site 3 Site 4 Site 5
29 (Rab1) -5.24 -4.83 -6.21 -5.98 -6.16

33 (Rab2) -5.38 -5.25 -5.45 -3.91 -5.99

33 (Rab2_neg) -5.56 -5.46 -5.58 -4.76 -4.79

39 (Rab3) -4.78 -4.15 -5.38 -5.61 -5.09

45 (Rab4) -6.06 -6.75 -6.17 -3.71 -4.52

52 (Rab5) -4.31 -7.72 -6.48 -5.69 -6.53

Binding Mode Analysis. The 2D representation of the selected binding modes of the
molecules and their receptor hydrogen bond and hydrophobic interactions is shown
in Figure 5.2.7.1 and Figure 5.2.7.2. The ligand-protein interaction diagrams were
generated in LIGPLOT?%°, Hydrogen bond interactions and their atomic distances (in
R) are shown in dashed lines, whereas hydrophobic contacts are shown in red

crescents.
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Figure 5.2.7.1 Ligand-protein interaction diagrams of the selected ligands generated

by LIGPLOT.
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Figure 5.2.7.2 Ligand-protein interaction diagrams of the selected ligands generated

by LIGPLOT (Rab2_neg).

As shown in Figure 5.2.7.1 and Figure 5.2.7.2, the ligands of 29 (Rab1), 33 (Rab2), 39
(Rab3), 45 (Rab4) and 52 (Rab5) bound to four different pockets in the 3BFK binding
site. Overall, the numbers of bonded interactions and hydrophobic contacts were
observed to be high, suggesting a strong binding between the ligands and the target
protein.

29 (Rab1l) had hydrogen bond interactions with Leull, GIn64, Asn185, Argl33,
Ser127, Lys130, and Glul53; it also had hydrophobic contacts with Goll, Tyr8, Asp9,
Tyr10, Gly84, Val86, Glu158, and Thr160. 33 (Rab2) had hydrogen bond interactions
with Tyr8, GIn64, Gly84, Arg133, and Thrl60; it also had hydrophobic contacts with
Leull, Lys13, Ser127, and Glu153. When the molecule of 39 (Rab3) was in negative
mode, it had hydrogen bond interactions with Leul1, Lys13, Gly84, Glu158, Thr160,
and Argl77; it also had hydrophobic contacts with Val86 and GIn181. 39 (Rab3) had
hydrogen bond interactions with Lys41, Glu39, Lys145, and Lys148; it also had
hydrophobic contacts with Asn37, Gly45, Glu47, Vall119, Leu149, Alal50, and Phe151.
45 (Rab4) had hydrogen bond interactions with Asp34, Asn57, Tyrl74, and Asn175; it
also had hydrophobic contacts with Phe36, Leu38, Lys56, Arg75, Leul57, GIn178,
Lys179, and Thr183. 52 (Rab5) had hydrogen bond interactions with Asp34, Lys56,
Ala76, and Asn175; it also had hydrophobic contacts with Arg30, Phe36, Leu55,

Arg75, Leul57, Asn171, Tyr174, GIn178, and Lys179.
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Figure 5.2.7.3 Compound 29 (Rab1), 33 (Rab2), 39 (Rab3), 45 (Rab4) and 52 (Rab5)
bound to four different pockets in the PfRabl1la (3BFK) binding site. The ligands are

shown in stick model while the binding site is depicted as a surface for better

visualization.

Rab2 neg

Figure 5.2.7.4 Compound 33 (Rab2_neg) bound to PfRablla (3BFK). The ligand is

shown in stick model while the binding site is depicted as a surface for better

visualization.

159



5.3 Summary

ESI-FTMS was used to screen 3,520 natural product extracts against PfRabl1la. Five
extracts from Australian plants were identified to contain molecules that bound to
the protein PfRabl1la. MS-directed isolation led to the identification of a new natural
product (29) and other four know natural products (33, 39, 45 and 52). Their binding
activity and inhibitory activity against PfRab11a was confirmed by ESI-FTMS titration
experiments and an orthogonal enzyme assay. To our knowledge, it is the first time a
bioaffinity MS screening method has been used to study the malarial target
PfRab11a, it is the first time that natural product binders (29, 33, 39, 45 and 52) to
this target have been reported, and a new natural product inhibitor reported. This
work successfully demonstrates that direct bioaffinity screening using ESI-FTMS can
detect a PfRabl1a-ligand complex in a complex natural product extract. Meanwhile,
a number of additional natural products were isolated from the samples that show a
protein-ligand complex, and their Log P values and HPLC retention time showed a
linear relationship, which provided evidence that the LLE process has the ability to

capture drug-like chemical constituents.

5.4 Experimental

5.4.1 PfRabl1la

PfRablla was from Van Voorhis Group (University of Washington, WA, USA) and
stored in a nonvolatile buffer (Tris, pH 8.0), which is incompatible with MS. Its
sequence of amino acid is:
GDYYDYLFKIVLIGDSGVGKSNLLSRFTRDEFNLESKSTIGVEFATKSIQLKNNKIIKAQIWDTAGQ
ERYRAITSAYYRGAVGALLVYDITKKNSFENIEKWLKELRDNADSNIVILLVGNKSDLKHLRVIND
NDATQYAKKEKLAFIETSALEATNVELAFHQLLNEIYNVRQKKQATKN.

The nonvolatile buffer was replaced by ammonium acetate (10 mM, pH 6.8) through
a buffer-exchange process using Sephadex G25 column to generate stock solution

(4.5 uM).
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5.4.2 Natural product extracts

3,520 natural product extracts (0.5 pL, 250 uge/uL each extract) randomly chosen
from Nature Bank were dried and re-solubilized with 5 uL methanol. Each extract (5
uL, 25 uge/uL) was incubated with PfRablla at 4.5 uM in ammonium acetate (10
mM, pH 6.8) for direct infusion ESI-FTMS. The total volume of each sample was 55 pL.

They were incubated for 1 hour at 4°C before being analyzed by MS.

5.4.3 ESI-FTMS analysis

All experiments were performed on a Bruker Apex Ill 4.7 Tesla external ESI source
FTICR mass spectrometer. Samples were injected directly by a Cole-Parmer syringe
pump with a flow rate of 2 pL per minute. The end plate voltage was biased at 3200
V and the capillary voltage at 4500 V relative to the ESI needle during data
acquisition. A nebulizing N> gas with a pressure of 50 psi and a counter-current
drying N, gas with a flow of 30 L/min were employed. The drying gas temperature
was maintained at 100°C for direct infusion ESI-FTMS. The capillary exit voltage was
tuned at 140 V and skimmer 1 voltage at 15 V. lons were accumulated in an external
ion reservoir comprised of an radio frequency only hexapole, a skimmer cone
(skimmer 2) with a tuning voltage of 12 V, and an auxiliary gate electrode, prior to
injection into the cylindrical Infinity™ analyzer cell, where they were analyzed. Each
run took 3-5 minutes. These optimized conditions were used based on our previous
studies.”l 1%

Mass spectra were recorded in the positive ion mode with mass range 160-6,000 m/z
for broadband low-resolution acquisition. Each spectrum was an average of 128
transients (scans) composed of 32,000 data points for high-resolution mode and 32
transients of 32,000 data points for low-resolution mode. All aspects of pulse
sequence control and data acquisition were performed on a Pentium Il (1.2 GHz)

data station running Bruker’s Xmass software under Windows operating system.
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5.4.4 HPLC, MS and NMR instruments

HPLC was performed on a Waters 600 HPLC Controller coupled with a Waters 996
Photodiode Array Detector. LR-LC-MS was performed on a Waters 2790 Separations
Module HPLC coupled with a Waters micromass ZQ spectrometer. NMR spectra
were recorded at 30°C on a Varian 500 MHz spectrometer; samples were dissolved

in DMSO-db.

5.4.5 Extraction and isolation
Five extracts gave positive results during FTMS screening. Their taxonomy
information was shown in Table 5.4.5.1.

Table 5.4.5.1 Taxonomy information of active extracts

) ) ) Collection Voucher
Plant species Family Location Collectors
Date held
) P.I.F.Forster
Daintree Queensland
Psydrax ) . & R.Booth, ]
. Rubiaceae National Park, Feb-1997 Herbarium
montigena R. Jago,
NE Queensland (BRI)
R.Jensen
Wooroonooran
) ] P.I.LF.Forster Queensland
Wendlandia ) National Park, ]
) ] Rubiaceae . Jun-1996 Herbarium
basistaminea Boonjie, NE
M.C.Tucker (BRI)
Queensland
Mt Hedley, 3
Queensland
Psydrax ) km ENE of P.l.Forster ]
Rubiaceae ] Apr-1999 Herbarium
lamprophylla Rossville, NE & R.Booth
(BRI)
Queensland
Camp Eden,
] Queensland
Prunus Currumbin P.l.Forster .
. Rosaceae ) Dec-1997 Herbarium
persica Valley, SE & G.Leiper
(BRI)
Queensland
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Mungana

. . Queensland
Larsenaikia ) National Park,  P.l.Forster .
Rubiaceae ) Feb-1996 Herbarium
ochreata Chillagoe, NE & T.Ryan
(BRI)
Queensland

5.4.5.1 Chemical constituents from the Australian plant Psydrax montigena

The freeze-dried and ground plant material (10 g) was placed into a conical flask (1 L),
n-hexane (250 mL) was added, and the flask was shaken at 200 rpm for 2 h. The
n-hexane extract was filtered under gravity then discarded. CHxCl, (250 mL) was
added to the defatted plant material in the conical flask and shaken at 200 rpm for 2
h. The resultant extract was filtered under gravity and set aside. MeOH (250 mL) was
added, and the MeOH/plant mixture was shaken for a further 2 h at 200 rpm.
Following gravity filtration the biota was extracted with another volume of MeOH
(250 mL) whilst being shaken at 200 rpm for 16 h. All CH,Cl,/MeOH extracts were
combined and dried under reduced pressure to yield a dark brown solid (2.80 g). A
portion of this material (1.0 g) was preadsorbed to C18-bonded silica (1 g), and then
packed into a stainless steel cartridge (10 x 30 mm) that was subsequently attached
to a Thermo Betasil C18 semipreparative HPLC column (150 x 21.2 mm). Isocratic
HPLC conditions of 90% H,0 (0.1% TFA)/10% MeOH (0.1% TFA) were employed for
the first 10 min; then a linear gradient from 90% H,0 (0.1% TFA)/10% MeOH (0.1%
TFA) to 100% MeOH (0.1% TFA) was run over 40 min, followed by isocratic
conditions of MeOH (0.1% TFA) for a further 10 min, all at a flow rate of 9 mL/min.
Sixty fractions (60 x 1 min) were collected from the start of the HPLC run (Figure
5.4.5.1.1). Looking for the ion of interest at m/z 629.1626 identified in the ESI-FTMS

screen, fractions were analyzed by (+)-LRESIMS and NMR spectroscopy.
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Figure 5.4.5.1.1 HPLC chromatogram of Psydrax montigena

Fraction 28 yielded compound 27 (2.4 mg). Yellow powder. LR-ESI-MS: m/z 611.2
[M+H]*. 'H NMR (DMSO-ds, 500 MHz), 6n: 12.60 (1H, s), 7.56 (1H, d, J=2.1 Hz), 7.54
(1H, d, J=2.3 Hz), 6.84 (1H, d, J=8.1 Hz), 6.39 (1H, d, J=2.0 Hz), 6.20 (1H, d, J=2.0 Hz),
5.35 (1H, m), 4.39 (1H, d, J=1.4 Hz), 3.71 (1H, d, J=10.1 Hz), 3.40 (1H, dd, J=3.2, 1.5
Hz), 3.30 (1H, d, J/=2.9 Hz), 3.28 (1H, d, J=3.1 Hz), 3.27-3.21 (m), 1.00 (3H, d, J=6.3 Hz).
13C NMR (DMSO-ds, 500 MHz), &¢: 177.8, 164.6, 161.7, 157.0, 156.9, 148.9, 145.2,
133.7, 122.0, 121.6, 116.7, 115.7, 104.4, 101.6, 101.2, 99.1, 94.0, 76.9, 76.4, 74.5,
72.3,71.0,70.8,70.4,68.7, 67.5, 18.2.

Fraction 39 yielded compound 28 (2.5 mg). Yellow powder. LR-LC-MS: m/z 465.0
[M+H]*. TH NMR (DMSO-de, 500 MHz), 64: 12.70 (1H, s, -OH), 6.89 (2H, s), 6.37 (1H, d,
J=2.0 Hz), 6.20 (1H, d, J=2.0 Hz), 5.20 (1H, d, J=1.4 Hz), 3.98 (1H, dd, J=1.5, 3.0 Hz),
3.55 (1H, dd, J=3.2, 9.5 Hz), 3.16 (1H, t, J= 9.4 Hz), 0.85 (3H, d, J=6.1 Hz). 13C NMR
(DMSO-ds, 500 MHz), &¢c: 178.2, 164.7, 161.8, 157.9, 156.9, 146.2, 136.9, 134.7,
120.1, 108.3, 104.5, 102.4, 99.1, 94.0, 71.7, 71.0, 70.8, 70.5, 18.0.

Fraction 41 yielded compound 29 (1.4 mg). Light yellow, amorphous solid. LR-LC-MS:
m/z 629.7 [M+H]*. Its NMR data and full structure elucidation is described in the
following Chapter 5.3.4.1.

Fraction 45 yielded Compound 30 (2.7 mg). Yellow needles. LR-LC-MS: m/z 287.3
[M+H]*. 'H NMR (DMSO-ds, 500 MHz), &u: 12.97 (1H, s, -OH), 7.43 (1H, d, J=2.1 Hz),
7.41 (1H, d, J=2.3 Hz), 6.89 (1H, d, J=8.4), 6.67 (1H, s, H-8), 6.45 (1H, d, J=2.0 Hz), 6.19
(1H, d, J=2.0). 3C NMR (DMSO-ds, 500 MHz), 6¢: 182.1, 164.6, 164.3, 161.9, 157.7,

150.2, 146.2,121.9, 1195, 116.5, 113.8, 104.1, 103.3, 99.3, 94.3.
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Fraction 46 yielded compound 31 (2.1 mg). Light brown powder. LR-LC-MS: m/z
273.3 [M-H]*. *H NMR (DMSO-ds, 500 MHz), &u: 12.16 (1H, s, -OH), 7.40 (2H, d, J=6.5
Hz), 6.91 (2H, d, J=9.5 Hz), 5.88 (2H, s), 5.44 (1H, dd, J=2.9, 12.5 Hz), 2.70 (1H, d,
J=3.1 Hz), 2.66 (1H, d, J=3.1 Hz). 13C NMR (DMSO-ds, 500 MHz), &c: 196.8, 167.2,
163.9, 163.4, 158.2, 129.3, 128.8, 115.6, 102.2, 96.3, 95.4, 78.9, 42.4.

Fraction 51 yielded compound 32 (1.7 mg). Light brown powder. LR-LC-MS: m/z
413.4 [M-3H]*. 'H NMR (DMSO-ds, 500 MHz), &1: 4.49 (1H, s), 3.56 (1H, m), 3.54 (1H,
m), 1.95 (1H, m), 1.34-1.79 (m), 1.04-1.14 (m), 0.78-0.89 (each 3H, s). 3C NMR
(DMSO-des, 500 MHz), &¢c: 109.3, 80.9, 71.4, 66.9, 62.8, 56.3, 54.3, 42.2, 40.5, 40.0,
37.1,36.0,35.6,32.4,31.9, 31.4,30.8, 30.1, 29.1, 24.3, 20.9, 18.9, 16.4, 14.9, 12.8.
5.4.5.2 Chemical constituents from the Australian plant Wendlandia basistaminea
The freeze-dried and ground plant material (30 g) from the Australian plant
Wendlandia basistaminea sp. was placed into a conical flask (1 L), n-hexane (250 mL)
was added, and the flask was shaken at 200 rpm for 2 h. The n-hexane extract was
filtered under gravity then discarded. CHCl, (250 mL) was added to the defatted
plant material in the conical flask and shaken at 200 rpm for 2 h. The resultant
extract was filtered under gravity and set aside. MeOH (250 mL) was added, and the
MeOH/plant mixture was shaken for a further 2 h at 200 rpm. Following gravity
filtration the biota was extracted with another volume of MeOH (250 mL) whilst
being shaken at 200 rpm for 16 h. All CH2Cl,/MeOH extracts were combined and
dried under reduced pressure to yield a dark brown solid (3.83 g). A portion of this
material (1.0 g) was preadsorbed to C18-bonded silica (1 g), and then packed into a
stainless steel cartridge (10x30 mm) that was subsequently attached to a Thermo
Betasil C18 semipreparative HPLC column (150 x 21.2 mm). Isocratic HPLC conditions
of 90% H,0 (0.1% TFA)/10% MeOH (0.1% TFA) were employed for the first 10 min;
then a linear gradient from 90% H,O (0.1% TFA)/10% MeOH (0.1% TFA) to 100%
MeOH (0.1% TFA) was run over 40 min, followed by isocratic conditions of MeOH

(0.1% TFA) for a further 10 min, all at a flow rate of 9 mL/min. Sixty fractions (60 x 1
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min) were collected from the start of the HPLC run (Figure 5.4.5.2.1). Looking for the
ion of interest at m/z 372.4237 identified in the ESI-FTMS screen, fractions were

analyzed by (x)-LRESIMS and NMR spectroscopy.
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Figure 5.4.5.2.1 HPLC chromatogram of Wendlandia basistaminea sp.

Fraction 19 yielded compound 33 (3.7 mg). Yellow needles. LR-LC-MS: m/z 373.6
[M-H]*. IH NMR (DMSO-ds, 500 MHz), &x: 11.93 (1H, brs), 7.41 (1H, s), 5.69 (1H, s),
5.09 (1H, d, J=6.8 Hz), 4.54 (1H, d, J=7.8 Hz), 4.14 (1H, d, J=14.9 Hz), 3.98 (1H, d,
J=14.8 Hz), 3.67 (1H, d, J=11.7 Hz), 3.43 (1H, dd, J=5.9, 11.6 Hz), 3.17 (1H, d, J=8.8 Hz),
3.12 (1H, d, J=6.0 Hz), 3.05 (1H, t, J=8.3 Hz), 2.99 (1H, t, J=8.5 Hz), 2.70 (1H, dd, J=8.2,
16.6 Hz), 2.61 (1H, t, J=7.5 Hz), 2.06 (2H, m). 33C NMR (DMSO-ds, 500 MHz), &¢: 173.0,
153.6, 147.9, 128.5, 117.2, 105.4, 100.7, 96.2, 77.7, 77.0, 73.9, 70.6, 61.5, 60.6, 50.2,
38.5, 32.7.

Fraction 25 yielded compound 34 (2.3 mg). Brown powder. LR-LC-MS: m/z 338.5
[M+H]*. *H NMR (DMSO-ds, 500 MHz), &1: 9.84 (1H, d, J=2.7 Hz), 8.96 (1H, s), 8.19
(1H, dd, J=2.3, 9.2 Hz), 8.02 (1H, d, J=9.2 Hz), 7.70 (1H, s), 6.86 (1H, s), 4.91 (2H, t,
J=6.0 Hz), 4.10 (3H, d, J=0.9 Hz), 4.07 (3H, d, J=1.1 Hz), 3.94 (3H, s), 3.15 (2H, t, J=6.3
Hz). 33C NMR (DMSO-ds, 500 MHz), &¢: 150.6, 150.5, 148.4, 145.6, 144.0, 138.6,
133.7, 129.3, 127.2, 123.8, 121.7, 119.9, 118.1, 115.4, 109.9, 62.3, 57.5, 56.7, 55.9,
26.2.

Fraction 37 yielded compound 35 (2.0 mg). Colorless needles. LR-LC-MS: m/z 355.3
[M-H]*. H NMR (DMSO-ds, 500 MHz), &u: 9.59 (1H, s), 9.16 (1H, s), 7.42 (1H, d,
J=15.9 Hz), 7.04 (1H, d, J=2.1 Hz), 6.99 (1H, dd, J=2.1, 8.3 Hz), 6.77 (1H, d, J=8.2 Hz),
6.15 (1H, d, J=15.9 Hz), 5.07 (1H, m), 4.92 (1H, d, J=5.0 Hz), 4.77 (1H, d, J=5.8 Hz),
3.93 (1H, brs), 3.56 (1H, m), 2.02 (3H, m), 1.95 (2H, dd, J=3.7, 13.2 Hz), 1.79 (1H, dd,
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J=7.7, 13.0 Hz). 3C NMR (DMSO-ds, 500 MHz), 6¢: 175.4, 166.2, 148.8, 146.0, 145.4,
126.0,121.8,116.2,115.2,114.7,73.9, 71.3, 70.8, 68.5, 37.7, 36.7.

Fraction 46 yielded compound 36 (2.0 mg). Yellow needles. LR-LC-MS: m/z 269.3
[M-H]*. IH NMR (DMSO-ds, 500 MHz), 6x: 12.97 (1H, s), 10.84 (1H, s), 1036 (1H, s),
7.93 (2H, d, J=8.7 Hz), 6.93 (2H, d, J=8.9 Hz), 6.79 (1H, s), 6.49 (1H, d, J=2.0 Hz), 6.20
(1H, d, J=2.0 Hz). 13C NMR (DMSO-ds, 500 MHz), 6¢: 182.2, 164.6, 164.2, 161.9, 161.6,
157.8,128.9,121.6, 116.4, 104.2, 103.3, 99.3, 94.4.

Fraction 47 yielded compound 37 (2.5 mg). Brown powder. LR-LC-MS: m/z 433.6
[M-H]*. IH NMR (DMSO-ds, 500 MHz), 6x: 12.01 (1H, s), 7.11 (2H, dd, J=7.2, 7.8 Hz),
6.71 (2H, dd, J= 7.3, 8.0 Hz), 6.20 (2H, s), 6.80 (1H, s), 5.51 (1H, m). 3C NMR
(DMSO-ds, 500 MHz), &¢: 196.8, 166.8, 163.2, 157.4, 130.9, 127.5, 117.0, 109.2,
101.8,94.8,94.1, 82.5, 81.5, 76.8, 73.4, 71.5, 62.2, 43.2.

Fraction 48 yielded compound 38 (2.6 mg). Yellow needles. LR-LC-MS: m/z 239.3
[M-H]*. TH NMR (DMSO-ds, 500 MHz), 6x: 11.94 (1H, brs), 7.85 (1H, s), 7.83 (1H, d,
J=0.8 Hz), 7.81 (1H, s), 7.74 (1H, d, J=1.1 Hz), 7.73 (1H, d, J=1.1 Hz), 7.41 (1H, d, J=1.1
Hz), 7.40 (1H, d, J=1.1 Hz). 13C NMR (DMSO-ds, 500 MHz), &¢: 192.5, 181.9, 161.8,
137.9,133.8, 124.9, 119.8, 116.5.

5.4.5.3 Chemical constituents from the Australian plant Psydrax lamprophylla

The freeze-dried and ground plant material (10 g) from the Australian plant Psydrax
lamprophylla sp. was placed into a conical flask (1 L), n-hexane (250 mL) was added,
and the flask was shaken at 200 rpm for 2 h. The n-hexane extract was filtered under
gravity then discarded. CH.Cl; (250 mL) was added to the defatted plant material in
the conical flask and shaken at 200 rpm for 2 h. The resultant extract was filtered
under gravity and set aside. MeOH (250 mL) was added, and the MeOH/plant
mixture was shaken for a further 2 h at 200 rpm. Following gravity filtration the biota
was extracted with another volume of MeOH (250 mL) whilst being shaken at 200
rom for 16 h. All CH,Cl,/MeOH extracts were combined and dried under reduced

pressure to yield a dark brown solid (2.41 g). A portion of this material (1.0 g) was
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preadsorbed to C18-bonded silica (1 g), and then packed into a stainless steel
cartridge (10x30 mm) that was subsequently attached to a Thermo Betasil C18
semipreparative HPLC column (150 x 21.2 mm). Isocratic HPLC conditions of 90%
H>0 (0.1% TFA)/10% MeOH (0.1% TFA) were employed for the first 10 min; then a
linear gradient from 90% H,0 (0.1% TFA)/10% MeOH (0.1% TFA) to 100% MeOH (0.1%
TFA) was run over 40 min, followed by isocratic conditions of MeOH (0.1% TFA) for a
further 10 min, all at a flow rate of 9 mL/min. Sixty fractions (60 x 1 min) were
collected from the start of the HPLC run (Figure 5.4.5.3.1). Looking for the ion of
interest at m/z 510.5320 identified in the ESI-FTMS screen, fractions were analyzed

by (£)-LRESIMS and NMR spectroscopy.
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Figure 5.4.5.3.1 HPLC chromatogram of Psydrax lamprophylla sp.

Fraction 36 yielded compound 39 (1.3 mg). Brown powder. LR-LC-MS: m/z 511.5
[M+H]*. H NMR (DMSO-ds, 500 MHz), 8u: 8.02 (2H, m), 7.52 (1H, m), 7.38 (2H, m),
7.36 (1H, s), 5.49 (1H, m), 5.46 (1H, d, J=1.5 Hz), 1.35 (3H, s). 13C NMR (DMSO-ds, 500
MHz), 6c: 151.8, 132.7, 130.1, 129.3, 128.1, 108.6, 98.4, 93.6, 78.2, 77.6, 76.3, 76.2,
73.0, 70.0, 61.5, 50.0, 46.7, 36.9.

Fraction 37 yielded compound 40 (1.8 mg). Brown powder. LR-LC-MS: m/z 227.3
[M+H]*. 1H NMR (DMSO-ds, 500 MHz), 61: 7.49 (1H, d, J=5.8 Hz), 5.71 (1H, s), 4.75
(1H, d, J=9.0 Hz), 4.14 (1H, d, J=14.8), 4.01 (1H, d, J=13.7 Hz), 3.01 (1H, m), 2.69 (1H,
dd, J=8.3, 15.8 Hz), 2.40 (1H, t, J=7.8 Hz), 1.99 (1H, m). 13C NMR (DMSO-ds, 500 MHz),
6c: 167.6, 153.1, 145.7, 125.6, 110.4, 96.4, 62.2, 51.4, 47 .2, 38.7, 36.2.

Fraction 40 yielded compound 41 (2.6 mg). Light yellow needles. LR-LC-MS: m/z
365.2 [M+H]*. 1H NMR (DMSO-ds, 500 MHz), &x: 10.33 (1H, s), 8.46 (1H, s), 8.03 (1H,
d, J=9.2 Hz, 7.43 (1H, dd, J=2.7, 9.2 Hz), 7.29 (1H, d, J=2.7 Hz), 7.27 (1H, s), 6.50 (1H,
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s), 5.42 (2H, s), 5.24 (2H, s), 1.87 (2H, m), 0.88 (3H, t, J=7.3 Hz). 13C NMR (DMSO-ds,
500 MHz), &¢: 173.0, 157.3, 157.1, 150.5, 149.9, 146.4, 143.7, 131.1, 130.4, 130.2,
129.7,123.5, 118.6, 109.2, 96.3, 72.9, 65.7, 50.6, 30.7, 8.25.

Fraction 44 yielded compound 42 (2.7 mg). Brown powder. LR-LC-MS: m/z 465.4
[M+H]*. 1H NMR (DMSO-ds, 500 MHz), &x: 12.01 (1H, s), 7.11 (2H, dd, J=7.2, 7.8 Hz),
6.71 (2H, dd, J= 7.3, 8.0 Hz), 6.20 (2H, s), 6.80 (1H, s), 5.51 (1H, m). 3C NMR
(DMSO-ds, 500 MHz), &c: 196.8, 166.8, 163.2, 157.4, 130.9, 127.5, 117.0, 109.2,
101.8,94.8,94.1, 82.5, 81.5, 76.8, 73.4, 71.5, 62.2, 43.2.

Fraction 45 yielded compound 43 (1.6 mg). White needles. LR-LC-MS: m/z 385.4
[M+H]*. 'H NMR (DMSO-ds, 500 MHz), 61: 10.12 (1H, s), 7.33 (1H, s), 7.26 (1H, d,
J=7.3 Hz), 7.15 (1H, ddd, J= 1.2, 7.7 Hz), 6.96 (1H, ddd, J=1.0, 7.6 Hz), 6.76 (1H, d,
J=7.5Hz), 3.73 (2H, s), 3.56 (3H, s), 3.17 (2H, m), 2.37 (1H, m), 2.15 (4H, m), 2.02 (2H,
m), 1.88 (1H, dd, J=6.9, 12.7 Hz), 1.59 (1H, t, J=10.8 Hz), 0.76 (3H, t, J=7.3 Hz). 13C
NMR (DMSO-ds, 500 MHz), 6¢: 180.2, 160.5, 142.4, 134.3, 128.1, 123.6, 122.0, 111.1,
119.2,75.5,57.7,55.8,54.7, 40.4, 40.6, 37.5, 34.5, 24.2, 11.5.

Fraction 54 yielded compound 44 (1.5 mg). Brown powder. LR-LC-MS: m/z 455.4
[M+H]*. 'H NMR (DMSO-ds, 500 MHz), 61: 11.94 (1H, s), 5.14 (2H, t, J=3.4 Hz), 4.35
(1H, t, J=5.0 Hz), 4.29 (1H, d, J=5.2 Hz), 3.45 (1H, dd, J=5.0, 6.9 Hz), 3.01 (2H, m), 2.11
(1H, d, J=11.3 Hz), 1.94 (1H, td, J=3.6, 13.4 Hz), 1.85 (4H, dd, J=5.0, 10.5 Hz), 1.79 (1H,
d, J=9.0 Hz), 1.49 (1H, m), 1.29 (1H, m), 1.07 (1H, d, J=7.0 Hz), 1.05 (3H, s), 0.93 (4H,
m), 0.90 (3H, s), 0.87 (3H, s), 0.82 (3H, d, J=6.4 Hz), 0.76 (3H, s), 0.68 (3H, s). 13C NMR
(DMSO-de, 500 MHz), 6¢: 178.7, 138.5, 125.8, 79.1, 55.5, 53.1, 48.1, 47.8, 42.3, 39.7,
39.4, 39.2, 39.0, 38.9, 37.2, 37.1, 33.3, 30.9, 28.3, 28.3, 27.0, 24.5, 23.8, 23.6, 21.5,
18.6,17.3,17.1,15.9, 15.7.

5.4.5.4 Chemical constituents from the Australian plant Prunus persica

The freeze-dried and ground plant material (10 g) from the Australian plant Prunus
persica sp. was placed into a conical flask (1 L), n-hexane (250 mL) was added, and

the flask was shaken at 200 rpm for 2 h. The n-hexane extract was filtered under
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gravity then discarded. CH,Cl> (250 mL) was added to the defatted plant material in
the conical flask and shaken at 200 rpm for 2 h. The resultant extract was filtered
under gravity and set aside. MeOH (250 mL) was added, and the MeOH/plant
mixture was shaken for a further 2 h at 200 rpm. Following gravity filtration the biota
was extracted with another volume of MeOH (250 mL) whilst being shaken at 200
rom for 16 h. All CH,Cl;/MeOH extracts were combined and dried under reduced
pressure to yield a dark brown solid (2.51 g). A portion of this material (1.0 g) was
preadsorbed to C18-bonded silica (1 g), and then packed into a stainless steel
cartridge (10 x 30 mm) that was subsequently attached to a Thermo Betasil C18
semipreparative HPLC column (150 x 21.2 mm). Isocratic HPLC conditions of 90%
H>0 (0.1% TFA)/10% MeOH (0.1% TFA) were employed for the first 10 min; then a
linear gradient from 90% H,0 (0.1% TFA)/10% MeOH (0.1% TFA) to 100% MeOH (0.1%
TFA) was run over 40 min, followed by isocratic conditions of MeOH (0.1% TFA) for a
further 10 min, all at a flow rate of 9 mL/min. Sixty fractions (60 x 1 min) were
collected from the start of the HPLC run (Figure 5.4.5.4.1). Looking for the ion of
interest at m/z 660.9427 identified in the ESI-FTMS screen, fractions were analyzed

by (+)-LRESIMS and NMR spectroscopy.
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Figure 5.4.5.4.1 HPLC chromatogram of Prunus persica sp.

Fraction 36 yielded compound 45 (1.6 mg). White needles. LR-LC-MS: m/z 660.8
[M+H]*. IH NMR (DMSO-ds, 500 MHz), 8y: 6.77 (1H, m), 5.40 (1H, m), 5.19 (1H, m),
4.29 (1H, m), 2.01 (2H, m), 1.2-1.8 (each 2H, 8 X -CH,), 0.84 (1H, s). 3C NMR
(DMSO-ds, 500 MHz), &¢: 176.5, 107.0, 99.6, 96.3, 82.0, 81.3, 56.6, 54.8, 44.9, 44.0,

40.5, 37.8, 28.2,21.1, 18.6, 15.8.
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Fraction 39 yielded compound 46 (2.5 mg). White needles. LR-LC-MS: m/z 154.1
[M+H]*. *H NMR (DMSO-ds, 500 MHz), &1: 8.76 (1H, s), 6.88 (1H, d, J=7.4 Hz), 6.70
(1H, d, J=7.6 Hz), 4.98 (1H, t, J=5.6 Hz), 4.37 (1H, d, J=5.6 Hz), 3.34 (3H, s). 3C NMR
(DMSO-de, 500 MHz), 6¢: 147.8, 145.7,133.9, 119.5, 115.5, 111.5, 63.4, 55.9.

Fraction 40 yielded compound 47 (2.4 mg). Light yellow crystal powder. LR-LC-MS:
m/z 348.1 [M+H]*. 'H NMR (DMSO-ds, 500 MHz), 6x: 8.71 (1H, s), 8.19 (1H, d, J=8.5
Hz), 8.15 (1H, d, J=7.6 Hz), 7.88 (1H, ddd, J=1.4, 6.9, 8.5 Hz), 7.73 (1H, ddd, J=1.1, 6.9,
7.5), 7.37 (1H, s), 6.54 (1H, s), 5.44 (1H, s), 5.33 (1H, s), 1.88 (1H, m), 0.89 (3H, t,
J=7.4 Hz). 13C NMR (DMSO-ds, 500 MHz), &¢: 172.9, 157.3, 153.0, 150.4, 148.4, 146.0,
132.0, 130.9, 130.3, 129.5, 129.0, 128.4, 128.1, 119.5, 97.2, 72.8, 65.7, 50.7, 30.8,
8.2.

Fraction 43 yielded compound 48 (1.9 mg). Yellow needles. LR-LC-MS: m/z 285.3
[M+H]*. 'H NMR (DMSO-ds, 500 MHz), &4: 10.73 (1H, s), 9.50 (1H, s), 9.26 (1H, s),
9.03 (1H, s), 7.93 (1H, d, J=7.5 Hz), 7.69 (1H, d, J=2.3 Hz), 7.54 (1H, dd, J=2.2, 8.5 Hz),
6.89 (3H, m). 13C NMR (DMSO-ds, 500 MHz), 6¢c: 172.4, 162.7, 156.7, 147.7, 145.5,
137.6,126.9,122.9,120.1, 116.0, 115.4, 115.1, 114.7, 102.3.

Fraction 45 yielded compound 49 (1.5 mg). Light brown powder. LR-LC-MS: m/z
329.9 [M+H]*. 'H NMR (DMSO-ds, 500 MHz), 81: 11.98 (1H, s), 7.73 (1H, m), 7.67 (1H,
t, J/=1.7 Hz), 6.52 (1H, d, J=0.6, 1.8 Hz), 5.49 (1H, s), 4.93 (1H, d, J=13.1 Hz), 4.49 (1H,
d, J=13.1 Hz), 4.12 (3H, s), 3.33 (3H, s), 3.13 (1H, t, J=15.2 Hz), 2.78 (1H, d, J=15.4 Hz),
2.64 (1H, d, J=4.0 Hz), 2.61 (1H, d, J=4.0 Hz), 2.58 (1H, m), 2.47 (1H, dd, J=3.3, 15.6
Hz), 2.28 (1H, dd, J=3.3, 14.9 Hz), 1.82 (1H, m), 1.73 (1H, m), 1.26 (1H, m), 1.20 (3H,
s), 1.12 (3H, s), 1.02 (d, J=11.3 Hz). 3C NMR (DMSO-ds, 500 MHz), &¢: 208.5, 172.5,
170.7, 167.8, 143.8, 142.2, 120.7, 110.7, 80.0, 78.9, 77.9, 67.2, 65.3, 58.4, 54.2, 50.8,
46.9, 45.7,38.1, 36.7, 36.2, 30.2, 29.7, 21.9, 21.5, 20.2, 18.0, 17.5.

Fraction 43 yielded compound 50 (2.2 mg). Yellow crystal. LR-LC-MS: m/z 471.2
[M+H]*. IH NMR (DMSO-ds, 500 MHz), &u: 12.18 (1H, brs), 5.41 (1H, s), 4.31 (1H, d,

J=4.9 Hz), 3.33 (3H, s), 3.02 (1H, m), 2.58 (1H, m), 2.34 (1H, s), 2.09-0.70 (each 3H, s).
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13C NMR (DMSO-ds, 500 MHz), &¢: 199.5, 178.1, 170.1, 127.7, 77.0, 61.6, 54.5, 48.5,
45.3,43.5,43.4,41.1, 40.6, 39.2, 39.0, 38.0, 37.1, 32.6, 32.0, 30.8, 28.9, 28.6, 28.3,
27.4, 265, 26.3, 23.5, 18.8, 17.6, 16.7, 16.5.

5.4.5.5 Chemical constituents from the Australian plant Larsenaikia ochreata
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Figure 5.4.5.5.1 HPLC chromatogram of Larsenaikia ochreata sp.

The freeze-dried and ground plant material (10 g) from the Australian plant
Larsenaikia ochreata sp. was placed into a conical flask (1 L), n-hexane (250 mL) was
added, and the flask was shaken at 200 rpm for 2 h. The n-hexane extract was
filtered under gravity then discarded. CH,Cl, (250 mL) was added to the defatted
plant material in the conical flask and shaken at 200 rpm for 2 h. The resultant
extract was filtered under gravity and set aside. MeOH (250 mL) was added, and the
MeOH/plant mixture was shaken for a further 2 h at 200 rpm. Following gravity
filtration the biota was extracted with another volume of MeOH (250 mL) whilst
being shaken at 200 rpm for 16 h. All CH.Cl,/MeOH extracts were combined and
dried under reduced pressure to yield a dark brown solid (2.27 g). A portion of this
material (1.0 g) was preadsorbed to C18-bonded silica (1 g), and then packed into a
stainless steel cartridge (10 x 30 mm) that was subsequently attached to a Thermo
Betasil C18 semipreparative HPLC column (150 x 21.2 mm). Isocratic HPLC conditions
of 90% H,0 (0.1% TFA)/10% MeOH (0.1% TFA) were employed for the first 10 min;
then a linear gradient from 90% H,0 (0.1% TFA)/10% MeOH (0.1% TFA) to 100%
MeOH (0.1% TFA) was run over 40 min, followed by isocratic conditions of MeOH
(0.1% TFA) for a further 10 min, all at a flow rate of 9 mL/min. Sixty fractions (60 x 1

min) were collected from the start of the HPLC run (Figure 5.4.5.5.1). Looking for the

172



ion of interest at m/z 811.4227 identified in the ESI-FTMS screen, fractions were
analyzed by (%)-LRESIMS and NMR spectroscopy.

Fraction 38 yielded compound 51 (1.9 mg). White powder. LR-LC-MS: m/z 363.7
[M+H]*. *H NMR (DMSO-ds, 500 MHz), 64: 8.86 (1H, s), 7.54 (1H, s), 7.32 (1H, d,
J=11.9 Hz), 6.83 (1H, s), 6.52 (1H, s), 6.13 (1H, s), 5.44 (1H, s), 5.29 (1H, s), 1.88 (1H, s),
0.89 (1H, s). 13C NMR (DMSO-ds, 500 MHz), &¢: 173.0, 157.4, 152.3, 150.5, 149.7,
146.3, 131.7, 127.6, 127.0, 119.1, 118.0, 116.6, 109.0, 96.9, 72.9, 65.7, 50.7, 30.7,
8.2.

Fraction 42 yielded compound 52 (1.0 mg). Colorless needles. *H NMR (DMSO-de,
500 MHz), 6x: 6.30 (1H, d, J=7.0 Hz), 5.42 (1H, brt), 5.13 (1H, d, J=7.5 Hz), 4.35 (1H, d,
J=11.0 Hz), 3.62 (1H, d, J=11.0 Hz), 3.59 (1H, dd, /=11.0, 4.0 Hz), 1.53 (3H, s), 1.29 (3H,
s), 1.06 (3H, s), 0.93 (3H, s), 0.88 (3H, s), 0.76 (3H, s). 3C NMR (DMSO-ds, 500 MHz),
6c: 176.8, 173.1, 144.3, 123.1, 106.6, 95.6, 89.1, 78.6, 78.3, 78.2, 75.4, 73.8, 73.6,
71.0, 63.4, 62.3, 56.2, 48.0, 47.2, 46.3, 44.5, 42.3, 41.9, 40.0, 38.6, 36.8, 34.1, 33.5,
32.6,30.8, 28.5, 27.0, 26.1, 23.8, 23.5, 24.2,19.0, 17.4, 15.6.

Fraction 44 yielded compound 53 (2.4 mg). White powder. LR-LC-MS: m/z 355.3
[M+H]*. *H NMR (DMSO-ds, 500 MHz), &u: 7.35 (1H, d, J=7.3 Hz), 7.21 (1H, d, J=7.2
Hz), 6.93 (1H, m), 6.91 (1H, m), 4.20 (1H, m), 3.71 (3H, s), 3.62 (1H, m). 3C NMR
(DMSO-ds, 500 MHz), &¢: 172.7, 136.9, 129.7, 126.2, 122.4, 119.7, 118.6, 112.0,
105.9, 66.6, 60.8, 57.6, 52.3, 51.8, 51.5, 37.7,34.3,32.4, 31.5, 22.4, 19.1.

Fraction 45 yielded compound 54 (2.6 mg). Yellow crystal powder. LR-LC-MS: m/z
377.3 [M+H]*. *H NMR (DMSO-ds, 500 MHz), 6n: 8.29 (1H, d, J=8.2 Hz), 8.18 (1H, d,
J=8.2 Hz), 7.86 (1H, t, J=7.2 Hz), 7.74 (1H, t, J=7.2 Hz), 7.34 (1H, s), 6.53 (1H, s), 5.45
(2H, s), 5.33 (2H, s), 3.24 (2H, q, J=7.5 Hz), 1.88 (2H, m), 1.33 (3H, t, J=7.6 Hz), 0.89
(3H, t, J=7.2 Hz). 3C NMR (DMSO-ds, 500 MHz), 6¢: 173.0, 157.3, 152.4, 150.5, 149.0,
146.5, 146.0, 130.4, 130.3, 128.5, 128.0, 127.0, 124.5, 119.4, 97.0, 72.8, 65.7, 50.0,

30.7,22.7,14.2, 8.2.
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Fraction 55 yielded compound 55 (2.8 mg). White powder. LR-LC-MS: m/z 455.4
[M+H]*. IH NMR (DMSO-ds, 500 MHz), &1: 12.06 (1H, s), 4.69 (1H, d, J=2.3 Hz), 4.57
(1H, s), 4.27 (1H, d, J=5.2 Hz), 2.97 (2H, m), 2.23 (1H, t, J=10.3 Hz), 2.12 (1H, d, J=9.0
Hz), 1.81 (1H, m), 1.65 (3H, s), 1.49 (3H, m), 1.33 (3H, m), 0.94 (3H, s), 0.87 (3H, d,
J=1.7 Hz), 0.77 (3H, s), 0.66 (3H, s). 3C NMR (DMSO-ds, 500 MHz), &¢: 177.7, 150.8,
110.1, 77.2, 55.9, 55.3, 50.4, 49.0, 47.1, 42.5, 40.7, 39.0, 38.7, 38.1, 37.2, 36.8, 34.4,
32.2,30.6,29.7, 28.6, 27.6, 25.5, 20.9, 19.4, 18.4, 16.4, 16.3, 16.2, 14.9.

Fraction 57 yielded compound 56 (2.1 mg). White powder. LR-LC-MS: m/z 427.4
[M+H]*. *H NMR (DMSO-ds, 500 MHz), 6x: 4.69 (1H, d, J=2.4 Hz), 4.55 (1H, d, J=1.1
Hz), 4.27 (1H, d, J=5.2 Hz), 2.98 (1H, dt, J=5.5, 10.4 Hz), 2.38 (1H, dt, J=5.8, 10.9 Hz),
1.88 (1H, m), 0.66-1.65 (each 3H, s). 13C NMR (DMSO-ds, 500 MHz), &¢: 150.7, 110.1,
77.2, 55.3, 50.4, 48.2, 47.9, 43.0, 42.8, 40.8, 40.5, 39.0, 38.8, 38.0, 37.1, 35.5, 34.3,
29.7,28.6, 27.6, 27.5,25.1, 20.9, 19.4, 18.4, 18.2, 16.4, 16.3, 16.2, 14.8.

5.4.6 Dissociation constant (Kp) determination

For a protein with a single and specific binding site for a ligand, like PfRabl1a, the

equilibrium dissociation constant (Kp) of the protein-ligand complex is given by:

oI

] w

Where [P] and [L] are the free concentrations of protein and ligand, respectively, and
[PL] is the concentration of the binary protein-ligand complex. As the only known
guantities were the total concentration of added protein and ligand, the mass
conservation law was applied and the equilibrium dissociation equation rewritten as:

o _([P1-[Py)(e] -[ee))
i [PL]
(2)

Where [P]: and [L]: were the total concentrations of protein and ligand, respectively.
The equation was multiplied on both sides by [PL] and subtracted on both sides by
Ko[PL]. After rearrangement, the following was obtained:

o=[pL]- ([P] +[L] +X,)[PL]+[P][L]

174

(3)



This quadratic equation would have two possible solutions. However, only one was

physically meaningful:

(1 +[L] +K,) - ([P +[L] +K,)-4[PL[L]

2 (4)

[PL]=

In a typical titration experiment, the concentration of the protein is kept constant
and the concentration of its ligand is increased until full saturation of the protein is
achieved. To determine the Kp, the relative abundances of bound to total protein in
the mass spectra were correlated to the relative equilibrium concentrations of

bound to total protein in solution, as follows:

S I(PL)" /n
S1(P) m+ T IPL) /n

]

PL]
. (5)
Where the total abundances of free protein and protein-ligand complex were
obtained by the sum of all the respective charges states intensity peaks (I)
normalized for charge state (n). By plotting experimentally observed ratios between
bound and total protein ion abundances against total concentration of ligand, Kp

could be obtained as a parameter of a non-linear least squares curve fitting:

sy (P11 ko) (7] + (1] + ko) 4] ] )
S i) i+ FIUPL) B 2[p] (6)

PfRabl1la (4.5 uM in 10 mM ammonium acetate buffer, pH 6.8, 50 uL) and increasing
concentrations of ligand (2 uM, 3 uM, 4 uM, 8 uM, 40 uM and 50 uM, 5 pL each) was
incubated at 4 °C for 1 hr before analyzed by ESI-FTMS. Triplicate values of titration
were used for the calculation of Kp. Prism software (Version 6.01) was used to plot

the fraction of bound protein against the total ligand concentration of each ligand.

5.4.7 Enzyme assay
PfRab11a was cloned from P. falciparum cDNA, produced and purified as previously
described.??! The protein was dissolved in ammonium acetate (10 mM, pH 6.8) to

generate stock solution (4.5 uM).
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PfRabl1a activity was measured with a colorimetric GTPase assay kit purchased from
Innova Biosciences (BioNovus Life Science) following the manufacturer’s protocol.
Different concentrations of five ligands (0.01 uM, 1.0 uM, 1.5 uM, 4.5 uM, 10 pM,
20.0 uM, 30.0 uM, 40.0 uM, 50.0 uM, 80.0 uM and 100.0 uM) were incubated
respectively with PfRablla (4.5 uM) for 1 hr; GTP (10 uM) was added and the
mixture incubated for 30 min at 4 °C. Colorimetric buffer (Pi ColorLock Gold and
Accelerator) was added and the mixture was incubated for 5 min at 4 °C. Then,
stabilizer buffer was added, and the reaction mixture was incubated for 30 min.
Optical density was determined at 620 nm by using an EnVision Multilabel Reader

(PerkinElmer). The experiment was run in triplicate.

5.4.8 Virtual docking

All virtual docking applications were performed using Schrédinger Suite 2012 (LLC,
New York, NY, USA) on a Linux platform. The following Schréodinger modules were
used: Protein Preparation Wizard (Epik Version 2.2, Impact version 5.7, Prime
version 2.3, Schrodinger, New York, NY, USA, 2011), LigPrep (Version 2.5,
Schrodinger, New York, NY, USA, 2011), SiteMap (Version 2.5, Schrodinger, New York,
NY, USA, 2011) and Glide???2%4, All modules were accessed via Maestro graphical
interface (Version 9.2, Schrodinger, New York, NY, USA, 2011).

Receptor Protein Preparation. The PDB is used to download the target PfRabl1a file
(3BFK). The crystal structure of PfRablla was refined using the Protein Preparation
Wizard in the Maestro suite from Schrodinger (Version 9.2, New York, NY, USA,
2011). Hydrogen atoms were added to the heavy atoms and all waters were deleted.
Using force field OPLS 2001, minimization was carried out setting maximum heavy
atom RMSD to 0.30A.

Receptor Grid Generation. After preparation, receptor grids were generated with
Glide by specifying the binding site with a 3D cubic box. SiteMap was used to
estimate the location of the active site by searching regions near the protein surface,

generating hydrophobic and hydrophilic contour maps of the protein, and calculating
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energy potentials. Rotation of all receptor hydroxyl and thiol groups within the grid
was allowed.

Ligand preparation. The small molecules identified as binders to PfRablla were
drawn in Maestro workspace, and these 2D structures were converted to all-atom
3D structures using embedded LigPrep script.??®> Up to 32 stereoisomers were
generated per ligand by determining chiralities of 3D structures, and all possible
ionization states of ligands were generated at target pH of 7+/- 2. After converting to
3D, conformation search was carried out to generate conformers and search for low
energy structures using OPLS 2005 force field.

Glide Docking. The docking program used was Glide. In this study, Glide-SP (standard
precision) was used for docking simulations. The Glide algorithm utilizes
precomputed grids generated by sitemap. No bonding constraints were given during
docking calculations. Using Monte Carlo random search algorithm, ligand poses were
generated for each input molecule. Binding affinity of these molecules to receptors
was predicted in terms of Glide docking score. Post docking minimization was
performed with OPLS 2005 force field, and one pose per ligand was saved. In the
present study, we have utilized PyMol (version 1.5.0.4; Schrodinger, LLC: New York,

2012) to analyze the binding sites.
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CHAPTER SIX SCREENING LEAD-LIKE ENHANCED EXTRACTS AGAINST

PFUCH-L3 USING ESI-FTMS

Abstract: This chapter presents a strategy for using ESI-FTMS to detect the complex
formed between PfUCH-L3 and its ligand in natural product extract matrix. Lead-like
enhanced extracts were incubated with PfUCH-L3 and then analyzed by ESI-FTMS.
3,080 extracts were screened against PfUCH-L3 and three noncovalent complexes
were identified. Mass-directed isolation and purification gave three natural products
as active compounds. Subsequently, their binding to PfUCH-L3 was confirmed by ESI
-FTMS. The quantification of each ligand binding to PfUCH-L3 was illustrated by
measuring the dissociation constant (Kp) for the PfUCH-L3-ligand complex.
Simultaneously, a number of natural products from the samples, which gave positive
FTMS screening results, was isolated and purified based on spectroscopic data

analysis to investigate the connection between Log P value and HPLC retention time.

6.1 Introduction

This chapter describes the use of ESI-FTMS to detect noncovalent complexes and
identify active compounds in natural product extracts. The target selected for this
study was Plasmodium falciparum ubiquitin carboxyl terminal hydrolase (PfUCH-L3,
PF14_0576) with the molecular weight of 25 kDa.

ESI-FTMS was used to screen lead-like enhanced extracts for noncovalent complexes
formed between the protein target and its ligand. 3,080 natural product extracts
were incubated with PfUCH-L3 and analyzed by ESI-FTMS. Three active extracts were
identified. Three natural products isolated and purified from these extracts were
confirmed to bind to PfUCH-L3. The Kp values of the active compounds were
measured based on the titration experiments, and their binding sites were predicted
according to a virtual docking method. Additional compounds were also isolated

from the active extracts during the process, their structures were determined based
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on spectroscopic data analysis with the purpose to study their physicochemical

properties especially the relationship between Log P and HPLC retention time.

6.2 Results and discussion

6.2.1 Detection of protein by ESI-FTMS in physiological pH

PfUCH-L3 was dissolved in ammonium acetate buffer solution (10 mM, pH 6.8) to
give a protein solution (4.5 uM). PfUCH-L3 ammonium acetate solution (50 uL) was
injected into mass spectrometer to give peaks at charge states of 10+, 11+ and 12+
with the major peak at the charge state of 11+ (Figure 6.2.1.1). PfUCH-L3 has the
molecular weight of 25158.6 Da, whilst three peaks at m/z 2317.2169, 2527.7498,
and 2780.6067 were observed from MS spectrum, indicating a 10+, 11+, and 12+

charge state of the protein.
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Figure 6.2.1.1 Mass spectrum of PfUCH-L3 acquired under native condition

6.2.2 Detection of complexes formed by protein and active components in natural
product extracts

3,080 extracts were screened against PfUCH-L3 by FT-MS. Each extract (250 uge/uL,
5 uL) was incubated with PAUCH-L3 (4.5 uM, 50 plL) at what temperature for how
long. A portion of the protein-extract mixture (55uL) was directly infused to the
ESI-FTMS. 98.4% of incubated samples showed signals of native protein or

complexes.
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Of the 3080 extracts, three samples showed signals of PfUCH-L3-ligand noncovalent
complexes in MS spectrum (Figure 6.2.2.1-6.2.2.3). Their mass spectra showed peaks
of complexes (Complex One to Three) with the major peak at charge state 11+. The
masses of the charge states, from 10+ to 12+, confirm the molecular mass of the
protein to be 25,157 + 0.5 Da were in highly agreement for low-resolution mode
with the calculated mass (25,158 Da) obtained from the amino acid composition. It
was observed that the complex remained intact and there was still free protein in
the assay solution. The experiments were performed in a low-resolution mode for a

quick turnaround time (3-5 minutes per run).
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Figure 6.2.2.1 Mass spectrum of PfUCH-L3-ligand Complex One
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Figure 6.2.2.2 Mass spectrum of PfUCH-L3-ligand Complex Two
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Figure 6.2.2.3 Mass spectrum of PfUCH-L3-ligand Complex Three

6.2.3 Determination of ligand molecular mass

The molecular mass of the ligand can be deduced from the mass-to-charge ratio (m/z)
of the protein-ligand complex.

For example, in Figure 6.3.2.1, each charge state consisted of a grouping of two
peaks: one peak at a lower m/z value corresponded to free PfAUCH-L3, and the other
peak at higher m/z corresponded to PfUCH-L3-ligand complex. The ligand mass is the
difference between the average molecular mass of the complex and the average
molecular mass of PAUCH-L3. Using the following equation, the molecular weight of
ligand one was calculated as 449.9208 Da.'43

MW!igand 1 = [m/z (PfUCH-L3-natural product ligand complex) - m/z (free PAUCH-L3)] x
(z) = [2354.6936 - 2317.2002] x 12 = 449.9208 Da

The molecular weight of the other two ligands (Ligand 2 and Ligand 3) was obtained
in the same procedure as follows.

MW!igand 2 = [m/z (PfUCH-L3-natural product ligand complex) - m/z (free PAUCH-L3)] x
(z) =[2383.6714 —2317.3195] x 12 = 796.2228 Da

MW!igand 3 = [m/z (PfUCH-L3-natural product ligand complex) - m/z (free PAUCH-L3)] x
(z) = [2351.9344 —2317.2197] x 12 = 416.5764 Da

In order to obtain sufficient quantity of the ligands for further study, mass-directed

isolation and purification was undertaken to isolate these active natural products

181



from the lead-like enhanced extracts, which led to the identification of sinensin
(Ligand 1, MW 449.9; compound 58) from Australian plant Prunus Rosaceae,
ianthesine E (Ligand 2, MW 796.2; compound 63) from Australian sponge lanthella
quadrangulata, and gominsin A (Ligand 3, MW 416.6; compound 68) from Australian

plant Canthium Rubiaceae.

6.2.4 Structure elucidation of natural products and the analysis of their
physicochemical properties
6.2.4.1 Structure elucidation

Ligand 1: MW 450.4

Figure 6.2.4.1.1 Chemical structure and *H NMR spectrum of 58
Compound 58 was identified from the Australian plant Prunus Rosaceae. It was
isolated as colorless solid. Its molecular formula was determined to be C21H22011 on
the basis of (+)-HRESIMS measurements {{M-H]* ion at m/z 449.4147}, which was
consistent with 11 degrees of unsaturation. The 'H NMR displayed aromatic protons
and a sugar moiety (Figure 6.2.4.1.1). The 3C NMR spectrum of 58 showed a total of
21 resonances. Its molecular weight and genus name were searched in the DNP, and
95 hits were found. By comparing their 'H and 3C NMR data, compound 58 was

determined as sinensin.22®
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Ligand 2: MW 796.2
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Figure 6.2.4.1.3 Chemical structure and 3C NMR spectrum of 63

Compound 63 was identified from the Australian sponge lanthella quadrangulata. It
was obtained as yellow needle-like crystals. Its molecular formula was determined to
be C21H23BrsN30sS on the basis of (+)-HRESIMS measurements {[M-H]* ion at m/z
795.7819}, which was consistent with 10.5 degrees of unsaturation. The H NMR

spectrum (Figure 6.2.4.1.2) showed a single amide -NH shift at 64 8.53 integrating for
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one proton, a singlet at 6u 6.57, three doublets at &4 6.35, 3.21, and 3.62; a singlet at
6n 7.50 suggested the presence of a 1,2,4,6-tetrasubstituted aromatic ring. The
presence of a sulphate group was supported by a cluster center with five isotope
peaks around m/z 795.7819 in the high resolution ESI mass spectrum. The 3C NMR
spectrum of 63 showed a total of 21 resonances (Figure 6.2.4.1.3). Its molecular
formula and genus name were searched in the DNP, and one hit was found. By
comparing their *H and 3C NMR data, compound 63 was determined as ianthesine
E.??7 lanthesine E was reported to have binding activity towards the adenosine A
receptor.??’

Ligand 3: MW 416.4
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Figure 6.2.4.1.4 Chemical structure and *H NMR spectrum of 68
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Figure 6.2.4.1.5 Chemical structure and *C NMR spectrum of 68
Compound 68 was identified from the Australian plant Canthium Rubiaceae. It was
obtained as colorless needles. Its molecular formula was determined to be C23H2307
on the basis of (+)-HRESIMS measurements {{M-H]* ion at m/z 415.3408}, which was
consistent with 10 degrees of unsaturation. The 'H NMR spectrum (Figure 6.2.4.1.4)
displayed the presence of one methyl at 64 0.81 (3H, d, J=7.5 Hz), methoxyls (&u
3.51-3.90), two aromatic protons [6n 6.47 (1H, s), 6.62 (1H, s)] and other proton
signals. The 3C NMR spectrum of 68 (Figure 6.2.4.1.5) showed a total of 23
resonances, including three methyls (6¢ 40.2, 30.1, 15.8), two methylenes (6¢ 40.5,
33.7), one methylene dioxyl (6¢ 100.7), six oxygenated aromatic quaternary carbons
(6¢ 152.1, 151.9, 147.2, 141.1, 140.6, 134.5), two aromatic carbons (6¢ 110.2, 6¢c
105.8), four methoxyls (6¢ 61.0, 60.5, 59.6, 55.9), and another three quaternary
carbons (6¢c 124.0, 121.7, 71.6). Its molecular formula and genus name were
searched in the DNP, and 80 hits were found. By comparing their 'H and 3C NMR

data, compound 68 was determined as gomisin A.17% 228
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Additional compounds were also identified from the purification process. They
included: compounds 57 and 59-62 from the Australian plant Prunus Rosaceae;
compounds 64-67 and 69 from the Australian plant Canthium Rubiaceae.

Compound 57
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Figure 6.2.4.1.6 Chemical structure and *H NMR spectrum of 57
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Figure 6.2.4.1.7 Chemical structure and 3C NMR spectrum of 57
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Compound 57 was obtained as light brown powder. Its molecular formula was
determined to be C17H24010 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 389.3245}, which was consistent with 6 degrees of unsaturation. The 'H NMR
spectrum (Figure 6.2.4.1.6) displayed sugar signals between 64 4.54 and 3.21, one
methoxyl at 8n 3.65 and other proton signals. The 3C NMR spectrum of 57 (Figure
6.2.4.1.7) showed a total of 17 resonances, including two ethylenes (6¢ 152.0, 111.4;
6c 144.6, 125.9), one a-carbonyl group at &6¢c 167.4, one methoxyl at ¢ 34.9, three
methines (6¢ 96.2, 46.3, 51.5), one methylene at 6¢ 38.4, six sugar carbons (6¢ 99.0,
77.7, 77.1, 73.8, 70.4 and 61.4), and one hydroxymethyl group at &c 59.8. lts
molecular formula and genus name were searched in the DNP, and 41 hits were
found. By comparing their *H and '3C NMR data, compound 57 was determined as
geniposide.'¥ 22° According to the study by Cai et al, geniposide has showed
antidepressant-like effect on chronic unpredictable mild stress-induced depressive
rats.230

Compound 59

Figure 6.2.4.1.8 Chemical structure and H NMR spectrum of 59
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Figure 6.2.4.1.9 Chemical structure and 3C NMR spectrum of 59
Compound 59 was obtained as light yellow crystals. Its molecular formula was
determined to be Cz1H2009 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 417.2063}, which was consistent with 12 degrees of unsaturation. The H
NMR (Figure 6.2.4.1.8) showed a sugar moiety (6u 4.81, 3.20-3.34), six aromatic
signals, and other proton signals. The 3C NMR spectrum of 59 showed a total of 21
resonances (Figure 6.2.4.1.9). When hydrochloric acid and magnesium was added to
compound 59, the color of solution became light yellow. This reaction confirmed
that compound 59 was one of jso-flavonoids. Its molecular formula and genus name
were searched in the DNP, and 80 hits were found. By comparing their *H and 3C
NMR data, compound 59 was determined as puerarin.?31-232 Pyerarin has shown

anti-oxidative and anti-inflammatory activities.?33
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Compound 60
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Figure 6.2.4.1.11 Chemical structure and *3C NMR spectrum of 60
Compound 60 was obtained as yellow needle-like crystals. Its molecular formula was
determined to be Ci5H1007 on the basis of (+)-HRESIMS measurements {[M]* ion at
m/z 302.2085}, which was consistent with 11 degrees of unsaturation. The *H and
13C NMR spectra of compound 60 exhibited resonances due to aromatic systems. In
the 'H NMR spectrum (Figure 6.2.4.1.10), the aromatic region exhibited an ABX
system at 64 7.66 (1H, d, J=2.5 Hz), 7.54 (1H, dd, J=2.0, 8.5 Hz), and 6.88 (1H, d, J=8.5

Hz) and a typical meta coupled pattern for two aromatic doublets (6.19 and 6.41, d,
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J=2.0 Hz). The 13C NMR spectrum displayed a total of 15 carbons (Figure 6.2.4.1.11).
When hydrochloric acid and magnesium was added to compound 60 (dissolved in
methanol), the solution became orange, which indicated that 60 was a flavonoid. Its
molecular formula and genus name were searched in the DNP, and 128 hits were
found. By comparing their *H and '3C NMR data, compound 60 was determined as
quercetin.'®® 234 Gordon et al investigated the antioxidant activity of quercetin and
found out that the activity of quercetin increased more strongly with concentration
and it was very effective at a concentration of 5x102 mol/mol phospholipid.?3>

Compound 61
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Figure 6.2.4.1.12 Chemical structure and *H NMR spectrum of 61
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Figure 6.2.4.1.13 Chemical structure and *C NMR spectrum of 61
Compound 61 was obtained as white powder. Its molecular formula was determined
to be Cy7H4203 on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z
413.4952}, which was consistent with 7 degrees of unsaturation. The 'H NMR
spectrum displayed four methyls, and other proton signals (Figure 6.2.4.1.12). The
13C NMR spectrum displayed a total of 27 resonances (Figure 6.2.4.1.13). When
acetic anhydride and concentrated sulfuric acid (20:1) was added to compound 61,
the solution became green and then faded (Liebermann-Burchard reaction). This
evidence indicated that compound 61 was a steroid. Its molecular formula and genus
name were searched in the DNP, and 131 hits were found. By comparing their *H and
13C NMR data, compound 61 was determined as diosgenin.?3¢237 Diosgenin has
showed anti-inflammatory activity, inhibiting the growth of fibroblast-like
synoviocytes from human rheumatoid arthritis 2.23® Diosgenin has also exhibited

anticancer and antitumor activities.23®
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Compound 62
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Figure 6.2.4.1.14 Chemical structure and *H NMR spectrum of 62
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Figure 6.2.4.1.15 Chemical structure and 3C NMR spectrum of 62
Compound 62 was obtained as white powder. Its molecular formula was determined
to be CszoHagO3 on the basis of (+)-HRESIMS measurements {{[M+H]* ion at m/z

455.3145}, which was consistent with 7 degrees of unsaturation. The 'H NMR
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showed seven methyls, and other proton signals (Figure 6.2.4.1.14). The 3C NMR
spectrum displayed a total of 30 resonances (Figure 6.2.4.1.15). The result of
Liebermann-Burchard reaction for compound 62 was positive, but the colour of
solution turned dark red instead of green and then faded, so compound 62 can be
classified as one of the triterpenoids. By comparing its *H and 3C NMR data with
references, compound 62 was determined as oleanic acid.?*>24° Qleanic acid and its
derivatives were capable of inhibiting HIV-1 protease with an ICso of 4-20 pg/ml.?%!
When tested against Mycobacterium tuberculosis streptomycin-, isoniazid-, rifampin-,
and ethambutol-resistant strains, the minimum inhibitory concentration of oleanic
acid was 50 pg/ml.?*2 In the study by Steele et al, oleanic acid showed antimalarial
effects with 1Cso values of 88.8 pug/ml and 70.6 pug/ml for chloroquine-resistant and
chloroquine-sensitive Plasmodium falciparum strains, respectively.?®

Compound 64

|

Figure 6.2.4.1.16 Chemical structure and *H NMR spectrum of 64

193



Figure 6.2.4.1.17 Chemical structure and *3C NMR spectrum of 64
Compound 64 was obtained as white crystals. Its molecular formula was determined
to be Cy0H27NO11 on the basis of (+)-HRESIMS measurements {[M-H]* ion at m/z
456.4108}, which was consistent with 8 degrees of unsaturation. The 'H NMR
spectrum indicated aromatic and sugar moieties (Figure 6.2.4.1.16). The 3C NMR
spectrum displayed a total of 20 resonances (Figure 6.2.4.1.17). Its molecular
formula and genus name were searched in the DNP, and six hits were found. By
comparing their 'H and 3C NMR data, compound 64 was determined as
amygdalin.?*>244 Amygdalin has showed antitumor activity against cervical cancer, by
inhibiting the growth of Hela cell xenografts through a mechanism of apoptosis.?4
According to Guo et al, amygdalin could have therapeutic potentials for patients

suffering from fibrotic kidney diseases.?*®
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Compound 65
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Figure 6.2.4.1.18 Chemical structure and *H NMR spectrum of 65
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Figure 6.2.4.1.19 Chemical structure and *C NMR spectrum of 65
Compound 65 was obtained as light yellow powder. Its molecular formula was
determined to be C37H32014 on the basis of (+)-HRESIMS measurements {{M+H]* ion
at m/z 581.3146}, which was consistent with 12 degrees of unsaturation. The 'H

NMR spectrum displayed aromatic and sugar moieties (Figure 6.2.4.1.18). The 3C
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NMR spectrum displayed a total of 27 resonances (Figure 6.2.4.1.19). Its molecular
formula and genus name were searched in the DNP, and 45 hits were found. By
comparing their 'H and 3C NMR data, compound 65 was determined as
naringin.?4”-248 According to Amaro et al, naringin has showed a 50% decrease of NO
and iNOS expression levels and 80% inhibition of transcription factor NF-kB,
249

indicating its anti-inflammatory activity.

Compound 66
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Figure 6.2.4.1.21 Chemical structure and *C NMR spectrum of 66
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Compound 66 was obtained as light yellow powder. Its molecular formula was
determined to be CoH100s on the basis of (+)-HRESIMS measurements {{M+H]* ion at
m/z 199.2410}, which was consistent with 5 degrees of unsaturation. 'H-NMR
spectrum (Figure 6.2.4.1.20) showed two exchangeable proton signals [6+ 12.60 (1H,
brs), 9.20 (1H, brs)], two methoxyls at &x 3.81 (6H, s), and one aromatic proton at &y
7.21 (2H, s). The 3C NMR spectrum displayed a total of 9 resonances (Figure
6.2.4.1.21). When FeCls was added to compound 66 (dissolved in methanol), the
color of solution became purple. This result confirmed that the structure of
compound 66 contained phenolic hydroxyl proton. Its molecular formula and genus
name were searched in the DNP, and 59 hits were found. By comparing their 'H and
13C NMR data, compound 66 was determined as syringic acid.2>%2°! In the study by
Karthik et al, the apparent angiogenic effect of syringic acid was seen from 20 to 50
UM, which significantly reduced number of circulating red blood cells in ISV region
compared to that of control.?®> Chong et al tested syringic acid for in vitro
antimicrobial activity and it was found to be very fungitoxic to Ganoderma boninense
even at concentration of 0.5 mg/ml.2>3 In the study by Shi et al, the minimum
inhibitory concentration of syringic acid against all tested Cronobacter sakazakii
strains was 5 mg/ml.2>*

Compound 67

Figure 6.2.4.1.22 Chemical structure and *H NMR spectrum of 67
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Figure 6.2.4.1.23 Chemical structure and 3C NMR spectrum of 67
Compound 67 was obtained as white powder. Its molecular formula was determined
to be CisH100s on the basis of (+)-HRESIMS measurements {{M+H]* ion at m/z
319.3251}, which was consistent with 11 degrees of unsaturation. The H-NMR
spectrum indicated aromatic moieties (Figure 6.2.4.1.22).3C-NMR spectra showed a
total of 15 resonances (Figure 6.2.4.1.23). When hydrochloric acid and magnesium
was added to compound 67 (dissolved in methanol), the solution became orange.
This reaction suggested that compound 67 was one flavonoid. Its molecular fromula
and genus name were searched in the DNP, and 76 hits were found. By comparing
their 'H and '3C NMR data, compound 67 was determined as myricetin.?>>2>¢
Myricetin has been reported to have various biological activities, including
antioxidant, anticancer, anti-inflammatory, anti-amyloidogenic, antibacterial,

antiviral, and antidiabetic effects.?>’
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Compound 69

i \ } | \

12.0 1ns 10 105 10.0 9.5 9.0 85 80 15 *0 65 6.0 58 5.0 s 1.0 X3 10 25 20 L 1.0

Figure 6.2.4.1.24 Chemical structure and *H NMR spectrum of 69
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Figure 6.2.4.1.25 Chemical structure and *C NMR spectrum of 69
Compound 69 was obtained as yellow-green flakes. Its molecular formula was
determined to be Ci7H1604 on the basis of (+)-HRESIMS measurements {{M+2H]* ion
at m/z 283.5164}, which was consistent with 10 degrees of unsaturation. In the *H
NMR spectrum (Figure 6.2.4.1.24), four proton signals at &4 8.38 (1H, ddd, J=1.0, 2.0

5.0 Hz), 8.10 (1H, ddd, J=1.5, 2.0, 2.5 Hz), 7.66 (1H, ddd, J=1.5, 7.0, 15.0 Hz), 7.57 (1H,
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ddd, J=1.5, 7.0, 15.0 Hz), were in accordance with a benzene ring. The 3C NMR
spectrum gave a total of 17 resonances (Figure 6.2.4.1.24). Its molecular formula and
genus name were searched in the DNP, and 119 hits were found. By comparing their

'H and *3C NMR data, compound 69 was determined as mollugin.?>%2>°

6.2.4.2 Physicochemical property analysis
Physicochemical properties of compounds 57-69 were calculated using the method
described in Chapter Two. The results are shown in Table 6.2.4.2.1.

Table 6.2.4.2.1 Physicochemical properties of compounds 57-69

No. MW Log » HBD HBA Ro05
57 388.37 -2.21 5 9 Pass

58 450.40 -0.15 7 11 Fail

59 416.38 -0.03 6 9 Pass
60 302.24 2.16 5 7  Pass
61 414.63 4.93 1 3 Pass
62 456.71  6.59 2 3 Pass
63 797.10 0.64 4 9 Pass
64 457.43 -259 7 12 Fall

65 580.54 -0.16 8 14 Fail

66 198.17 1.01 2 5 Pass
67 318.24 1.85 6 8 Pass
68 416.47 3.32 1 7  Pass
69 284.31 4.21 1 3  Pass

*Content in red means violation against Ro5.

In this study, three out of fourteen natural products violated Lipinski’s Ro5. As
discussed previously, Log P is an important drug-like property. The relationship
between Log P and HPLC retention time was studied. Figures from 6.2.4.2.1 to
6.2.4.2.2 showed the Log P value of each isolated natural product and the fraction

from which it was isolated.
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Figure 6.2.4.2.3 Relationship between Log P and Retention Time (min). Each blue dot

represents a natural product.

As is shown in Figure 6.3.4.2.3, the retention time for the isolated natural products in
this chapter had a linear relationship with their Log P value. This result also proved

that the LLE process has the ability to capture most drug-like chemical constituents.

6.2.5 Determination of Kp

Compounds (58, 63, and 68) were confirmed as active molecules, which bound to
PfUCH-L3. Their molecular weight met the calculation results. Their structure
elucidation and physiochemical property analysis was described in the Chapter 6.3.4.
To determine the binding affinity of three active compounds (58, 63, and 68), the Kp
was measured by a titration experiment monitoring the equilibrium population of
free protein and ligand-protein complex using a constant concentration of protein
(PfUCH-L3, 4.5 uM in 10 mM ammonium acetate buffer, pH 6.8) and increasing
concentrations of ligand (1 uM, 5 uM, 15 uM, 25 uM, 50 uM and 100 uM). Each
protein-ligand mixture was incubated at 4 °C for 1 hr before analyzing by ESI-FTMS.
The experiment was run in triplicate.

It is assumed that the observed protein ion intensity reflects the true protein
concentrations. Either peak height or peak area can be used for quantitation method.
The peak height intensity of the PfUCH-L3 at 11+ charge state was used for the
calculation of the bound PfUCH-L3 because the PfUCH-L3 peak height intensity at

other charge states was in lower abundance. Prism software (Version 6.01) was used
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to plot the fraction of bound protein against the total ligand concentration of each
ligand (Figure 6.2.5.1). According to Equation 6 in Chapter Five, the value of Kp of

each ligand was determined. The results were shown in Table 6.2.5.1.

-~ [PL4/([PL4+[P])
= [PL/([PL]+[P])
+ [PLI(IPL;I+[P])

[PLI([PLI+[P])

0 10 20 30 40 50
Ligand concentration (uM)

Figure 6.2.5.1 Titration of 3 ligands with PAUCH-L3 for determination of Kp. Upper
curve belongs to L, (63) and the other curve belongs to Ls (68). L1 (58) didn’t give a

curve as its high Kp value.

Table 6.2.5.1 Results for the determination of Kp (M)

No. Best-fit values Standard deviation
L1 (58) 20.85 3.7480
L. (63) 4.076 0.9141
L3 (68) 7.147 1.033

According to the titration experiments, compound 63 had the lowest Kp value.
Therefore, its binding affinity was the best among all the three PfUCH-L3 natural

product binders identified by ESI-FTMS.

6.2.6 Valuation of possible PfUCH-L3 binding sites of those natural product binders

via virtual docking
Molecular Docking. Five binding sites were obtained for the protein PfUCH-L3 (2WE6)

using SiteMap. The small molecules identified by ESI-FTMS were docked to the
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sitemaps respectively with Glide software to find the most appropriate binding site
of the target and to investigate their ligand-protein interactions. The binding
orientation and features of each molecule relative to the receptor protein were
determined and scored with internal scoring function GlideScore. The docking results
are given in Table 6.2.6.1. The binding site of the highest docking score ligand was
selected and the binding models of them are shown in Figure 6.2.6.1 and Figure

6.2.6.2.

Table 6.2.6.1 Docking scores of the ligands interacting with five different binding

sites in 2WE6 predicted by SiteMap.

DockingScore(kcal/mol) sitel site2 site3 site4 site5 site6  site7

UCH1 (58) -5.86 -6.49 -6.22 -594 -499 -593 -471
UCH2 (63) -5.77 -6.47 -596 -593 -531 -5.15 -
UCH3 (68) -3.08 -2.71 -3.44 571 - -3.11 -1.98

-: No poses were found by docking.

Binding Mode Analysis. The 2D representation of the selected binding modes of the
molecules and their receptor hydrogen bond and hydrophobic interactions is shown
in Figure 6.3.6.1. The ligand-protein interaction diagrams were generated in
LIGPLOT.22° Hydrogen bond interactions and their atomic distances (in A) are shown
in dashed lines, whereas hydrophobic contacts are shown in red crescents.

As shown in Figure 6.2.6.1, 58 (UCH1) had hydrogen bond interactions with Asp79,
Val81, Phe83, Argl105, Asn106, Asn124, Arg131, and Glul172; it also had hydrophobic
contacts with Phe78, Asn80, Trp82, Gly102, and Asn103. 63 (UCH2) had hydrogen
bond interactions with Argl31, GIn170, and Val81; it also had hydrophobic contacts
with Phe78, Asp79, Asn80, Trp82, Gly102, Asn103, Argl05, Asn106, Asn124, Ser127,
Alal128, and lle171. 68 (UCH3) had hydrogen bond interactions with Cys149; it also
had hydrophobic contacts with Glul1, Ser16, Leul9, Glu147, Phel48, Cys149, Gly150,

GIn151, and Val152.
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Figure 6.2.6.1 Ligand-protein interaction diagrams of the selected ligands generated

by LIGPLOT.

As shown in Figure 6.2.6.2, the ligands of 58 (UCH1), 63 (UCH2), and 68 (UCH3)
bound to two different pockets in the 2WE6 binding site. 58 (UCH1) and 63 (UCH2)
may bind to the same site. However, 58 (UCH1) had more hydrogen bond
interactions than 63 (UCH2). 63 (UCH2) had more hydrophobic contacts than 58
(UCH1). Overall, the numbers of bonded interactions and hydrophobic contacts were
observed to be high, suggesting a strong binding between the ligands and the target
protein. These results can be used to help future protein and ligand structural

research.
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UCH3

Figure 6.2.6.2 Ligands are shown in stick model while the binding site is depicted as a

surface for better visualization. Structural data was from PDB structures 2WE6.

6.3 Summary

3,080 natural product extracts were screened against PfUCH-L3 using ESI-FTMS.
Three natural product extracts were identified to contain compound that bound to
the protein PfUCH-L3. MS-directed isolation led to the identification of three known
natural products (58, 63, and 68) as active compounds. Their binding activity to
PfUCH-L3 was confirmed by ESI-FTMS titration experiments. It is the first time a
bioaffinity MS screening method has been used to study the malarial target
PfUCH-L3, and it is the first time that natural product binders (58, 63, and 68) to this
target have been reported. In order to predict the binding sites of the active
compounds, virtual docking was employed to provide valuable clues for future
research. Simultaneously, a number of additional natural products were isolated
from the samples that show a protein-ligand complex. Together with three binding
ligands, their Log P values and HPLC retention time showed a linear relationship,
which proved that the LLE process has the ability to capture drug-like chemical

constituents.
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6.4 Experimental

6.4.1 PfUCH-L3

PfUCH-L3 was from Van Voorhis Group (University of Washington, WA, USA) and
stored in a nonvolatile buffer (Tris, pH 8.0), which is incompatible with MS. Its
sequence of amino acid is:

MAHHHHHHMA KNDIWTPLES NPDSLYLYSC KLGQSKLKFV DIYGFNNDLL DMIPQPVQAV
IFLYPVNDNI VSENNTNDKH NLKENFDNVW FIKQVKITL CNMNNILPIL YVCFNSIELK
NNKSIENLHH EFCGQVENRD DILDVDTHFI VFVQIEGKII ELDGRKDHPT VHCFTNGDNF
LYDTGKIIQD KFIEKCKDDL RFSALAVIPN DNFDII.

The nonvolatile buffer was replaced by ammonium acetate (10 mM, pH 6.8) through
a buffer-exchange process using Sephadex G25 column to generate stock solution

(4.5 uM).

6.4.2 Natural product extracts

3,080 natural product extracts (0.5 L, 250 uge/uL, each extract) randomly chosen
from the Lead-like Enhanced Extract Library were dried and re-solubilized with 5 pL
methanol. Each extract (5 pL, 25 uge/uL) was incubated with 50 puL PfUCH-L3 at 4.5
UM in ammonium acetate (10 mM, pH 6.8) for direct infusion ESI-FTMS. The total
volume of each sample was 55 pL. They were incubated for 1 hour at 4°C before
being analyzed by FTMS.

6.4.3 ESI-FTMS analysis

All experiments were performed on a Bruker Apex Il 4.7 Tesla external ESI source
FTICR mass spectrometer. Samples were injected directly by a Cole-Parmer syringe
pump with a flow rate of 2 uL per minute. The end plate voltage was biased at 3200V
and the capillary voltage at 4,500V relative to the ESI needle during data acquisition.
A nebulizing N; gas with a pressure of 50 psi and a counter-current drying N, gas
with a flow of 30 L/min were employed. The drying gas temperature was maintained
at 100°C for direct infusion ESI-FTMS. The capillary exit voltage was tuned at 140 V

and skimmer 1 voltage at 15 V. lons were accumulated in an external ion reservoir
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comprised of a radio frequency only hexapole, a skimmer cone (skimmer 2) with a
tuning voltage of 12 V, and an auxiliary gate electrode, prior to injection into the
cylindrical Infinity™ analyzer cell, where they were analyzed. Each run took 3-5
minutes. These optimized conditions were used based on our previous studies.>? 13°

Mass spectra were recorded in the positive ion mode with mass range m/z 160-6,000
for broadband low-resolution acquisition. Each spectrum was an average of 128
transients (scans) composed of 32,000 data points for high-resolution mode and 32
transients of 32,000 data points for low-resolution mode. All aspects of pulse
sequence control and data acquisition were performed on a 1200 MHz Pentium llI

data station running Bruker’s Xmass software under Windows operating system.

6.4.4 HPLC, MS and NMR instruments

HPLC was performed on a Waters 600 HPLC Controller coupled with a Waters 996
Photodiode Array Detector. LR-LC-MS was performed on a Waters 2790 Separations
Module HPLC coupled with a Waters micromass ZQ spectrometer. NMR spectra
were recorded at 30°C on a Varian 500 MHz spectrometer; samples were dissolved

in DMSO-ds or CDCls.

6.4.5 Extraction and isolation
Three extracts gave positive results during FTMS screening. Their taxonomy
information was shown in Table 6.4.5.1.

Table 6.4.5.1 Taxonomy information of active extracts

Collection Voucher

Species Family Location Collectors
ate held
Palen
Creek, near
Queensland
Psydrax . Mt . .
Rubiaceae ) P.Grimshaw Nov-1993 Herbarium
lamprophylla Lindesay,
(BRI)
SE
Queensland
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Idalia

. Queensland
lanthella ] National P.l.Forster .
lanthellidae Jul-2004 Herbarium
quadrangulata Park, SW & T.Ryan
(BRI)
Queensland
Idalia
. Queensland
Psydrax . National P.l.Forster .
o Rubiaceae Mar-1993 Herbarium
latifolia Park, SW & T.Ryan
(BRI)
Queensland

6.4.5.1 Chemical constituents from the Australian plant Prunus Rosaceae

The freeze-dried and ground plant material (10 g) was placed into a conical flask (1 L),
n-hexane (250 mL) was added, and the flask was shaken at 200 rpm for 2 h. The
n-hexane extract was filtered under gravity then discarded. CH,Cl, (250 mL) was
added to the defatted plant material in the conical flask and shaken at 200 rpm for 2
h. The resultant extract was filtered under gravity and set aside. MeOH (250 mL) was
added, and the MeOH/plant mixture was shaken for a further 2 h at 200 rpm.
Following gravity filtration the biota was extracted with another volume of MeOH
(250 mL) whilst being shaken at 200 rpm for 16 h. All CH,Cl,/MeOH extracts were
combined and dried under reduced pressure to yield a dark brown solid (2.80 g). A
portion of this material (1.0 g) was pre-adsorbed onto C18-bonded silica (1 g), and
then packed into a stainless steel cartridge (10 x 30 mm) that was subsequently
attached to a Thermo Betasil C18 semipreparative HPLC column (150 x 21.2 mm).
Isocratic HPLC conditions of 90% H,O (0.1% TFA)/10% MeOH (0.1% TFA) were
employed for the first 10 min; then a linear gradient from 90% H,0 (0.1% TFA)/10%
MeOH (0.1% TFA) to 100% MeOH (0.1% TFA) was run over 40 min, followed by
isocratic conditions of MeOH (0.1% TFA) for a further 10 min, all at a flow rate of 9
mL/min. Sixty fractions (60 x 1 min) were collected from the start of the HPLC run
(Figure 6.4.5.1.1). Looking for the ion of interest at m/z 449.9208 identified in the

ESI-FTMS screen, fractions were analyzed by (+)-LRESIMS and NMR spectroscopy.
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Figure 6.4.5.1.1 HPLC chromatogram of Prunus Rosaceae

Fraction 22 yielded compound 57 (2.6 mg). Light brown powder. LR-LC-MS: m/z
389.3 [M+H]*. *H NMR (DMSO-ds, 500 MHz), &4: 7.48 (1H, brs), 5.69 (1H, brs), 5.13
(1H, d, J=7.0 Hz), 4.54 (1H, d, J=8.0 Hz), 4.16 (1H, d, J=15.0 Hz), 3.99 (1H, d, J=15.0 Hz),
3.65 (3H, s,). 3C NMR (DMSO-ds, 500 MHz), &¢c: 167.4, 152.0, 144.6, 125.9, 111.4,
99.0,96.2,77.7,77.1,73.8,70.4,61.4,59.8, 51.5, 46.3, 38.4, 34.9.

Fraction 37 yielded compound 58 (1.5 mg). Colorless solid. LR-LC-MS: m/z 449.5
[M+H]*. 'H NMR (DMSO-ds, 500 MHz), 6u: 7.35 (2H, d, J= 8.6 Hz), 6.82 (2H, d, J=8.6
Hz), 6.20 (1H, s), 6.17 (1H, s), 4.97 (2H, m), 4.58 (1H, d, J=1.8 Hz), 3.85 (1H, s), 3.67
(1H), 3.37-3.50 (4H, m). 13C NMR (DMSO-ds, 500 MHz), &¢: 199.3, 167.3, 164.2, 159.2,
130.4,129.1, 116.2, 115.9, 101.3, 98.3, 97.0, 85.1, 78.2, 77.7,74.6, 73.7, 71.1, 62.3.
Fraction 38 yielded compound 59 (1.9 mg). Light yellow crystals. LR-LC-MS: m/z
417.2 [M+H]*. 'H NMR (DMSO-ds, 500 MHz), 8x: 8.35 (1H, s), 7.94 (1H, d, J=8.5 Hz),
7.40 (2H, d, J=9.5 Hz), 6.99 (1H, d, J=8.5 Hz), 6.81 (2H, d, J=9.5 Hz), 4.81 (1H, d, J/=10.0
Hz). 13C NMR (DMSO-ds, 500 MHz), &¢: 175.3, 161.6, 157.6, 153.1, 130.5, 126.7,
123.5,122.9,116.7,115.4, 113.1, 82.3,79.2, 73.9, 71.2, 61.9.

Fraction 44 yielded compound 60 (2.0 mg). Yellow needle-like crystals. LR-LC-MS:
m/z 302.2 [M]*. *H NMR (DMSO-ds, 500 MHz), &u: 12.50 (1H, s), 7.66 (1H, d, J=2.5),
7.54 (1H, dd, J=2.0, 8.5 Hz,), 6.88 (1H, d, J=8.5 Hz), 6.41 (1H, d, J=2.0 Hz), 6.19 (1H, d,
J=2.0 Hz). 13C NMR (DMSO-ds, 500 MHz), 8¢: 176.3, 164.3, 161.2, 156.6, 148.1, 147.2,
1455, 136.2, 122.4,120.4, 116.0, 115.5, 103.5, 98.6, 93.8.

Fraction 49 yielded compound 61 (1.8 mg). White powder. LR-LC-MS: m/z 413.5
[M+H]*. *H NMR (CDCls, 500 MHz), 6x: 5.35 (1H, d, J=5.2 Hz), 4.04 (1H, m), 3.49 (2H,

m), 3.37 (1H, td, J=3.6, 10.8 Hz), 2.28 (2H, m), 2.00 (2H, m), 1.86 (2H, m), 1.75 (2H,
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m), 1.64 (2H, m), 1.55 (2H, m), 1.29 (1H, m), 1.14 (2H, m), 1.02 (2H, s), 0.97 (3H, dd,
J=4.3, 6.6Hz), 0.79 (3H, s). 3C NMR (CDCls, 500 MHz), &c: 140.8, 121.4, 109.3, 80.8,
71.7, 66.9, 62.1, 56.5, 50.1, 42.3, 41.6, 40.3, 39.8, 37.2, 36.7, 32.1, 31.9, 31.6, 31.4,
31.3,30.3,28.8,20.9,19.4,17.1, 16.3, 14.5.

Fraction 54 yielded compound 62 (2.3 mg). White needle-like crystals. LR-LC-MS: m/z
455.3 [M+H]*. *H NMR (DMSO-ds, 500 MHz), &4: 5.17 (1H, brs), 3.00 (1H, m), 2.75 (1H,
dd, J=4.5 Hz, 14.0 Hz), 0.68-1.10 (each 3H, s, 7 x -CHs). 13C NMR (DMSO-ds, 500 MHz),
6c: 179.0, 144.3, 122.0, 77.3, 55.2, 47.5, 46.2, 45.9, 41.8, 41.3, 38.9, 38.5, 38.1, 37.1,
33.8, 33.3, 32.9, 32.6, 30.9, 28.7, 27.7 27.4, 26.1, 23.8, 23.4, 23.1, 18.5, 17.3, 16.5,
15.6.

6.4.5.2 Isolation of target compound from the sponge lanthella quadrangulata

The dried and ground marine material (10 g) from the sponge was sequentially
extracted with n-hexane (250 mL, shaken at 200 rpm for 2 h), CH,Cl, (250 mL, shaken
at 200 rpm for 2 h), and CH3OH (250 mL, shaken at 200 rpm for 2 h twice). All
CH,Cl,/CH30H extractions were combined and dried to yield a crude extract (2.8 g).
1.0 g of the extract was subsequently pre-adsorbed onto C18-bonded silica (1.0 g),
then packed into a stainless steel cartridge (10 x 30 mm) and attached to a Thermo
Betasil C18 semipreparative HPLC column (150 x 21.2 mm). Isocratic conditions of 10%
CH30H (0.1% TFA)/90% H,0 (0.1% TFA) were used for the first 10 min, followed by a
linear gradient from 90% H,O (0.1% TFA)/10% MeOH (0.1% TFA) to 100% 100%
CH30H (0.1% TFA) in 40 min, then isocratic conditions of CH3OH (0.1% TFA) were run
for 10 min. Sixty fractions (60 x 1 min) were collected from time from 0 min to 60
min, all at a flow rate of 9 mL/min (Figure 6.4.5.2.1). Looking for the ion of interest at
m/z 796.2228 identified in the ESI-FTMS screen, fractions were analyzed by

(+)-LRESIMS and NMR spectroscopy.
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Figure 6.4.5.2.1 HPLC chromatogram of lanthella quadrangulata

Fraction 40 yielded compound 63 (1.1 mg). Yellow needle-like crystals. LR-LC-MS:
m/z 795.7 [M-H]*. *H NMR (DMSO-ds, 500 MHz), &1: 8.53 (1H, t, J=5.8 Hz), 7.55 (2H,
s), 6.57 (1H, s), 3.95 (1H, t, J=6.3 Hz), 3.91 (1H, s), 3.60 (1H, s), 3.63 (1H, d, J=4.2 Hz),
3.39 (1H, td, J=5.9, 8.0 Hz), 3.25 (1H, t, J=7.5 Hz), 2.85 (1H, t, J=7.5 Hz), 1.99 (1H, m).
13C NMR (DMSO-dg, 500 MHz), &¢c: 159.4, 154.9, 151.6, 148.6, 135.3, 133.7, 131.7,
117.9, 113.5,90.7, 74.0, 60.1, 45.1, 36.7, 30.9, 29.9.

6.4.5.3 Chemical constituents from the Australian plant Canthium Rubiaceae

The freeze-dried and ground plant material (10 g) was placed into a conical flask (1 L),
n-hexane (250 mL) was added, and the flask was shaken at 200 rpm for 2 h. The
n-hexane extract was filtered under gravity then discarded. CH,Cl; (250 mL) was
added to the defatted plant material in the conical flask and shaken at 200 rpm for 2
h. The resultant extract was filtered under gravity and set aside. MeOH (250 mL) was
added, and the MeOH/plant mixture was shaken for a further 2 h at 200 rpm.
Following gravity filtration the biota was extracted with another volume of MeOH
(250 mL) whilst being shaken at 200 rpm for 16 h. All CH,Cl,/MeOH extracts were
combined and dried under reduced pressure to yield a dark brown solid (1.90 g). A
portion of this material (1.0 g) was pre-adsorbed onto C18-bonded silica (1 g), and
then packed into a stainless steel cartridge (10 x 30 mm) that was subsequently
attached to a Thermo Betasil C18 semipreparative HPLC column (150 x 21.2 mm).
Isocratic HPLC conditions of 90% H,O (0.1% TFA)/10% MeOH (0.1% TFA) were
employed for the first 10 min; then a linear gradient from 90% H>0 (0.1% TFA)/10%
MeOH (0.1% TFA) to 100% MeOH (0.1% TFA) was run over 40 min, followed by

isocratic conditions of MeOH (0.1% TFA) for a further 10 min, all at a flow rate of 9
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mL/min. Sixty fractions (60 x 1 min) were collected from the start of the HPLC run
(Figure 6.4.5.3.1). Looking for the ion of interest at m/z 416.5764 identified in the

ESI-FTMS screen, fractions were analyzed by (+)-LRESIMS and NMR spectroscopy.
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Figure 6.4.5.3.1 HPLC chromatogram of Canthium Rubiaceae
Fraction 20 yielded compound 64 (2.7 mg). White crystals. LR-LC-MS: m/z 456.4
[M-H]*. *H NMR (DMSO-ds, 500 MHz), &4: 7.58 (2H, m), 7.51 (3H, m), 6.00 (1H, s),
4.50 (1H, d, J=7.50 Hz), 4.26 (1H, d, J=7.50 Hz), 3.00-4.04 (m). 3C NMR (DMSO-ds,
500 MHz), &: 134.2, 130.1, 129.4, 127.8, 118.7, 104.4, 102.1, 77.3, 76.9, 76.6, 74.1,
73.4,70.7,70.4, 68.9, 67.3, 61.5.
Fraction 37 yielded compound 65 (1.8 mg). Light yellow powder. LR-LC-MS: m/z
581.3 [M+H]*. *H NMR (DMSO-ds, 500 MHz), &n: 12.10 (1H, s), 9.62 (1H, s). 7.34 (2H,
d, J=8.5 Hz), 6.80 (2H, d, J=8.5 Hz), 6.12 (1H, d, J=2.0 Hz), 6.00 (1H, d, J=2.0 Hz), 5.50
(1H, t, J=2.5 Hz), 5.31 (1H, d, J=5.0 Hz), 5.15 (1H, m), 3.70 (2H, m), 3.20 (1H, m), 2.75
(1H, m), 1.15 (3H, d, J=6.5 Hz). 13C NMR (DMSO-ds, 500 MHz), &¢: 197.8, 163.4, 158.3,
129.0, 115.7, 103.8, 100.8, 96.8, 95.6, 77.6, 72.3, 70.0, 68.8, 60.9, 18.5.
Fraction 40 yielded compound 66 (1.6 mg). Shallow grey amorphous. LR-LC-MS: m/z
199.2 [M+H]*. *H NMR (DMSO-ds, 500 MHz), &1: 12.60 (1H, brs), 9.20 (1H, brs), 7.21
(2H, s), 3.81 (6H, s). 3C NMR (DMSO-ds, 500 MHz), &¢c: 167.7, 147.9, 140.6, 120.8,
107.3, 56.4.
Fraction 43 yielded compound 67 (2.2 mg). White powder. LR-LC-MS: m/z 319.3
[M+H]*. TH NMR (DMSO-de, 500 MHz), 6x: 12.5 (1H, s), 7.24 (3H, s), 6.37 (2H, d, J=2.0
Hz), 6.18 (2H, d, J=2.0 Hz). 33C NMR (DMSO-ds, 500 MHz), &¢c: 176.2, 164.3, 161.2,

156.5, 147.2, 146.2, 136.3, 121.2, 107.6, 103.4, 98.6, 93.6.
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Fraction 47 yielded compound 68 (1.4 mg). Colorless needles. LR-LC-MS: m/z 415.3
[M-H]*. *H NMR (DMSO-ds, 500 MHz), 8y: 6.47 (1H, s), 6.62 (1H, s), 3.51 (3H, s), 2.67
(1H, d, J=13.5 Hz), 2.34 (1H, d, J=13.5 Hz), 2.57 (1H, dd, J=1.5, 14.1 Hz), 2.33 (1H, dd,
J=8.1,14.1 Hz), 1.24 (3H, s), 0.81 (3H, d, J=7.5 Hz). 23C NMR (DMSO-ds, 500 MHz), &¢:
152.1, 151.9, 147.2, 141.1, 140.6, 134.5, 124.0, 121.7, 110.2, 105.8, 40.5, 40.2, 33.7,
30.1, 15.8.

Fraction 48 yielded compound 69 (2.2 mg). Yellow-green flakes. LR-LC-MS: m/z 283.5
[M+2H]*. *H NMR (DMSO-ds, 500 MHz), &1: 11.2 (1H, s), 8.38 (1H, ddd, J=5.0, 1.0, 2.0
Hz), 8.10 (1H, ddd, J=1.5, 2.0, 2.5 Hz), 7.66 (1H, ddd, J=1.5, 7.0, 15.0 Hz), 7.57 (1H,
ddd, J=1.5, 7.0, 15.0 Hz), 6.89 (1H, d, J=10.0 Hz), 5.82 (d, 1H, d, J=10.0 Hz), 3.95 (3H,
s), 1.45 (6H, s). 13C NMR (DMSO-ds, 500 MHz), &¢: 170.6, 151.8, 141.2, 130.4, 129.4,
127.8,127.0, 125.1, 123.8, 122.0, 121.5, 112.9, 106.2, 75.4, 53.1, 27.0.

6.4.6 Dissociation constant (Kp) determination

PfUCH-L3 (4.5 uM in 10 mM ammonium acetate buffer, pH 6.8, 50 pL) and increasing
concentrations of ligand (1 uM, 5 uM, 15 uM, 25 uM, 50 uM and 100 uM, 5 pL each)
was incubated at 4 °C for 1 hr before analyzed by ESI-FTMS. Triplicate values of
titration were used for the calculation of Kp. Prism software (Version 6.01) was used
to plot the fraction of bound protein against the total ligand concentration of each

ligand.

6.4.7 Virtual docking

All virtual docking applications were performed using Schrédinger Suite 2012 (LLC,
New York, NY, USA) on a Linux platform. The following Schrédinger modules were
used: Protein Preparation Wizard (Epik Version 2.2, Impact version 5.7, Prime
version 2.3, Schrodinger, New York, NY, USA, 2011), LigPrep (Version 2.5,
Schrodinger, New York, NY, USA, 2011), SiteMap (Version 2.5, Schrodinger, New York,
NY, USA, 2011) and Glide???2%4, All modules were accessed via Maestro graphical

interface (Version 9.2, Schrédinger, New York, NY, USA, 2011).
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Receptor Protein Preparation. The PDB is used to download the target PfUCH-L3 file
(2WEB). The crystal structure of PfUCH-L3 was refined using the Protein Preparation
Wizard in the Maestro suite from Schrodinger (Version 9.2, New York, NY, USA,
2011). Hydrogen atoms were added to the heavy atoms and all waters were deleted.
Using force field OPLS 2001, minimization was carried out setting maximum heavy
atom RMSD to 0.30A.

Receptor Grid Generation. After preparation, receptor grids were generated with
Glide by specifying the binding site with a 3D cubic box. SiteMap was used to
estimate the location of the active site by searching regions near the protein surface,
generating hydrophobic and hydrophilic contour maps of the protein, and calculating
energy potentials. Rotation of all receptor hydroxyl and thiol groups within the grid
was allowed.

Ligand preparation. The small molecules were drawn in Maestro workspace, and
these 2D structures were converted to all-atom 3D structures using embedded
LigPrep script.??> Up to 32 stereoisomers were generated per ligand by determining
chiralities of the 3D structures, and all possible ionization states of ligands were
generated at target pH of 7+/- 2. After converting to 3D, conformation search was
carried out to generate conformers and search for low energy structures using OPLS
2005 force field.

Glide Docking. The docking program used was Glide. In this study, Glide-SP (standard
precision) was used for docking simulations. The Glide algorithm utilizes
precomputed grids generated by sitemap. No bonding constraints were given during
docking calculations. Using Monte Carlo random search algorithm, ligand poses were
generated for each input molecule. Binding affinity of these molecules to receptors
was predicted in terms of Glide docking score. Post docking minimization was
performed with OPLS 2005 force field, and one pose per ligand was saved. In the
present study, we have utilized PyMol (version 1.5.0.4; Schrédinger, LLC: New York,

2012) to analyze the binding sites.
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DISCUSSION AND CONCLUSION

Direct screening of natural product extracts on therapeutic targets for the presence
of active compounds was employed in this thesis as a rapid and effective strategy to
identify the noncovalent interactions between natural products and native (folded)
proteins. Simultaneously, with the purpose to study the relationship between the
Log P value and the HPLC retention time, additional natural products were isolated,
purified and structure elucidated together with the active ligands. This thesis
presents the outcomes of exploring new antimalarial natural products utilizing
bioaffinity mass spectrometry against malarial targets as well as the investigation of
the physicochemical properties of metabolites especially the correlation between
their HPLC retention time and Log P value.

FTMS optimization to detect noncovalent protein-ligand complexes in the gas phase
was established using bCA Il as a test target protein. Results showed that certain
amounts of methanol could improve the intensity of protein signals in ESI-FTMS. It
was shown that under optimal conditions, ESI-FTMS could be used as a fast and
efficacious method to detect noncovalent complexes under physiological conditions
and to identify active molecules from natural product extracts.

Three malarial targets were screened with natural product extracts using ESI-FTMS
under optimized condition. To our knowledge, it is the first time a bioaffinity MS
screening method has been used to study two of these malarial targets (PfRabl1la
and PfUCH-L3), and it was the first time that natural product binders had been
reported. Most importantly, one of those binders was a new natural product, and
was confirmed as an inhibitor of PfRablla by an enzyme assay. The outcomes
related to PfRabl1a generated a paper, which has been published in the Journal of
Biomolecular Screening. Virtual docking was employed to predict the binding sites of
the active compounds.

FTMS coupled with ESI plays a key role in the bioaffinity mass spectrometry. Most of

proteins can be analyzed by ESI-FTMS. Enzymes can be generally classified into six
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groups on the basis of the type of reactions that they catalyze.?®® Our group has
examined 141 soluble proteins and found native MS spectra for 112. The following

table lists the screening results for each class of enzymes (unpublished).

Group Name No. of screened No. of positive
EC1 Oxidoreductases 17 12
EC2 Transferases 26 17
EC3 Hydrolases 23 20
EC4 Lyases 10 8
EC5 Isomerases 10 7
EC6 Ligases 15 12
Other NA 40 36
Total NA 141 112

However, insoluble proteins represent a major headache. For instance,
membrane-bound and membrane-associated proteins are difficult to analyze by MS,
as the association with lipids impedes the isolation and solubilization of the proteins
in buffers suitable for MS and the efficient generation of positively charged peptide
ions by ESI.261

The physicochemical property analysis of isolated natural products showed that their
Log P values and HPLC retention time displayed a linear relationship, which provided
evidence to that reversed-phase HPLC was an appropriate method to capture
drug-like chemical constituents (Log P value of no more than 5).

Nowadays, high-throughput screening (HTS) has become an important discipline
undertaken by academic institutions and pharmaceutical companies for identifying
new lead compounds. However, it has also introduced a large number of peculiar
compounds, which interfere drug screening to show false results. Time and research
money can be wasted to optimize the activity of these molecules. The original article
about pan assay interference compounds (PAINS) by Baell et al considered synthetic

libraries and reported a number of substructural features, which can help to identify
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‘frequent hitters’ in the HTS.?%? In general, the opportunity that a PAIN will be
progressed to a useful lead molecule is overwhelmingly smaller than the opportunity
it will not.?®3 Clear structure-activity relationship (SAR) investigations can help to the
identification of PAINS.2%* More recently, a number of publications have considered
natural product PAINS. Bisson et al used the natural products alert (NAPRALERT)
database to reveal 39 most reported natural products.?®® Half of them have not been
explained by phenomena known for synthetic libraries, and all showed a variety of
bioactivities.?®> Pouliot et al has reported several antifungal natural products, whose
structures contained PAINS motif.2¢ Glaser et al has discussed the most common
assay-interfering characteristics of antiprotozoal natural products, described
significant examples from recent literatures, and proposed methods to handle the
promiscuous molecules.?®” Baell suggested that the context of the biological readout
must be brought into consideration as a key factor to discuss natural product
PAINS.2%4 According to previous studies, myricitrin (28), luteolin (30), naringenin (31),
apigenin (36), 1,8-Dihydroxyanthraquinone (38), quercetin (60), and myricetin (67)
contain the PAINS motif. More investigations (e.g., SAR) should be considered if
researchers would like to study bioactivities of these compounds against any
therapeutic target. As to the eight natural products, which showed binding activity
against two malarial targets (five for PfRabl1a, another three for PfUCH-L3), each
molecule hasn’t been screened against a second protein target. Therefore, we are
not sure if these ligands are nuisance compounds or not.

This research showed that direct screening has the ability to overcome the
bottleneck of bioassay-guided isolation as it allows direct isolation and purification of
active molecules from natural product extracts utilizing ligand mass information
obtained in the screening stage. Due to its sensitivity, speed and reliability, direct
bioaffinity screening mass spectrometry has great potential to serve as an
extensively utilized screening method for natural product drug discovery.

Simultaneously, the in-house developed LLE procedure that involves two steps,
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initial SPE to remove Log P > 5 constituents followed by reversed-phase HPLC, can be
used in large-scale isolation. Using reversed-phase HPLC of extracts, provided the

Log P/retention time correlation is used during isolation.
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Abstract

Electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICR-MS or ESI-FTMS) was
used to screen 192 natural product extracts and a 659-member natural product-based fragment library for bindings to a
potential malaria drug target, Plasmodium falciparum Rabl |a (PfRabl la, PF13_0119). One natural product extract and | |
fragments showed binding activity. A new natural product, arborside E, was identified from the active extract of Psydrax
montigena as a weak binder. Its binding activity and inhibitory activity against PfRabl la were confirmed by ESI-FTMS

titration experiments and an orthogonal enzyme assay.

Keywords
malaria, FTMS, PfRabl la

Introduction

Malaria is one of the most harmful infectious diseases in the
world. According to the World Health Organization, there
were approximately 200 million malaria cases in 2014,
resulting in about 600,000 deaths. Around 3 billion people
continue to be in danger of contracting malaria, mostly in
Africa and Southeast Asia.'

Natural products have been an important source for the
development of new drugs to treat malaria.’ The use of
medicinal plants against parasitic illnesses has been recorded
over thousands of years. By way of example, the bark of the
Cinchona tree was the first effective treatment for malaria
used by the Romans in the 17th century,’ followed by the
later identification of the active constituent.* Artemisinin,
also known as “ginghaosu,” which is active against all
Plasmodium species, was isolated from the Chinese medici-
nal herb Artemisia annua L. (sweet wormwood) that had
been used to treat malaria for over 2000 years.’

Rab GTPases are key regulators of vesicular traffic in
eukaryotic cells. In 2003, Langsley and his colleagues
reported that Plasmodium falciparum Rablla (PfRablla,
PF13_0119) might mediate an essential recycling endo-
some function in P. falciparum.® Later, they demonstrated
that the final step in parasite cell division involves delivery
of new plasma membrane to the daughter cells, a process
requiring functional Rablla. Importantly, Rablla can be
found in myosin-tail-interacting protein (MTIP), also
known as myosin light chain 1 (MLC1).” MLC1 is a mem-
ber of a four-protein motor complex called the glideosome
that is known to be crucial for parasite invasion of host
cells. Ablation of Rab11a function results in a block at a late

stage of cell division.” PfRab11a therefore is a potential tar-
get for antimalarial drug discovery.

Bioaffinity mass spectrometry has been used as an effec-
tive screening method to identify small molecules that bind
to proteins.® The fundamental concept of affinity screening
methodologies is to detect a noncovalent complex contain-
ing protein and small ligand.® We have shown that a target
protein added to a natural product extract can form a nonco-
valent complex, and we have established a method that
employs electrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FTMS) to
screen extracts.® We then adapted the method to fragment-
based screening and identified seven securinine derivatives,
which bound to P. falciparum deoxyuridine 5'-triphosphate
nucleotidohydrolase (PfdUTPase, PF11_0282).° A subse-
quent in vitro whole-cell assay against P. falciparum showed
that the securinine derivatives also had inhibitory activity
against the parasite.’
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In this study, ESI-FTMS was used to screen 192 natural
product extracts and an in-house natural product-based
fragment library of 659 members for active constituents
that bind to PfRabl1a. One extract from the plant Psydrax

igena and 11 fragments (details in Table 1) were iden-
tified by ESI-FTMS to bind to PfRabl1a. Mass guided frac-
tionation and purification of the extract resulted in the
identification of a new natural product, arborside E. We
here report the isolation of arborside E, its binding affinity
and inhibitory activity against PfRab11a, and the structures
of the fragment hits.

Materials and Methods

General Experimental Procedures

Nuclear magnetic resonance (NMR) spectra were acquired
at 30 °C on an Agilent (Santa Clara, CA, USA) INOVA
600 MHz spectrometer, which was equipped with a triple-
resonance cold probe. Low-resolution electrospray ioniza-
tion mass spectrometry (LRESIMS) spectra were measured
on a Waters ZQ mass spectrometer (Milford, CT, USA).
High-resolution electrospray ionization mass spectrometry
(HRESIMS) spectra were recorded on a Bruker (Bremen,
Germany) Apex III 4.7 Tesla external electrospray ionization
(ESI) source Fourier transform ion cyclotron resonance
(FTICR) mass spectrometer. A Thermo Electron (Waltham,
MA, USA) C,, Betasil 5-pm 143A column (21.2 x 150 mm)
and a Phenomenex (Lane Cove, Australia) C,; Onyx mono-
lithic column (4.6 x 100 mm) were used for semi-preparative
high-performance liquid chromatography (HPLC) and com-
pound purity analysis. HPLC separations were conducted on a
Waters 600 pump equipped with a 996 Photodiode Array
Detector and Gilson 215 Liquid Handler (Middleton, WI,
USA).

All ESI-FTMS experiments were performed on a Bruker
Apex III 4.7 Tesla external ESI source FTICR mass spec-
trometer. Samples were directly infused by a Cole-Parmer
syringe pump (Chicago, IL, USA) with a flow rate of 2 pL/
min. The end plate voltage was biased at 3200 V and the
capillary voltage at 4500 V relative to the ESI needle during
data acquisition. A nebulizing N, gas pressure of 50 psi and
a counter-current drying N, gas with a flow of 30 L/min was
used. The drying gas temperature was maintained at 100 °C
for direct-infusion ESI-FTMS. The capillary exit voltage
was tuned at 140 V and the skimmer 1 voltage at 15 V. Ions
were accumulated in an external ion reservoir composed of
a hexapole, a skimmer cone (skimmer 2) with a tuning volt-
age of 12V, and an auxiliary gate electrode, prior to injection
into the cylindrical Infinity analyzer cell (Bruker, Bremen,
Germany), where they were mass analyzed. These optimized
conditions were used based on our previous studies.*’

Mass spectra were recorded in the positive ion mode with
mass range from 50 to 6000 m/z for broadband low-resolution
acquisition. All data acquisitions were performed on a

1200-MHz Pentium III data station running Bruker’s Xmass
software under the Windows 2000 (Microsoft Corp., Redmond,
‘WA) operating system.

ESI-FIMS Optimization

Based on previous work,*’ optimization of protein concen-
tration and the influence of methanol (MeOH) (from 10%—
90%) on PfRab11a mass spectra were determined.

PfRablla was dissolved in ammonium acetate (10 mM,
pH 6.8) to generate solutions with different concentration
(0.5 uM, 1.0 uM, 1.5 pM, 4.5 pM, and 10 uM). The total
volume of each solution was 100 pL. After being incubated
at 4 °C for 1 h, 50 puL of each sample was injected into the
ESI-FTMS for analysis.

PfRablla (4.5 uM) was incubated with different con-
centrations (10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%,
and 90%) of MeOH. Samples were incubated at 4 °C for
1 h and then analyzed by ESI-FTMS.

Sample Preparation and ESI-FTMS Screening

In total, 192 extracts from Nature Bank (Eskitis Institute,
Brisbane, Australia) were added to each well of a V-plate
microtitre plate (BioCentrix, Carlsbad, CA, USA). Each
well contained lead-like enhanced extract prepared by
extraction and solid-phase extraction (SPE) from 125 pg of
dried biota dissolved in MeOH (5 pL) as previously
described.? The PfRablla (50 pL, 4.5 uM) was added into
each extract. The mixtures were incubated for 1 h at 4 °C
and then analyzed by ESI-FTMS.

For ESI-FTMS fragment screening, 659 natural product
fragments were provided as methanol solutions in 96-well
plates. The blank control was prepared by mixing the pro-
tein PfRablla (50 pL, 7.29 uM) with methanol (1 pL).
Screening samples were prepared by mixing the protein (50
uL, 7.29 uM) with a pool of eight fragments in methanol (1
pL). The final total volume of each well was 51 pL. The
concentration of each fragment in the screening assay wells
was 98.03 uM. The fragment to protein ratio was ~14:1. All
plates were covered and incubated at 4 °C for 1 h and then
analyzed by ESI-FTMS. The acquired spectra were com-
pared with the experiment control spectrum.

Plant Material

The plant sample (family: Rubiaceae; species: P. monti-
gena) was collected at Daintree National Park, Mt Sorrow
track, North Queensland, Australia, in December 1997 by
Dr. P. L F. Forster. A voucher sample has been deposited at
the Queensland Herbarium, Brisbane, Australia.

The natural product fragment library had 659 members
and was built from a selection of our natural product com-
pound collection. The selection criteria for fragments were
as follows: molecular weight, <250 Da; calculated log
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Table I. Fragment Hits of PfRab| la.

Binding Activity® Structure Name Molecular Weight
Strong [0} Lepiotin C 1772
OOron
o]
" N,N-Dipropylsuccinamic acid 201.3
o
AN
Medium HO 2 2-(1-Boc-pyrrolidin-2-yl)acetic acid 229.3
At
o (R)-2-((2R,55)-5-((S)-2-hydroxybutyl)tetrahydrofuran-2- 216.3

yl)propanoic acid

Deacetoxycephalosporanic acid 2142
(S)-6,7-dimethoxy- 1,2,3,4-tetrahydroisoquinoline-3- 237.3
carboxylic acid
(+)-Camphanic acid 198.2
(o]
H
HO |-(tert-butoxycarbonyl)piperidine-2-carboxylic acid 2293
(0] :
_{
2-Hydroxyalantolactone 2483
o
“'OH
o
Weak //(N N-(2-(3-oxoisoindolin- | -yl)ethyl)acetamide 2183
H
H
HO, 1-(1-carboxyethyl)-5-oxopyrrolidine-2-carboxylic acid 201.2

*Strong: protein complex/protein ratio >50%, medium: protein complex/protein ratio >15% and <50%, and weak: protein complex/protein ratio <|5%.
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P, <4; hydrogen bond donors, <4; hydrogen bond acceptors,
<5; rotatable bonds, <6; and polar surface area, <45.

Extraction and Isolation

The freeze-dried and ground plant material (10 g) was placed
into a conical flask (1 L), n-hexane (250 mL) was added, and
the flask was shaken at 200 rpm for 2 h. The n-hexane extract
was filtered under gravity and then discarded. CH,Cl, (250 mL)
was added to the defatted plant material in the conical flask and
shaken at 200 rpm for 2 h. The resultant extract was filtered
under gravity and set aside. MeOH (250 mL) was added, and
the MeOH/plant mixture was shaken for a further 2 h at 200
rpm. Following gravity filtration, the biota was extracted with
another volume of MeOH (250 mL) while being shaken at 200
tpm for 16 h. All CH,CL/MeOH extracts were combined and
dried under reduced pressure to yield a dark brown solid (2.80
g). A portion of this material (1.0 g) was preadsorbed to C -
bonded silica (1 g) and then packed into a stainless steel car-
tridge (10 x 30 mm) that was subsequently attached to a C ¢
semipreparative HPLC column. Isocratic HPLC conditions of
90% H,0 (0.1% trifluoroacetic acid [TFA])/10% MeOH (0.1%
TFA) were employed for the first 10 min, and then a linear gra-
dient to MeOH (0.1% TFA) was run over 40 min, followed by
isocratic conditions of MeOH (0.1% TFA) for a further 10 min,
all at a flow rate of 9 mL/min. Sixty fractions (60 x 1 min) were
collected from the start of the HPLC run. Fractions were ana-
lyzed by (£)-LRESIMS and NMR spectroscopy. Fraction 41
yielded arborside E (1.4 mg, 0.58% dry weight).

Enzyme Assay

PfRablla was cloned from P. falciparum complementary
DNA (cDNA) and produced and purified as previously
described.'® The protein was dissolved in ammonium ace-
tate (10 mM, pH 6.8) to generate stock solution (4.5 uM).
PfRablla activity was measured with a colorimetric
GTPase assay kit purchased from Innova Biosciences
(BioNovus Life Sciences, Cherrybrook, Australia) follow-
ing the manufacturer’s protocol. Briefly, different concen-
trations of arborside E (0.01 uM, 1.0 uM, 1.5 pM, 4.5 pM,
10 uM, 20.0 puM, 30.0 pM, 40.0 pM, 50.0 uM, 80.0 pM, and
100.0 uM) were incubated with PfRabl1a (4.5 uM) for 1 h;
GTP (10 uM) was added, and the mixture incubated for 30
min at 4 °C. Colorimetric buffer (Pi ColorLock Gold and
Accelerator; Innova Biosciences) was added, and the mix-
ture was incubated for 5 min at 4 °C. Then, stabilizer buffer
was added, and the reaction mixture was incubated for 30
min. Optical density was determined at 620 nm by using an
EnVision Multilabel Reader (PerkinElmer, Waltham, MA).

K, Determination

Dissociation constant (K,) is the equilibrium constant for the
dissociation of a complex into its components. To determine

the K, the relative abundances of bound to total protein in the
mass spectra were correlated to the relative equilibrium con-
centrations of bound to total protein in solution, as follows:

> 1(PL)" /n _[rL]
SI(P) m+ Y 1(L)" /m  [P]’

where the total abundances of free protein and protein-
ligand complex were obtained by the sum of all the respec-
tive charges states intensity peaks (I) normalized for charge
state (n). As in each spectrum, three charge states (9+, 10+,
and 11+) of free protein and protein-ligand complexes can
be observed. The total abundances of free protein and pro-
tein-ligand complex were obtained by the sum of their three
charge states intensity peaks. By plotting experimentally
observed ratios between bound and total protein ion abun-
dances against total concentration of ligand, K was
obtained as a parameter of a nonlinear least squares curve
fitting'":

O}

([P] +[L], +K,) -
) + 1L +K,) - afp L]

2[P],

S I(PL)" /n
> 1(P)" m+ Y I(PL)" /n

@

Results and Discussion

In the initial spray solution, the protein concentration is an
important factor that significantly affects the ESI-mass
spectrometry (MS) signal intensity.'? In this study, ESI-
FTMS optimization suggested that 4.5 uM was the most
suitable protein concentration to do bioaffinity MS screen-
ing (details in supplementary materials). MeOH can
increase the solubility of natural products in buffer solution,
thus appearing to improve the interaction between protein
and ligands. However, too much methanol can cause pro-
tein denaturation.'”® The results showed that methanol
increased the intensity of the protein signal (details in sup-
plementary materials).

A 659-member fragment library and 192 crude extracts
from Australian plants were screened using ESI-FTMS.
Eleven fragments and one extract were identified to bind to
the target. Depending on the protein-ligand/protein ratio, the
binding of the fragments was ranked as strong, medium, or
weak (Table 1). The active extract from the plant P. monti-
gena was identified to contain a constituent that bound to the
protein PfRabl1a (Fig. 1). As shown in the ESI-FTMS spec-
trum, six peaks were observed. The two at m/z 2113.7144
and 2170.9110 represented [PfRablla]''" and [PfRablla-
ligand]""* complex, respectively; two peaks at m/z 2325.4072
and 2388.3710 represented [PfRablla]'® and [PfRablla-
ligand]'" complex, respectively; and two peaks at m/z
2583.3924 and 2653.4289 represented [PfRablla)’” and
[PfRabl1a-ligand ]°* complex, respectively.

The molecular weight (MW) of the bound ligand was
calculated as 629.6380 Da using the following equation':
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Figure |. Electrospray ionization Fourier transform ion
cyclotron resonance mass spectrometry (ESI-FTMS) spectrum of
the protein-ligand complex.

} i) =

To obtain sufficient quantity of the compound for further
structure identification and biological activity study, 10 g
freeze dried plant sample was extracted with n-hexane,
CH,Cl,, and MeOH. (+)-LRESIMS measurement of the
combined CH,CL,/MeOH extracts confirmed the presence
of the target compound in the extract. The combined
CH,Cl,/MeOH extract was then fractionated using reversed-
phase C ; HPLC eluting with 10% MeOH (0.1% TFA) to
100% MeOH (0.1% TFA) over 60 min. LRESIMS mea-
surement indicated that fraction 41 contained the ion of
interest at m/z 631.0 Da, which led to the isolation of a new
compound, arborside E.

Arborside E (Fig. 2) was isolated as a light yellow, amor-
phous solid with a [u]f: +10.8 (¢=0.5, CHCL,). The molec-
ular formula was determined to be C, H, 0, on the basis of
(+)-HRESIMS measurements (m/z 630.1942) and NMR
data (Table 2). Detailed analysis of 'H-NMR and *C-NMR
spectral data revealed that arborside E had a similar structure
to that of arborside A."* The only difference was the pres-
ence of a hydroxyl functionality at the C-8 position in arbor-
side E. This was evident by the replacement of the methyl
doublet at 3, 0.99 in arborside A by a methyl singlet at 3,
1.30 in arborside E, as well as the absence of a methine quar-
tetat 8, 2.31. It was also confirmed by the downfield shift of
C-8 from 8, 35.6 in arborside A to 3, 76.6 in arborside E.

To determine the binding affinity of arborside E, the K |
was measured by a titration experiment monitoring the equi-
librium population of free protein and ligand-protein com-
plex using a constant concentration of protein (4.5 uM in
10 mM ammonium acetate buffer, pH 6.8) and increasing

m/ z(PfRabl1a —natural product ligand complex )
—m/ z(free PfRabl1a)
[2388.3710 - 2325.407] x 10 = 629.6380 (Da).

MW =

Figure 2. Structure of arborside E.

concentrations of ligand (2 pM, 3 puM, 4 uM, 8 uM, 40 pM,
and 50 uM). Each protein-ligand mixture was incubated at 4
°C for 1 h before analyzing by ESI-FTMS. The experiment
was run in triplicate. Prism software (GraphPad Prism, La
Jolla, CA) was used to plot the fraction of bound protein
against the total ligand concentration of arborside E.
According to equation (2), the value of K of arborside E was
determined as 1.921 + 0.4028 pM (Fig. 3a). To distinguish a
real affinity from titration-like binding, we used the same
method to measure the K | again with a lower protein concen-
tration (3.0 pM), and the K| value was 1.963 + 0.2134 uM
(Fig. 3b), which indicated a real K ) was measured.

Nonspecific binding can be detected by a competition
experiment using a known ligand to compete with binding
of the first ligand to the specific site. However, there is no
published ligand for P/Rab11a. Under this circumstance, an
orthogonal enzyme assay was run against PfRablla using
the Innova Biosciences GTPase kit to confirm the inhibi-
tory activity of arborside E. Titration experiments were car-
ried out with PfRablla at a fixed concentration of 4.5 pM
in 10 mM ammonium acetate buffer (pH 6.8) and the ligand
at a varied concentration from 0.01 pM to 100 uM (0.01
uM, 1.0 uM, 1.5 uM, 4.5 uM, 10 pM, 20.0 pM, 30.0 pM,
40.0 uM, 50.0 pM, 80.0 uM, and 100.0 pM). The result
showed that arborside E had an IC, value of 19.73 £ 1.174
uM (Fig. 4). Inhibition constant (Ki) was calculated from
the IC,  using a web-based tool'® to give a value of 3.042 =
0.1767 uM. The Michaelis constant (Km) is the substrate
concentration at which the reaction rate is at half-maximum
and is an inverse measure of the substrate’s affinity for the
enzyme. According to a published method,'” Km was calcu-
lated to have a value of 2.134 uM. All these data confirmed
arborside E’s binding activity and inhibitory activity against
PfRablla.
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Table 2. Nuclear Magnetic Resonance (NMR) Spectroscopic Data for Arborside E.*

'H (multiplicity, J

No. e in Hz, integration) HMBC ROESY
1 925 5.64 (d, 2.3, IH) 3,58 I’ 9,1
3 151.9 7.45 (s, IH) 1,4,5, 11

4 109.4

5 340 3.29 (m, IH) 3,4,6,9 9
6 76.2 5.39 (t, 4.7, IH) 4,5,7,8,9, 1" 7
7 79.1 5.19 (d, 5.3, IH) 5,8,9,10, 1" 6
8 76.6

9 47.3 2.94 (dd, 11.2, 1.8, IH) 1,4,5,8, 10 5
10 225 1.30 (s, 3H) 7,8,9 1,6,7
1 166.7

12 51.4 3.44 (s, 3H) 1

2 98.2 451 (d,82, IH) I ry
2 73.6 3.00 (m, IH) I3

3 770 3.18 (m, IH) 2,4

4 77.7 3.18 (m, IH) 3,5

5 70.5 3.07 (m, IH) 4,6

4 61.6 3.47 (dd, 11.7,5.9, IH) 4,5 4

3.71 (dd, 11.7, 1.8, IH) 5 4

1" 165.0

2" 129.9

3" 129.5 7.81 (dd, 8.2, 1.2, 2H) 17,240, 5% 4"
4 1289 7.37 (t, 1.6, 2H) 2", 3", 5"

L 133.6 7.56 (m, 1H) 3" 4"
6" 1289 7.37 (t, 1.6, 2H)

7" 129.5 7.81 (dd, 8.2, 1.2, 2H)

124 165.5

1 129.9

3 129.8 7.92 (dd, 8.2, 1.2, 2H) 10 ogu e 4"
4 129.0 7.45 (m, 2H) 2030 B

5 133.7 7.59 (m, IH) 3" 4"
6" 129.0 7.45 (m, 2H)

7 129.8 7.92 (dd, 8.2, 1.2, 2H)

HMBC, heteronuclear multiple bond correlation; ROESY, rotating frame overhauser effect spectroscopy.

*Spectra were recorded in DMSO-dé at 600 MHz.

A 1.0 B 1.0
] 3
= 0.8 0.8
= i
X086 0.6
£
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-
& 0.2 0.2
0.0+ T T ™ T T 0.0+ T T T T 1
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Ligand concentration (uM) Concentration of Ligand (uM)

Figure 3. Titration of arborside E in PfRab| |a for determination of K.

ESI-FTMS was used to screen 192 natural product
extracts and a library of 659 fragment-sized natural prod-
ucts against PfRabl1a. One extract from Australian plant P
montigena and 11 fragments were identified to bind to the

protein PfRablla. Screening a fragment library gave a
higher hit rate (1.6%) than screening the natural product
extracts (0.5%). MS-directed isolation led to the identifica-
tion of a new natural product, arborside E. Its binding
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Figure 4. Enzyme assay result.

activity and inhibitory activity against PfRablla were con-
firmed by ESI-FTMS titration experiments and an orthogo-
nal enzyme assay.

To our knowledge, this is the first time a bioaffinity MS
screening method has been used to study the malarial target
PfRablla, and it is the first time that binders (a compound
and 11 fragments) to this target and a new natural product
inhibitor have been reported.

Our study demonstrated that ESI-FTMS screening is a
quick and accurate method to identify binders to the potential
drug target P/Rablla. ESI-FTMS can detect a protein-ligand
complex in a complex natural product extract and detect
protein-fragment interactions. Bioaffinity ESI-FTMS frag-
ment screening has several advantages. First, there is no need
for labeling of protein or compounds. Second, the screening
and analysis are fast. The library of 659 fragment members
required only 3 h for data acquisition and another 3 h for data
analysis and confirmatory testing. Third, the consumption of
the protein is very small. The screen of 659 fragments con-
sumed less than 1 mg protein. Fourth, the mass signal of the
protein-ligand complex provides the molecular weight of the
active binding fragment in a pooled library and the molecular
weight of the binding constituent in a complex extract.

In summary, this direct bioaffinity ESI-FTMS screening
has a great potential to become a widely used screening
method in drug discovery owing to its sensitivity, reliability,
and speed.
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