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Abstract

Triterpenes are a large, structurally diverse class of plant specialised metabolites,
with a history of use as components of traditional medicine, and potential as a
source of therapeutics for the treatment of cancer and inflammatory diseases. The
development of triterpene -based therapeutics would be greatly aided by a
systematic structure-activity relationship investigation, requiring the procurement of
a suite of structurally related molecules for investigation. However, the low
abundance of triterpenes in nature and their recalcitrance to chemical synthesis
presents a challenge. Recent understanding of triterpene biosynthesis in
heterologous hosts provides a promising new platform to produce specific

triterpenes for evaluation, overcoming these problems.

In this thesis, the triterpene toolkit developed in the Osbourn lab is used to produce
a range of triterpenes in N. benthamiana. Novel putative triterpenes are generated
through combination of toolkit enzymes (Chapter 3). Expansion of the toolkit allows
for the identification of | £y 1 ol | AGz | " \AByAnGseatfold Chap#rCix
Large-scale production allows for structural determination of a suite of triterpenes
with a range of regio- and stereo-chemistries (Chapter 5). These areevaluated for
anti-proliferative and anti-inflammatory effects (Chapter 6). A detailed structure-
activity relationship investigation is carried out, and methods for improving the

throughput of triterpene biological testing are considered ( Chapter 7).

Key findings include the production of 6 4 triterpenes through combinatorial

biosynthesis, including 31 novel structures, the expansion of the triterpene toolkit to
include bacterial and human cytochromes P450, the generation and purification of a
suite of 20 1-amyrin derivatives (14 of which were fully structurally verified by NMR),
the discovery of three new Az ¢, GA Gz | damwih scafdldtresponsible for anti-
proliferative activity, and three triterpenes with anti-inflammatory activity. A
structure-activity relationship investigation also predicts novel bioactive triterpenes.
This work will provide the basis for the design of triterpenes optimised for improved

biological activity.



Table of Contents

Y 011 1 = To! F PP P PP PP PPRRRPTPPPP 1.
1 General INtrOAUCTION .........uiiiiiiiiiie e e as 23
1.1 Plant Specialised Metabolism.................ccc i 24,
1.2 Introduction tO TIItEIPENES ....vvvvvriiiiiiiiiiiirrrrrr s ae s e e e s e e e e e e e aeaaaaeaaaaaaaaeees 25.
1.3  Triterpene Biosynthesis in Plants...........cccciviiiiiiii e 27
1.3.1  Triterpenes are Produced by the MVA Pathway in the Cytosoal........... 27
1.3.2  Oxidosqualene Cyclisation Leads to Triterpene Scaffold Diversity.....29
1.3.3  Triterpene Scafold Oxidation Leads to Further Diversification............ 31
1.3.4  Tailoring Enzymes Furtherincrease Triterpene Diversity..................... 32.

1.4  Triterpene Production through Heterologous Expression............cccccceeeee. 34.

1.4.1 Plant Transient Expression is Optimal for Plant Pathway Reconstitution

1.4.2 Large-Scale Vacuum Infiltration Provides a Scalable Platform for

Triterpene ProdUCTION ...t 36
1.5 Engineering Triterpene Diversity: The Triterpene ToolKit..................ceeveees 37
1.6  Anti-Proliferative Effects of Triterpenes...........ccccvvvveeiiiiiiiiiiiieeeee e 38

16.1 L0721 07T PP PPPPPPPPPTPPPPRTTN 39.

1.6.2  Triterpenes with Anti-Proliferative Effects...........ccccceei 40
1.7  Anti-Inflammatory Effects of Triterpenes...........cccoocvveieiiinniicciiiineennee AL

171 Key Inflammatory Pathways: Nrf2 and NFB............cccccviiiiiiieeeenennnns 42

1.7.2  Triterpenes with Anti-inflammatory Effects.........cccccccconiiiiniinnnnn... 44

1.8  Structure-Activity  Relationships: The Importance of Systematic

TNV 1o F= o) o 1Y 46

1.9 PRD OVBIVIBW. ...ttt ettt et e et et e e e et et e e e ee e e e s e eenreens 47



2 GeENEral MEthOUS .......cviiiieiiieee ettt e e eeerareeiaseenesesnesesnnsesnnsesnseeenseens DO,

2.1 GateWay ClONING......coiiiiiiiieiiiieiiiii s e s e e e e e e e e e aaaaaaaaaaees 50
211 ENY CIONES ... a e 50
21.2 EXPression ClONES.........ccuiiiiiiiiieeeeeeeee e 50
2.1.3  COIONY PCR...coosee st e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeaaas 50
2.1.4  DNA EIeCtrophoresis.......ccccoveiiiii it Bl..
N T 1= o [ 1T T o TP Bl
2.1.6 PIIMEIS. ... e e 52.
217 PIASIMIAS. ...t 52

2.2 Microbiological TECNNIQUES.........cooiiiiiiiiiiiiiee e 2.
2.2.1  Transformation of Chemically Competent £. coli................................ 52
2.2.2  Transformation of A. tumeraciensLBAA40A...............cccccvveeiiiinnnecn 52
2.2.3  ANTDIOLICS ...vviiiiiiiiiie i 53

2.3 AGroinfiltratioN .......c.ceeiiiiiiiii e 53
231 Preparation of A. tumefaciensfor Agroinfiltration .................cccccvveee. 53
2.3.2  Manual INfIIFAtioN .........occviiiiiiiiee e 54
2.3.3  Vacuum INfIFALION ........oveiiiiiiiiee e 54.

2.4 Purification TEChNIQUES..........cccoeiiiiiiiieeeeeeee s 55

2.4.1  General Procedure for the Evaluation of Triterpene Products by GEMS

242  GGMS ANAIYSIS....ooiiiiiiiiieie e aaaaaas 55

2.4.3  General Procedure for the Evaluation of Triterpene Products by LEMS

PP PRPPPR T PPPPPP 56..
244  LGMS ANAIYSIS..cciiiiiiiiiiiiiiiiiiieee et 56
245  Specifics for Preparative HPLC............uuiiiiiiiiiiieeee e 57



2.4.6 General Procedure for the Extraction of Triterpene Products from Large

Scale INFIFALIONS. ......eeieiiiie e e e e e 51.
2.4.7  General Procedure for Ambersep Resin Treatment............ccccceeeeennn. 58
2.4.8 Hash Chromatography............ooooiiiiiiiiiiee e h8.
2.4.9  DeCOIOUISALION ....cciiiiiiiieiiieie ettt 58
2.4.10 Flash Chromatography Programmes........cccccceeieiiieiieeeeeeeeeeeeeeeeeeeee, R9..
2.4.11 ReCryStalliSatioN..........c.uuuieiiiiiieeii e 60
2402 NMR 60..
2.5 Common Reagents and SOIULIONS............ooocviiiiiiiiieee e 61

3 Combinatorial Biosynthesis for the Generation of Novel Triterpene Diversity...62

3.1 ) (g Yo [T o170 ] o HU T 63.
I 1 11 1[PPI 69
3.3 RESUILS AN DiSCUSSION. ... ettt ettt ettt et e e et e e e e e e e e eeneeans 71

3.3.1 Evaluation of Triterpene Combinatorial Biosynthesis via Pairwise Ceo

EXPIESSION. ...t a e e e e e e aaaaaaaaaaaaaaaans 71
34 CONCIUSIONS. ...ttt e et e e e e e e e ees 83.
3.5 Materials and Methods for Chapter 3 ... 85

3.5.1  Procedure for Combinatorial BioSynthesis...........ccccccoiiiiivrieeeneennennn. 85

4 New Functionalisations through Incorporation of Novel Enzymes from Plant,

Bacterial, and Mammalian SOUICES. .......cou et 87..
O 01 o o 11X 1 o] o S 88.
4.2 ANt e e e et e et aaaaaas 91
4.3  Results and DiSCUSSION..........ccccoeiiiiiiiiee e s Q2

431 Investigation of the Activity of New Plant Enzyme CYP716C11 Through

TranSIENt EXPIrESSION.....cooeii ittt e e e e e e e e e e e e e e e e aaaaaaeaeeeeeeeeees 92



4.3.2  Evaluation of the Ability of Bacterial Cytochromes P450 to Modify

Triterpene Scaffolds in a Plant EXpression SYSteml.........cccoovviiiivirnmieeeieeeennnnne 93.

4.3.3 Evaluation of CYP106A1 and CYP106A2 Through CGexpression with

EXiSting TOOIKIt ENZYMES........uuiiiiiiiiiiiiiiisesises s s ss s e e s s e e e e e eeeeaaeaaaaaaaaaaeeaeeeseeeeeees 97

434 Investigation of the Activity of CYP1A2, CYP2D6, and CYP3A4 Through

TranSIENt EXPrESSION........cueiiiiiiiiieee et e e e e 102

435 Evaluation of CYP1A2, CYP2D6, and CYP3A4 Through @apression

with Existing TOOIKIt ENZYMES..........coooeieiieie e 104

43.6 THAR1 and THAR2 Can Act Together to Produce an Unusual -G
[ 1YL0 [0 )Y/ 1Y/ [T £ USSP 111

4.3.7 Investigation of THAR1 vs CYP716A14v2 Together with THAR2: A

Biosynthetic Pathway to BOSWellIC AGA?...........covvviviiiiiiiiiiiiicciceee e 115
N @70 o 113 o o S 119
4.5 Materials and Methods for Chapter 4 ...........ccccoveeiiiiiiiiiieiieee s 121

45.1  Procedure for Production of the CYP716C11 Agrobacterium Strain.121

452 Procedure for Production of the CYP106A1, CYP106A2, and BmFdx2

AQrobacterium STraiNS...........ooooiiiiiiieeeeeeeeee 122

45.3 Procedure for Production of Binary Expression Constructs for Arhl,

BPhAZ, Nd FDR ..ottt e e 123

454 Procedure for Combinatorial Testing of CYP106A1, CYP106A2, and

TOOIKIE ENZYMES ..ottt e e e e e e e 124

455 Procedure for Production of Binary Expression Constructs for CYP1A2,

CYP2D6, CYP3A4 and CYPAS50R .. ... 125

45.6 Procedure for Combinatorial Testing of CYP3A4, CYP2D6, and CYP3A4

and TOOIKIt ENZYMES.......uuiiiiiiiiiiiie e 127
457 Procedure for Qualitative Evaluation of THAR Enzymes.................. 128
45.8 Procedure for SemiQuantitative Evaluation of THAR Enzymes....... 129



5 Large-Scale Synthesis of Triterpene Derivatives for Structural Characterisation

e ————————————————————— e 131
5.1 INErOTUCTION .ot e e e e e e e e 132
o A o 1 1 T 133
5.3  ReSUltS and DISCUSSION. .......coiiiiiiiiiiiiiiie et 134

5.3.1 Production of a Suite of Molecules for Testing through Large Scale

1L = V0 1T 134

5.3.2 Production of Epi-l-Amyrin and Related Derivatives through Large

SCale INFIFALIONS. ... .uveiiiiiie e e e e e e e anees 135
5.3.3  Generating Augustic Acid for Comparison with Maslinic Acid........... 138

5.3.4  Scaleup of the Combination of CYP716A12 and CYP716Al141

Produces Echinocystic and not Cochalic ACId............uuuviiiiiceiiieeiiiee e, 140.
5.3.5  Scaleup of Production of the CYP106A1 Product............................ 143

5.3.6 CYP3Al and CYP88D6 Together Generate New Products Including 11

OXO-EIYENIOIO] ... e e e e 144
oI S 0o o (1] o] o 146
5.5 Materials and Methods for Chapter 5............cooeieeeee, 148

551 At zl £ oV £ {27 y"7 6+-hydbxy-Wamyfi..l. A48 d 6d =z
552 AV zl £ oV £ {27 y"7 6 <hydfpky:IViemyrim.i.|. &88 d Gd z

553 Al zl x| a7+ izl y" 1 0=*-hyidroxy-Wamyii..l.A18% ¢ Gd, =z i

5.5.4  Procedure for Large Scale Synthesis of 3¢hydroxy-1-amyrin........... 150
555 Procedure for Large Scale Synthesis of 2&hydroxy-1-amyrin........... 151
5.5.6 Procedure for Large Scale Synthesis of epil-amyrin.............cccc....... 151
55.7 Procedure for Large Scale Synthesis of 1doxo-epi-l-amyrin........... 152

5.5.8 Procedure for Large Scale Synthesis of 24hydroxy-11-oxo-epi-.-
21001V 10 PSP PPUPPPP PPN 153

>>>>>>>

5.5.9 Procedure for Large Scale Synthesis of Augustic Acid..................... 154



5.5.10 Procedure for Large Scale Synthesis of Echinocystic Acid............... 155
5.5.11 Procedure for Testing G 16 oXidases............cceeeeeeeeiieeeeeeeiiiceeeeeeee, 156
5.5.12 Procedure for Large Scale Synthesis of 7-hydroxy-1-amyrin ........... 157
5.5.13 Procedure for Large Scale Synthesis of 21-hydroxy-11-oxo-1-amyrin
and 11-0X0-erythrodiol ............oooviviiiiiiiii e e aa e 157
Biological Evaluation of Oxidised Triterpene Derivatives..........cccccccevvvvvvevnnnns 160
6.1  INErOTUCTION ..ot e e e e s 161
B.2 A . ittt ——— 163
6.3  ReSUItS aNd DISCUSSION. .....cceiiiiieiiiiiiiiiiie et e e e e e e e 164
6.3.1 Investigating the Anti-Proliferative Activity of Triterpenes................ 164
6.3.2 Investigating Anti-Inflammatory Activity of Triterpenes .................... 173
6.3.3 Investigation of Potential Anti-Inflammatory Mechanisms by Analysis
of Levels of Inflammation-Related Transcription Fators............ccccooeevvvvvvnneen. 178
6.4 CONCIUSIONS......etiiiiiiiiiii ettt e s e e e e e 182
6.5 Materials and Methods for Chapter 6 ...............ocoeeeeiieeee, 184
6.5.1 Preparation of Compounds for ASSAYS..........uuuviieiiiiiiieeiieneeeeeeeeeeenn, 184
6.5.2  Culture of Human Cell LINES........cccciiiiiiiiiieee e 186
6.5.3  Cell Density MeasUremMENTS..........uuuiiiiiieeiiiiaiiiriiieeeee e e e e e e 186
6.5.4  MTS Antiproliferation ASSAY...........ccccurriiiiiieeeieiniiiiei e 186
6.5.5 Procedure for Anti-Inflammatory ASsay.......c.cccccvevvvvvvvvvennvnrnnnnnnnnnnnn. 187
6.5.6 ELISA SOIULIONS....ceiiiiiiiiieiiieie e e e e e e e e e e e e e eaaeeeas 187
6.5.7 TNFL ELISA ot 188
6.5.8 IL=6 ELISA e 189
6.5.9 POSH-ELISA Data ANAIYSIS......cccooiiiiiiiiiiiiiiiiee e 190
6.5.10 Preparation of Samples for Western Blotting................cooovvviiiiinnnnnes 190
6.5.11 Western BIot SOIULIONS............cuuiiiiiiiiiiiii e 190



6.5.12 Western BIOttiNg .........coooeeiieiii e 191
6.5.13 Probing of Western Blot Membranes...............ccccccciviiiiiiiiiieeeeeeeee, 193

7  Structure-Activity Relationship Insights and Methods for Improving Throughput

of Triterpene Bioactivity INVESHGAtION ...........uvviiiiieiiiiiee e 195
7.1 INEFOAUCTION .eiiiiiiiiiie ettt 196
7.2 AIMIS .t 201
7.3  ReSUltS and DISCUSSION. ......cciiiieiiiiiiiiiiiiie et e e ee e e e e 202

7.3.1 Integration of Existing Triterpene Cell Viability Data for Analysis......202

7.3.2 Pairwise Comparisons of Pentacyclic Triterpenes in the HL60 Cell Line

>>>>>

e 213
T4 CONCIUSIONS......etiiiiiiiitit et e s e e e e e e 219
7.5 Materials and Methods for Chapter 7 ............c.ccoo e, 220
7.5.1  Graphing Triterpene Cell Viability Data...........ccooeeeeiiciiieeiiiieneeneeeennn. 220
7.5.2  SmallScale Testing oflmproved Triterpenes..........ccccvvvveeeeeiernnnnnns 220
7.5.3  Solid-Phase Extraction SetUp and Testing...........cccvvvevveeeeinnnniennnee. 220

7.5.4  Qualitative MTS Antiproliferation Assay of Solid-Phase Extraction

FraCtionS, oooooiiiii i e a e e aaaaaaas 222
8 GENETAl DISCUSSION. . .eu ettt ettt e et et e et e et e e e e e e e eeraeaeenaeens 223
8.1 [ (o]0 [§ 1o T0] o NP EUTE TP 224

8.2 Generation of Novel Structural Diversity Through Combinatorial

BIOSYNENESIS. ... e a e e e e e 224
8.3  Structural Elucidation of Triterpenes by NMR............cccciiiiiiiiiiiiiiiiiiinns 226

8.4 SPE Methods Offer the Potential for Improved Throughput of

Investigations of Triterpene BiOACHIVILY..........coouiiiiiiiiiiiiiiiee e 227

8.5 The Potential of Triterpenes as DrugLike Molecules....................cc.ooo. 228
8



8.6  Triterpene Structure-Activity Relationship Investigations: the Potential for

MaCHINE LEAIMING........ueiiiiiiiiii e e e e e e e e e 231
8.7  ConcCluding REMAIKS........cceiiiiiiiiiiiiieeiee e 232
A.  Supplemental INfOrMAatioN .............uviiiiiiiiii e 247
N N N1V o o <o 1 - VPP 247
A.2  Additional GC-MS SPECIIA.....uuuririiiiiiiiiicirriee e e e e e e e e aaaaaaaaaeea e e 290
A2 CRAPLET 3. e 290
A2.2  CRAPLET 4.t 311

A.3  Additional LC-MS SPECIIaL........uuuiiiiiiiiieeeiiesiiiiiiee et 315
A.4  List of CYPs in the Triterpene TOOIKit........ccccoeeeiiiiiiiiii, 325
A.5 Table of CytotoXiCity Data.............ccoovviiiiiiiiiieieie e 321



List of Figures

Figure 1-1: Examples of naturally occurring triterpenes with important
DIOIOGICAl ACHIVITIES. ... .ot eeeeaeees 26
Figure 1-2:MVA and MEP pathWays..........cccooieiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeees 28
Figure 1-3:Examples of triterpene and steroid scaffolds produced by OSCs30
Figure 1-4: Cyclisation of 2,3-oxidosqualene,............cccoeevvveiiieeeeeeiiiiie e, 31..
Figure 1-5: Examples of the diversity accessible through triterpene
DIOSYNENESIS.....eiiiiii e 34..
Figure 1-6. Comparison of the different methods for agro -infiltrating M.
DENIAGITUHAIIA. .........ccii i 37..
Figure 1- 7. Examples of plasmids from the current triterpene toolkit. ........... 38

Figure 1-8. Structures of nimbolide and maslinic acid, two naturally occurring

triterpenes investigated for their mechanisms of inhibiting proliferation. ...... 41
Figure 1-9: Pathway of NF[B activation and downstream effects..................43.
Figure 1-10:Pathway of Nrf2 activation and downstream effects.................: 44
Figure 1-11:Structures of semisynthetic derivatives of oleanolic acid.......... 46

Figure 3-1. Examples of triterpene diversity generated through biosynthetic
BINZYIMIES ...t e et e e e e e e e e e e e rnn e e e e e e e nn e ernn e e rnnnneeennnnneeed 64.
Figure 3-2:Previous combinatorial biosynthesis products............................ 66.
Figure 33: The retro Diels-Alder reaction forms characteristic triterpene
L1210 | L= ]SSPSR 68...
Figure 3-4: The McLafferty rearrangement is commonly observed with
ketone-containing triterPENES. ........uuuuuuiiiiierree e e e e e e e e e e e e eeeeeeeeeeaeeenaees 69.

Figure 35:n 2 d, GA Gz | damwrih scaf@dtmodified by the CYPs chosen

for combinatorial biosynthesis in the present work. ...........ccccooooviiiiiiiiiieenen. 12
Figure 3-6:CYP716A12+CYP88D6 Products..........cccvuveeeiiiiiieeeinieeeeiiiieeeeennn, 74..
Figure 3 7:Keto-enol tautomerisation. ..............coeeeeviiiiiieeinin e e 15
Figure 3-8:CYP72A65+CYP88D6 ProduCtS...........ccecvvvrrrireeereeeieeeeeeeeeiiinnes 76..

10



Figure 3-9:CYP716A141+CYP94D65 products..........cceeeeeeeeiiiniieeeeeeeeeinennn, 78.
Figure 310.CYP72A69+CYPO3EL productS..........ccvvvvviieeeeerienncieeeeeeeeennnn 9.0
Figure 3-11. Structures of the compounds produced using combinatorial
DIOSYNTNESIS....ceiteie e 82..
Figure 4-1. p C +-amyrin scaffold, showing the oxidisable positions and their
status in terms of characterised enzymes, inclusion within the triterpene
toolkit, and orphan POSItIONS. .........uiiiiii e 89..
Figure 4-2. Diagram showing the different arrangements in space of
substituents on the A-ring of a triterpe ne molecule............cccccvvvviiiiieiinnnnnns Q0
Figure 4-3. CYP72A67 and CYP716C11 produce two different products.....93
Figure 4-4. Co-expression of CYP106A1 and bAS produces a new product.95
Figure 4-5. Co-expression of CYP106Al1 or CYP106A2 and CYP716A12
produces no new products visible by GGMS...........ccoooeiiiiiiiiiiiicee e, 96..
Figure 4-6. CYP106A1 produces new products in ceexpression with toolkit

LT 014 1 1 T PRSP 99,
Figure 4-7: Co-expression of CYP106A1 or CYP106A2 and bAS shows two
hydroxylated products by LC-MS.........cooiiiiii e 100
Figure 4-8: Co-expression of CYP106A1 or CYP106A2 and bAS shows a
double hydroxylation product by LC-MS..........ccciiiiiiiiicceeeeeeeee e 100
Figure 4-9. Co-expression of human CYPs and bAS shows no new products
DY GG IS, e e 103
Figure 4-10: Co-expression of human CYPs and CYP716A12 shows no new
ProdUCES DY GG-MS.....oeieeeee ettt annnnaes 104
Figure 4-11. CYP3A4 and CYP716A141 produce new products in co
LSO L (=751 o] PRSPPI 107
Figure 4-12: CYP3A4 and CYP88D6 produce new products in cegexpression.
................................................................................................................... 107

11



Figure 4-13: CYP1A2 and CYP716A12, CYP2D6 and CYP716A12, or CYP3A4
and CYP716A12 produce new products in COEXPressSion.............veeeeeeeenns 108
Figure 4-14:CYP1A2 and CYP716A141, C¥ZP6 and CYP716A141, or CYP3A4
and CYP716A141 produce new products in COEeXPression.................weeeeeee. 108
Figure 4-15: CYP2D6 and CYP88D6 or CYP3A4 and CYP88D6 produce new
ProduCtS IN CO-EXPrESSION.......uuueiieeeeeeeeiiieeeeeeeeatrae e e e e e e eeerree e e e e e erernaaees 109
Figure 4-16. THAR1 and THAR2 work together to produce eptl-amyrin (28)

AN AEIVALIVES. ...t e e e e e e e e e e e e e e e 113
Figure 4-17: CYP716A14v2 and THAR2 work together to produce epil-
amyrin (28) and deriVALIVES...........uuuiiiiir e ee e 114
Figure 4-18:° W " dAW+ i1zd zl+ 1T +AWGI " A+ =zi KC+x
21001/ 11 SO PUPPPPPPPPPPPRPIR 116
Figure 4-19. Example from one replicate of the quantitative analysis for 11-

(o) (o T T 1101V 1 o 1R 117
Figure 4-20: Example from one replicate of the quantitative analysis for
24-hydroxXy-11-0X0-1 =@MYFIN. ...uuuiiiiiiiiiiiiiiiierree e e e e e e e e e e e e e e e e eeeeeeeeeeaennanee 118
Figure 5 1: Positions on the 1-amyrin scaffold modified in the present study
"ITzdd ACx d+xA zi dJdGAAWx AV GA+T A+xl-+d AV z
210017/ ] T PP 134
Figure 52: Molecules synthesised using alcohol dehydrogenase enzymes
from Arabidopsis thaliana, inspired by the substituents present in the
DOSWEIIC ACIAS.......coieeeeeeeeee e e 136

Figure 5-3:*H NMR spectra of I-amyrin (1) (red) and epi I-amyrin (28) (blue)

Figure 5 4. The process for capture-release of carboxylic acidcontaining
triterpenes through Ambersep treatment. ..........ccooooviiiiiiiiiieiieiii e, 139
Figure 5-5: Magnification of the ROSEY!H-1H spectrum of augustic acid (25).
................................................................................................................... 140

12



Figure 5-6:'H NMR spectra of an echinocystic acid (37) standard (blue) and
the biosynthesised product suspected to be echinocystic acid (red)........... 141
Figure 5 7:Comparison Of C-16 OXIOASES.........ccevrerirrmiiiriimnaeaaaeaeaee e 142
Figure 58: Magnification of the ROSEY'H-¢ ¢, A+ 1 A1 shiidroxy-l-
2100177 €10 I 72 O SPPPRPIN 144

Figure 5 9:Newman projection along the C-22-C-21 carbon-carbon bond of

the BT Gl 6  hydroxy-11FOX0-1-amyrin. ....cccccviveeeiieieieeeee e 145
Figure 6-1:Triterpenes found to have anti-inflammatory effects. ............... 162
Figure 6-2:MTS assay used to detect actively respiring cells..................... 165

Figure 6-3: Selected compounds found to have an anti-proliferative effect.
................................................................................................................... 170
Figure 6-4:C-3 epimers investigated for anti-proliferative effects. .............. 172
Figure 6-5: TNP secretion in LPSstimulated THP-1 cells incubated with the
teSted trItEIPENES. ....vviii e e e e 174
Figure 6-6. TNP secretion in LPSstimulated THP-1 cells incubated with the
teStEd tHTEIPENES. ... e 175
Figure 6-7: 1L-6 secretion in LPSstimulated THP-1 cells................innnnne. 176
Figure 6-8: Impact of the tested triterpenes on cell proliferation at the

concentration and timeframe relative to the anti -inflammatory testing. .....177

Figure 6-9:Western blot analysis for Nrf2. ... 179
Figure 6-10: Western blot analysis of Nf{B..........cccooooiiii 181
Figure 6-11:Nodd" 7 | zi  Flzxyl "1 ]| | £xamgrim| Gi GI "
scaffold associated with triterpene activitieS..........cccooeveieiiiiiieeeeeeeeeeeeeeeeeee 183

Figure 7-1:Bardoxolone-methyl was generated following a structure -activity
relationship investigation of semi-synthetic oleanolic acid derivatives........ 197
Figure 7-2: Structure of the saponins investigated in [168]...............ccceuuen... 198
Figure 7-3: Total number of modifications to a triterpene scaffold(where an

OSC product = 1 modification) vS ICso value. ..., 203

13



Figure 7-4:Compounds grouped by type of modification vs IC s value......203
Figure 7-5:Compounds grouped by triterpene scaffold vs I1Cso value......... 204
Figure 7-6:Compounds grouped by type vs ICsp value................eeueennnnnnnn. 205
Figure 7-7: Structures of ursolic acid 60) and corosolic acid (51) and their
corresponding ICso values for the HL-60 cell line............cccoooeeiiiiiiiiciininenennes 207
Figure 7-8: Structures of 11-oxo-1-amyrin (2) and 11-oxo-epi-J-amyrin (31)
and their corresponding ICsp values for the HL-60 cell line.............cccccevveeee 207
Figure 7-9. Structures of augustic acid 25) and maslinic acid 24) and their
corresponding ICso values for the HL-60 cell line...........ccccooveeiiiiiiiiciiiineeennes 208
Figure 7-10. Structures of h-hederagenin (52), h-hederin (53), quillaic acid
(54), and Quillaic acid-TriR 65) and their corresponding ICso values for the
HL-60 Cell lINE. ... e e e e e e 209
Figure 7-11:Summary of the features associated with the structure-activity
T+W' KGzl CGAq zi Any@Rseaffddewit: gspegtGofa@ti- A C+ |
prolif erative effects of the HL-60 cell INe............cccooiiiiiiiiiiiii 210
Figure 7-12: Structures of potentially promising triterpene bioactives
designed using the insights gained from structur e-activity relationship
ANAIYSIS ... i ar e 211
Figure 7-13:The two candidate triterpenes produced in N. benthamiana and
the enzymes required for their biosynthesis.............ccccooeeeiiiiiicee i, 212
Figure 7-14: Testing of candidate triterpene expression via LGMS............. 213
Hgure 7-15. Fractionation of N. benthamiana extracts using solid-phase
extraction for testing in bioactivity aSSays. .........cooooiviiiiiiiiiiieeeeeiiiiiis 215
Figure 7-16. Proliferation of HL-60 cells exposed to fractions of untreated
extracts from leaves infiltrated with MMA only. ...........ccoooii i, 216
Figure 7-17: Proliferation of HL-60 cells exposed to fractions of Ambersep
AT =" K+ | +WAYT "I Ad i1 zd Wzx"-amydp sybthdsi& WAT " A -

constructs (BA), or 1Xoxo-1-amyrin synthesis constructs (11=0)................ 217

14



Figure 7-18: Proliferation of HL-60 cells exposed to fractions of charcoal
AT £" K+ | +W AT "1 Ad i1 zd Wzx"-@mydp sydthdsi& WAT " K-

constructs (BA), or 1Xoxo-|-amyrin synthesis constructs (11=0)................ 218

15



List of Tables

Table 2-1. Standard sample setup for colony PCR...........cccovvviiiiiiieveeeennnnnn. 51
Table 2-2: Standard thermal cycling programme for colony PCR.................. 51.
Table 2-3. Commonly used PrimersS. .......ocoooiiiiiiiieee e 52
Table 2-4.List of plasmids used in the thesis...........cccccviviiiiiiie, h2..
Table 2-5: Antibiotics used for bacterial culture. ............cccccveeieiiiiei e, 53.

Table 2-6. Standard programme for pressurised solvent extraction using the
BUCHI SPEEA EXITACION.......ccceiiieeeee e e e 57
Table Z-7:Flash chromatography programmes...........cccoooeeiiiiiiieeneeeeeeeeeeeeen, 5.
Table 31:CYPs used for combinatorial biosynthesis in the present study...71
Table 32: Pairwise combinations showing numbers of observed products
detected by GC-MS.......coo oo ee e 3
Table 3 3. Summary of CYP combinations..............cceeiiiieiiieeinieieeeeeeeen 80.
Table 34 Combinations used in the pairwise evaluation of the triterpene
((oT0] | (1 N O 4 S TP PP P PP PPPPPPPPT 86..
Table 4-1: Combinations of vectors used to combinatorially evaluate
CYPL06AL and CYPLOBAZ........oeeeieee ettt e e e e e e e s Q8.
Table 4-2: Combinations of vectors used to combinatorially evaluate CYP1A2,
CYP2D6, @Nd CYPBAL ...t a s s e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeannnnes 106

Table 4-3. Peak area oftriterpene compounds relative to coprostanol internal

Table 4-4: Combinations of vectors used to evaluate CYP106Al and
CYPLOBAZ. ...t e e e e et e et e e e et aaaaas 124
Table 4-5: Combinations of vectors used to combinatorially evaluate
CYPL06AL and CYPLOBAZ........ouueiee ettt 125
Table 4-6: Combinations of vectors used to evaluate CYP1A2, CYP2D6, and
CY P A e et aaa s 127

16



Table 4-7: Combinations of vectors used to combinatorially evaluate CYP1A2,

CYP2D6ANA CYP3AA.....cooi ittt e e e 128

Table 4-8: Combinations of vectors used to qualitatively investigate THAR

[0 0] 0 1S] 1 £ o £ PP 129

Table 4-9: Combinations of vectors used to quantitatively investigate THAR

Lo 0] 15 1 (8] £ 129

Table 51:NGa AW+ AV GA+Y A+l +d Y GAC " d"w-Gdoad

amyrin SCAMOIA. ........ooviiiii e e 135
Table 5-2: Compounds synthesised through production of C-3J-hydroxyl
LT 01T TS PP PPPPPPPPP 138
Table 53. Compounds synthesised through production of triterpenes with

alternate stereochemistry at G-2 and G-16..........oovvveiiiiiiiiiimnmeiiaaeeeeeeeeenn 143
Table 54. Compounds synthesised by scaleup of the products of the new

enzymes characterised in Chapter 4...........cccooiieeiiiiiicceee e 146
Table 5 5:Combinations of vectors used to investigate C-16 oxidases....... 156
Table 5 6: Preparative HA.C gradient used in the purification of the products
Of CYP3AZ and CYPB88D.........ccceeeeueiiiiieeeeiiieiiae e e e eeeeeeiinaeeseeeeeennnneeeeeeaennes 158

Table 6-1: Inhibition of the tested triterpenes at two concentrations across

EWO CEIITINES. ... e e e e e e e e e e e e e e e e e e eeennnnes 166
Table 6-2:1Cso values for the tested triterpenes. ..........coevvvvvvvvveevevenenennnnnnnns 168
Table 6-3: Compounds used in the biological assays..............ccceevvvvvvnnnnnn. 185

17



Acknowledgements

Firstly, | would like to thank my supervisors, Prof. Anne Osbourn and Prof. Maria
Z " danell, for giving me the opportunity to take on this project and truly make it my
own over the course of this study, and also for their continued support both
personal and academic along the course of this journey.

| would additionally like to thankthem +d b 7 d zi AKC+ Zdbzol Il "1 | 2Z
past and present, for a supportive and welcoming research environment. Particular

thanks must go to: Dr. James Reed, for his constant help, advice, and support; Dr.

Michael Stephenson, for his advice on NMR spectroscopy; Dr.Hannah Hodgson, for

her assistance with LEMS and for her particular support during the write -up

process;Dr. Charlotte Owen, for practical assistance throughout the lab and for

providing a supportive and listening ear; and Jenny Jo, forher support and to

bringng WG6 CA "1 | WGi =+ Gl Kz KCx W'b AKACizo06CzoK K
go to Emily Hobson, Maya Valmiki, and Adenike Odedele for their assistance with

biological assays

The work contained in this thesis would not be possible without the technology
platforms at JIC and the work they do in supporting our science. | would like to
thank horticultural services, the NMR platform, and metabolite services for their
tireless work supporting this science. Special thanks go toDr. Lionel Hill and Dr. Paul
Brett of JIC metabolomics for their help and advice in all things GG and LGMS
related.

| also have to thank my friends and family for their ongoing support. | owe many
thanks to my parents, David and Jill, for their unwavering support of me throughout
the years of my education, and for continuing to support and encourage me at
home throughout this project. | also thank my twin Tom for his encouragement and
for generally brightening my life, and my friends Raven and Amy for listening to me
ramble endlessly about my PhD for the last four years, and for endeavouring to
support me through the highs and lows of this project .

Finally, I thank Rosie, my cat, who contributed nothing practical to this project and
yet remains a source ofjoy.

18



List of Abbreviations

ANOVA- Analysis of variance

APCI} Atmospheric pressure chemical ionisation

BSA Bovine serum albumin

CAD- Charged aerosol detector

CBR CREBbinding protein

CNGk" A "1~ kzWWJ

COSY Correlation spectroscopy

CSL: Cellulose synhase-like

CYPLYP4506 Cytochrome P450

DAD- Diode array detector

DEPT Distortionless enhancement by polarisation transfer
DMF- Dimethyl fumarate

DMAPP:- Dimethyl allyl diphosphate

DMSO- Dimethyl sulphoxide

ECACC European Collection of Authenticated Cell Cultures
ECL Electrochemiluminescence

EDTA Ethylenediaminetetraacetic acid

E} Electron impact ionisation

EIG Extracted ion chromatogram

ESt} Electrospray ionisation

19



ELISA Enzyme-linked immunosorbent assay

ELSD Evaporative light scattering detector

FBS Foetal bovine serum

GCGMS- Gas chromatography. mass spectrometry

GFR Green fluorescent protein

GPR Geranyl diphosphate

GT1I Family 1 glycosyltransferases

HMBGC- Heteronuclear multiple bond coherence

HMGR- 3-hydroxy,3-methylglutaryl - CoA reductase

HPLC High pressure liquid chromatography

HSQG Heteronuclear single quantum coherence

ICso- Half-maximal inhibitory concentration

I{B. Inhibitor of [B

IKK- 1{ B kinase

IL-6 Interleukin 6

iINOS- Inducible nitric oxide synthase

IPP Isopentenyl diphosphate

KEAP1 Kelch-like ECH associated protein 1

LG MS- Liquid chromatography . mass spectrometry

LPS Lipopolysaccharide

MeCN- Acetonitrile

MeOH- Methanol



MES 2-(N-morpholino)ethanesulphonic acid

MEP- Methylerythritol 4 -phosphate

MOPS 3-(N-morpholino)propanesul phonic acid

MTS 5-[3-(carboxymethoxy)phenyl]-3- (4,5 dimethyl - 2-thiazolyl)-5-[(phenylamino)-

carbonyl]-2H-tetrazolium inner salt

MVA- Mevalonate

m/z- mass/charge ratio

NAD(P)H Nicotinamide adenine dinucleotide (phosphate)

NCI- National cancer institute

Neh- Nrf2-ECH homology

Nf{B- Nuclear factor kappa-light-chain-enhancer of activated B cells

Nrf2- Nuclear factor erythroid 2-related factor 2

NMR- Nuclear magnetic resonance

NPNPD- National cancer institute programme for natural products discovery

NOSRNS- Reactivenitrogen species

OS 2,3-oxidosqualene

OSC Oxidosqualene cyclase

PBS Phospho-buffered saline

PCR Polymerase chain reaction

PDA- Photodiode array

PEG Polyethylene glycol

PES Phenazine ethyl sulphate

21



ROESY Rotational frame overhauser enhancement spectioscopy

ROS Reactive oxygen species

RPMI Roswell Park memorial institute

SAD1 Avena strigosal-amyrin synthase

SCPL Serine carboxypeptidase-like

SDS Sodium dodecyl sulphate

SPE Solid-phase extraction

SQE Sgqualene epoxidase

TAE Tris-acetate-EDTA

TBS- Tris-buffered saline

TBST Tris-buffered saline Tween

tHMGR Truncated HMGR

TG Transglucosidases

TIC Total ion chromatogram

TLG Thin layer chromatography

TMS- Trimethylsilyl

TNF{, Tumour necrosis factor alpha

TTk Triterpene toolkit

UDP- Uracil diphosphate

UV- Ultraviolet

22



1

General Introduction

23



1.1 Plant Specialised Metabolism

Plants live a sedentary lifestyle and are unable to escape from threats in their
environment by moving away from them . As a result, plants have evolvedthe ability
to produce a diverse range of chemicalsthat protect them against biotic and abiotic
stresses These specialised metabolitesthus have important ecological roles. They
are also of great value to humans asan important source of therapeutics, including
painkillers, anti-cancer, and anti-parasitic compounds [1-3]. However, the
exploitation of plant compounds as medicines is often hampered by the difficulty in
cultivating plants that produce important natural products at commercial scale.
Many plant species are slowgrowing and produce only small amounts of the
desired bioactive products. This can lead to high prices for natural products used in

the clinic such as taxolor artemisinin [4].

As a result,there is ongoing research into other ways of generating plant or plant-
inspired natural products. Production methods such as total chemical synthesis and
plant cell culture have been developed but can be difficult to deploy at scale [5].
Another strategy is the production of valuable plant molecules in heterologous
hosts. The revolution in genome sequencing over the last decade, coupled with the
discovery and elucidation of a growing number of plant biosynthetic enzymes and
pathways, has led to step-changes in our understanding of plant natural product
biosynthesis. At the same time, innovations in metabolic engineering and
heterologous expression platforms have led to the production of humerous natural
products in significant yields [6,7]. Additionally, the amount of diversity currently
accessible in terms of available synthetic enzymes and characterised pathways has
made the possibility of engineering novel compounds in heterologous systems an

achievable reality [8].

The current study focuses on the triterpenes, a therapeutically and commercially
important class of plant specialised metabolites. This chapter introduces the
triterpenes and the current understanding of their biosynthesis, before going on to
discuss methods for producing triterpenes in heterologous hosts, the biological

activities and mechanisms of action of these compounds, and evaluation of
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triterpene structure -activity relationships for the engineering of more potent novel

molecules in future.

1.2 Introduct ion to Triterpenes

Triterpenes are 30-carbon molecules derived from 5-carbon isoprene units. The

A1 d ~ AV GAxYT A+l = K+1 ClI GI " WWi  + Bdralsdrved, d+d A
essential functions within eukaryotic organisms and can be considered part of

primary metabolism, although they can also be modified into sterol -derived

molecules that have more specialised roles. The second class comprises non-

steroidal molecules and contains many structurally diverse and specialised
compounds. In this thesis, the A+7 @ ~ A1 GA+1T A+l +d 3y GWW odo" WW

second group of biomolecules.

Triterpenes and sterols have a variety of functions in p/anta. Sterols are essential for
normal plant growth and development. They are important components of
membranes and are alsoprecursors for steroidal phytohormones [9]. They also serve
as precursors for a diverse range of steroidderived specialized metabolites. The
non-steroidal triterpenes have diverse roles. They are found in the waxy cuticles of
plants [10], where they may have a structural role [11]. They have been implicated in
growth and development, for example in oats, where elevated accumulation of the
AT GAx1 Az samyn résults im $Yprt stiper-hairy roots [12]. Many triterpenes
have been implicated in plant defence. This is particularly the case for triterpene
glycosides (also known as saponins), which arereported to have antifungal,

insecticidal, and molluscicidal effects [13-16].

Triterpenes are alsoexploited by humans for medicinal purposes. Many traditional
medicines contain triterpenes and saponins as active constituents. For example,
glycyrrhizin (Figure 1-1) is a triterpene saponin found in liquorice and is used as a
sweetener. Its aglycone, glycyrrhetinic acid,interacts with glucocorticoid receptors
and is associated with the anti-inflammatory activity of liquorice [17]. The boswellic
acids, especially 1toxo-l-boswellic acid and 3-O-Acetyl-11-oxo-1-boswellic acid
(Figure 1-1), are major components of frankincense and are also known to exhibit
anti-inflammatory effects [18,19].
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Aside from these = A1 " | GAGz | "W o dthede isz interesKTinGer 7 A+ | £ g
development of triterpenes as novel therapeutic agents. For example,the triterpene
saponin QS-21 (Figure 1-1), extracted from the bark of the tree Quillaja saponariag is
an important immunostimulant that is used as an adjuvant in vaccines for shingles
malaria, and COVID19 [20-22]. QS21 is a complex molecule with multiple
functional groups, including eight diverse sugar groups and a G18 acyl chain [23].
Another triterpene that shows significant pharmaceutical promise is celastrol (Figure
1-1), a pentacyclic triterpene extracted from the thunder god vine ( 7rjpterygium
wilfordii). This nortriterpene quinone methide has a variety of biological effects,

most notably anti -inflammatory activity [24].

11-ox0-B-boswellic acid HO Avenacin A-1

? §OOH

Glycyrrhizin

Celastrol

Figure 1-1:Examples ofnaturally occurring triterpenes with important biological activities.

The bioactive properties of naturally occurring triterpenes have generated
significant interest in the chemical synthesis of triterpenes and in the semi-synthetic
derivatisation of simple triterpenes extracted from nature. Full chemical synthesis of
triterpenes is difficult due to their structural comp lexity. For example, the first
reported total synthesis of the simple pentacyclic triterpene 1-amyrin gave a 1.3 %
yield over 17 steps, later improved to a 20.3 % vyield over 10 steps[25,26]. Synthesis
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of more complex triterpenes, such as erythrodiol, oleanolic acid, or QS-21 has also
been reported [25,27], but these methods still represent a greater investment of
time and resources than simply extracting the triterpenes in question from natural
sources. Greater success has been achieved through the creatia of semi-synthetic
derivatives, with a number of glycosylated, aminated, acylated, and polyethylene
glycol (PEG-ylated derivatives of common triterpenes having been synthesised[28].
However, semisynthetic methods are limited due to their reliance on already
+WGqAGI 6 | Cz afé&Imbdficafio 'Ohe| ndlabte success story of semi-
synthetic triterpene derivatisation is the development of bardoxolone methyl, a
semi-synthetic triterpene derivative with anti-inflammatory effects, which is

discussed in further detail in Section 1.7.2 [29,30].

1.3 Triterpene Biosynthesis in Plants

Triterpenes are biosynthesised in plants from the mevalonate (MVA) pathway, via
the linear precursor 2,3-oxidosqualene (OS) Triterpene scaffolds are formed by
cyclization of OS, with subsequent functionalisation and tailoring by downstream

biosynthetic pathway enzymes.

1.3.1 Triterpenes are Produced by the MVA Pathway in the Cytosol

Two distinct pathways exist for the biosynthesis of terpenoids: the mevalonate
(MVA) pathway, found in most eukaryotes, archaea and some bacteria[31], and the
non-mevalonate or Methylerythritol 4 -phosphate (MEP) pathway, found in most
bacteria [32]. Plants are unusual in possessing both pathways, utilising the MVA
pathway in the cytosol and the MEP pathway in the plastid (Figure 1-2) [33]. Despite
the differences in biochemistry between these pathways, both lead to the
production of the same five-carbon building blocks for terpene biosynthesis, the
isomers isopentenyl diphosphate (IPP) and dimethyl allyl diphosphate (DMAPP)[34].
Condensation of IPP and DMAPP vyields the 10carbon compound geranyl
diphosphate (GPP), with the addition of additional IPP units leading to longer

carbon chains (Figure 1-2) [35].

These linear substrates are then transformed into cyclic derivatives, with the
resulting products dependent on the length of the linear chain. In the case of the
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triterpenes, two molecules of farnesyl diphosphate, a G-15 carbon chain, combine in

head-to-head condensation to form the C-30 linear molecule squalene, leading to

the loss of the diphosphate groups [36]. While bacteria may cyclise squalene directly

through the action of squale ne-hopene cyclases[37],

prior to cyclisation by squalene epoxidase (SQE) to fo

in plants squalene is oxidised

rm 2,3,oxidosqualene (Figure

1-2) [38]. The formation of this epoxide leads to the characteristic C-3 oxygen

functionality found in the sterols and triterpenes.
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HMG-CoA
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)\A l -
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N N N OPP FPS | +IPP
FPP
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Figure 1-2: MVA and MEP pathways. Enzymes are shown in red, additional molecules for
condensation in blue, and terpenoid products in green. Abbreviations : AACT, AcetylCoA G

acetyltransferase; CoA, Coenzyme A; HMGS, HM&o0A

synthase; HMG, 3 hydroxy 3

methylglutaryl -CoA; HMGR, HMGCoA reductase; MVA, mevalonate; MK, MVA kinase; MVAP,
melavonate-5-diphosphate; PMK, Phospha MVA kinase; MVAPP, mevalonate5-diphosphate;

MPDC, diphospho-MVA kinase; GA3P, Dglyceraldehyde-3-

DXP, tdeoxy-D-xylulose 5phosphate; DXR, IXP reducto

erythitol;, MCT, MEP cytidylyltransferase; CDRME,

phosphate; DXS, DXP synthase;
isomerase; MEP, >-Methyl-D-
4 | i KG| @Gliprospho)- ~

2-C-methyl-D-erythritol, CMK, CDRME kinase; CDPME2P, 2phospho-4-_ | i AG|-GI
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diphospho)-2-C-methyl-D-erythritol); MDS, MEcPP synthase; MHEP, 2C-methyl-D-
erythritol -2,4-cyclodiphosphate; HDS, HMBPP synthase; HMBPP,-Hdydroxy-3-methylbut - 2-
enyl-diphosphate; HDR, HMBPP reductase; IPP, isopentenyl diphosphate; DMAPP, dimethyl
allyl diphosphate; IPPI, IPP isomerase; FPS, FPP synthase; FPP,esyhdiphosphate; GGPS,
GGPP synthase; GGPP, geranylgeranyl diphosphate; GFPS, GFPP synthase; GFPP,
geranylfarnesyl diphosphate; GPS, GPP synthase; GPP, geranyl diphosphate; SQS, squalene
synthase; SQE, squalene epoxidase; PSY, phytoene synthase. Adaptedrh [33] and [34].

1.3.2 Oxidosqualene Cyclisation Leads to Triterpene Scaffold Diversity
2,3-oxidosqualene produced by the MVA pathway is cyclised into triterpene
scaffolds by oxidosqualene cyclase (OSC) enzymes. Cyclisation is initiated by
protonation of the epoxide of 2,3-oxidosqualene, which leads to the formation of a
carbocation [39]. The double bonds of the substrate are folded into proximity of the
cation through conformational change in the active site of the OSC (Figure 1-4).
This leads to a cascade of electrophilic attacks resulting in ring formation (Figure
1-4). The initial cyclised intermediates may undergo ring expansions as well as
methyl or hydride shifts to yield the final products [40,41]. The degree of cyclisation
produced through this process can vary widely with the formation of anywhere
between one and five rings (mono- to pentacyclic triterpenes) [42]. Termination of
the reaction often occurs through deprotonation, resulting in a characteris tic double
bond [42]. In some cases,water capture occurs instead, leading to the formation of

triterpene diols [43].

29



L

z z z
2 Z z
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Figure 1-3:Examples of triterpene and steroid scaffolds produced by OSCs.

The differing mechanisms of OSGC catalysed reactions give rise to diverse triterpene
scaffolds, with over 100 scaffold types reported [39]. Traditionally, the majority of
triterpene scaffolds have been found to originate from one of two cyclisation routes,
differing depending on the configuration of a 6,6,6,5 tetracyclic cationic
intermediate. Sterols and certain tetracyclic triterpene scaffolds (such as
curcurbitadienol) originate through the protosteryl cation, formed through
cyclisation of 2,3-oxidosqualene with the A, B, and C rings in the chairboat-chair
configuration (Figure 1-4)[44].& 1 1 z1 AV " g A~ ad" 1 i Azl K"-1 i1 WGI
amyrin or lupeol) originate through the dammerenyl cation, formed through
cyclisation in which the A, B, and C rings of 2,3oxidosqualene are in the chair-chair-
chair configuration (Figure 1-4) [44]. It should be noted that while these two
intermediates give rise to the majority of the considerable diversity in triterpene
scaffolds known to date, the recent discovery of the orysatinol scaffold and the
confirmation of its unusual stereochemistry has led to the proposed existence of a
third cationic intermediate, referred to as the orysatinyl cation [45]. The proposed
existence of this additional intermediate raises the prospect of triterpene scaffold
diversity being even more varied than currently thought, with many more scaffolds

potentially existing but remaining currently undiscovered.
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l Upstream MVA Pathway

Squalene

— > Sterols

Dammarenyl cation B-Amyrin (and others)

Chair-Chair-Chair

Figure 1-4. Cyclisation of 2,3-oxidosqualene, showing the two most common intermediates
formed during triterpene scaff old synthesis: the protosteryl cation, formed from the chair -
boat-chair configuration and leading to the formation of sterols, and the dammarenyl cation,
formed from the chair-chair-chair configuration and leading to the formation of many
pentacyclic non-sterol triterpenes. The A, B, and C rings are labelled for clarity.

1.3.3 Triterpene Scaffold Oxidation Leads to Further Diversification

The generation of the over 31,000 triterpenes known to nature from the over 100
known triterpene scaffolds relies upon modification of triterpene scaffolds by
biosynthetic enzymes [40,46]. Oxidation of the scaffold is one such modification that
is critical for generating triterpene diversity. Oxidation of a scaffold has significant
effects on its polarity, can generate bioactive molecules from inactive scaffolds, and
improves solubility [47]. Crucially, enzymatic oxidation functionalises usually
chemically inert C-H bonds on the triterpene scaffold, therefore creating handles for
furth er tailoring, for example through glycosylation or acylation. Enzymatic oxidation
can even lead to substantial structural changes in the molecule, such as bond

cleavage[48], and the formation of ether bridges or lactones [49,50].

The enzymes mostcommonly involved in triterpene oxidation are the cytochromes
P450 (CYPs). These enzymes catalysegio- and stereoselective oxidation of their
substrates. CYPs are monooxygenaseghey split molecular oxygen and incorporate
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one atom into the substrate, reducing the second to yield water as a by product
[48]. Often, this results in the hydroxylation of the substrate, with the following

general mechanism:
YOO ¢Q ¢O °9'Y)000

The catalytic centre of this process is aferrous haem cofactor within the CYP active
site, the iron atom performing a crucial role in the catalytic cycle [51]. The electrons
required for this mechanism are donated by nicotinamide adenine dinucleotide
phosphate (NADPH) via a partner CYP450 reductase enzymdg48]. The CYPs area
large and diverse enzyme superfamily, with similar 3D structures, including a
conserved structural fold and a cysteine residue coordinated to the central haem
[51]. They catalyse a myriad of different reactions, such as the aforementioned
hydroxylations, bond cleavage, and bridge formation, as well as deamination,
dehydration, and epoxidation [51,52]. Further oxidation of hydroxylated substrates
can lead to the formation of ketones, aldehydes, and carboxylic acids.Through this
diverse set of oxidative reactions, CYPs performa variety of modifications to a basic
triterpene, generating significant triterpene diversity even from the same base

scaffold.

1.3.4 Tailoring Enzymes Further Increas e Triterpene Diversity

Following AC+ z WG| " AGzl zi " AT GAxTV Azl + gl "iizW"
create further structural diversity utilising the handles created through oxidation.
Common reactions performed by tailoring enzymes include glycosylation and
acylation. Glycosylation normally involves the addition of sugars to a hydroxyl or
carboxylic acid group, with the C-3 hydroxyl present in most triterpenes being an
especially common site for glycosylation [6]. The majority of glycosylations are
carried out by family 1 glycosyltransferases (GT1), which rely on UDugar donors
[53]. Over 200 total GT1s have been characterised, and phylogenetic analysis shows
that they cluster together based on function, with group D enzymes typically being
responsible for triterpene glycosylation [54]. Despite this, other classes of enzymes
have also been found to catalyse glycosylation of triterpenes, such as

transglucosidases (TG [55], and recently cellulose synthaselike enzymes (CSL]56].
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A second common decoration found in many triterpene natural products is
acylation. Acyl groups are usually added to hydroxyl groups on triterpene molecules
and are added by two distinct classes of enzymes. The most common type of
triterpene acyltransferases are the BAHD family of enzymes, which use CoA
thioesters as acyl donors [57]. However, serine carboxypeptidase-like (SCPL)
acyltransferaseshave also been reported to acylate triterpenes. These enzymesuse
O-glucose esters as their acyl donors[58]. For example, the N-methyl anthranilate
group found in avenacin A-1 (Figure 1-5) is one example of an SCPLcatalysed
acylation [59,60]. The combined actions of the triterpene biosynthetic enzymes
generate substantial diversity from a single starting product (2,3-oxidosqualene).
The biosynthesis of dructurally complex plant triterpenes commonly involves CYPs,
glycosyltransferases and acyltransferass, as can be seen in the examples irFigure
1-5. Although avenacin A1 and QS. . bz AC z1 Go6 Glahydntriterpene d
scaffold, the different patterns of oxidation, glycosylation, and acylation found in

eachresult in two substantially different molecules.
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Figure 1-5: Examples of the diversity accessible through triterpene biosynthesis. Avenacin
A-1 (top) and QS-21 (bottom)” bz AC b " d-anyrinsdaffold (heluded for reference),

are shown and the modifications required to biosynthesise them are indicated with arrows
(blue for CYP oxidations, red for glycosylations, orange for acylations)

1.4  Triterpene Production through Heterologous Expression

The characterisation of the genes and enzymes responsible for triterpene
biosynthesis in plants has enabled the production of triterpenes in heterologous
hosts. This can be achieved through the reconstitution of entire pathways, or
through integrating enzymes from different pathways into a common host, a
method known as combinatorial biosynthesis. Combinatorial biosynthesis can allow

A

production of novel _ = I-ta-§ " A o dompounds, so expanding on the repertoire
of available triterpene diversity. ldeally, a heterologous host should be well-
characterised, fastgrowing, and amenable to genetic manipulation. Bacteria such as
Escherichia coliare often used as heterologous hosts for metabolic engineering, but
lack the sub-cellular localisation and post-translational processing capabilities

usually required for expressing eukaryotic enzymes (for example, eukaryotic CYPs

usually localise to the endoplasmic reticulum and therefore express poorly in E. coli
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[52]). As a result, eukaryotic systems such as yeadtave been usedfor production of
terpenoids, such asthe sesquiterpene anti-malarial drug, artemisinin [7]. However,
yeast lacks many of the precursors and ceenzymes required for expressing plant
enzymes and therefore these must be engineered into the yeast strains. These
limitations have led to the development of plant -based expression systems as an

alternative strategy for triterpene production and bioengineering.

1.4.1 Plant Transient Expressio n is Optimal for Pla nt Pathway Reconstitution
The use of plant transient expression for heterologous triterpene production
overcomes many of the issues encountered with microbial hosts. Plants share
common precursor biosynthetic pathways, codon usage, subcellular compartments,
and enzyme cofactors, allowing for the expression of plant genes without significant
additional engineering. They are easy to grow, requiring only water and sunlight,

and production capacity can be scaled up simplyby using more plants.

The wild tobacco relative Nicotiana benthamiana is typically used as a plant
heterologous expression host due to its amenability to transient gene expression
through agroinfiltration [61]. This technique involves infiltration of the bacterium

Agrobacterium tumefaciens into the interstitial leaf spaces of N. benthamiana. The
bacteria then transfer a section of DNA (T-DNA) containing the gene(s) of interest
from a binary plasmid vector into the plant cell where they are expressed[62]. The
reconstitution of biosynthetic pathways and/or the production of novel compounds

can be achieved either by inserting multiple genes into a single vector or by co-
infiltrating multiple A. fumefaciensstrains, each carrying a single biosynthetic gene.
Transient expression usirg N. benthamiana has been used to make a variety of
triterpenes, and is the primary method used in the Osbourn lab for triterpene

production [33].

Improving triterpene production through the plant transient expression system can

be achieved through a variety of methods. For example, multiple biosynthetic genes
can be integrated into a single binary vector, reducing the number of A. fumefaciens
strains that are required to be co-infiltrated , which can increase yield by improving

the chances of each dant cell receiving all of the required genes for the entire
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biosynthetic pathway [63,64]. Integrating multiple genes into a single binary vector
also allows for the incorporation of optimised promotors and terminators to

improve triterpene vyield, as well as for the expression of additional biosynthetic
genes that remove bottlenecks in the triterpene biosynthetic pathway [65]. One such
gene frequently utilised in the Osbourn lab is a N-terminal truncated, feedback-
insensitive form of 3-hydroxy, 3-methylglut aryl-coenzyme A reductase (referred to
as tHMGR) a rate-limiting enzyme in the upstream mevalonate pathway [66].
tHMGR is usedin all of the experimental work in this thesis, as it has been found to
significantly increase the vyield of triterpenes produced using the transient

expression system in/. benthamiana[50,67].

1.4.2 Large-Scale Vacuum Infiltration Provides a Scalable Platform for
Triterpene Production

Scaling up of triterpene production using the N. benthamiana expression system can
be achieved by simply increasing the number of infiltrated plants. However, with a
regular hand-infiltration using a needleless syringe, the infiltration of increasing
amounts of plants becomes significantly time-consuming. For infiltrations involving
large (>30) numbers of plants where all are expressing the same combination of
genes, vacuum infiltration provides a rapid alternative to usual hand-infiltration.
Vacuum infiltration works by applying a vacuum to a chamber containing inverted
N. benthamiana plants submerged in a suspension of A. tumefaciens This draws the
air out of the leaf interstitial spaces, and when atmaospheric pressure is restored, the
leaves are infiltrated. The number of plants that can be infiltrated at once depends
on the size of the infiltrator, but the system is rapid, easilyinfiltrates the entire plant
at once and requires minimal skill to operate. The vacuum infiltrator used in the
Osbourn lab is made from a repurposed vacuum oven with an attached reservoir
and can infiltrate 4 plants approximately every 1-2 minutes [68]. Combined with
other efficient techniques for processing large amounts of resulting leaf material,
such as pressurised solvent extraction,the Osbourn lab has developed a workflow
for the rapid production of milligram to gram scales of valuable triterpenes [50,68]

(seeFigure 1-6).
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Figure 1-6: Comparison of the different methods for agro -infiltrating N. benthamiana.
Figure produced using illustrations provided by James Reed.

1.5 Engineering Triterpene Diversity : The Triterpene Toolkit

The design and production of novel triterpenes using the N. benthamiana transient
expression system reliesupon access to a diverse range of biosynthetic enzymes
capable of generating the variety of triterpene scaffolds, functional groups, and
positional isomers required for a truly comprehensive suite of molecules. To enable
this endeavour, the Osbourn lab has developed the triterpene toolkit, a set of genes
encoding triterpene biosynthetic enzymes from a diverse range of plant sources. The
toolkit exists both as a set of plasmids containing genes of interest, and as a set of
stocks of A. tumefaciensin glycerol, each harbouring one of the plasmids. These
glycerol stocks can be cultured and combined to make a suitable suspension of A.

tumefaciensfor the production of a vast diversity of triterpene molecules.

The toolkit incorporates all of the required biosynthetic enzymes for triterpene
biosynthesis, including OSCs, CYPs, tailoring enzymes such as yglosyl and
acyltransferases, enzymes to remove bottlenecks (such as tHMGR), andalcohol
dehydrogenases. Furthermore, the triterpene toolkit is continually evolving, as newly
characterised biosynthetic pathways and new sources of biosynthetic enzymes from

all over the kingdoms of life provide an expanding repertoire of genetic resources to
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draw from. This makes the triterpene toolkit an unparalleled resource for generating

novel triterpene diversity through transient expression.

Figure 1-7:Examples of dasmids from the current triterpene toolkit .

1.6 Anti-Proliferative Effects of Triterpenes

Numerous triterpenes, either as purified compounds or as components of traditional
medicines, have been tested for their anti-proliferative effects [69,70]. There is
significant interest in developing triterpenes into new sources of chemotherapeutics
and chemotherapy adjuvants [71-73]. As with many natural products, triterpenes are
considered well tolerated compared to most existing chemotherapy agents, with

lower incidences of side-effects [72,74].
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1.6.1 Cancer

“Cancer Gd ACzx A+7d izl cHaracteiisedob§ abadrmal|afdd, + " d, + d,
uncontrolled cell division, and is one of the leading causes of death in the

developed world [75]. Control of this aberrant cell division is therefore a major

concern of research groups worldwide. While many think of anti-cancer agents as

those causing the death of cancerous cells through programmed cell death or

necrosis, cancer therapy is more variedin reality and includes any method to

prevent the proliferation of cancer cells (i.e., anti-proliferative agents) as well as

therapies to prevent the spread of cancer, such asanti-angiogenesis agents [76].

The cument study focuses on anti-proliferation.

As previously mentioned, anti-proliferative agents are those that prevent the

continued proliferation of cells, not just those that lead to cell death. There are a

number of pathways that can lead to the halting of cell proliferation, the best known

being activation of p53. Often called " AC+ 690"V | G" | 2z i reglates 6 | zd =
transcription of many anti-proliferative genes including p21, which inhibits cell cycle

progression and therefore leads to cell cycle arrest [77]. While cell cycle arrest can

be overcome under certain factors and proliferation can therefore resume, persistent

and high expression of anti-proliferative factors can lead to arrest becoming stable

and cells entering a state known as senescence, where they cease proliferation but

remain viable [78]. Depending on the balance of pro- and anti- death signals, the

cell may then enter cell death (such as through apoptosis or necrosis) or remain in

senescence[77].

The activation of the pathways that lead to cell cycle arrest and ultimately halt
proliferation can be brought about in a number of ways. An anti-proliferative agent
may directly cause DNA damage to initiate activation of DNA repair pathways that
inhibit proliferation [79], halt DNA synthesis through structurally mimicking vital
metabolic substrates [80], interact with pro -apoptotic proteins to activate cell-death

pathways [81] or disrupt cell division through interference with spindle proteins [82].
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1.6.2 Triterpenes with Anti -Proliferative Effects

The majority of triterpenes tested for anti -proliferative effects have been evaluated
for their ability to inhibit the proliferation of cell lines or shrink tumours in animal
models. Some have been found to be significantly anti-proliferative in this regard,
including celastrol and the boswellic acids (Figure 1-1) [19,71]. However, the exact

mechanisms of action of these compounds are not well understood .

For some triterpenes the mechanisms of anti-proliferative activity are known. The
limonoid triterpene nimbolide (Figure 1-8) was found to inhibit cell proliferation in

two types of breast cancer cells with a significant increase inthe number of cells
found to b e apoptotic (measured by flow cytometry) [83]. Analysis of potential
protein targets using a cysteine-reactive alkyne-functionalized iodoacetamide probe
implicated RNF114, an Eubiquitin ligase that is known to degrade p21 [83]. Follow-
up work suggested that nimbolide impairs the substrate recognition of RNF114,

leading to a stabilisation of p21, increased levels in cells, and cell cycle arrest83].

Maslinic acid (Figure 1-8)" " A x| Aamyrih teiv@tive, i3 another triterpene
with anti-proliferative effects for which a mechanism has been proposed. A study in
HT29 colon cancer cells found that treatment with maslinic acid at the identified ICso
(60 1 m) led to an increase in the proportion of cells found to be apoptotic [84].
Subsequent experimentswith western blotting revealed that maslinic acid treatment
inhibited the anti-apoptotic protein Bcl -2, activated the pro-apoptotic protein Bax,
and induced release of cytochrome-c, a protein that activates caspasesinvolved in

apoptosis [69].
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Nimbolide Maslinic Acid

Figure 1-8: Structures of nimbolide and maslinic acid, two naturally occurring triterpenes
investigated for their mechanisms of inhibiting proliferation .

1.7  Anti-Inflammatory Effects of Triterpenes

Naturally occurring triterpenes have long been used as components of traditional
medicine for the treatment of a variety of diseases linked to inflammation [85], and
semi-synthetic triterpene derivatives have been evaluated as antiinflammatory
agents [86]. There is therefore significant interest in the study of the anti-

inflammatory effects of triterpenes.

Inflammation is a physiological response to injury, infection, or toxins in the body,
and is characterised by pain, redness,heat, swelling, and loss-of-function in the
affected area [87]. Physiologically, this process involves the release of pre
inflammatory cytokines such as tumour necrosis factor alpha (TNF ) and interleukin
6 (IL-6), which trigger a cascade of factors which leads to recruitment of
macrophages and monocytes to the affected tissues leading to the release of
reactive oxygen or nitrogen species (ROS/NOS) and phagocytosis of invading

pathogens [88].

Inflammation is controlled at the cellular level through the activation of transcription
factors: pro-inflammatory factors such as nuclear factor kappalight-chain-enhancer
of activated B cells (NH B) are activated by cytokines such as TNF, ROS, or bacterial
lipopolysaccharides (LPS) and drive inflammation[89] while factors such as nuclear
factor erythroid 2 -related factor 2 (Nrf2) dampen down the inflammatory response
after their activation through oxidative stress [90,91]. The combination of pro- and
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anti-inflammatory factors works to keep inflammation in balance, since while
inflammation is beneficial in fighting disease and responding to injury, prolonged
inflammation is implicated in several chronic diseases such as arthritis, asthma, and
cancers [89,92]. Appropriate regulation of these transcription factors therefore

provides a pathway towards controlling these debilitating conditions.

1.7.1 Key Inflammatory Pathways: Nrf2 and NF B

Inflammation in the body is controlled by many competing pathways and
transcription factors. The current study examines the effects of the triterpenes in
relation to two specific and important transcription factors and the pathways

involved with them: NF[B and Nrf2.

“NF[B refers to a family of transcription factors, comprising of NF[B1 (p50), NF[B2
(p52), RelA (p65), RelB, and-®Rel [89]. In general, NF[B is used here to refer to the
p65/p50 heterodimer, an abundant form of NF[B in cells which participates in the

canonical NF[B pathway [89].

NF[B is constitutively present in healthy cells, where it is normally rendered inactive
in the cytosol by an inhibitor known as inhibitor of [B (I{B). When activation of NF[B
occurs, a kinase called [B kinase (IKK) phosphorylates B such that it is targeted by
the proteasome and degraded (Figure 1-9) [89]. NF[B is then released and moves
to the nucleus [89]. Phosphorylation also typically occurs to the p65 subunit of
NF[B, which improves the transactivation of p65 though interaction with co-
activators such as the CREBinding protein (CBP) ultimately leading to increased
transcriptional activity [93]. The genes activated by NF[B include those involved in
pro-inflammatory p rocesses, cell survival, and immune responséFigure 1-9) [92]. In
particular, NF[B induces the production of numerous pro -inflammatory cytokines,
such as TNF, IL-6, and COX2 [94]. It also promotes the differentiation of CD4 * T-

cellsinto inflamm atory Th1 T-cells [95].
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Figure 1-9:Pathway of NF[B activation and downstream effects.

Nrf2 is a master regulator of oxidative stress that controls the expression of a
number of proteins involved in antioxidant production and detoxification. It is a
basic leucine zipper protein i T zd A C+ CZ WW"A ~subfakity larid contains
seven Nrf2-ECH homology (Neh) domains through which it binds to DNA,

conscription co-factors, and its inhibitor KEAP1[96].

Nrf2 is usually degraded rapidly in cells through the action of Kelch-like ECH
associated protein 1 (KEAP1)which recruits E3 ligase leading to the ubiquitination

and subsequent proteasomal degradation of Nrf2 under normal conditions (Figure
1-10) [90]. Activation of Nrf2 occurs through the modification of thiol residues on

KEAP1 which causes it to dissociate from Nrf2[96]. Nrf2 then builds up in cells and
eventually translocates to the nucleus, where it activates genes involved in
detoxification, the production of antioxidants, and the anti -inflammatory response
[96]. Notably, Nrf2 activates the transcription of HO-1, an enzyme responsible for
the rate-limiting step of oxidative haem degradation, which exhibits an anti-
inflammatory effect by inhibiting the release of pro-inflammatory cytokines such as
TNP or IL-6, as well as by inhibiting ROS production and activating the release of
anti-inflammatory cytokines such as 1-:10 (Figure 1-10) [96]. Nrf2 can also inhibit
transcription of pro -inflammatory genes through binding to promoters [90]. Nrf2
and HO-1 can also inhibit I°B degradation and so inhibit the NF¢B pro-inflammatory

pathway, and Nrf2 and p65 both interact with the CBP co-activator [90,97]. Nrf2
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additionally activates transcription of antioxidant genes to reduce levels of

inflammatory ROS and RNS(Figure 1-10) [98].
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Figure 1-10.Pathway of Nrf2 activation and downstream effects.

1.7.2 Triterpenes with Anti -inflammatory Effects

As mentioned in Section 1.2, naturally occurring triterpenes have been found to
exhibit anti-inflammatory activity. One example of this effect is celastrol, the
nortriterpene derivative found in Tripterygium wilfordii (Figure 1-1). Celastrol was
found to reduce the secretion of IL-6 and TNP' in LPSstimulated RAW 264.7 murine
macrophages [24]. Follow-up work through western blotting and transcription factor
enzyme-linked immunosorbent assays ELISA) implicated inhibition of NF[B
through stabilisation of I1[B as a likely mechanism[24], with a separate study using

immunoprecipitation suggesting inhibition of IKK as the cause [99].

The boswellic acids, a family of compounds isolated from the trees of the genus
Boswelliaand a major component of frankincense resin, have also been reported to
exhibit anti-inflammatory effects [100]. The boswellic acid 3-O-acetyl-11-oxo0- .-
boswellic acid (Figure 1-1: " | Famyrin ahalogue, 3-O-acetyl-"-boswellic acid,
have been shown to reduce secretion of TNP in LPSstimulated cells (H9C2 rat
heart tissue cells and peripheral monocytes) [101]. Investigation of potential

mechanisms in HEK293kidney cells again implicated inhibition of NF [B activation,
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and immunoprecipitation studies again suggested inhibition of IKK as a mechanism

[18].

Triterpenes containing an 11-oxo group have been found to interact with
glucocorticoid signalling. Glycyrrhizin (Figure 1-1) and its aglycone glycyrrhetinic
acid have anti-inflammatory effects through interaction with the glucocorticoid
receptor, and accordingly inhibited LPS-induced secretion of TNF' in RAW264.7
macrophages [102]. Glycyrrhetinic acid is marketed as enoxolone for treatment of

peptic ulcers along with a synthetic acylated derivative carbenoxolone, and both

|l zdAzol | dq C" O+ bzx=xl "] GAGz | "-Nytlvoxy-steraid | |

dehydrogenase 2 enzyme,therefore blocking the conversion of cortisol to cortisone
and leading to higher cortisol levels, which leads to cortisol binding to the
glucocorticoid receptor and a corresponding anti -inflammatory effect [103].
Carbenoxolone has also been found to reduce TNF' and IL-6 measured cytokine
levels in the lung tissue of rats treated with monocrotaline [104], with western
blotting on the lung tissue of asthmatic mice showing an inhibition of NF[B

activation, possibly due to their interactions with glucocorticoid sign alling [105].

As mentioned in Section 1.2, semisynthetic triterpenes have been generated with
potent biological effects, including anti -inflammatory effects. The semisynthetic
oleanane  derivatives Methyl 2-cyano-3,12-dioxooleana-1,9(11)dien-28-oate
(hereafter referred to as bardoxolone-methyl) and N-
((4as,6aR,6bS,8aR,12aS,14aR,1414S) 1-cyano-2,2,6a,6b,9,9,12eheptamethyl-10,14-
dioxo-1,2,3,4,4a,5,64a,6b,7,8,8a,9,10,12a,14,14a,14lmctadecahydropicen-4a-yl)-2,2-
difluoropropanamide (hereafter referred to as omaveloxolone) have been found to

be highly potent anti -inflammatory agents (Figure 1-11).
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Figure 1-11: Structures of semi-synthetic derivatives of oleanolic acid (bardoxolone-methyl
and omaveloxolone) produced commercially and under evaluation for potential
pharmaceutical uses.

Bardoxolone has been investigated in detail for its anti-inflammatory activity and
was found to inhibit activation of NF [B by immunoprecipitation in TNF -stimulated
U-937 histiocytic lymphoma cells [106]. The same study found that I[B
phosphorylation was also inhibited, and implicated inhibition of IKK as a likely
mechanism [106]. Mutagenesis of a specific cysteine residue of IKK, €179, abalished
this activity, further suggesting a mechanism of action through interaction with this

cysteine [106]. Bardoxolone has also been found to bind to KEAPland therefore
activate Nrf2, possibly also through interaction with cysteine residues [107]. Studies
in mice and rats have shown omaveloxolone to have similar effects [108]. The
combination of both Nrf2 activation and NF [B inhibition makes these compounds

especially promising.

1.8 Structure -Activity  Relationships: The Importance of
Systematic Investigations

The promising reports of triterpene bioactivity have underlined the importance of
understanding the relationships between triterpene structure and function. Such
studies into structure-activity relationships are a common feature of drug
development efforts. The conventional method of carrying out such a study would
be to produce a library of structural analogues of a compound and test each using a
known metric (such as a specific assay) to allow the bioactivities for each compound
to be directly compared. Different structural features responsible for a particular

bioactivity could then be identified. Multiple iterations of this process, with new
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molecules designed based on the results of the last round of investigations, would
eventually yield improved bioactive molecules which could be developed further

into pharmaceuticals.

This process benefits from a systematic effort where the suite of molecules
produced covers as many functional and positional isomers of a compound as
possible. This is canplicated for the triterpenes due to their structural complexity .
Chemical semisynthetic methods are limited as they can only transform chemical
handles that already exist on a molecule (such as functional groups alreadypresent
in naturally produced precursors). This limits chemical efforts to a few specific
positions on most triterpene scaffolds. The use of heterologous expression systems,
as discussed inSection 1.4, provides an improved source of triterpene structural
diversity by allowing the use of combinations of enzymes from multiple sources to
access combinations of triterpene functional groups ina ccessible to chemical
synthesis and unaccounted for in the triterpenes extracted from natural sources. The
use of large-scale production methods allows for the synthesis of the desired
molecules in suitable quantities for the bioassays required for structure-activity
relationship investigations, and the creation of the triterpene toolkit ( Section 1.5)
has provided a revolutionary ease of access to the diversity of biological

transformations now available.

1.9 PhD Overview

The triterpene toolkit provides an accessible route to the large-scale production of a
diverse library of triterpenes for biological investigation in combination with

heterologous expression in Nicotiana benthamiana, so enabling a detailed structure-
activity relationship investigation to be carried out on pentacyclic triterpenes for the
first time. The goal of this PhD is to accomplish this. In the following chapters, the
use of the triterpene toolkit to generate triterpene structural diversity is evaluated,

with the production of both known and previously unreported triterpenes (Chapter
3). Following this, the diversity accessible through the toolkit is expanded to include
additional enzymes from plants as well as enzymes from beyond the Plant Kingdom,

from bacteria and humans, and novel products are putatively identified (Chapter 4).
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The large-scale production, purification, and structural determination of a suite of
compounds generated by metabolic engineering is performed in Chapter 5. These
compounds, along with a suite of triterpene standards, are then subjected to
biological testing for anti -proliferative and anti-inflammatory effects (Chapter 6).
The results of this testing are combined with previous reports of biological activity
of triterpenes, from the O'Connell lab and the wider literature, to form the basis of a
triterpene structure -activity evaluation. New candidate triterpenes with potentially
improved bioactivities are then designed, and strategies to improve the throughput

of triterpene testing are investigated ( Chapter 7).

48



2

General Methods
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2.1 Gateway Cloning

2.1.1 Entry Clones

pDONR207 was used for generating Gateway Entry clones. Gateway cloning was
performed by incubation of the insert DNA (purified PCR product or purchased DNA
fragment) with pDONR207 in equal ratios (75 ng of each) in a total volume of 4 pl
EB buffer (10 mM TrisCl, pH 8.5, Qiagen). 1ul of BP clonase Il (Invitrogen) was
added and the reaction vortexed briefly and incubated for 1 h at room temperature.
Following this, the reaction was added to chemically competent £. colias detailed in
section 2.2.1. Positive cells were selected for on LB agar plates plus 50ug/ml
gentamicin. Colony PCR was used to screen colonies (sectior2.1.3) and positive
colonies were cultured overnight (37 °C, 200 rpm) in 10 ml liquid LB plus 50 pug/ml
gentamicin. Plasmids were recovered using a miniprep kit (Qiagen) and sent for
sequencing using attL-1/R-2 primers and, where necessary, custom primers as

described in section 2.1.6.

2.1.2 Expression Clones

To generate pPEAQ HT7-DEST1 vectors carrying the gene of interest, Gateway cloning
was performed by incubating the entry vector (pDONR207) with pEAQ-AH7-DESTL1 in
equal ratios (usually 75 ng) in 4 ul EB buffer. 1 pl of LR clonase Il (Invitrogen) was
added and the reaction vortexed briefly and incubated for 6 hours at room
temperature. Following this, the reaction was added to chemically competent E. coli
as detailed in section 2.2.1. Positive cells were selected for on LB agar plates pla 50
pug/ml kanamycin. Colony PCR was usually not necessary. A single colony was
sampled from the plate and grown on overnight (37 °C, 200 rpm) in 10 ml LB media
plus 50 pg/ml kanamycin. Plasmids were recovered using a miniprep kit (Qiagen)

and used to transform A. tumefaciensLBA4404 (section2.2.2).

2.1.3 Colony PCR
Individual colonies were labelled for identification and a small sample taken using a
10 pl pipette tip and resuspended in 30 pl distilled water by pipetting up and down.

1 pl of this suspension was used as the template in the PCR reaction as follows:
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Table 2-1: Standard sample setup for colony PCR.

Reagent Per Sample
Template 1ul

attL ¥ primers (10 puM) 1ul

GoTag green master mix 5l

H20 3l

Total 10 pl

Thermal cycling was carried out using the following programme:

Table 2-2: Standard thermal cycling programme for colony PCR.

Step Temp (°C) Time
Denaturation 95 30 sec
Denaturation 95 10 sec
Annealing 50 10 sec
Extension 72 1 min/kb
Extension 72 5 min

Following PCR, 5ul DNA was analysed with 1 % agarose gel electrophoresis. Positive
colonies were identified as those with a band of the expected size of the insert (plus

~200 bp due to the attL primer binding sites).

2.1.4 DNA Electrophoresi s

For DNA analysis by agarose gel electrophoresis, an agarose gel was made with
addition of 1 % w:v agarose (Sigma) to a suitable volume of TAE buffer using 0.01 %
EtBr or GelRed (1 mg/ml). Gels were run at 120 V, 400 mA for 20 minutes with a 2

log ladder (NEB) included in the end wells. Gels were visualised under UV light.

2.1.5 Sequencing
Sequencing was performed by Eurofins. Purified plasmid templates were sent for

sequencing. Sequencing primers are given in section2.1.6.
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2.1.6 Primers

Table 2-3: Commonly used primers.

Name Sequence

attL1-F TCGCGTTAACGCTAGCATGGATCTC
attL2-R ACATCAGAGATTTTGAGACACGGGC
attB1F1 GGGGACAAGTTTGTACAAAAAAGCAGGCT
attB2R-1 GGGGACCACTTTGTACAAGAAAGCTGGGT
CYP450RM ATAGGAAACTGAACCAGGG

attL1/2 F/R primers were used for sequencing of entry vectors while attB1/2 F/R primers
wereused asgateway" | " AKXV d+x@oxl 1l £qd " || x| Kz CE@EOR, ™~ || :z
M was used as an additional primer when sequencing plasmids containing CYP450R due to

ACx o061 "¢ dG' =

2.1.7 Plasmids

Table 2-4: List of plasmids usel in the thesis.

Name Vector Type Supplier Selection

pDONR207 Gateway Entry Invitrogen Gentamicin
PEAQ HT-DEST1  Gateway Destination = Lomonossoff Lab, JIC Kanamycin

2.2 Microbiological Techniques

2.2.1 Transformation of Chemically Competent  E. colf

Plasmid DNA was prepared as detailed in specified sections£. coliwas stored as 50
I frozen aliquots of cells at -80 °C. For transformation, aliquots were removed from
the freezer and placed on ice to thaw. DNA was incubated with the cells on ice for
approximately 30 minutes before being heat shocked in a 42 °C water bath for 20-
30 seconds. Cells were cooled on ice for 2 minutes before addition of 200 pl LB
media. Cells were then incubated for 1 hour at 37 °C and 200 rpm. Cells were then
removed from the incubator and plated onto LB agar plates with antibiotics for

selection of positive transformants. Plates were incubated overnight at 37 °C.

2.2.2 Transformation of A. tumefaciens LBA4404
Chemically competent A. fumefaciens strain LBA4404 cells were taken from the-80

°C freezer and thawed on ice. 2200 ng of the pEAQ- H7-DEST1 plasmid containing
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the gene of interest was added and the cells incubated for 30 minutes. The
microcentrifuge tubes containing the cells wer e then transferred to liquid N , for 30
seconds before removal and thawing at room temperature. 200 pl of LB media was
added and the cells incubated at 28 °C and 200 rpm for 4 hours. After this, tubes
were vortexed briefly and bacteria plated onto LB agar plates containing rifampicin,
kanamycin, and streptomycin (50/50/100 pg/ml) and incubated in a 28 °C standing
incubator for 3 days until colonies could clearly be seen. A single colony was then
transferred to 5 ml liquid LB media containing antibiotics/conc entrations as above
and incubated at 28 °C and 200 rpm overnight. Around 1 ml of the culture was then
transferred to a microcentrifuge tube containing 1 ml 20 % v/v glycerol and frozen
at -80 °C. These freezer stocks were used to culture theAgrobacteria for future

infiltrations.

2.2.3 Antibiotics
Antibiotics were made as detailed in Table 2-5. The same concentrations were used

for both liquid and solid (agar) LB media.

Table 2-5: Antibiotics used for bacterial culture.

Antibiotic Stock Final Dilution Factor
Rifampicin 50 mg/ml 50 pg/mi 1/1000
Kanamycin 50 mg/ml 50 pg/mi 1/1000
Streptomycin 100 mg/mli 100 pg/mi 1/1000
Gentamicin 50 mg/ml 50 pg/mi 1/1000

All antibiotics were stored as 10 ml stocks in the specified solvent at-20 °C. All stock
solutions were made with water except for rifampicin which was made with

dimethylformamide.

2.3 Agroinfiltration

2.3.1 Preparation of A. tumefaciens for Agroinfiltration
A. tumefaciens from glycerol stocks stored at -80 °C were streaked onto LB agar
plates (with rifampicin/kanamycin/streptomycin 50/50/100 pg/ml respectively)

before being incubated in a 28 °C standing incubator for approximately 48 h.
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A sterile pipette tip was used to transfer a small amount of bacteria to an
appropriate volume of liquid LB media with antibiotics as above. The liquid cultures

were incubated overnight in a 28 °C 200 rpm shaking incubator.

Cultures were centrifuged at 4000 x g to pellet the bacterial cells, the supernatant
discarded and the cells resuspended in MMA solution (10 mM MES buffer, 10 mM
MgClz, 150 ud  _ “dimgtAoxy-, -“acetophenone in H20) and left to incubate for 30

min.

The ODsgo Of the solutions was measured using a spectrophotometer set to 600 nm
and blanked with MMA. Suspensions were diluted 1 part in 10 in a 1 ml cuvette to
bring the concentrations within the accurate range of the spectrometer and the

absorbance measured. Thereading was multiplied by the dilution factor to give the

true density, and the final ODeoo adjusted to 0.2n (where n is the number of strains
of Agrobacterium to be infiltrated). Bacterial suspensions were then combined. In
the case of multiple combinatio ns being investigated with an uneven number of

bacterial strains, green fluorescent protein was used to fill in for missing strains.

2.3.2 Manual Infiltration

Manual infiltration was carried out on approximately 5 -week-old N. Benthamiana
plants. 2 leaves per plant were infiltrated. Leaves were perforated using a pipette tip
and the surface of each leaf entirely infiltrated using a 1 ml needleless syringe.

Plants wereleft under greenhouse conditions to grow for 5 days.

2.3.3 Vacuum Infiltration

Vacuum infiltration was carried out according to a published protocol [68]. Briefly, a
bath was filled with 10 L infiltration culture and placed into the infiltration apparatus
along with 4 inverted 5 6-week-old N. benthamiana plants. The vacuum was applied
to draw the air out of the interstitial leaf space, and then re -established to draw the
infiltration suspension into the leaves. Plants were left under greenhouse conditions

to grow for 5 days.
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2.4  Purification Techniques

2.4.1 General Procedure for the Evaluation of Triterpene Products by GC  -MS
Leaf material was harvested between 5 and 7 days after infiltration. Care was taken
to ensure only the producing parts of the plants were harvested. Leaves were frozen
at -80 °C and then freeze-dried overnight. A cork borer was used to cut 12 mm discs
from each leaf. Leaf discs were placed into 1.5 ml microcentrifuge tubes along with a
tungsten carbide bead. The tubes were placed into a ball mill and the leaves ground

at 1000 rpm for 1 min.

500 ul ethyl acetate was then added to each tube and the tubes shaken in a

thermomixer at 1400 rpm for 30 min.

150 pl of the resulting solution was transferred into a vial and evaporated to
dryness. 30 pl of Tri SikZ derivatisation solution was added to each vial and GGMS

spectra recorded for each sample.

2.4.2 GGCMS Analysis
The GC system used was an Agilent 7890B fitted with a Zebron ZEGHT Inferno
| z Wo d |l a w

- L L o

pulsed split mode (30 psi pulse pressure, 20:1 split ratio) or splittess mode
depending on the concentration of the sample with the inlet temperature set to 250
°C. The GC oven was coupled to an Agilent 5977 A Mass Selective Detector set to
scan mode from 60 to 800 mass units (solvent delay 8 min unless stated otherwise)

using electron impact (El) ionisation running at 3.9 scans/sec.
15-Minute Method:

The GC oven temperature gradient began at 170 °C (held 2 min) then ramped to

300 °C at a rate of 20°C/min and held for 6.5 mins (total run time 15 mins).
20-Minute Method:

The GC oven temperature gradient began at 170 °C (held 2 min) then ramped to

300 °C at a rate of 20 °C/min and held for 11.5 mins (total run time 20 mins).
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2.4.3 General Procedure for the Evaluation of Triterpene Products by LC -MS
Leaf material was harvested between 5 and 7 days after infiltration. Care was taken
to ensure only the producing parts of the plants were harvested. Leaves were frozen
at -80 °C and then freeze-dried overnight. A cork borer was used to cut 12 mm discs
from each leaf. Leaf discs were placed into 1.5 ml microcentrifuge tubes along with a
tungsten carbide bead. The tubes were placed into a ball mill and the leaves ground

at 1000 rpm for 1 min.

550 ul 80% methanol: water (containing 4 pl/ml digoxin standard solution) was
added to each tube and the tubes shaken in a thermomixer at 1400 rpm for 30 min.
400 pl of each sample was then transferred to a 1.5 ml microcentrifuge tube and 400
ul hexane added. Tubes vere capped, vortexed briefly, then centrifuged at 13,000 x
g for 30 s to separate phases. 300ul hexane was removed from each sample and

discarded. Samples were then evaporated using a Genevac.

Samples were resuspended in 75 pl methanol, transferred to a filter column, and
spun at 13,000 x g for 1 min. 50 ul of flow-through was added to 50 ul 50%
methanol in water in glass inserts in vials. Vials were capped and LEMS spectra

recorded for each sample.

2.4.4 LCMS Analysis

The LC system used was a Thermo Vanquisp k i GAA+| Y GAC Cl1a Gl + A+ W
(100 A, 50 x 2.1 mm, Phenomenex) column unless otherwise specified. Injections

N+l . T W yGAC "oAKzd" dAW£T A+dA+x)1 " Kol + d+A /4
The LC flow passed through a photodiode array (PDA) dekctor and then was split

between a charged aerosol detector (CAD) and a Thermo Qexactive orbitrap mass

spectrometer using an atmospheric pressure chemical ionisation (APCI) source.
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General LC-MS Method

Pump A was run using MilliQ water + 0.1% formic acid, and pump B was run using
MeCN + 0.1 % formic acid. Flow rate was 0.6 ml/min. The gradient for this method
started at 35 % B and held for 1 min before increasing to 100 % B over 9 min,
holding for a further 5 min at 100 % B, then decreasing to 35 % B over 0.5 min and

holding for a final 2 min for a final run time of 17.5 min.

2.4.5 Specifics for Preparative HPLC

Preparative HPLC was carried out using an Agilent 1290 Infinity Il preparative system
fitted with a Luna 5 im C18 (100 A 21.2 x 250 mm, Phenomenex) column. The
system used a flow rate of 25 ml/min, and the flow was split 1:1000 between the
detectors and the fraction collector. The flow to the detectors passed through a
diode array detector (DAD) and was then split between an evaporative light
scattering detector (ELSD) and an Agilent InfinityLab LC/MDS XT mass detector
using a dual atmospheric pressure chemical ionisation/electrospray ionisation

(APCI/ESI) source with a 1.2 ml/min makeup flow for the mass spectrometer.

2.4.6 General Procedure for the Extraction of Triterpene Products from Large
Scale Infiltrations

Leaf material was harvested between 5 and 7 daysafter infiltration. Care was taken
to ensure only the producing parts of the plants were harvested. Leaves were frozen
at -80 °C and then freeze-dried for 3 days. The leaves were then mechanically
crushed, mixed 2:1 with quartz sand, and extracted using aspeed extractor (Buchi)
at 130 bar pressure and 100°C with the following programme:

Table 2-6: Standard programme for pressurised solvent extraction using the Buchi speed
extractor.

Cvcle Heat-Up Time Hold Time Discharge Time Solvent
y (min) (min) (min)
1 5 0 3 Ethyl Acetate
2 1 5 3 Ethyl Acetate
3 1 5 3 Ethyl Acetate
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The discharge from all the cells of the speed extractor was pooled together through
being collected in a bottle attached to the waste outlet. The extract from the three
cycles was dried before being further treated with Ambersep (see section2.4.7) and
subjected to flash chromatography to isolate the compound(s) of interest. Following
flash chromatography, decolourisation and recrystallisation were frequently

performed to remove minor impurities.

2.4.7 General Procedure for Amber sep Resin Treatment

The ion-exchange resin treatment was carried out according to a published
protocol. [68] Dried plant extract was re-dissolved in ethanol and 50 ml Ambersep
900 hydroxide form ion exchange resin (Sigma) was added. The mixture was stirred
for 30 minutes during which time the resin changed colour from pink to green. This
step was repeated twice more until the colour change of resin was no longer
observed, during which time the extract colour changed from green to yellow -
brown. The mixture was then filtered through a column of di atomaceous earth and
the column washed with 200 ml ethanol, 200 ml 1:1 ethanol hexane mixture, and

200 ml hexane. The washes were combined andiried.

2.4.8 Flash Chromatography
Flash chromatography steps were carried out using an Biotage Isolera One. Samples
were dry loaded on silica gel. Flash chromatography was performed in normal

phase. Details of the various gradients and mobile phases is given inTable 2-7.

2.4.9 Decolourisation

Compounds were dissolved in several ml of a suitable solvent (typically ethyl
acetate) and decolourisation was performed by adding a small amount of activated
charcoal powder (Sigma). This was incubated for several minutes at room
temperature with occasional agitation. The suspension was then transferred to a
flash column cartridge emptied of stationary phase and packed with di atomaceous
earth (Celite, Sigma). The suspension was passed through the column and the eluent
collected in a round bottom flask. The column was washed multiple times with a
suitable solvent to ensure maximum recovery of product and the washes combined

with the eluent and dried using rotary evaporation.
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2.4.10 Flash Chromatography Programmes

Table 2-7: Flash chromatography programmes.

Programme Mobile Phase Strong Column Volumes
g (Weak: Strong) Solvent
.1 Hexane: Ethyl 5-100 % 10
Acetate 100 % 1
H : Ethyl
p-2 exane: =iy 5-100 % 40
Acetate
P-3 Hexane: Ethyl 30 % 45
Acetate
H : Ethyl
P-4 exane: =iy 20-40% 45
Acetate
P.5 Dichloromethane: 0% 20
Ethyl Acetate 100 % 3
Hexane: Ethyl
P-6 y 40-80% 45
Acetate
Dichloromethane:
_ [0)
P Ethyl Acetate 10% 20
P-8 Dichloromethane 100 % 25
P-9 Dichloromethane 100 % 30
) _ 0% 5
P-10 Dlzr:frf;\nc??aize. 20 % 15
y 100 % 10
Dichloromethane:
_ 0,
P-11 Ethyl Acetate S % 30
Dichloromethane:
P-12 10 % 1
Ethyl Acetate 0% >
Dichloromethane
_ [0)
P-13 Ethyl Acetate 20 % 25
0% 15
P14 Dichloromethane 10 % 15
Ethyl Acetate 20 % 15
100 % 10
) 20 % 20
15 | Ogermere | s 2
y 100 % 20
Dichloromethane
P-1 1 2
6 Ethyl Acetate 0 >
50 % 3
Wat
Rl Acet:n(ie'[rrile 50-100 % 15
100 % 10

The solvent system used in each programme is listed. The volume of solvent is given in

column volumes due to differences in column size. Details of columns used are given in the
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relevant sections. Flow rate was always the maximum recommendedby the manufacturer

(Biotage).

2.4.11 Recrystallisation

A flask containing the solvent to be used in recrystallisation was placed into a water
bath set to the boiling point of the solvent in question (usually methanol). Where an

anti-solvent was required, this was also placed into the water bath. Compounds to
be recrystallised were dissolved in the minimal amount of hot solvent, such that
removal from the water bath would cause the solution to become turbid. Where an

anti-solvent was required, hot anti-solvent was added dropwise, allowing any
precipitate to re-dissolve between drops. This was repeated until the solution
became turbid. The flasks were then removed from the water bath and the solution
left at room temperature until crystals were visibly observed. The flask was further
transferred to ice for ~1 hour to ensure maximum precipitation of compounds.

Crystals were filtered from the suspension using vacuum filtration with a sintered
funnel covered with filter paper (Wattman). Crystals were washed with cold
recrystallisation solvent and dried under vacuum for 1 hour before being transferred

from the filter paper to a vial.

2.4.12 NMR

Nuclear magnetic resonance (NMR) spectra were recorded using aBruker AVIII 400
MHz with broadband probe (400 MHz) or a Bruker NEO 600MHz with cryoprobe

(600 MHz) spectrometer. NMR spectra were recorded in Fourier transform mode at
a nominal frequency of 400 MHz *H/100 MHz *3C or 600 MHz *H/125 MHz C. All

NMR spectra were recorded using CD{ unless stated otherwise. Chemical shifts
were recorded in ppm and referenced to an internal TMS standard or the residual

solvent peak. Coupling constants are reported as observed and not corrected for
second order effects. Multiplicities are described as: s = singlet; d = doublet; t -=

triplet; dd = doublet of doublets; dt = doublet of triplets; td = triplet of doublets; qd

= quartet of doublets; br = broad. Assignments were made via a combination of H,
13C, distortionless enhancement by polarisation transfer (DEP7, DEPTedited

heteronuclear single quantum coherence (HSQQ, heteronuclear multiple bond
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coherence HMBC), correlation spectroscopy (COSY,) and 2D rotational frame
overhauser enhancement spectroscopy (ROESY experiments. Where signals overlap,
ranges of values are given based on the widh of HSQC crosspeaks. Tables of

spectra can be found in Section A.1 along with selected spectra.

2.5 Common Reagents and Solutions

Coprostanol- 1 mg/ml (Sigma, in ethanol or ethyl acetate).
Digoxin- 5 mg/ml in methanol.

RMPI Media= 1640 (Sigma) + Fetal Bovine Semm (Gibco) + 1 % 200 mM L-

glutamine (Gibco) + 1 % 10,000ug/ml Streptomycin/Penicillin (Gibco).

MMA- 10 mM 2-(N-morpholino) -ethanesulphonic acid buffer (MES, Sigma), pH 5.5
(NaOH) + 10 mM MgCl, + 150 pW _-dimetfioxy-, “acetophenone (Acetosyringone,
Sigma).
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3  Combinatorial Biosynthesis for the Generation of

Novel Triterpene Diversity
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3.1 Introduction

The triterpene toolkit (TTK) in the Osbourn lab is an expansive and innovative
platform for the production of valuable triterpenes through biosynthesis in a
heterologous host. At the time of writing (December 2022) the toolkit consists of
125 enzymes enconpassing the major enzyme families involved in triterpene
biosynthesis- the scaffold synthesising oxidosqualene cyclase (OSC) enzymes,
scaffold oxidising cytochrome P450s (CYPs), and other types of decorating enzymes
such as glycosyl and acyl transferasesthe TTK enables a large number of enzymatic
transformations. The toolkit has evolved through the introduction of enzymes
reported in the literature in a continuous process of evolution as well as through the
integration of entire biosynthetic pathways for known natural products with sought -
after bioactivities [55,109,110] This allows for the reconstruction of biosynthetic
pathways in their entirety to make specific known triterpene products. Additionally,
the significant size of the TTK, which includes engmes from numerous plant species,
also allows for the creation of new to nature compounds with significant diversity.
The diversity of triterpenes stems from the modification of a limited number of
scaffolds in a vast variety of patterns. The use of enzymes from different plant
species that act on similar base scaffolds allows for the combination of
modifications in new patterns, expanding the available triterpene diversity to a

potentially limitless degree (Figure 3-1).
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Figure 3-1. Examples of triterpene diversity generated through biosynthetic enzymes. A
relatively limited number of scaffolds formed thr ough cyclisation can be functionalised in a
potentially unlimited way through the action of enzymes such as CYPs, from simple single
oxidations up to more complicated patterns. CYP oxidations are shown in red.

Combinatorial biosynthesis enables expansion d the chemical space of molecules
available for evaluation of biological activity and ultimately allows for the direction
of biosynthesis for the specific introduction of desired modifications to a scaffold.
Therefore, it provides a pathway towards the production of entire suites of
molecules and thus greater understanding of triterpene activity. Transient
expression systems are especially valuable for this type of work, as combinations of
interest can be generated rapidly. Smallscale investigation of potential

combinatorial biosynthesis products is important for determining which of the
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theoretical products of multiple co -expressed enzymes are producible in practice
and which are not, due to the inability of particular combinations of enzymes to
work well together. Considerations of which enzymes will and will not work
effectively together can then be taken into account when designing molecules
containing particular modifications, by enabling optimisation of production. James
Reed in the Osbourn group previously carried out a preliminary experiment through
combinatorial biosynthesis in which five CYPs (which were from different plant
species) from the TTK (previously shown to modify a common triterpene scaffold at
different positions) were each co-expressedy G A C-arfiyrin Isynthase enzyme by
combinatorial expression in N. benthamiana [50]. This initial proof of concept
experiment yielded 9 oxygenated triterpenes with the expected modifications [50].
Nobdg+eo+xl A +WAY £4q4Gz!1 zi | Gi i +amylnAynthaseGT Gl 6 q,
yielded over 40 oxygenated triterpene products, some of which were previously
reported and some that were new to nature [50], illustrating the power of
combinatorial biosynthesis with just this small subset of enzymes. Importantly, for
those compounds that had not been previously reported, it was possible to carry
out large-scale agro-infiltration and generate sufficient amounts of compound for
NMR structural determination and for use in bioassays. Some examples of the

triterpenes generated are shown in Figure 3-2.
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CYP88D6
CYP93E1

Figure 3-2:Previous combinatorial biosynthesis products. Structures of the produced
triterpenes are shown along with the combinations of CYPs used to produce them. A total of
41 compounds were generated, 11 of which were structurally characterised (numbers 717 in
the figure). Of these, compounds 7-10 were putative structures based on GGMS data, and
structures 11-17 were purified and characterised by NMR. Two of the seven characterised
compounds were found to have previously been reported, and five were new-to-nature.
Reproduced from [50] with numbering from original source.

The success of this initial study has raised the possibility of expanding this
combinatorial biosynthesis approach to include other enzymes. This will enable a
fuller understanding of the properties of the CYPs within the TTK and the variety of
triterpene products that can be produced by co -expression of OSCs and CYPs. This
information will then feed into the design of novel triterpenes with specific structural

modifications for biological evaluation.
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For simple oxygenated triterpenes, such as those produced through the action of
either one or two CYPs on a triterpene scaffold, the resulting products are usually
detectable by gas chromatography-massspectrometry (GGMS) [111]. This analytical
technique, like most forms of chromatography, separates molecules based on their
affinity for the stationary phase of a column (in this case a capillary coiled inside the
instrument). [112] Molecules are then analysed using a mass spctrometer. This
allows for the identification of molecules based on both their mass and retention

times. The combination of the high temperatures and hard ionisation technique

(election impact or El) used in the GGMS instruments at JIC lead to the fracturing of
most molecules into fragments [111]. Therefore, the mass ion of a given molecule is
likely to be detected in low abundance while fragment ions make up the majority of

the MS spectrum produced. This is advantageous in identifying relatively simple
hydrophobic triterpene structures, as the fragmentation patterns observed in

combination with knowledge of the chemistry underlying the fragmentation

reactions can often enable the structures to be inferred. For example, triterpenes
b" dz| z tamyAnCseaffold typically undergo a retro Diels-Alder reaction to
produce two fragments, one of which is positively charged and therefore shows up

with high intensity in the ElI mass spectrum of molecules of this type [111].
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Figure 3-3:The retro Diels-Alder reaction forms characteristic triterpene fragments. A)
Schematic of the retro Diels-! W| £1 1 + "-an#@Z1l), and theé positively charged
fragment formed, with m/z values for the major ions shown. B) EI mass spectrum for
I-amyrin (1) with major ions labelled.

Where the triterpene in question additionally contains an 11-oxo group, the
molecule also undergoes a McLafferty rearrangement, which leads to the formation

of a different positively charged fragment [113].
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Figure 3-4:The McLafferty rearrangement is commonly observed with ketone-containing
triterpenes. A) Schematic of the McLafferty rearrangement for 11-oxo-1-amyrin (2), and the
positively charged product formed, with m/z values for the major ions shown. B) EI mass
spectrum for 11-oxo-1-amyrin (2) with major ions labelled.

The introduction of additional functional groups to different parts of a triterpene

compound will result in a shift of the masses of these parent fragments in the El
mass spectrum. For example, the addition of a hydroxyl group to the C-, D-, or &
T Gl 6 damgrin will cause the absence of the original retro Diels-Alder fragment
ion at m/z = 218 and the observation of a new ion with a mass corresponding to
218 plus a hydroxyl group [111]. Knowledge of the likely identities of the fragment
ions within an EI mass spectrum will therefore give clues to the type and location of

any additional modifications.

3.2 Aims

In this chapter, a more comprehensive experiment to combine a diverse variety of

CYPs from the current TTK in order to determine their ability to oxygenate triterpene

gl "iizW d Gq | "77Gx| zoK., oCamyknsynitjase,thee | zd b C
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most common triterpene scaffold, through transient expression and the resulting
plant extracts analysed to determine the number and types of new products
generated. This work will both evaluate the flexibility of the toolkit enzymes to work
in combination and highlight the kinds of pro ducts likely to be produced as a result

of combinatorial biosynthesis in a pairwise fashion.
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3.3 Results and Discussion

3.3.1 Evaluation of Triterpene Combinatorial Biosynthesis via Pairwise Co -
expression

In order to gain a better understanding of how well the various CYPs in the TTK are

able to act in combinatorial biosynthesis, a pairwise screen of CYPs within the toolkit

was carried out. A total of 11 toolkit CYPs, including the five from the previous study

[50] (CYP716A12, CYP716Al1l4, CYP716A141, CYP716E26, CYP716S5, CYP72A65,
CYP72A69, CYP51H10, CYP88D6, CYP93E1l, CYP94D65) were chosen due to their
| zO0+£7 "6+ zO0+x17 ACzx 1" 1| 6+ zamyrn &hfiold that takbeA z d GA G+
modified by CYPs withinthe TTK. Details of the CYPs that were chosen is provided in
Table 3-1 and Figure 3-5.

Table 3-1: CYPsused for combinatorial biosynthesis in the present study. The name of the

CYP, the species it is derived from, its known substrates andhe major products as observed
in N. benthamiana leaf extracts are given.

Name Species Substrate Major Product Ref
- N X . . —
CYP716A12 Medicago _ damyrin and Ursohc/oleanghc/betuhn|c [114]
truncatula lupeol acid
CYP716A142 Artemesia annua h_ W-amyrin h_ W-amyrone [115]
Platycodon 1-amyrin/ .
CYP716A141 . . . -hydroxy-1-amyrin 109
grandiflorus oleanolic acid ydroxy yr [109]
CYP716E26 So/am{m h/1-amyrin . 4thydroxy-1-amyrin [116]
lycopersicum
CYP716S5 Platycodon I-amyrin 12,13-epoxy-1-amyrin [117]
grandiflorus y ’ POXy y
CYP72A65 Medicago I-amyrin 30-hydroxy- 1 -amyrin [118]
truncatula
CYP72A69 Glycine max I-amyrin . . -hydroxy-1-amyrin [119]
. . " -epoxy- . -l
CYP51H10 Avena strigosa I-amyrin hydroxy- 1 -amyrin [120]
CYP88D6 Glyey, rrh/_za I-amyrin 11-oxo-1-amyrin [121]
uralensis
CYP93E1 Glycine max I-amyrin 24-hydroxy- 1 -amyrin [122]
CYP94D65 Avena strigosa 1-amyrin 23-hydroxy- 1-amyrin [123]
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CYP51H10: C-12,13B-epoxy
CYP716S5: C-12,13a-epoxy

29
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2 CYP72A69: C-21B-OH
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CYP72A65: C-30-OH

) <— CYP716A12: C-28-COOH

CYP51H10: C-16B3-OH
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CYP716E26: C-63-OH

CYP93E1: C-24-OH  CYP94D65: C-23-OH

I-amyrin ( 1)

Figure 3-5:1 2 , GA Gz | ¢amyin scaffditmodified by the CYPs chosen for

combinatorial biosynthesis in the present work.

The CYPs were expressed singly and in pairwise combinations along with the yield
boosting enzyme tHMGR (seeChapter 1), and the Avena strigosa 1-amyrin synthase
OSC SAD1 (a total of four strains per infiltration) [124]. A. fumefaciens strains
harbouring the relevant constructs were infiltrated into N. benthamiana leaves. Five
days later the leaves were harvested, and leaf extracts were malysed by GCMS (see
3.5.1). Other treatments included tHMGR and SAD1 only. Where necessary (where
fewer than four gene combinations were used), an A. tumefaciensstrain harbouring
a green fluorescent protein (GFP) expression construct was included in order to keep

the number of A. tumefacienscells per infiltration constant.

A summary of the combinations, indicating which were successful, and the rumbers

of new products generated, is provided in Table 3-2.
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Table 3-2: Pairwise combinations showing numbers of observed products detected by GG
MS.

O O @) @) O (@) O @) (@) O O
< | < < | <| x| x| x| x| 2| x| x
0 0 ) ) 0 ) 0 ) B) 0 0
~ ~ ~ ~ ~ ~ ~ a1 fos) © ©
5| 6| 56| &5 5| S| B £ 5| M| B
> > > 0 m o o) = o = o)
= [ [1EN ol N (62} (o] o a1
N B N (o]
[UlN
CYP716A12 1 | 1 1|1 ]2 2 |1
CYP716A14 | 1 1] 2 1 2 |11 [0
cvp716A141 1 | 1 1 |2 [ 1 1 | 2] 3
CYP716S5 2 1 2 | 2
CYP716E26 | 1 1|1 1 1 |2 ]2
CYP72A65 | 1 | 1 | 2 1 1 4 | 2
CYP72A69 | 2 1 1 2 | 2
CYP51H10 2 1 2 | 5| 5
cvpespe | 1 | 1 | 1 2 | a2 |1 2 | 1
CYP93E1 2 |1 |22 2]3]2]5]2
CYP94D65 | 1 3 | 2 5 [ 1

Some conclusions can be drawn about the flexibility of the different enzymes when
used in combination. A total of 37 out of 66 combinations were successful in
producing at least one new product. Certain enzymes appear to be more likely to
work in combination with others; CYP716A12 (C28 oxidase), CYP88D6 (1
oxidase), and CYP93E1l (@4 oxidase) were found to be especially productive,

resulting in the detection of new products in almost all of the combinations tested.

Example GEMS spectra from the combinatorial biosynthesis are shown below.

Further spectra can be found in Section A.2.1.
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Peak 1, RT: 12.346 min (3)
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Figure 3-6: CYP716A12+CYP88D6 productsA) Products generated following co -expression
zi A& ado Famyrik §yrthase SAD1, andCYP716A12 only (top); CYP88D6 only (middle);
and CYP716A12+CYP88D6 (bottom). B) Mass spectra for the peaks at 12.3 (peak 1), 14.1
(peak 2), and 15.3 (peak 3) minutes. C) Predicted structures for each of the peaks. TIC = total
ion chromatogram. * = oleanolic acid (18). # = 11-oxo-1-amyrin (2).

Figure 3-6 shows the GGMS trace from the combination of CYP716A12 and
CYP88D6. A number of peaks can be seen in the combined trace when compared to
the control traces. Based on the mass spectrum, the gak at 15.3 minutes is
consistent with 11-oxo-oleanolic acid (5), with a molecular ion (M*) at m/z = 614,
and major fragments at m/z = 497 [M-COOTMS], m/z = 375 (McLafferty
rearrangement fragment), and m/z = 334 (retro Diels-Alder rearrangement
fragment). The peak at 14.1 minutes represents an enol tautomer of the same

product (4), with the same M" ion at m/z = 614, and a major fragment peak at
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m/z = 497 representing the loss of G-28 and its associated carboxylic acid group.
This tautomerism is common in ketone containing compounds but is usually visible
in only small amounts; it is especially noticeable here due to the use of pyridine as
both a solvent and catalyst in the derivatisation reaction carried out on the samples
prior to analysis [125] which induces base catalysed tautomerism [126]. The peak at
12.3 minutes, meanwhile, is the enol tautomer that has been stabilised through
derivatisation in the GC-MS inlet (3). This peak has a molecular ion atm/z = 686,
and a major fragment peak at m/z = 569. As the enol and keto tautomers readily
interconvert under standard conditions (see Figure 3-7), all three of these peaks can

be considered as the same product [126].

Figure 3-7: Keto-enol tautomerisation.
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Peak 1, RT: 12.829 min (6)
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Figure 3-8: CYP72A65+CYP88D6 products A) Products generated following co-expression

z i A¢ doé Famyrik §yrthase SAD1, and: CYP72A65 only (top); CYP88D6 only (middle);
and CYP72A65+CYP88D6 (bottom). B) Mass spectra for the peaks at 12.8 (peak 1), 15.1 (peak
2), 15.3 (peak 3), and 15.7 (pela 4) minutes. C) Predicted structures for each of the peaks. TIC

= total ion chromatogram. * = 30-hydroxy-1-amyrin (19). # = 11-oxo-|-amyrin (2).

Figure 3-8 shows the GCMS trace from the combination of CYP72A65 and
CYP88D6. Among the peaks visible in the combined trace compared to the control
traces, there are four distinct new peaks. The peak at 15.7 minutes has a retention
time, M™ ion, and fragmentation pattern consistent with 30 -hydroxy-11-oxo-]-

amyrin (9). The peak has a molecular ion atrm/z = 600, and major fragment ions at
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m/z = 361 (McLafferty rearrangement fragment) and m/z = 320 (retro Diels-Alder
rearrangement fragment). The peak at12.8 minutes has the same molecular ion, but
lacks the McLafferty rearrangement fragment, instead only containing the retro
Diels-Alder rearrangement fragment at m/z = 320. This suggests that the compound
represented by this peak lacks the 11-oxo group but otherwise has the same mass,
which would be consistent with an 11h-hydroxy variant of glycyrrhetinic aldehyde
(6). This is to be expected, since CYP88D6 is known to produce 1M-hydroxy-.-

amyrin (10) as an intermediate along with 11-oxo-1-amyrin (2) [121].

The peak at 15.3 minutes has a molecular ion at m/z = 614, consistent with
glycyrrhetinic acid (8). This peak also has major fragments atrm/z = 375 (McLafferty
rearrangement fragment), and m/z = 334 (retro Diels-Alder rearrangement
fragment). The peak at 15.1 minutes has a molecular ion at m7/z = 688, and again
does not contain a fragment consistent with McLafferty rearrangement. This

suggests that the peak is the 11" -hydroxy variant of glycyrrhetinic acid (7).
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Peak 1, RT: 11.933 min (11)
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Figure 3-9: CYP716A141+CYP94D65 productsA) Products generated following co-

WA £949dGz | =z Famyib sydtHase SADT,sand] CYP716A141 only (top); CYP94D65
only (middle); and CYP716A141+CYP94D65 (bottom). B) Mass spectra fohe peaks at 11.9
(peak 1), 13.0 (peak 2), and 13.7 (peak 3) minutes. C) Predicted structures for each of the
peaks. TIC = total ion chromatogram. * = |-amyrin (1: , ., -Aydroxy-ltamyrin (20). + =
23-hydroxy-1-amyrin (21).

Figure 3-9 shows the GGMS trace for the combination of CYP716A141 and
CYP94D65. The peak visible at 11.9 minutes is consistent with the expected product,
1 “dihydroxy-1-amyrin (11). The peak has amolecular ion at m/z = 674, and a
fragment at m/z = 306 corresponding to the expected retro Diels-Alder
rearrangement fragment. Two smaller peaks can be observed at 13.0 and 13.7
minutes. The peak at 13.0 minutes has a molecular ion at7/z = 688, consistent with
a carboxylic acid group at C-23 and an alcohol at G16 (12). The peak at 13.7

minutes has a molecular ion at m/z = 776 and is consistent with the mass of 16,23
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dihydroxy-oleanolic acid (13). This product could also be predicted based on the
enzymes used in combination in this experiment, since CYP716A141 is known to
produce small amounts of 16-hydroxy oleanolic acid (14) [109], which would then

be hydroxylated by the action of CYP94D65 to produce the product observed here.

A B
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Figure 3-10: CYP72A69+CYP93E1 product®d) Products generated following co -expression
zi K¢ do Famyrik §yrthase SAD1, and: CYP72A69 only (top); CYP93E1 only (middle);
and CYP72A69+CYP93E1 (bottom). B) Mass spectra for theeaks at 13.9 (peak 1) and 14.3
(peak 2) minutes. C) Predicted structures for each of the peaks. TIC = total ion
chromatogram. * = 24-hydroxy-!-amyrin (22: ., , -hydroxy-1tamyrin (23).

Figure 3-10 shows the GCGMS trace for the combination of CYP72A69 and CYP93EL.
Compared to the control traces, a peak can be seen at 14.3 minutes that
|l 277V +£dAz1 | d Kz AKACx =W Alihydd-|l-andyiin16) Thi& peaki , . 17 |
has a molecular ion at m/z = 674, and a retro Diels-Alder rearrangement fragment

at m/z = 306. An additional, if small, peak can be seen at 13.9 minutes. This peak has
a molecular ion at m/z = 688, which would be expected of a minor product of , _ -

hydroxy-epi-boswellic acid (15). CYP93E1 has been reported previously to produce
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small amounts of epi-boswellic acid (17), so this minor product is not unexpected

[127].

The above examples represent only a fraction of the successful combinations tested,
chosen due to being a representative sample of the types of modifications produced
in the current study with a good level of accumulation of products in the samples.
Similar analyses of all of the combinatorial data were carried out to determine the
number and types of products formed. A summary of the full dataset is provided in
Table 3-3, structures for the compounds are in Figure 3-11, and the full GGMS
data can be found in Section A.2.1.

Table 3-3: Summary of CYP combinations. Numbers are given for each successful
combination corresponding to the putative structures of the compounds produced.

21212 2/2/2/2 2 2 2|¢
30303 I/ 3[3/3] 8 3 8¢
o | 6| o 5| o B3 T S M S
> > > n m o o = o = o))
5 N E al b a1 © o al
CYP716A12 (60) | (37) N/A (61) | (62) | (63, | N/A (5) (65, (52)
64) 66)
CYP716A14 | (60) (67) (69, N/A | (71) | N/A | (73, (35) (75) N/A
70) 74)
CYP716A141 (37) N/A (76) | (77, | (79) | N/A (80) (81, (11-
78) 82) 13)
CYP716S5 N/A | (69, | N/A (83) | N/A | N/A | N/A N/A (84, (86,
70) 85) 87)
CYP716E26 | (61) | N/A | (76) (83) (88) | N/A | (89) (90, (92, N/A
91) 93)
CYP72A65 | (62) | (71) | (77, N/A (88) (94) | N/A (6-9) (95, N/A
78) 96)
CYP72A69 (63, | N/A | (79) N/A N/A | (94) N/A |(38,97) | (15,16) | N/A
64)
CYP51H10 | N/A | (73, | N/A N/A (89) | N/A (80, (99- | (104-
74) 98) 103) 108)
CYP88D6 (5) | (35) | (80) N/A (90, | (6- | (38, (30, (110)
91) | 9) | 97) | 98) 109)
CYP93E1l 65, | (75) | (81 (84, 92, | 95, | (15, | (99- (30,
66) ,82) 85) 93) | 96) | 16) | 103 109)
CYP94D65 | (52) | N/A | (11- | (86,87) | N/A | N/A | N/A | (104- | (110)
13) 108)
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Figure 3-11: Structures of the compounds produced using combinatorial biosynthesis.
Major functional groups are shown in red.

Overall, more than half of the tested combinations were successful in generating
new products. The compounds generated represent considerable chemical diversity,
highlighting the versatility of the toolkit for accessing both known and new -to-
nature triterpenes, and demonstrating the robust nature of the combinatorial

biosynthesis strategy. A total of 64 products have been putatively identified,

including 19 products from the previous study [50] along with an additional 45 new
compounds. Of these 45, 14 putative structures are for compounds that have been
previously reported and 31 are potentially new-to-nature triterpenes not accessible

before.

Evaluation of combinations at small scale to identify those that work well together is
an essential step prior to scaling up for preparative-scale production of desired
triterpenes for full structural analysis and evaluation of bioactivities. These results
give important insight into the combinations of enzymes that are likely to work well
together, and those that do not. Combinatorial biosynthesis relies on utilised
enzymes having a relaxed substrate specificity, but this is not always achievable
[128]. Enzymes may fail to work in combination, even when expressed in a system in
which they are known to express correctly, where the substrate has been structurally
altered [128]. This is particularly the case for enzymes which are structurally specific
about their substrates. However, the large number of successful combinations seen
here is a cause for optimism in future co-expression studies, showing that

combinations of multiple enzymes are more likely to be active together than not.

These results also provide some insight into the flexibility of CYPs involved in
triterpene biosynthesis towards different substrates. CYPsare generally specific in
the products they produce. The majority of successful combinations produced only
a single product representing the oxidations carried out by both CYPs, suggesting
that the enzymes have maintained their regiospecificity. Where multiple products
were formed, these represented expected side activities, such as CYPs known to

oxidise in 2 positions instead of only one (such as CYP716A141109], and CYP51H10
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[120]), or CYPs that can catalyse multiple rounds of oxidation to a single posiion
forming small amounts of aldehyde or carboxylic acids (such as CYP93E1127]).
Despite this specificity in the products produced, CYPs can be more promiscuous in

the substrates they accept. Of particular note, the CYP716 family (including the
enzymes CYP716A12, CYP716A14, CYP716A141, CYP716S5, and CYP716E26 used in
the present study) are known to accept as substrates a variety of pentacyclic
triterpenes, including h- " | | -amyrin, lupeol, germanicol [114], as well as
derivatives such as oleanolic acid[117,129] This raises the potential for expanding
ACx 1 zdbGl " KzT G"W "AAT z" 1 C dx=+I| -@mylinyl).Az " ||
Additionally, the order of reactions that occur during the generation of these
products is not known, but in order for so ma ny of the combinations investigated

here to be successful, the majority of the CYPs tested must be able to accept various
zWG| Gd | | + 1-ah@ih A1§ @st aj substiate. JAnother avenue for future
development of this approach would therefore be to test combinations of CYPs with

dzl £ z W Gm@igdelivatives.

3.4 Conclusions

Here the CYPs within the triterpene toolkit have been systematically evaluated
through pairwise combination to reveal the numbers and types of products
produced by multiple CYPs in co-expression experiments. Over half of the potential
pairwise combinations were successful in producing at least one new product
detectable by GG-MS, with 18 combinations producing multiple new products due
to one or both enzymes in the combination producing multiple products in

isolation.

Of the 64 total products formed, 31 had putative structures that are currently
unrepresented in the literature, showing the potential of the chemical space
accessible through combinatorial biosynthesis. A selection of the combinations has
been examined here in more detail to discuss the methodology of the GC-MS
analysis and showcase the variety of the products produced using a simple
|l zdb Gl " AGz |  z-diamyknhspnthesiy GeAeS. THis variety of compounds

would have been difficult to produce synthetically and represents a major advance
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in the ability to harness this major class of compounds, as well as showcasing the
production of molecules with a variety of potential handles for further modification
through either further combinatorial biosynthesis efforts or semi -synthetic chemistry

techniques.

The pattern of products generated through this approach is representative of the
specific nature of the products formed by triterpene -oxidising CYPs, as generated
products are consistent with the expected major products and known side -products
of the CYPs involved. The products also show the flexibility of the triterpene
oxidising CYPs towards the substrates they accept, as the number and variety of
products generated implies that the investigated CYPs are capable of accepting

multiple oxidised derivak GO+ ¢ dZ it Gl " ¢ d, 0 b d Aamyrik @)dtself. d,

Building on this foundation, future work will utilise this knowledge and flexibility by
using the toolkit in the design and production of a variety of molecules, both known
and novel. It will also be important to perform scale-up and purification on the
successful combinations reported here in order to verify their putative structures by

NMR and provide certainty as to the identities of the produced compounds.
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3.5 Materials and Methods for Chapter 3

3.5.1 Procedure for Combinatorial Biosynthesis

11 CYPs from the triterpene toolkit (CYP716A12, CYP716Al14, CYP716Al141,
CYP716S5, CYP716E26, CYP72A65, CYP72A69, CYP51H10, CYP88D6, CYP93EL,
CYP94D65) along with tHMGR, SAD1, and GFP, were cultured accordjnto the
standard procedure (see Section 2.3.1). Strains were combined such that each
combination contained tHMGR, SAD1, then either one CYP + GFP otwo CYPs
combined pairwise (for a full list of combinations, see Table 3-4). The combined
strains were used to infiltrate 1 leaf of 5-week-old N. benthamania plants using the
manual infiltration method (see Section 2.3.2). The plants were grown for 5 days
under greenhouse conditions before leaves were harvested and processed using the
standard method for GC-MS analysis (seeSection 2.4.1) using the 20-minute

method.
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Table 3-4: Combinations used in the pairwise evaluation of the triterpene toolkit CYPs. All
combinations contain tHMGR and SAD1.

tHMGR+GFP CYP716A14+ CYP88D6+ CYP716S5+ CYP716A12+
only CYR8D6 CYP716E26 CYP716A12 CYP72A69
tHMGR+SAD1 | CYP88D6+ CYP88D6+ CYP716S5+ CYP716A12+
+GFP CYP51H10 CYP716A141 CYP716E26 CYP93E1
CYP716A14+ CYP716A14+ CYP88D6+ CYP716S5+ CYP716A12+
GFP CYRB1H10 CYP72A69 CYP716A141 CYP94D65
CYP88D6+GFP | CYP716A14+ CYP88D6+ CYP716S5+ CYP716E26+
CYP/16S5 CYP93E1 CYP72A69 CYP716A141
CYP51H10+ CYP716A14+ CYP88D6+ CYP716S5+ CYP716E26+
GFP CYP/2A65 CYP94D65 CYP93E1 CYP72A69
CYP716S5+ CYP716A14+ CYP51H10+ CYP716S5+ CYP716E26+
GFP CYP/16A12 CYP716S5 CYP94D65 CYP93E1
CYP72A65+ CYP716A14+ CYPS51H10+ CYPT72A65+ CYP716E26+
GFP CYPF/16E26 CYP72A65 CYP716A12 CYP94D65
CYP716A12+ CYP716A14+ CYPS51H10+ CYPT72A65+ CYP716A141+
GFP CYF/16A141 CYP716A12 CYP716E26 CYP72A69
CYP716E26+ CYP716A14+ CYP51H10+ CYPT72A65+ CYP716A141+
GFP CYPI2A69 CYP716E26 CYP716A141 CYP93E1
CYP716A141+ | CYP716A14+ CYP51H10+ CYP72A65+ CYP716A141+
GFP CYP93E1 CYP716A141 CYP72A69 CYP94D65
CYP72A69+ CYP716A14+ CYPS51H10+ CYPT72A65+ CYPT72A69+
GFP CYP94D65 CYP72A69 CYP93E1 CYP®3E1
CYPO3E1+ CYP88D6+ CYPS51H10+ CYPT72A65+ CYPT72A69+
GFP CYP716S5 CYP93E1 CYP94D65 CYP94D65
CYP94D65+ CYP88D6+ CYP51H10+ CYP716A12+ CYP93E1+
GFP CYP72A65 CYP94D65 CYP716E26 CYP94D65
CYP88D6+ CYP716S5+ CYP716A12+
CYP716A12 CYP72A65 CYP716A141
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4  New Functionalisations through Incorporation of
Novel Enzymes from Plant, Bacterial, and Mammalian

Sources
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4.1 Introduction

As demonstrated in Chapter 3, the triterpene toolkit is a versatile platform for the

Al z| ol KGz| zi K1 GA =+ -dnyiinsayffold, oxidksed lat@vatdlyiof zi A Cxz
positions. However, the toolkit as it stands remains incomplete, as it is not yet
AzddGbW+ Kz "1 1 +dd " WW-amyrin séaffald whhz exi€ingGz| 4 z |
enzymed,” "1 | gl " i i z-SMydp (13 r@ainilargelyQihskerved. To expand

the accessible chemical space and therefore the diversity of the triterpenes that can

be bioengineered, it is important to augment the existing toolkit with new enzymes

with differ ent functions.

The emergence of organised databases showing triterpene biosynthetic pathways
and the enzymes involved has greatly improved the accessibility of the vast amounts
of data on triterpene biosynthesis now becoming available due to genome mining
efforts. For example, the TriForC (triterpenes for commercialisation) database[130],
which was set up in 2017 by the EU TriForC consortium, in which the Osbourn lab
was a partner. The database comprises a collection of triterpene biosynthetic
pathways, ereymes, and compounds, fully searchable by keywords, DNA sequence,
compound (sub)structure, or plant species, and interlinked for ease of use [131].
Upon its inception, the database comprised 271 enzymes from 14 different enzyme
classes and 70 plant specieg[131], with the aim of updating the database twice a

year. At time of writing, the database consists of 307 enzymes.

o C +-amyrin scaffold is one of the most common triterpene scaffolds found in

plants and is also the scaffold for a number of molecules with desirable functions,

such as Avenacin Al, QS 21, and glycyrrhizin (see Chapter 1) [27,60,118,132] For

ACGqg Tzx"dzl” KCx 1 C"V"I| Kx1Gd" AKGzl zi -bGzdqgi l
amyrin (1) or its derivatives has been a particular focus within the Osbourn lab. It

was previously shown by Michael Stephenson in the Osbourn lab that the majority

zi "1 1 £ddGb W+ | " Jamgin (that & z2hbsk that Gr& @oGduateinary)

are oxidised to at least some degree by plants in nature. A list of cytochromes P450

(CYPs) that have been characterised in the literature has also been assembled as

part of a literature review by Malhotra and Franke covering all triterpene scaffolds
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[129] and cross referenced against asubset of toolkit k h n'd, " | A-&uhydn (13 | ]
identified as part of the current work ( see Section A.4). Therefore, it is possible to

boGW| 9A "1 ol | £V dA" 1 | Gl 6 zliamiCseaffoldzthadeC" | Az d
that it should be possible to oxidise but for which no oxidative enzyme has currently

been characterised as well as to identify positions for which a characterised enzyme

exists but is not currently represented within the toolkit .

Key:
Enzyme in toolkit
Enzyme characterised, not in toolkit

Enzyme not characterised

Figure 4-1:C +amlrin scaffold, showing the oxidisable positions and their status in terms

of characterised enzymes, inclusion within the triterpene toolkit, and orphan positions.

pC+ ~zT AC"1~ AzdGKGzld _ACzd+ izl yCGIC |z
reported) shown in Figure 4-1 are of particular interest as they represen novel

| C+dGqgAT I T +W' KGO+ Kz KCx KzzWFGKA~d | 277 x1 K
another focus for toolkit expansion is enzymes that modify positions already

covered by the existing toolkit but in new ways. For example, the secondary carbans

3 G K C G |l-amyi@ ing dan be hydroxylated in eitheranh z1 1 | z1 i Gool " KGz
of which is different due to the rigid ring -structure of pentacyclic triterpenes (see

Figure 4-2). Secondary carbons can also be oxidised either by hydroxylation or

formation of a ketone, while the primary carbons on the methyl groups o f the ring

can be oxidised with hydroxylation, or formation of an aldehyde or carb oxylic acid

group. Not every possible oxidation on every possible position of the scaffold is

accessible with the current set of known characterised enzymes, but where multiple

enzymes exist that oxidise the same position in different ways, this opens up

opportunities for additional versatility and triterpene diversity.
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Figure 4-2.: Diagram showing the different arrangements in space of substituents on the A-
ring of a triterpene molecule. These spatial arrangements mean that a G2 and C-, |
oxidised triterpene, for instance, will represent two unique and different molecules.

Previous toolkit expansion has focused on plant biosynthetic enzymes. While the
increased availability of plant genomic data and the corresponding increase in the
discovery of plant enzymes will likely bring forth novel plant enzymes for some time
to come, plants represent only one branch of the tree of life. There is therefore value
in looking beyond the plant kingdom to capture the range of triterpene chemistry

carried out by enzymes from other organisms.

Non-eukaryotic CYPs are generally soluble and expressed in the cytoplasm of the
cell rather than being targeted to a membrane, as is often the case for eukaryotic
CYR [133]. Bacterial CYPs have also evolved that metabolise steroids and sterelike
molecules, which are themselves a subset of triterpenes[134]. Therefore, bacterial
CYPs that metabolise steroids are a clear target for evaluation as potential toolkit
additions. The only downside to be considered is the potential requirement for
bacterial redox partners for bacterial CYPs due to their cellular localisation being

different to that of the largely membrane bound plant CYPs and relevant co -factors.

The animal kingdom contains different CYP families compared to the plant kingdom,
some of which show significant promiscuity in terms of the substrates they will
accept. The most widely known of these are the CYPs found within the human liver,
where they have important roles in detoxification of substances. They are therefore a
source of promiscuous CYPs that are able to act on a wide range of molecules in a
variety of ways. Particular attention should be drawn to CYP3A4, an especially
versatile CYP that isknown to show activity towards steroids and related molecules

[135].
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The above introduction has largely focused on CYPs due to their diversity as an
enzyme superfamily. In addition to CYPs, other classes of biosynthetic enzymes that
are able to modify triterpene scaffolds include alcohol dehydrogenases, glucosyl
transferases, acyl transferases, and isomerases. All of these are currently under
represented in the toolkit and therefore offer further dimensions to enzymatic

diversification of biosynthesised triterpenes.

4.2 Aims

To expand and develop the triterpene toolkit, in this chapter new enzymes are
evaluated for their ability to enzymatically modify and diversify triterpenes. These
include a newly characterised plant CYP450 and CYP450s and relevant efactors
from bacterial and mammalian sources. The products generated by these enzymes
in combinatorial biosynthesis experiments are characterised through preliminary
structure inference through GC-MS. Finally, two alcohol dehydrogenase enzymes
from Arabidopsis thaliana" 7 + +0O" Wo " K+| Y GAC KCx " G4
amyrin (1) with alternate stereochemistry at C-3, a modification observed in some
naturally occurring bioactive triterpenes such as boswellic acids, produced by the
frankincense tree. Collectively these advances unlock new chemical space, so
enabling us to broaden our investigations of the relationships between structure

and bioactivity.
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4.3 Results and Discussion

4.3.1 Investigation of the Activity of New Plant Enzyme CYP716C11 Through

Transient Expression

A significant goal of the triterpene toolkit is to be able to functionalise as many

positions as possible around the triterpene scaffold, and to generate different
stereochemistries. New sources of chemical diversity for combinatorial biosynthesis

are therefore continually incorporated. A C-2| Ci|VTzWi W'd= _khn o1
Medicago truncatula already exists within the toolkit [136]. This enzyme produces

C. 1 Ci|Vzwi W K+x| Al z|ol AKd GI 18¢dl dehhtie& Gzl 3 G
and requires oleanolic acid (18) or a derivative as a substrate. A newly reported

enzyme, CYP716C11 fromCentella asiatica which catalyses a G2) hydroxylation,

therefore represents a new stereochemistry [117]. The gene encoding this enzyme

was synthesised from a canmercial source and a binary expression construct made

as detailed in section 4.5.1.

Once the binary expression construct for CYP716C11 had been pyduced, the next
step was to validate its reported activity through transient expression. As
CYP716C11 had been reported to produce maslinic acid (2-oleanolic acid) (24)
using oleanolic acid (18) as a substrate, ceexpression was carried out with the
required enzymes to produce oleanolic acid (18). Agrobacterium strains harbouring
the combined constructs were agro-infiltrated into N. benthamiana (see Section
2.3.2). Five days later, samples obtained from the freezedried infiltrated leaves were
extracted with ethyl acetate and extracts analysed by GEMS (see Section 2.4.1).

Figure 4-3 shows the GCMS spectra from the infiltration.
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Peak 1, RT: 12.875 min ( Oleanolic Acid, 18)
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Figure 4-3: CYP72A67 and CYP716C11 produce two different productsA) GGMS tracesfor
tested C-2 hydroxylases co-+ W AV +d,d +| 3 Gantyrin Aynthasd (SAD1), and €28
oxidase CYP716A12 CYP72A67 ihiddle), known to hydroxylate oleanolic acid (18) at the
C. 1 Az d186k Grel ICYP716C11HKottom ), expected to hydroxylate at C-2". The GGMS
trace for the combination of tHMGR, SAD1, and CYP716A12, producing oleanolic acid18), is
also shown (op). B) The mass specta of the peaks seen at 12.9(peak 1), 14.9 (peak 2), and
14.5 (peak 3) minutes. TIC = Total ion chromatogram.

Analysis of these spectra show that the combination expressing CYP72A67 produces
a peak with a retention time of 14.9 min and a m/z of 599, corresponding to the
known product of augustic acid (25) (599.5 = [M-OH]*). Meanwhile, the expected G
21 hydroxylation activity of the combination expressing CYP716C11 is seen by the
peak at the different retention time of 14.5 min having a m/z of 673.6 corresponding
to maslinic acid (24) (673.6 = [M-CHs]"). This represents an oxidation of oleanolic

acid (18) with a new stereochemistry.

4.3.2 Evaluation of the Ability of Bacterial Cytochromes P450 to Modify

Triterpene Scaffolds in a Plant Expression System
In addition to newly reported plant enzymes with relevant activity, another avenue
for expanding the triterpene toolkit is the incorporation of non -plant enzymes.

Cytochromes P450 exist in most kingdoms of life [137]. Bacterial enzymes have been
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well-studied due to their solubility and ease of expression in hosts such as E. colj
and mutagenesis studies have generated varians with promiscuous and wide-
ranging activity, with mutants of the Bacillus megaterium enzyme BM3 being one

prominent example [138,139].

Two other relevant enzymes have been recently reported from Bacillus megaterium.
CYP106A1 and CYP106ARL40,141). These enzymes have previously been evaluated
for their ability to use triterpenes as substrates (e.g. oleanolic acid (L8) and boswellic
acid (26)), and shown to oxidise positions at G7 and C-15 [142,143]. As these are
positions not currently served by existing toolkit enzymes, they have particular
potential for improving the available diversity of triterpene structures . The genes
coding for these enzymes were codon-optimised for N. benthamiana, synthesised,

and inserted into binary expression constructs according to section 4.5.2.

Other bacterial CYPs have previously been expressed in transgenic plantfl44,145]
However, CYP106A1l and CYP106A2 have previously only been investigated in vitro
or in microbial -based expression systemg141]. It was therefore not known whether
plant reductases would be able to efficiently act as co-enzymes and drive expression
of these CYPs. Therefore, a Bacillus megaterium ferredoxin, BmFdx2, was also
inserted into a binary expression construct, since this has been shown to most
effectively support the activity of CYP106A1 and CYP106A2, compared to other
ferredoxins (see4.5.2) [141].

This ferredoxin in itself requires a co-enzyme to work effectively. Its redox partner in
Bacillus megateriumhas not been identified, so alternative co-reductases capable of
working with ferredoxins were also inserted into binary expression constructs (FDR,

BphA4, Arhl) as described in4.5.3.

CYP106A1 and CYP106A2 were then tested in the transient plant expression system.
As these enzymes have reported activity towards a range of triterpenes, including
oleanolic acid, they were initially co-expressed with ether the genes required to
synthesise |-amyrin (1) or oleanolic acid (18), without co-enzymes and with different

combinations of co-enzymes (BmFdx2 + FDR, BmFdx2 + BphA4, BmFdx2 + Arhl).
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The combinations tested are shown in Table 4-4. Agro-infiltration of these

combinations was carried out (see4.5.3). Leaf extracts were analysed by GAMS.
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Figure 4-4: Co-expression of CYP106A1 and bAS produces a new productA)GGMS traces
for CYP106A1 fhiddle) and CYP106A2 ljottom ), co-expressed with tHMGR and 1-amyrin
synthase (SAD1), andtHMGR and l-amyrin synthase only (top). B) Mass spectr of the peaks
at 10.9 (peak 1)and 11.0 (peak 2) minutes. TIC = Total ion chromatogram.
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Figure 4-5: Co-expression of CYP106Al or CYP106A2 and CYP716A12 produces no new
products visible by GC-MS. A) GGMS tracesfor CYP106A1 iniddle) and CYP106A2 l§ottom ),
co-expressed with A & d 6 1-amyrih synthase (SAD1), and €28 oxidase CYP716A12 The
GCMS tracefor tHMGR, SAD1, and CYP716A12, producing oleanolic acidl@), is also shown
(top). B) Mass spectrum of the peak at 12.4 minutes (peak 1) TIC = Total ion chromatogram.

The spectra show a new peak that appears at 11 min wken CYP106AL1 is added to
the l-amyrin-producing combination (see Figure 4-4) but not in combination with
oleanolic acid (Figure 4-5). Additionally, no new peaks are seen in combination with
CYP106A2. The mass spectrum of the peak (m/z = 586 for the M ion) suggests a
Ci | ¥ z ¥ i-sWiyshproduct. The co-reductases do not seem to have a significant
effect on the amount of product produced by CYP106A1, suggesting that plant co -
enzymes are capable of working with the bacterial cytochrome P450. This is
interesting when it is considered that plant CYP450s tend to localise to the

endoplasmic reticulum while bacterial CYP450s are cytosolic in nature.
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4.3.3 Evaluation of CYP106A1 and CYP106A2 Through Co -expression with
Existing Toolkit Enzymes

In order to gain a clearer understanding of the activities of CYP106Al1 and
CYP106A2, these enzymes were c@xpressed with other cytochromes P450 in the

TTK. To that end, a set ofA. fumefaciensstrains containing the expression constructs

for the enzymes CYP716A12, CYP716A14v2, CYP716A141, CYP716C11, CYP716EZ26,
CYP72A65, CYP72A67, CYP72A69, CYP88D6, CYP93EL, and CYP94D65 were cultured
and agro-infiltrated as detailed in 4.5.4 and Table 4-1 (see Section A.4 for details

of these CYPs) Extracts of leaves from these cainfiltrations were analysed by GG

and LGMS (see Section 2.4.1 and 2.4.3). Representative spectra are shown in

Figure 4-6, Figure 4-7, and Figure 4-8.
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Table 4-1: Combinations of vectors used to combinatorially evaluate CYP106Al and

CYP106A2

tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
tHMGR, SAD1 CYP106A1 CYP106A2 CYP716A14
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A141 CYP716E26 CYP72A65 CYP72A69
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP88D6 CYP93E1 CYP94D65 CYP716A12
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A12, CYP716A12, CYP106A1, CYP106A1,
CYP716C11 CYP72A67 CYP716A14 CYP716A141
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP106A1, CYP106A1, CYP106A1, CYP106A1,
CYP716E26 CYP72A65 CYP72A69 CYP88D6
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 ?Y'V;’(i(?éff[)l
CYP106A1, CYP106A1, CYP106A1, CYP716A1’2,
CYP93E1 CYP94D65 CYP716A12 CYP716C11
?Y%?Séfft)l tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A12, CYP106A2, CYP106A, CYP106A2,
CYP72A67 CYP716A14 CYP716A141 CYP716E26
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP106A2, CYP106A2, CYP106A2, CYP106A2,
CYP72A65 CYP72A69 CYP88D6 CYP93E1
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD? tHMGR, SAD1
CYP106A2, CYP106A2, CYP106A2, CYP106A2,
CYP94D65 CYP716A12 CYP716A12, CYP716A12,

CYP716C11 CYP72A67

All constructs were cultured using the standard procedure (see Section 2.3.1).
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Figure 4-6. CYP106Al produces new products in ceexpression with toolkit enzymes. A)
GGan KV "1 xd ¢qCzx Gl 6 | zdbngylin'sgnthase GADA)| andkGYBLOBAL |
(top); tHMGR, SAD1,CYP106Al1, and CYP88D6 (middle); and tHMGR, SAD1, CYP106Al,
CYP716A12, and CYP716C11 (bottom). B) Mass spectra for the observed products at 11.3
(peak 1), 12.8 (peak 2), and 14.1 (peak 3) minutes. TIC = total ion chromatogram.

* = ]-amyrin (1), + = 11-oxo0-1-amyrin (2), # = maslinic acid (24).
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Figure 4-7: Co-expression of CYP106A1l or CYP106A2 and bAS shows two hydroxylated
products by LC-MS. Extracted ion chromatograms (EIC) for m/z = 425.3378, corresponding
Kz Ci |1 z-yamyWwi [M-OH]". Traces are ofN. benthamiana extracts expressing tHMGR
" | | -amyrin synthase (SAD1) as a control (black), and with addition of either A) CYP106A1
(red), or B) CYP106A2 (blue).
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Figure 4-8: Co-expression of CYP106Al or CYP106A2 and bAS shows a double
hydroxylation product by LC-MS. Extracted ion chromatograms (EIC) for m/z = 441.3727,
corresponding to twice-Ci | T z Wi \Afthy#ire [M-OH]*. Traces are of N. benthamiana
+W AT "1 Ad W AY x ¢ gabiyrin syAiidaged(SADT) g a control (black), and with
addition of either A) CYP106AL1 (red), or B) CYP106A2 (blue).
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The spectra reveal that CYP106A1 oxidises thel-amyrin scaffold alone and in
conjunction with nine other too Ikit enzymes, with six of the combinations yielding
visible products by GG-MS and the remainder vyielding products visible by LC-MS
(Section A.3). Analysis of the GGMS fragmentation patterns suggests that the
oxidation consists of the addition of a single hydroxyl -group to the A or B ring of

the scaffold, as the unmodified *CDE ring retro Diels-Alder product can be seen with
m/z = 218. The LGMS traces specifically show evidence for a second oxidation,
again the addition of a hydroxyl group, and the presence of an additional minor

product consisting of a double oxidation. These other products are likely not visible

in the GC-MS spectrum due to their low abundance relative to the first, major
product. Based on the reported properties of this enzyme [141], it is likely that the
major product is a C-7 hydroxylation, the minor single -oxidation product a C-15

hydroxylation, and the second minor product a do uble C-7 and C-15 hydroxylation.

No products were visible for CYP106A2 based on GEMS. However, the LEMS
spectra reveal that CYP106A2 likely produces the same products as CYP106A1 but in
relatively equal abundance, i.e. the two single hydroxylations and the double
hydroxylation occur in roughly the same amounts. The overall levels of any one
product are presumably too low to be readily detected by GC-MS, but are sufficient

for detection by the more sensitive LC-MS method.

Hydroxylation of the C-7 position represents a new regiochemistry for the triterpene
toolkit, C-. C"0Gl 8 Al +0Gz o d Wi b+ +| | z1 ¢ G| i = | zl :
addition to expanding our ability to selectively functionalise the triterpene scaffold,

CYP106AL1 is also the first example bthe use of plant-based transient expression
with bacterial CYPs for metabolic engineering, as well as their first use for the
biosynthesis of triterpenes for pharmaceutical purposes (stable transgenic plants
expressing bacterial CYPs have previously beenreported in relation to

bioremediation studies [52,145]). The scaleup of the major product of CYP106A1 for

structural confirmation through NMR is carried out in Chapter 5.
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4.3.4 Investigation of the Activity of CYP1A2, CYP2D6, and CYP3A4 Through
Transient Expr ession

Another well-known source of promiscuous cytochromes P450 with varied activity is
the human liver. A handful of human CYP450s are responsible for theoxidative
metabolism of 70-80 % of drug molecules in clinical use[146], among them CYP1A2,
CYP2D6,and CYP3A4. The genes encoding these enzymes were codoeoptimised
for N. benthamiana and then inserted into binary expression constructs as described
in 4.5.5. A mammalian co-enzyme, CYP450R from Rattus norvegicus was also
codon-optimised, synthesised, and inserted into a binary expression construct, to
investigate whether its co-expression with the human CYP450s would improve their
activity. This was chosen due to its previous use as a fusion protein with CYP3A4 in

/in vitro studies of its activity [147].

The expression constructs were introduced into A. tumefaciens and agro-infiltration

was then carried out to evaluate the activities of CYP1A2, CYP2D6, and CYP3A4

I+
[®))

towards pentacyclic triterpenes. Each of these CYPswasea W AT +d d+| > GAC
amyrin synthase or the gene set needed for biosynthesis of oleanolic acid (L8) (see
Section 2.3). The gene combinations that were co-expressed are provided in4.5.5.
GG MS spectra of the resulting leaf extracts are provided in Figure 4-9 and Figure

4-10.
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Figure 4-9.: Co-expression of human CYPs and bAS shows no new products by GOAS. A)
GGdnN AV "1 xd dCzy Glramyriksyrdhade (SAD1) dnly dontrol (first trace),and

in combination with; CYP1A2 and CYP450R (second trace), CYP2Dénd CYP450R (third
trace), and CYP3A4 and CYP450R (fourth trace) B) Mass spectrum of the peak at 10.9 minutes
(peak 1). TIC = total ion chromatogram.
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Figure 4-10: Co-expression of human CYPs and CYP716A18hows no new products by
GGMS.A)GGd N AT " | £d d Cz satyrid syhase ¢SAD1), and CYP716A12 only
control (first trace), and in combination with; CYP1A2 and CYP450R (second trace), CYP2D6
and CYP450R (third trace), and CYP3A4 and CYP45@Rurth trace) B) Mass spectrum of the
peak at 12.4 minutes (peak 1). TIC = total ion chromatogram.

As shown above, no additional products were detected when the mammalian
enzymes were cox W AT = d d, +amynp Gyitlaselwith or without the addition of

the C-28 oxidase CYP716A12. This could be because the mammalian enzymes are
not active towards beta-amyrin (1) or oleanolic acid (18). Alternatively, it could be

due to problems with expression, folding, localisation, and/or lack of appropriate
cofactors (reductases). However, mammalian CYPs CYP1A2, CYP2D6, and CYP3A4
have previously been successfully expressed in functional form inplant-based

expression systems including V. benthamiana[148-150].

4.3.5 Evaluation of CYP 1A2, CYP2D6, and CYP3A4 Through Co -expression
with Existing Toolkit Enzymes

In order to gain a more comprehensive understanding of the activity of CYP1A2,

CYP2D6, and CYP3A4 towards triterpenes, these enzymes were gexpressed with
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other CYP450s in the TTK, namely CYP716A12, CYP716A14v2, CYP716Al141,
CYP716C11, CYP716E26, CYP72A65, CYP72A67, CYP72A69, CYP88D6, CYP93EL, and
CYP94D65, as detailed imt.5.6 and Table 4-2. Examples of the resulting GCMS and

LGMS spectra are shown inFigure 4-11, Figure 4-12, Figure 4-13, Figure 4-14,

and Figure 4-15.
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Table 4-2: Combinations of vectors used to combinatorially evaluate CYP1A2, CYP2D6, and

CYP3A4
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
tHMGR, SAD1 CYP1A2 CYP2D6 CYP3A4
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A14 CYP716A141 CYP716E26 CYP72A65
tHMGR, SAD1, tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP72A69 CYP88D6 CYP93E1 CYP94D65
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
?Y“/IlaiTéing CYP716A12, CYP716A12, CYP1A2,
CYP716C11 CYP72A69 CYP716A14
HMGR, SAD HMGR, SAD
tCYP(;I;.A’ZS 1 E)YPCZI;.A,ZS 1 tHMGR, SAD1 tHMGR, SAD1
1 1 o q
CYP716A141 CYP716E26 CYP1A2, CYP72A6% CYP1A2, CYP72A6¢
HMGR, SAD
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 E:YP(Z;LA,ZS 1
1 ’
CYP1A2, CYP88D6| CYP1A2, CYPO3E1l | CYP1A2, CYP94D6] CYP716A12
tHMGR, SAD1 tHMGR, SAD1 {HMGR, SAD1 {HMGR, SAD1
CYP1A2, CYP1A2,
CYP2D6, CYP2D6,
CYPT16A12, CYP71GALZ, CYP716A14 CYP716A141
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All constructs were cultured using the standard procedure (see Section 2.3.1).
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Figure 4-11: CYP3A4 andCYP716A141 produce new products in ceexpression. A) GGMS

Al "1 xd ¢dCzx Gl 6 | zadhb GmnytiksGrzthase (SADL), #é AQYPT16A141 (top);
tHMGR, SAD1, CYP716A141, and CYP1A2 (middle); and tHMGR, SAD1, CYP716A141, and
CYP3A4 (bottom). B) Massspectra for the observed products at 11.6 (peak 1) and 13.2 (peak

2) minutes. TIC = total ion chromatogram.
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Figure 4-12: CYP3A4 and CYP88D6 produce new products in caexpression. A) GGMS
tracesq Cz 3 Gl 6 | zdb Gl " A Ganyriy syathiase A3AB19, lafid CYP88D61 (top);
tHMGR, SAD1, CYP88D6, and CYP1A2 (middle); and tHMGR, SAD1, CYP88D6, and CYP3A4
(bottom). B) Mass spectra for the observed products at 13.1 (peak 1) and 15.7 (peak 2)
minutes. TIC= total ion chromatogram.
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Figure 4-13: CYP1A2 and CYP716A12, CYP2D6 and CYP716A12, or CYP3A4 and CYP716A12
produce new products in co-expression. Extracted ion chromatograms (EIC) for A)m/z =
455.3525, orresponding to hydroxylated oleanolic acid (18) [M-OH]*, or B) m/z = 485.3262,
corresponding to oleanolic acid (18) plus a carboxylic acid group [M-OH]". Traces are of/,

benthamiana + % K1 " | K4,

+ W AV =aipgriG Isydithaged(FAD1),”and ICYP716A12 as a

control (black), and with addition of either CYP1A2 (red), CYP2D6 (green), or CYP3A4 (blue).
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Figure 4-14:. CYP1A2 and CYP716A141, CYBB and CYP716A141, or CYP3A4 and
CYP716Al141produce new products in co-expression.Extracted ion chromatograms (EIC)

forAAmiz— ,, . ._ __" 1271 +dqAzI| |-Hgdrody-lAmyriC@0) MzOH]*,W" A& + |
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(SAD1), and CYP716A141 as a control (black), and with addition of either CYP1A2 (red),
CYP2D6 (green), or CYP3A4 (blue).
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Figure 4-15: CYP2D6 and CYP88D6 or CYP3A4 and CYP88D6 produce new products én-
expression. Extracted ion chromatograms (EIC) for A) m/z = 439.3576, corresponding to
hydroxylated 11-oxo-l-amyrin (2) [M-OH]*, or B) m/z = 453.3369, corresponding to
11-oxo-1-amyrin (2) plus a carboxylic acid group [M-OH]*. Traces are of N. benthamiana
+WAY "1 Ad =+ W AT sadydjiGdyrihasé €SAML), &nd QYP88D6 as a control (black), and
with addition of either CYP1A2 (red), CYP2D6 (green), or CYP3A4 (blue).

The co+ % AV #+ ¢ d Gmyrin syrithasé, CYP716A141, and CYP3A4 shows a new
peak at 13.2 minutes (seeFigure 4-11) with m/z = 688, consistent with the mass of
-hydroxy- 1 -amyrin plus a carboxylic acid group. Meanwhile, the co-expression of
I-amyrin synthase, CYP88D6, and CYP3A4 shows a new peak at 15n7inutes with
my/z = 600, consistent with 11-oxo-1-amyrin plus a trimethylsilyated hydroxyl group

(OTMS) (seeFigure 4-12).

In the LG-MS results, coexA1 * ¢, d, G zamyrire dynthdse, CYP716A12, and either
CYP1A2 or CYP2D6 leads to the formation of an additional peak at 7.2 min with a
mass consistent with the addition of a single hydroxyl group, while co -expression of
I-amyrin synthase, CYP716A12, and CYRR3 leads to the formation of additional

peaks at 6.5 and 8.1 min with a mass consistent with the addition of a single
hydroxyl group (see Figure 4-13A). The co+ W AT % d, d, Ganlyrin syinthask,

CYP716A12, and CYP3A4 additionally leads to the formation of peaks at 5.2, 5.7, and
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6.5 min with a mass consistent with the addition of a carboxylic acid group (Figure

4-13B).

Co+ W AT + d d, Gemyrin synthasé, CYP716A141, and CYP1A2, meanwhile, led to
AC+ jzid" KGzl =zi | £y Ax"Fd "K . . 7 -7 "1
hydroxy-1-amyrin plus a single hydroxyl group. The peak at 9.3 min is also formed
with co-expression of CYP2D6, while cex W AT + d d G ainyrin zsiynthade,
CYP716A141, and CYP3A4 leads to the formation of peaks at 6.4, 7.1, 8.1, and 9.2
min with mass consistent with the addition of a single hydroxyl group (Figure
4-14A). Co+ ¥ AV * d q Gmyrin sfyiithasé with CYP716A141 and CYP1A2 also
leads to the formation of a peak at 7.0 mincz | ¢ Gd, A = | Ahydyo/Al Gamyrin |
plus a carboxylic acid group, while co-+ W% AT * ¢ d G zamyrin zsynthage,
CYP716A141, and CYP3A4 leads to the formation of a peak at 6.9 min with the same
mass (igure 4-14B).

Co+ W AV # d d,-Gmyin sgnthasd, CYP88D6, and CYP2D6 leads to the formation

of new peaks at 7.7 and 9.3 min consistent with the mass of 1toxo-1-amyrin plus a

single hydroxyl group. The same two peaks are seen with co+ ¥ A1 + d d-@mytin z i |
synthase, CYP88D6, and CYP3A4, as well as two additional peaks with the same mass

at 6.6 and 8.4 min (Figure 4-15A). Co+ ¥ A1 + d, d, Gmyrin synthase, CYP88DS,

and CYP2D6 additionally leads to the formation of peaks at 5.8 and 7.7 min
consistent with 11-oxo-1-amyrin plus a carboxylic acid group, while co-expression

z | -anmyrin synthase, CYP88D6, andCYP3A4 leads to the formation of peaks with

the same mass at 5.4, 6.1, 7.2, 7.5, and 8.5 mirrijgure 4-15).

The spectra show that the human CYP450s areactive towards oxidised 1-amyrin
based triterpenes rather than 1-amyrin itself, with the different enzymes showing
activity towards different substrates and producing different products. CYP3A4 is
overall the most active of the tested enzymes, showing activity towards the greatest
number of substrates and producing products in the highest quantity. Overall, 8 of
the potential substrates showed some activity in combination with at least one of
the tested enzymes. Notably, one combination which did not yield new products is
AC" K 3 GKC khn_ ! IhydpgGladyrild23g | ol £q¢ . . |
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The products generated by the new enzymes are varied but mostly consist of single
hydroxylations at multiple positions, shown by the appearance of more than one

new peak with a mass consistent with the addition of a single hydroxyl group in the

LGMS spectra. This is especially noticeable with CYP3A4 (se€igure 4-13 and
Figure 4-14) but can also be seen with the other two enzymes at lower intensity (in
Figure 4-15 this can be seen with CYP2D6, and irFigure 4-14 for CYP1A2 there are
multiple peaks visible at an intensity an order of magnitude lower than for CYP3A4).
In addition, there are some new peaks suggesting the addition of a carboxylic acid
group, especially in combination with CYP3A4. The pdtern of oxidations seen is
consistent with the known function of these CYPs as promiscuous detoxification

enzymes.

In particular, the combination of CYP3A4 with CYP88D6, which oxidised -amyrin (1)
at the C-11 position, is a particularly well accumulated major product. This makes
this combination the most suitable for scaling -up, especially as 1toxo-1-amyrin (2),

khn, . {. "d AT Ga"1i Ailz|ol K" GhlpseBhssayds50l.Az C" O+

4.3.6 THAR1 and THAR2 Can Act Together to Produce an Unusual C -3j
Hydroxyl Moiety

In addition to CYPs, other classes of enzymes with unusual or novel activities were
also evaluated for their abilities to modify I-amyrin and oleanolic acid. These
include two recently reported triterpene alcohol dehydrogenases, THAR1 and
THARZ2, from Arabidopsis thaliana, originally reported for their activity towards the
tricyclic triterpene scaffold thalianol [151]. THARL1 oxidises the €3 alcohol in the
triterpenes to a ketone, while THARZ2 reduces this ketone back to an alcohol, but
with th e alternate | -stereochemistry [151]. It had been reported that these enzymes
showed promiscuous activity towards triterpene scaffolds, with activity also reported
towards arabidiol and the tetracyclic triterpene tirucalladienol [151], likely due to the
similarity of most triterpenes in the A-ring, where these transformations occur. The
" KGOGKI zi AKCxdzx | "1 dzd Kz “-amyrig hadmot A" | 1 | W

previously been reported.
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CYP716A14v2 from Artemisia annua is also known to catalyse formation of |-
amyrone (27), the G3 ketone z i -amyrin [115]. It was therefore decided to
investigate whether THAR2 can work together with CYP716A14v2 to catalyse the
same transformation seen in conjunction with THAR1. This was tested with
substrates with increasing numbers of oxidations. CYP88D6and CYP93E1l were
chosen for these co-expression studies, as these catalyse oxidations at positions
found in 11-oxo-boswellic acid, a known bioactive molecule. Although boswellic
acid has a carboxylic acid group at G24, CYP93ELl produces mostly the alcohol.
However, it was used as a corresponding G24 acid oxidase is not present in the

toolkit.

Therefore, co-expression was carried out with l1-amyrin synthase and a series of
additional enzymes as shown in Table 4-8. Extracts of the infiltrated leaves were

processed for standard GGMS analysis (seeSection 2.4.1and 4.5.7).
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Figure 4-16: THAR1 and THAR2 work together to produce ept!-amyrin (28) and derivatives.
A)GGMS AT " | +d ¢ Cz >y Gl éamylirtsiinthhse (SADQ1) ohly control (first trace),and

in combination with; THAR1 (second trace), THAR1 and THAR2 (third trace), and THARL1,
THAR2, CYP88D6, and CYP93EL1 (fourth trace) B) Mass spectra of the peaks at 11.3 (peak 1),
11.1 (peak 2), 10.3 (peak 3), 13.3 (peak 4), and 14.3 (peak 5) minutes. TiCtotal ion

chromatogram. * = 11 -0x0-1-amyrin (2)
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Figure 4-17: CYP716A14v2 and THAR2 work together to produceepi-l-amyrin (28) and
derivatives. A) GGA N K1 " | £d d Cz x G lamyriksydhade (SAD1) only control
(first trace),and in combination with; CYP716A14v2 (second trace), CYP716A14v2 and THAR2
(third trace), and CYP716Al14v2, THAR2, CYP88D6, and CYP93fdurth trace) B) Mass
spectra of the peaks at 11.3 (peak 1), 11.1 (peak 2), 10.3 (peak 3), 13.3 (peak 4), and 14.3
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(peak 5) minutes. TIC= total ion chromatogram. * = 11 -oxo-1-amyrin (2)

The spectra show that co-expression of either THAR1 or CYP716A14v G K C

amyrin synthase causes the appearance of a new peak at 11.1 minutes with an/z of

" 1 211 #* d-dnylore @I)6Thefadditidnal co-expression of THAR2 leads
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Kz KCx | Gd" AAxamyrdné peak amdithe #pPerrante of a new peak at
10.3 minutes, withan m/zzi , ., . "1 | G| £1 AGI ‘aryrindbutayith ¢ A+ 1 A1
a different retention time, suggesting that the new peak is epi -1-amyrin (28), the G
3h-OH = A G d + ramywif. This is potentially exciting due to the C-3; moiety being
present in bioactive molecules such as the boswellic acids. When combined with
additional enzymes, more oxidised products are observed, such as 24hydroxy-11-
oxo-epi-J-amyrin (29) (13.3 min), showing that this process is compatible with

combinatorial biosynthesis.

4.3.7 Investigation of THAR1 vs CYP716A14v2 Together with THAR2: A
Biosynthetic Pathway to Boswellic Acid?

The results of the smallscale experiments showed differing amounts of products
between CYP716A14v2 and THAR2. As future experimentavould likely involve
scaling up the products of these combinations, the relative efficiencies of each
enzyme were investigated. Either THAR1 or CYP716A14v2 was eexpressed with
pe! 1. "1 | AKCx b Gz diamc@)A1Gbxo-damyrnd?), arel P4- |
hydroxy-11-oxo-1-amyrin (30) (see Table 4-9) to evaluate the relative amounts of

C- | " 434 prdoklucts produced by each enzyme co-expression.

Combinations of A. tumefaciens strains harbouring the relevant constructs were
made as shown in section 4.5.7 and used to agro-infiltrate N. benthamiana.
Infiltrated leaves were processed for GGMS analysis in a quantitative manner (see
4.5.7), with the relative size of product peaks compared to an internal coprostanol
standard. Representative GEMS spectra are shown in Figure 4-18, Figure 4-19,

and Figure 4-20, and a table of analysis is given inTable 4-3.
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Figure 4-18:° %" dAW+x i1zd =zl T zAWGI " A+ ziamyACA) &o" | AG
Example GGMS traces of one replicate ofthe@ 0 " | AGA" KGOz " | "W ¢Gd dCzy G

amyrin synthase (SAD1) only (top) and in combination with THAR1 and THAR2 (middle) and
CYP716A14v2 combined with THAR2 (bottom). B) Mass spectra of the peaks at 9.4 (peak 1),
10.1 (peak 2), 10.9 (peak 3) minutes. IC = total ion chromatogram. * = |-amyrone (27).
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Peak 1, RT: 9.347 min (Coprostanol )
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Figure 4-19. Example from one replicate of the quantitative analysis for 11-oxo-1-amyrin. A)
Example GGMS traces of one replicate of the quantitative analysis showing tHMGR and
I-amyrin synthase (SAD1) only (top) and in combination with THAR1, THAR2, and CYP88D6
(middle) and CYP716A14v2, THARZ2, and CYP88D6 (bottom). B) Mass spectra of the peaks at
9.3 (peak 1), 11.6 (peak 2), 12.7 (peak Ininutes. TIC = total ion chromatogram. * = |-amyrin
).
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Peak 1, RT: 9.347 min ( Coprostanol )

xlO5
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Figure 4-20: Example from one replicate of the quantitative analysis for
24-hydroxy-11-oxo-1-amyrin. A) Example GGMS traces of one replicate of the quantitative

"1 "W ¢6q dCzy Glamyrinksgnthase (SAD1) only (top) and in combination with
THAR1, THAR2, CYP88D6, and CYP93E1 (middle) and CYP716A14v2, THAR2, CYP88D6, and
CYP93EL (bottom). B) Mass spéta of the peaks at 9.3 (peak 1), 12.8 (peak 2), 13.7 (peak 3)
minutes. TIC = total ion chromatogram. * = I-amyrin (1).

Table 4-3. Peak area oftriterpene compounds relative to coprostanol internal standard

Compound Relative Peak Area

THAR1 CYP716A14v2
I-amyrin (1) 0.87 £0.07 0.10+0.03
epi-1-amyrin (28) 0.03+0.01 1.05+0.31
11-oxo-1-amyrin (2) 0.23+0.14 0.18+0.04
11-oxo-epi-1-amyrin (31) 0.28 £0.17 0.32 £ 0.09
24-hydroxy-11-oxo- 1 -amyrin (30) 0.10+0.02 0.18 £ 0.04
24-hydroxy-11-oxo-epi-1-amyrin (29) 0.27 + 0.03 0.17 £+ 0.01

Data represent mean + standard deviation of 3 biological replicates.

The spectra and table show an increase in the efficiency of CYP716A14v2 over
THAR1 at producing larger amounts of the desired product when the scaffold

contains fewer oxidations, and an increased efficiency for THAR1 when scaffolds are
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more heavily oxidised. This will be important information for future co -expressions

of enzymes from the triterpene toolkit where a C -3, configuration is desired.

4.4  Conclusions

Here the triterpene toolkit has been expanded through the incorporation of multiple
CYP450s, one froma plant source, two from a bacterial source, and three from a
human source. These CYP450s have been evaluated for their activity towards the
pentacyclic triterpenes |-amyrin and oleanolic acid along with potential redox
partners. These experiments demonstate that the N. benthamiana chassis is capable
of supporting the expression of CYP450s from bacterial and animal sources in
functional form, and that these enzymes can be integrated into biosynthetic
pathways with other plant enzymes from the toolkit. This will be of benefit for future
toolkit expansion and use as it suggests that specific co-enzymes and redox partners
do not need to be co -expressed with CYPs from the native sources in order for them

to be effective.

Putative structures for several of the products generated in co-expression
experiments that include these enzymes have been determined by GG and LGMS
analysis. These products included maslinic acid 24), which contains a
2h-hydroxylation previously unattainable using the original enzyme toolkit; a
AT ol Ko¥ = Ao K" A G Dydibky-I-&nyrnl ()5 feiBelsdnting akidation
zi " AV +0GzodW ~ z7-Angytinl scaffolll;zaqoGashgdeokylatiori of A C+ |
the bioactive triterpene 11-oxo-l-amyrin (2). These experiments have thus
significantly expanded the breadth of the triterpene toolkit and provide proof -of-
concept for its future expansion by drawing on enzymes from both plant and non -
plant sources. The putative structures will be confirmed through scale-up,

purification, and NMR analysisin Chapter 5.

In addition to new CYPs, two alcohol dehydrogenase enzymes, THAR1 and THAR2,
Ntl+ "Wdz +0"Wo"Ax| "I1| dCzyl dmyrin" WAzT KC:
producing C-3" hydroxyl derivatives that bear structural resemblance to the
naturally occurring and biologically relevant boswellic acids found in Boswellia
species. A semiquantitative evaluation of the THAR1 enzyme in competition with
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the equivalently acting CYP716A14v2 is also detailed, showing that the specific
conditions of combinatorial biosynthesis can favour differing combinations of
enzymes. This will be important for future combinatorial efforts, especially when
maximum Yyield is required. These interesting derivatives will be purified at
preparative scale in Chapter 5, and their biol ogical properties will be investigated in

Chapter 6.

The number and variety of potential CYPs now present in the toolkit unlocks the
f o7 AC+Y | C+xd Gl " Wamkrn Kcaffold 6y’ pridserting sitébte hahdles
for further modification by other biosyn thetic enzymes. The potential exists for
further expanding the diversity of the toolkit, accessing the full range of potential

dz| Gi GI "KGzl g Gl I Wo| Gl o ~zYAC"1I AzdGAKGz!l ¢
a larger variety of biosynthetic enzymes in future. These include previously
unmentioned classes of tailoring enzymes such as glucosy and acyl transferases
which will be instrumental for bioengineering structurally diverse triterpenes for

evaluation of bioactivities, a strategy that could eventually enable the generation of

designer triterpenes optimised for desirable therapeutic properties.

120



4.5 Materials and Methods for Chapter 4

4.5.1 Procedure for Production of the CYP716C11 Agrobacterium Strain

Gene fragments for the known P450 CYP716C11 were purchasedrom IDT and

AT £ A" | "1 1zY | Gl 6 Kz AKCx d"loi"l Kol 1" (g
pDONR207 using the gene fragments was performed according to the standard

protocol (see Section 2.1), and plasmids were used to transform chemically
competent £ coli according to the standard protocol (see Section 2.2.1), with

positive colonies selected for.

8 clearly separated colonies of £. coliwere sampled and used as a template for PCR

using the standard colony PCR procedure (seeSection 2.1.3).

Following PCR, DNA was analysed using the standard DNA electrophoresis
procedure (see Section 2.1.4). Positive colonies were identified as those with a band

between the 1.5 and 2.0 kb markers in the ladder.

Positive colonies were cultured, and the plasmids extracted and sent for sequencing
according to the standard procedure (see Section 2.1.5). Two of the 8 colonies

showed the correct gene sequence.

Plasmids from one of the colonies with the correct sequence was used to generate
destination vectors according to the standard procedure (see Section 2.1.2) then
the vectors used to transform chemically competent E. coli (see Section 2.2.1).
Positive colonies were selected for and cultured, and the plasmids recovered.
Plasmids were then used to transform chemically competent A. tumefaciens

(LBA4404) according to the standard procedure (seeSection 2.2.2).

Positive colonies were selected for and cultured according to the standard
procedure (see Section 2.3). Manual infiltration of N. benthamiana was then carried

out to validate the strain.
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4.5.2 Procedure for Production of the CYP106Al1l, CYP106A2, and BmFdx2

Agrobacterium Strains

Gene fragments for the known P450s CYP106Al, and CYP106A2 as well as the

ferredoxin BmFdx2 were purchased from IDT and prepared according to the
a"loi"l Aol 71~ d GI AT ol KGzIl d, °1 AT | Wzl GI 6 C
was performed according to the standard protocol (see Section 2.1), and plasmids

were used to transform chemically competent E coli according to the standard

protocol (see Section 2.2.1), with positive colonies selected for.

8 clearly separated colonies of £. coliper gene were sampled and used as a template

for PCR using the standard colony PCR procedure (se&ection 2.1.3).

Following PCR, DNA was analysed sing the standard DNA electrophoresis
procedure (see Section 2.1.4). Positive colonies were identified as those with a band

between the 1.5 and 2.0kb markers in the ladder.

Positive colonies were cultured, and the plasmids extracted and sent for sequencing
according to the standard procedure (see Section 2.1.5). Two of the four colonies of
CYP106A1, one of the four colonies of CYP106A2, and all of the four colonies of

BmFdx2 showed the correct gene sequence.

Plasmids isolated from one of the colonies of each candidate gene with the correct
sequence were used to generate destination vectors according to the standard
procedure (see Section 2.1.2), then the vectors used to transform chemically
competent E. coli (see Section 2.2.1). Positive colonies were selected for and
cultured, and the plasmids recovered. Plasmids were then used to transform
chemically competent A. tumefaciens (LBA4404) according to the standard

procedure (see Section 2.2.2).

Positive colonies were selected for and cultured according to the standard
procedure (see Section 2.3). Manual infiltration of N. benthamiana was then carried
out to validate the strains using the combinations in Table 4-4. GGMS analysis was

performed using the 15-minute method.
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4.5.3 Procedure for Production of Binary Expression Constructs for Arhl,
BphA4, and FDR

Gene fragments for the ferredoxin reductases Arhl, BphA4, and FDR were purchased
itzd é{o "I ] ATV A"7T x| "11zV7]| Gl o Kz KCx
into pPDONR207 using the gene fragments was performed according to the standard
protocol (see Section 2.1), and plasmids were used to transform chemically
competent £ coli according to the standard protocol (see Section 2.2.1), with

positive colonies selected for.

8 clearly separated colonies of £. coliper gene were sampled and used as a template

for PCR using the standard colony PCR pocedure (see Section 2.1.3).

Following PCR, DNA was analysed using the standard DNA electrophoresis
procedure (see Section 2.1.4). Positive colonies were identified as those with a band
between the 1.5 and 2.0 kb markers in the ladder (Arh1, BphA4), or between the 0.7
0.8 kb markers (FDR).

Positive colonies were cultured, and the plasmids extracted and sent for sequencing
according to the standard procedure (see Section 2.1.5). One of the four colonies of
Arh1, one of the three colonies of BphA4, and one colony of FDR showed the correct

gene sequence.

Plasmids isolated from one of the colonies of each candidate gene with the correct
sequence were used to generate destination vectors according to the standard
procedure (see Section 2.1.2), then the vectors used to transform chemically
competent E. coli (see Section 2.2.1). Positive colonies were selected for and
cultured, and the plasmids recovered. Plasmids were then used to transform
chemically competent A. fumefaciens (LBA4404) according to the standard

procedure (see Section 2.2.2).

Positive colonies were selected for and cultured according to the standard
procedure (see Section 2.3). Manual infiltration of N. benthamiana was then carried

out to validate the strains using the combinations in Table 4-4.
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Table 4-4. Combinations of vectors used to evaluate CYP106A1 and CYP106A2

tHMGR, SAD1
tHMGR, SAD1 tHMGR, SAD1 ’ '
tHMGR, SAD1 ' ’ ’ ' CYP106A1,
CYP716A12 CYP106A1 BmFdx2, Arhl
tHMGR, SAD1,
tHMGR, SAD1, tHMGR, SAD1, leNIID(;ZifZDl CYP716A12,
BmFdx2, BphA4 BmFdx2, FDR CYPLOGAL ' CYP106A1,
BmFdx2, Arhl
tHMGR, SAD1, tHMGR, SAD1,
CYP716A12, CYP716A12, tHMGR, SAD1, glyl\gi;;f;Dl
CYP106A1, CYP106A1, CYP106A2 BmEdx2 A1rh1
BmFdx2, BphA4 BmFdx2, FDR '
tHMGR, SAD1, tHMGR, SAD1, tHMGR, SAD1, ?Y%?TGAS\QDl
CYP106A2, CYP106A2, CYP716A12, CYPLOGA2 '
BmFdx2 BphA4 BmFdx2, FDR CYP106A2 BmFdx2, Arhl
tHMGR, SAD1, CYP716A12, CYP106A2,| tHMGR, SAD1, CYP716A12, CYP106A2,
BmFdx2, BphA4 BmFdx2, FDR

All constructs were cultured using the standard procedure (see Section 2.3.1).

4.5.4 Procedure for Combinatorial Testing of CYP106Al1, CYP106A2, and

Toolkit Enzymes

A. tumefaciens strains containing tHMGR, SAD1, CYP716A12, CYP716Al4v2,
CYP716A141, CYP716C11, CYP716E26, CYP72A65, CYP72A67 CYP72A69, CYP83D6,
CYP93E1, CYP94D65, CYP106Al, and CYP106A2 from the triterpene toolkit were
cultured according to the standard procedure (see Section 2.3.1). Strains were
combined as shown in Table 4-5 and used to infiltrate 1 leaf each of 5-week-old N.
benthamania plants using the manual infiltration method (see Section 2.3.2). Plants

were grown for 5 days under greenhouse conditions before leaves were harvested

and processed according to the standard procedure for GC-MS and LGMS analysis

(seeSection 2.4.1). GGMS was performed using the 20-minute method.
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Table 4-5: Combinations of vectors used to combinatorially evaluate CYP106Al and
CYP106A2(table is identical to Table 4-1)

tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
tHMGR, SAD1 CYP106A1 CYP106A2 CYP716A14
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A141 CYP716E26 CYP72A65 CYP72A69
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP88D6 CYP93E1 CYP94D65 CYP716A12
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A12, CYP716A12, CYP106A1, CYP106A1,
CYP716C11 CYP72A67 CYP716A14 CYP716A141
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP106A1, CYP106A1, CYP106A1, CYP106A1,
CYP716E26 CYP72A65 CYP72A69 CYP88D6
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 ?thcigéffljl
CYP106A1, CYP106A1, CYP106A1, CYP716A1’2,
CYP93E1 CYP94D65 CYP716A12 CYP716C11
g—IYNILCiSéASfDl tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A12, CYP106A2, CYP106A2, CYP106A2,
CYP72A67 CYP716A14 CYP716A141 CYP716E26
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP106A2, CYP106A2, CYP106A2, CYP106A2,
CYP72A65 CYP72A69 CYP88D6 CYP93E1
{HMGR, SADL, {HMGR, SAD] tHMGR, SAD1 tHMGR, SAD1
CYP106A2, CYP106A2, CYP106A2, CYP106A2,
CYPY4DE5 CYP716A12 CYP716A12, CYP716A12,

CYP716C11 CYP72A67

All constructs were cultured using the standard procedure (see Section 2.3.1).

4.5.5 Procedure for Production of Binary Expression Constructs for CYP1A2,
CYP2D6, CYP3A4 and CYP450R

Gene fragments for the known P450s CYP1A2, CYP2D6, and CYP3A4 as well as the
cytochrome P450 reductase CYP450R were purchased from IDT and prepared
"1 1z17| Gl 6 Kz KCx d"loi"l Kol x17"d GI dAT ol AKGzI
the gene fragments was performed according to the standard protocol (see Section

2.1), and plasmids were used to transform chemically competent £ co/iaccording to

the standard protocol (see Section 2.2.1), with positive colonies selected for.

8 clearly separated colonies of £. coliper gene were sampled and used as a tempate

for PCR using the standard colony PCR procedure (se&ection 2.1.3).

125



Following PCR, DNA was analysed using the standard DNAelectrophoresis
procedure (see Section 2.1.4). Positive colonies were identified as those with a band
between the 1.5 and 2.0 kb markers in the ladder (CYP1A2, CYP2D6, CYP3A4), or at

approximately the same level as the 2.0 kb marker (CYP450R).

Positive colonies were cultured, and the plasmids extracted and sent for sequencing
according to the standard procedure (see Section 2.1.5). CYP450R was additionally
sequenced using a primer designed for the middle of the gene due to its size
(CYP450RM, see Section 2.1.6). One of the two colonies of CYP1A2, one of the two
colonies of CYP2D6, both of the two colonies of CYP3A4, and one of the two

colonies of CYP450R showed the correct gene sequence.

Plasmids were isolated from one of the colonies of each candidate gene with the
correct sequence and used to generate destination vectors according to the
standard procedure (see Section 2.1.2), then the vectors used to transform
chemically competent E£. coli(see Section 2.2.1). Positive colonies were selected for
and cultured, and the plasmids recovered. Plasmids were then used to transform
chemically competent A. tumefaciens (LBA4404) according to the standard

procedure (see Section 2.2.2).

Positive colonies were selected for and cultured according to the standard
procedure (see Section 2.3). Manual infiltration of N. benthamiana was then carried
out to validate the strains using the combinations shown in Table 4-6. GGMS

analysis was performed using the 15 minute method.
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Table 4-6. Combinations of vectors used to evaluate CYP1A2, CYP2D6, and CYP3A4

tHMGR, SAD1, tHMGR, SAD1, tHMGR, SAD1,
tHMGR, SAD1 CYP716A12 CYP1A2 CYP1A2, CYP450R
tHMGR, SAD1, tHMGR, SAD1, tHMGR, SAD1, tHMGR, SAD1,
CYP2D6 CYP2D6, CYP450R| CYP3A4 CYP3A4, CYP450R
tHMGR, SAD1, tHMGR, SAD1, tHMGR, SAD1, tHMGR, SAD1,
CYP716A12, CYP716A12, CYP716A12, CYP716A12,
CYP1A2 CYP1A2CYP450R | CYP2D6 CYP2D6, CYP450R

tHMGR, SAD1, CYP716A12, CYP3AA4,

tHMGR, SAD1, CYP716A12, CYP3A4 CYP450R

All constructs were cultured using the standard procedure (see Section 2.3.1).

4.5.6 Procedure for Combinatorial Testing of CYP3A4, CYP2D6, and CYP3A4

and Toolkit Enzymes

A. tumefaciens strains containing tHMGR, SAD1, CYPM®A12, CYP716Al4v2,
CYP716A141, CYP716C11, CYP716E26, CYP72A65, CYP72A67 CYP72A69, CYP88D6,
CYP93EL, CYP94D65, CYP1A2, CYP2D6, and CYP3A4 from the triterpene toolkit were
cultured according to the standard procedure (see Section 2.3.1). Strains were
combined as shown in Table 4-7 and used to infiltrate 1 leaf each of 5-week-old N.
benthamania plants using the manual infiltration method (see Section 2.3.2). Plants
were grown for 5 days under greenhouse conditions before leaves were harvested
and processed according to the standard procedure for GC-MS and LGMS analysis

(seeSection 2.4.1and 2.4.3). GGMS was performed using the 20-minute method.
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Table 4-7: Combinations of vectors used to combinatorially evaluate CYP1A2, CYP2D6, and
CYP3A4(table is identical to Table 4-2).

tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
tHMGR, SAD1 CYP1A2 CYP2D6 CYP3A4
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A14 CYP716A141 CYP716E26 CYP72A65
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP72A69 CYP88D6 CYP9S3E1 CYP94D65
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
?Y%C;Téfgljl CYP716A12, CYP716A12, CYP1A2,
CYP716C11 CYP72A69 CYP716A14
E?YNILCI;E,ZSAD]P E|:‘|Y|\:|DC15§;ZSAD1 tHMGR, SAD1 tHMGR, SAD1
) 1 i q
CYP716A141 CYP716E26 CYP1A2, CYP72A64 CYP1A2, CYP72A6¢
tHMGR, SAD
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1 CYPlA’Z 1
1 ’
CYP1A2, CYP88D6| CYP1A2, CYPI3EL| CYP1A2, CYPO4DEY [\
tHMGR, SADS tHMGR, SADS tHMGR, SAD1 tHMGR, SAD1
CYP1A2, CYP1A2,
CYP2D6, CYP2D6,
CYP716AL2, CYPT16AL2, CYP716A14 CYP716A141
CYP716C11 CYP72A67
t(|:-|YI\/IIDC25§,68ADl tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
) I q
CYP716E26 CYP2D6, CYP72A6Y CYP2D6, CYP72A6Y CYP2D6, CYP88D6
tHMGR, SAD1
tHMGR, SAD1 ?YA/IIDCSE’GSADJ' ?YA/ILCSS’GSADJ' CYP2D6,
CYP2D6, CYP93E1 ’ ’ CYP716A12,
CYP94D65 CYP716A12 CYP716C11
th:_iYNIID(;EéSADl tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD1
CYP716A12 CYP3A4, CYP3A4, CYP3A4,
CYP72A67 CYP716A14 CYP716A141 CYP716E26
tHMGR, SAD1 tHMGR, SAD1 tHMGR, SAD], tHMGR, SAD1
CYP3A4, CYP72A6] CYP3A4, CYP72A64 CYP3A4, CYP88D6| CYP3A4, CYP93E1
tHMGR, SAD1
tHMGR, SAD1 ?YNIL(;?ASAD:L CYP3A4, tHMGR, SAD1
CYP3A4, CYP94D6! CYP716A12 CYP716A12, CYP3A4, CYP72A6]
CYP716C11

All constructs were cultured using the standard procedure (see Section 2.3.1).

4.5.7 Procedure for Qualitative Evaluation of THAR Enzymes

A. tumefaciens strains containing tHMGR, SAD1, THAR1, THAR2, CYP716Al4v2,

CYP88D6, and CYP93E1 were cultured according to the standard procedure (see

Section 2.3.1). Strains were combined as shown inTable 4-8 and used to infiltrate 1
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leaf each of 5-week-old N. benthamiana plants using the manual infiltration method
(see Section 2.3.2). Plants were grown for 5 days under greenhouse conditions
before leaves were harvested and processed according to the sandard procedure

for GC-MS analysis using the 20 minute method (see Section 2.4.1).

Table 4-8: Combinations of vectors used to qualitatively investigate THAR constructs

tHMGR + SAD1 only tHMGR, SAD1, THAR1 tHMGR, SAD1, CYP7MA14

tHMGR, SAD1, THAR1, THAR2 tHMGR, SAD1, CYP716A14, THAR?2

tHMGR, SAD1, THAR1, THAR2, CYP88D| tHMGR, SAD1, CYP716A14, THARZ,
CYP93E1 CYP88D6, CYP93E1

All constructs were cultured using the standard procedure (see Section 2.3.1).

4.5.8 Procedure for Semi -Quantitative Evaluation of THAR Enzymes

A. tumefaciens strains containing tHMGR, SAD1, THAR1, THAR2, CYP716A1l4v2,
CYP88D6, and CYP93E1 were cultured according to the stalard procedure (see
Section 2.3.1). Strains were combined as shown inTable 4-9 and used to infiltrate
4-week-old N. benthamiana plants using the manual infiltration method ( Section

2.3.2). Each combination was used to infiltrate 3 plants.

Table 4-9: Combinations of vectors used to quantitatively investigate THAR constructs

tHMGR, SAD1, THAR1, tHMGR, SAD1,

HMGR + SAD1 onl
tHMGR + SAD1 only THAR2 CYP716A14, THAR2

tHMGR, SAD1, CYP716A14, THARZ,

tHMGR, SAD1, THAR1, THARZ2, CYP88D CYPS8D6

tHMGR, SAD1, THAR1, THARZ2, CYP88D| tHMGR, SAD1, CYP716A14, THAR2,
CYP93E1 CYP88D6, CYP93E1

All constructs were cultured using the standard procedure (see Section 2.3.1).

Plants were grown for 5 days under greenhouse conditions before infiltrated leaves

were harvested.

Harvested leaves were frozen at 80 °C before being dried in a freeze drier for 24 h.
5 mg of dry leaf powder from each leaf was measured out and processed for GGMS

analysis using a Gerstel MPS liquid handler as follows:

500 pl of ethyl acetate containing a coprostanol internal standard (10 pg/ml) was

transferred to each sample. Samples wereshaken before being centrifuged for 30 s.
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50 ul of each sample was then transferred into a sample vial. The solvent was
evaporated, and derivatisation of each sample with 30 pl of Tri-SilZ solution was
carried out. GGMS spectra were recorded for each sanple using the 15-minute

method.
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5 Large-Scale Synthesis of Triterpene Derivatives for

Structural Characterisation
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5.1 Introduction

The design and production of novel and bioactive triterpenes requires an in-depth
understanding of the structural features underlying triterpene activity (or structure -
activity relationship of triterpenes). This has proved to be difficult, partly as a result
of the types of biological investigations typically carried out on triterpene natural
products. Many of the studies into triterpene biological activity consist of the testing
of crude plant extracts instead of individual molecules. When a crude extract

provides a bioactivt -~ CGA " KCzx dAKo|i YGWW KCxl ¢

I+
I+
-+
g

constituents of the plant extracts involved using high pressure liquid
chromatography (HPLC) or other methods. While these studies do frequently
uncover potent bioactivities, the delineation of these activities (identifying exactly
which components are responsible for any particular bioactive effect) given the
complexity of the extracts is not trivial. Additionally, while the components of a
mixture can often be identified, the precise quantification of the amount of a
bioactive component present in an extract (and therefore the concentration of said
component that is eliciting the biological effects) often cannot be determined

accurately. Additionally, the other components of a mixture can interfere with the

assays typically carried out to investigate potential bioactivity.

When studies are carried out into purified triterpene compounds, they often feature
a relatively small number of molecules purified from a given plant source. Different
studies will therefore test small sets of different molecules with potentially different
methodology, hindering comparison between studies. As the compounds studied
are extracted from nature, the set of molecules under investigation will therefore
feature an assortment of structural features and complexity instead of being
rationally designed. These factors lead to a fragmented picture of triterpene

structure-activity relationships.

Further investigation of triterpene structure -activity relationships would benefit from
a systematic approach. This has previously proved difficult due to the difficulty of
"1l +£ddGl 6 dzdA AzdGAG=z| ¢ zJamytin tkdudh Ahemidak | + d | "
d+"1d. o@C+ od+ zi ACzx A7 GA+1 Aamyrin scohfaled WF GK A
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enzymatically has previously been demonstrated by James Reedin the Osbourn
Group [50]. With the improved diversity of the triterpene toolkit over the intervening

years, it is now possible to produce a wider variety of functionalised triterpenes with
a range of different scaffold positions covered. This presents a new opportunity to
revisit the previous work and expand upon it to produce a larger suite of molecules,

in order to deepen the understanding of triterpene structure -activity relationships.

One consideration which warrants further investigation is the stereochemistry of
triterpenes. As mentioned in Chapter 4, pentacyclic triterpenes are rigid structures
made of fused cyclohexane rings. The existence of multiple transfused ring
junctions in a AT GA+Y A+l = | tamyriz Mdans djrgdflig is Imgossible
[126]. The positions of functional groups on the rings of a triterpene are therefore
clearly defined. A pair of triterpene epimers, differentiated by a single substituent
existing in eithertheh z7 | | z1 i GooYT " AKGz!l " "1+ ACxY izl %
with different 3D structures. As the 3D structure of a molecule potentially has
implications for its binding to protein targets [126], an understanding of the effects

of triterpene stereochemistry on bioactivity is therefore a valuable insight to be

gained.

5.2 Aims

In order to investigate the structure -activity relationships of triterpenes based on the
I-amyrin scaffold, in this chapter a suite of molecules was created through large -
scale infiltrations and subsequent purification . Particular attention was paid to singly
z WG| G+ | | +7 G@yrik Gaba: do trterpenes with differences in
stereochemistry. Selected compounds that had been putatively identified in
Chapter 4 are also produced at mg scale for full structural characterisation. Specific
and unusual methods utilised in the purification process are discussed. The
structures and stereochemistry of the generated molecules were confirmed through
the use of NMR and GGMS techniques. The completed suite of molecules will be
subjected to biological testing in Chapter 6, supplemented with triterpenes from

commercial sources
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5.3 Results and Discussion

5.3.1 Production of a Suite of Molecules for Testing through Large Scale
Infiltrations

In order to take a systematic approach to investigating the structure-activity
relationship of triterpenes, it was necessaryto biosynthesise a suite of molecules for
testing. This was achieved largely through the transient plant expression system,
using l-amyrin synthase and single CYP450s from the triterpene toolkit. The
methods used for the biosynthesis of these molecules are detailed in Section 5.5
and Section 2.4, and the positions oxidised across the range of molecules are
detailed in Figure 5-1. The structures of all of the biosynthesised molecules
generated in this work were confirmed by NMR analysis; the NMR spectra can be

found in Section A.1.

30-hydroxy
30/

2

12,13-B-epoxy =2

11-oxo

25 11

16B-hydroxy

“
7,
< 23

/ \ ‘\GB—hyd roxy

24-hydroxy  23-hydroxy

Figure 5-1. Positions on the |-amyrin scaffold modified in the present study across the set
zi ¢gGAaAWx AV GA+xV A+l +£d AV z| ol-amyrinAC1 z06C =z %

Table 5-1 details the molecules that were biosynthesised and the combinations of
constructs that produced them, as well as detailing where molecules were purified

by other members of the Osbourn lab.

134

dz| Gi (



Table 5-1.N GA AW+ KV GA+1V A+l +d yGAC " d" Wwadngrmdcaftold. z| = dz |

Compound Enzymes/Source # Plants Yield (Total,  Yield (Per g
(bw) mg) DW)

11-oxo-l-amyrin ~ James ReedtHMGR, 23(10.4g) 104 1

@) SAD1, CYP88D6)

24-hydroxy- | - Michael Stephenson 274 (84 Q) 170 2.02

amyrin (22)

12,13 1-epoxy-1- James Reed (tHMGR, 95 (43.7g) 11* 0.25

amyrin (33) SAD1, CYP51H10

1471M)

23-hydroxy- - This study (tHMGR, 100 (91.2g) 79.36 0.87

amyrin (21) SAD1,CYP94D65)

30-hydroxy-1- This study tHMGR, 100 (74 g) 8.49 0.11

amyrin (19) SAD1, CYP72A6pH

161 -hydroxy- - This study tHMGR, 100 (117 g) 203.69 1.74

amyrin (20) SAD1, CYP716A141

6. -hydroxy-1- This study tHMGR, 100 (53g) 16.26 0.31

amyrin (34) SAD1, CYP716E26

21!-hydroxy-1- This study tHMGR, 100 (152g) 5.6 0.04

amyrin (23) SAD1, CYP72A6p

Each molecule is listed with the enzymes co-expressedto produce it, the number of plants
used, dry leaf weight, and details on yield.

* Only part of a 140 mg semi-pure product was recrystallised for use due to the instability of
this compound.

5.3.2 Production of Epi -I1-Amyrin and Related Derivatives through Large
Scale Infiltrations

Of particular interest in the determination of structure -activity relationships is the
contribution of stereochemistry. Triterpenes are generally rigid molecules, with the
pentacyclic triterpenes in particular being made of 5 fused rings that make the
molecules highly resistant to ring-flip [126]. Therefore, the configuration of each

constituent (often described as | or 1) is of particular importance.

As shown in Chapter 4, alcohol dehydrogenase enzymes from Arabidopsis thaliana
have been found to catalyse the formation of triterpenes with a hydroxyl group in
the C-3) configuration, an unusual orientation found in nature in molecules like bile
acids and the bioactive boswellic acids [152]. Therefore, epi!-amyrin (28) and a
number of derivatives inspired by the substituents in the boswellic acids were
synthesised(seeFigure 5-2).
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2 24-hydroxy-11-oxo-epi-B-amyrin (29)

OH

Figure 5-2: Molecules synthesised using alcohol dehydrogenase enzymes fromArabidopsis
thaliana, inspired by the substituents present in the boswellic acids. Note that this sequence
is illustrative of the molecules purified shown in a linear order of reactions for simplicity.

The synthesised molecules had their configurations confirmed by NMR analysis.

When spectra were compared to those of the C-3! analogues, there was a
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noticeable shift in the chemical shift, especially of the C-3 proton of the molecule
(an example of this can be seen inFigure 5-3). The full spectra of each molecule are

in Section A.1.
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Figure 5-3:*H NMR spectra of |-amyrin (1) (red) and epi-1-amyrin (28) (blue), with the
region containing the C-3 protons enlarged. The difference in chemical shift between the
protons can be seen.

Overall, 3 G3] molecules were produced along with their C-3] analogues:
epi-1-amyrin (28), its 11-oxo derivative (31), and a 24-hydroxy, 11-oxo derivative
(29). 11-oxo-l-amyrone (35) was also produced. A summary of the molecules

produced, and the constructs used to synthesise them is given inTable 5-2.
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Table 5-2: Compounds synthesised through production of C -3, -hydroxyl triterpenes.

Compound Enzymes # Plants (DW) Yield (Total, Yield (Per g
mg) DW)

I-amyrin (1) tHMGR, SAD1, 100 (50 g) 10.29 0.21

CYP716A14,

THAR2
epi-1-amyrin tHMGR, SAD1, 100 (50 g) 167.20 3.34
(28) CYP716A14,

THAR2
11-oxo-1- tHMGR, SAD1, 100 (54 g) 5.65 0.10
amyrin (2) THAR1, THARZ2,

CYP88D6
11-oxo-1- tHMGR,SAD1, 100 (54 g) 32.11 0.59
amyrone (35) THAR1, THARZ2,

CYP88D6
11-oxo-epi-1- tHMGR, SAD1, 100 (54 g) 13.62 0.25
amyrin (31) THARL1, THAR2,

CYP88D6
24-hydroxy-11- tHMGR, SAD1, 100 (74 g) 20.72 0.28
0Xo-1-amyrin THAR1, THARZ2,
(30) CYP88DS6,

CYP93E1
24-hydroxy-11- tHMGR, SAD1, 100 (74 g) 59.66 0.81
0X0-epi-J - THARL1, THAR2,
amyrin (29) CYP88D6,

CYP93E1

The constructs combined to produce each molecule are given along with yield values,
number of plants used, and dry weight of leaves.

5.3.3 Generatin g Augustic Acid for Comparison with Maslinic Acid

As mentioned in Section 5.3.2, the rigid structure of triterpenes places a relevance
on investigating derivatives with the same regiochemistry, but different
stereochemistry, as the different 3D structures of these molecues could have
impacts on biological activity. As well as G 3, the C-2 position features well-known
examples of molecules with alternate stereochemistry that are easily accessible
using the triterpene toolkit. Triterpene C-2 hydroxylase enzymes are usuallyactive
on oleanolic acid (18). 24 -hydroxy oleanolic acid, also known as maslinic acid(24),
can be produced by expression of the enzyme CYP716C11, as previously reported
(see Chapter 4) [117]. This triterpene is also produced commercially, and a

commercial sample of maslinic acid was purchased for testing.
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21-hydroxy oleanolic acid, known as augustic acid (25), can also be produced using
the toolkit enzymes, namely CYP72A67[136]. A scaleup synthesis of augustic acid
was therefore carried out so that its activity could be compared to that of maslinic
acid. The full details of the synthesis are given in5.5.9. Notably, this purification
madeuseofad Gl | z0O" AGO+xWx1d&AAKod#l C"1 &dgd 2¢dgGl 6 KC
usually employed to clean-up purification of triterpenes in the Osbourn lab.
Ambersep has previously been considered incompatible with acid-containing
triterpenes due to its highly basic nature; however, it was discovered that when
triterpenes containing carboxylic acid groups were mixed with Ambersep resin, the
molecules adhered to the resin, allowing for much of the crude extract to be washed
away with solvent. The adhered triterpenes could crucially then be released from the
resin by treatment with acid, namely a 50 % solution of acetic acid in ethanol, as
shown in Figure 5-4. This method sped up the purification of augustic acid without
a loss of yield. The total amount of augustic acid (25) purified was 35.93 mg,
corresponding to a yield per g of dry leaf weight of 0.51 mg/g.

200 ml ethanol,

200 ml ethanol:hexane, 50 ml
200 ml hexane acetic acid

Filter and wash
with ethanol
and hexane

Filter
_——

Filter off ethanol
—>

NN
Figure 5-4. The process for capture-release of carboxylic acidcontaining triterpenes
through Ambersep treatment.

After purification of augustic acid (25), its identity and configuration were confirmed
by NMR analysis. The full NMR spectra are shown inSection A.1. Crucially, the

configuration of this molecule as C-2]-OH could be confirmed through the
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observation of a cross peak in the ROSEY spectrum of the samg@ as seen inFigure
5-5, indicating the interaction of the C -2H and C-3H of the compound and showing

those relevant protons to be in the syn configurat ion.

ROESY spactrum r E
L Lo - %
L= = -

T T T T T T T T B T T T T T T T T T T T T T T T T T T T T T T T
4.6 4.4 42 4.0 38 3.6 3.4 F2 [ppm]

Figure 5-5: Magnification of the ROSEY H-'H spectrum of augustic acid (25). The cross
peak between CG-2H and C3-H is circled. Full spectrum can be found in Section A.1).

5.3.4 Scale-up of the Combination of CYP716A12 and CYP716A141 Produces
Echinocystic and not Cochalic Acid

Another possible position on the I-amyrin scaffold that can be hydroxylated with
alternate stereochemistry is G16. Multiple enzymes exist to oxidise G16, with a
number existing within the triterpene toolkit. Curiously, all known C-16/-
hydroxylases are reported to only be active on oleanolic acid (18), not the basic 1-
amyrin scaffold, while G-161-hydroxylases are active on l-amyrin (1). In order to
investigate the effects of C-16 stereochemistry on biological activity, the
combination of CYP716A12, which pgoduces oleanolic acid (18), and CYP716A141, a
C-161-hydroxylase, was scaled up using the vacuum infiltration method in an
attempt to produce cochalic acid (16 1-hydroxy-oleanolic acid) (36). Echinocystic
acid (16) -hydroxy-oleanolic acid) (37) is already wdl-reported, and a commercial
standard of this compound had already been purchased. The yield of the obtained

product was 12.7 mg corresponding to a yield per g of dry leaf weight of 0.31 mg/g.

After purification of this compound (see 5.5.10), NMR spectroscopy was carried out
to confirm its structure, and, most importantly, its stereochemistry. The first initial
sign that the produced compound may not be cochalic acid (36) was the exact and

complete agreement of its 'H NMR spectrum with a literature source for
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echinocystic acid (37), something that is not usually the case for stereoisomers.
Indeed, when ROSEY spectroscopy was used to attempt to confirm the €16l
configuration of t he hydroxyl group, the expected cross-peaks between the G16H
proton and the protons at C -27 were absent. A’H spectrum was therefore collected
using the purchased commercial echinocystic acid (37) standard (see Figure 5-6),
which compared exactly to that of the produced compound, proving that it was in

fact echinocystic acid (37) and not cochalic acid (36) which had been produced by

the combination of CYP716A12 and CYP716A141.

A I - b aa m_,»ﬂmw.’i i s J ¥ -
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Figure 5-6: *H NMR spectra of an echinocystic acid (37) standard (blue) and the
biosynthesised product suspected to be echinocystic acid (red). The peaks corresponding to
the two compounds overlap exactly, showing that they are chemically identical.

As CYP716A141 had previously been reported as a €16)-hydroxylase and had been
treated as such in all previous work [109], investigations were carried out to ensure
that the usual product of CYP716A141 when acting on the I-amyrin scaffold was
indeed 16.-hydroxy-l-amyrin (20) as had been previously assumed. This was
confirmed with ROSEY spectroscopy on the sample of 16-hydroxy-1-amyrin (20)

previously produced for biological testing (see Section A.1).

These results suggest that CYP716A141 produces a different stereochemistry for its
hydroxylations depending on whether 1-amyrin (1) or oleanolic acid (18) are the
substrate. This is an unusual activity not previously seenm other enzymes. To
investigate if this occurs with other C-16 hydroxylases, a number of G16

hydroxylase enzymes from the triterpene toolkit and within the Osbourn lab more
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generally were tested on the |-amyrin scaffold. As can be seen inFigure 5-7, on the

I-amyrin scaffold, all of the tested hydroxylases produce products with identical GC-

MS retention times and mass spectra, suggesting they arethe same product. The

a"dgq Gzl "K a_' — .. .. Gd |zl &gkl K 3 GKC "
suggesting that the products are 16-hydroxy-1-amyrin (20) based on the known

activity of these enzymes. Although it cannot be conclusively proven that these are

all G-161 without purification and NMR spectra, the fact that stereoisomers of -

amyrin and its derivatives have previously been shown to have different retention

times using the same GGMS method (see Chapter 4) lends credence to the theory

that they are.
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Figure 5-7: Comparison of C-16 oxidases.A) tested C-16 hydroxylases co-expressed with
A& dol  “amyrin synthase long (top) and short (middle) versions of a Quillaja Saponaria
C-16 oxidase and a mutated form of the Avena strigosa CYP51H10 CYP450 that is known to
hydroxylate only at C- . | _-AB54L,bottom ). B)The mass spectrum of the peak seen at
11.2 minutes (peak 1). TIC= Total ion chromatogram.

The Q. saponaria C-16 oxidases are known to produce echinocystic acid @7) in
combination with oleanolic acid -producing constructs (J. Reed, submitted) but
"AA+x"Y Kz bzx -Wirexy-badmrin §20) herel as the product of these
enzymes has the same retention time and mass spectrum as that for SAD2A345L, a
n' {. do A" | A 1 ' i d% ¥ khgdyoky-]AmyrinA(20%[153]) Qwerall, |
this suggests that many G 16 hydroxylases will oxidise in the | configuration when
oleanolic acid is the scaffold but in the 1 configuration when the scaffold is
I-amyrin, raising the question of whether this in fact occurs more often with

cytochromes P450 acting towards the rigid fused-ring triterpenes of a tetracyclic or
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pentacyclic nature and has previously been overlooked due to assumptions about
the predictable nature of enzyme-based synthetic biology methods. This therefore
serves as a cautionary tale for future combinatorial biosynthesis work, for one to
make sure to evaluate carefully the potential products of enzyme combinations and

be prepared for unexpected synergies to occur.

Table 5-3: Compounds synthesised through production of triterpenes with alternate
stereochemistry at G-2 and C-16.

Compound Enzymes # Plants (DW)  Yield (Total, Yield (Per g
mg) DW)
Augustic Acid tHMGR, SAD1, 100 (69.5 g) 35.93 0.51
(25) CYP716A12,
CYP72A67
Echinocystic tHMGR, SAD1, 100 (40.8 g) 12.7 0.31
Acid (37) CYP716A12,
CYP716A141

The constructs combined to produce each molecule are given along with yield values,
number of plants used, and dry weight of leaves.

5.3.5 Scale-up of Production of the CYP106A1 Product

In Chapter 4, two bacterial enzymes, CYP106A1 and CYP106A2, were evaluated for
their ability to modify 1-" @i 1 GI | a"dz=| z | WGA+T " Kol = 1 A
activity [141,142] the putative structure of the major product of CYP106Al was
"qd GO | +-hydroxg:1-amyrin (32). Given the relatively high abundance of the
major product of CYP106A1 expression refitive to the other products produced by
CYP106A1 and CYP106A2, this product was selected for scalgp and purification to
enable structural confirmation. Co-expression of the enzymes necessary to produce
I-amyrin and the CYP106A1 construct was therefore caried out using the vacuum
infiltration method. Details of the methods used for purification of the product are
provided in section 5.5.12. The yield of the product was 29.63 mg, corresponding to

a yield per g of dry leaf weight of 0.59 mg/g.

Full analysis of this product by NMR was then carried out. The spectra and full
assignment for this molecule are given in Section A.1 and confirm the structure as

71-hydroxy-1-amyrin (32). Key to this assignment are the observation of a peak in
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the COSY spectrum between C7H and C6-H of the compound, as well as a peak in

the HMBC between G 7 and C-26.

Additionally, the I-configuration of the hydroxyl group can be shown definitively
with ROSEY spectroscopy through the cross peak visible between the €&5H and C

7H of this compound (see Figure 5-8).
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Figure 5-8: Magnification of the ROSEY'H-¢ ¢ A+ | A1 shygroxg-il-amyrn (32). The
cross-peak between G-5H and C7-H is circled. Full spectrum can be found in Section A.1).

5.3.6 CYP3A4 and CYP88D6 Together Generate New Products Inc luding 11 -
oxo -erythrodiol

Chapter 4 discussed the evaluation of the human enzymes CYP1A2, CYP2D6, and
CYP3A4 in combinatorial biosynthesis with toolkit enzymes. One combination in
particular showed promise. The combination of CYP3A4 and CYP88D6 was
particularly well accumulated in leaf extracts and was interesting from a bioactivity
perspective, due to the known bioactive properties of the related compound
11-oxo-!l-amyrin (2). Therefore, this was selected for scaleup to the mg scale.
Co-Gl i GWAT -angyhzdaffold prodiiction enzymes, CYP88D6, and CYP3A4 was
therefore carried out using the vacuum infiltration method. Two major products
were produced following co -infiltration. The procedure used for their purification is
described in 5.5.13. The vyield of the two products was 4.49 mg of
21]-hydroxy-11-oxo-l-amyrin (38) and 4.26 mg of 11-oxo-erythrodiol (39),
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corresponding to a yield per g of dry leaf weight of 0.06 mg/g and 0.05 mg/g

respectively.

NMR analysis of the two products (spectra and assignment given in Section A.1)
showed one of them to have a good agreement to a literature spectrum for 11 -oxo-
erythrodiol (39) (see Section A.1), with major signals such as those for the methyl
groups and hydroxyl groups matching the literature source. This compound has

previously shown significant anti-proliferative activity in literature reports [154].

pC+ zACx1 AV z| ol A -hydraky-11-gpay-G-arhytin| (38). Key signals
in this assgnment include the COSY coupling visible between G21H and G-22H and
HMBC coupling visible between G21, G29, and G30. The assignment of the G21
Ci | ¥ zW%i Wcoffigura#o@ 8 made due to the size of the ®J coupling constant
between C-21H and both hydrogens at C-22. The signal for G21 in the *H NMR
spectrum for this compound is a doublet of doublets with J values of 12 and 4.8 Hz.

The presence of a 12 Hz coupling constant suggests a HH diaxial interaction

between C-21H and one of the hydrogen atoms on C-22, an interaction that would

only occur where the C- . Ci | 1 z % i Won€ogratiénl (whighCig: equiatorial)

[126]. Similarly, the 4.8 Hz coupling constant between G21H and the other

hydrogen atom at C-22 is consistent with an axialequatorial interaction (Figure 5-9)
[126].

Ha

OH
~180°

Hp
H A

~60°

3)H, H, = 12 Hz
3)H, Hy = 4.8 Hz

Figure 5-9: Newman projection along the C-22-C-21 carbon-carbon bond of the E-ring of
. . -hydroxy-11-oxo-!-amyrin. C-22 is in the foreground and C-21 in the background. The
approximate dihedral angles between the hydrogen at C-21 and those at G-22, along with
the 3J coupling constants, are shown.
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The production of these two products in reasonable yield demonstrates the
successful addition of human enzymes to the triterpene toolkit. Further investigation

of the bioactivity of these compounds is detailed in Chapter 6.

The identity of these products provides a possible explanation for the apparent
inactivity of CYP3A4 towa | d, -hydroky-1-amyrin (23) seen in Chapter 4. Given
that C-21 is already oxidised, the addition of a C-21 oxidising enzyme would not be

expected to produce additional products.

One unidentified product of combinations of CYP3A4 with enzymes from the TKK
seen in Chapter 4 was addition of a carboxylic acid group. While the identity of this
product has not been positively confirmed, the discovery of the C-28 oxidation
ability of CYP3A4 suggests that the product of these combinations could be an
oleanolic acid derivative.

Table 5-4: Compounds synthesised by scaleup of the products of the new enzymes
characterised in Chapter 4.

Compound Enzymes # Plants (DW) Yield (Total, Yield (Per g
mg) DW)

. thydroxy-1- tHMGR, SAD1, 100 (50.4 Q) 29.63 059

amyrin (32) CYRL06A1

11-oxo0- tHMGR, SAD1, 100 (81.09) 4.26 0.05

erythrodiol (39) CYR8D6, CYRBA4

. . -hydroxy- tHMGR, SAD1, 100 (81.0 g) 4.49 0.06

11-oxo-!- CYR8D6, CYRBA4

amyrin (38)

The constructs combined to produce each molecule are given along with yield values,
number of plants used, and dry weight of leaves.

5.4 Conclusions

+1+ " doGAx zi AV GHamyriA schffeld, wete "sypthdsised for

(@}

biological testing, including singly oxidised triterpenes on a number of scaffold
positions, triterpenes derived from the C-_ + A G @ zamyrir (epi- l-amyrin (28)),
and oleanolic acid derivatives with differing stereochemistry at C-2. Scaleup,
purification, and structural determination th rough NMR of selected compounds
putatively identified in Chapter 4 was carried out. New techniques developed in the
production of these compounds are discussed alongside analytical methods for
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proving the stereochemistry of produced triterpenes. The compounds produced will
be subjected to biological testing alongside a range of triterpenes from commercial

sourcesin Chapter 6.
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5.5 Materials and Methods for Chapter 5

I+

551 ni zl x| 21 iz1 y"31 o6+ Fhydroxy=l-dpyrin AC+d Gqd zi
A. tumefaciens strains containing tHMGR, SAD1, and CYP72A69 were cultured
according to the standard procedure (see Section 2.3.1). All strains were combined

and used to infiltrate 100 6-week-old N. benthamania plants using the vacuum
infiltration method (see Section 2.3.3). Plants were grown for 5 days under

0T x+x1 Czod+ |1zl | GAGzl d bzxizi+t Wx"0xqd ¢CzxyGl o

harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 48 h.
The dried leaves (151.53 g) were crushed and extracted using a speed extractor (see
Section 2.4.6). The extract was dried and Amtersep treatment carried out according

to the standard procedure (see Section 2.4.7).

The crude extract (2.28 g) was dryloaded onto a 50 g Biotage SNAP ultra column
for column chromatography (Programme P-1). Fractions were analysed using GE
MS (20-minute method) and those containing the compound of interest were
pooled and dry loaded onto a 25 g Biotage SNAP Kp-Sil column for column
chromatography (Programme P-2). Fractions were analysed using G&VS (20-
minute method) and those containing the compound of interest were pooled and
dried to give 30 mg of semi pure product which was treated with decolourising
charcoal and filtered, then recrystalised from methanol to give 5.6 mg of 21-

hydroxy- 1-amyrin.

552 nilzl £| 21 izY y"l oz -hydroxyMt-amyrin AC+d Gd =z i

I+

A. tumefaciens strains containing tHMGR, SAD1 and CYP716E26 were cultured

according to the standard procedure (see Section 2.3.1). All strains were combined

and used to infiltrate 100 6-week-old N. benthamiana plants using the vacuum

infiltration method (see Section 2.3.3). Plants were grown for 5 days under

07V +x1 Czod+ 1zl | GAGzl ¢ bxizl+t Wx"0xd ¢Czx Gl o

harvested.

Harvested leaves were frozen at-80 °C before being dried using a freeze-drier for 48

h. Dried leaves (53.42 g) were crushed and extracted using a speed extractor (see
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Section 2.4.6). Ambersep ion exchange resin was used to treat the dried extract

according to the standard procedure (see Section 2.4.7).

The crude extract (2.86 g) was dryloaded onto a 50 g Biotage SNAP ultra column
for column chromatography (Programme P-1). Fractions were analysed using GE
MS (15-minute method) and those containing the compound of interest were

pooled and dry loaded onto a 25 g Biotage SNAP Kp-Sil column for column
chromatography (Programme P-2). Fractions were analysed using GEMS (15
minute method) and those containing the compound of interest were pooled and

dry-loaded onto a 10 g Biotage Kp-Sil column for column chromatography

(Programme P-3). Fractions were analysed using GEMS (15-minute method) and
those containing the compound of interest were pooled and dried to give 2 8 mg of
semi pure product, which was recrystallised from ethanol with water as an antr
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A. tumefaciens strains containing tHMGR, SAD1, and CYP716AM were cultured
according to the standard procedure (see Section 2.3.1). All strains were combined
and used to infiltrate 100 6-week-old N. benthamania plants using the vacuum

infiltration method (see Section 2.3.3). Plants were grown for 6 days under

greenhouse conditions before leaves showind ¢ Goél d zi "~ 1 211 z AGI

harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 72 h.

The dried leaves (117.20 g) were crushed and extracted using a speed extractor (see

Section 2.4.6). The extract was dried to give 12.33 g of crude extract which was

treated with Ambersep according to the standard procedure (see Section 2.4.7).

The extract (8.65 g) was dryloaded onto a 50 g Biotage SNAP ultra column for
column chromatography (Programme P-1). Fractions were analysed using GEMS
(15-minute method) and those containing the compound of interest were pooled
and dry loaded onto a 25 g Biotage SNAP KpSil column for column
chromatography (Programme P-2). Fractions were analysed using GEMS (15

minute method) and those containing the compound of interest were pooled and
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treated again with Ambersep ion exchange resin until no additional co lour change
was observed. The semipure extract was then dry-loaded onto a 25 g Biotage Kp-Sil
column for column chromatography (Programme P-5). Fractions were analysed
using GGMS (15-minute method) and those containing the compound of interest
were pooled and dried to give 550 mg of semi pure product, which was
T 2171 A" WWGd +| 7 zd @z KC-hydoWl-Aeyrind GO+
5.5.4 Procedure for Large Scale Synthesis of 30 -hydroxy -1-amyrin

A. tumefaciens strains containing tHMGR, SAD1, and CYP72A65 were uttured
according to the standard procedure (see Section 2.3.1). All strains were combined
and used to infiltrate 100 5-week-old N. benthamania plants using the vacuum
infiltration method (see Section 2.3.3). Plants were grown for 6 days under
greenhouse conditions before leaves d, Cz % Gl 6 dGoé6l1 d =zi ~ | =1

harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 96 h.
The dried leaves (74.05 g) were crushed and extracted using a speed extractor (see
Section 2.4.6). The extract was dried to give 17.62 g of crude extract which was

treated with Ambersep according to the standard procedure (see Section 2.4.7).

The extract (6.72 g) was dryloaded onto a 50 g Biotage SNAP ultra column for
column chromatography (Programme P-1). Fractions were analysed using GEMS
(15-minute method) and those containing the compound of interest were pooled
and dry loaded onto a 25 g Biotage SNAP KpSil column for column
chromatography (Programme P-6). Fractions were analysed using GEMS (15
minute method) and those containing the compound of interest were pooled and
dry-loaded onto a 25 g Biotage Kp-Sil column for column chromatography
(Programme P-7). Fractions were analysed using GEMS (15-minute method) and
those containing the compound of interest were pooled and dried to give 22 mg of
semi pure product, which was recrystallised from methanol to give 8.49 mg of 30-

hydroxy- 1-amyrin.
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5.5.5 Procedure for Large Scale Synthesis of 23 -hydroxy -1-amyrin

A. tumefaciens strains containing tHMGR, SAD1, and CYP94D65 were cultured

according to the standard procedure (see Section 2.3.1). All strains were combined

and used to infiltrate 100 6-week-old N. benthamania plants using the vacuum

infiltration method (see Section 2.3.3). Plants were grown for 6 days under

0T x+x1 Czod+ |1zl | GAGzl d bzxizi+t Wx"0xqd ¢CzxyGl o

harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 48 h.
The dried leaves (91.21 g) were crushed and extracted using a speed extractor (see
Section 2.4.6). The extract was dried to give 11.72 g of crude extract which was

treated with Ambersep according to the standard procedure (see Section 2.4.7).

The extract (3.82 g) was dryloaded onto a 50 g Biotage SNAP ultra column for
column chromatography (Programme P-1). Fractions were analysed using GEMS
(15-minute method) and those containing the compound of interest were pooled to

give a semi pure product (0.37 g) which was purified further by James Reed.

5.5.6 Procedure for Large Scale Synthesis of epi -1-amyrin

A. tumefaciens strains containing tHMGR, SAD1, CYP716Al14, and THAR2 were

cultured according to the standard procedure (see Section 2.3.1). All strains were

combined and used to infiltrate 100 6 -week-old N. benthamania plants using the

vacuum infiltration method (see Section 2.3.3). Plants were grown for 5 days under

017 +x1 Czodzx 1zl | GAGzl g bzxizl+t WELOz¢g A€z GLD

harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 96 h.
The dried leaves (49.9 g) were crushed and extracted using a speed extractor (see
Section 2.4.6). The extract was dried to give 6.6 g of crude extract which was

treated with Ambersep according to the standard procedure (see Section 2.4.7).

The extract was dry-loaded onto a 50 g Biotage SNAP Ultra column for column
chromatography (Programme P-1). Fractions were analysed using GEMS (15
minute method) and those containing the compound of interest were pooled and

dry loaded onto a 25 g Biotage Sfar D Duo column for column chromatography
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(Programme P-8). Fractions were analysed using GEMS (15-minute method) and
pooled into three different semi -pure extracts: an epkl-amyrin extract (260 mg), a

I-amyrin extract (30 mg), and an extract containing a mixture of both (250 mg).

The mixed extract was dry-loaded onto a 25 g Biotage Sfér Silica D Duo column for
chromatography as before and fractions monitored using GC-MS (15-minute
method). Fractions containing solely epkl-amyrin or |-amyrin were added to the
semi-pure extracts while the mixed fractions were pooled and dry-loaded onto a 10
g Biotage SNAP Ultra column for chromatography (Programme P-9). Fractions were
monitored by GC-MS (15-minute method) and fractions containing solely epi-1-
amyrin or l-amyrin were added to the semi-pure extracts to give final amounts of

280 mg epi-1-amyrin and 140 mg 1-amyrin.

The two semi-pure extracts were treated with activated charcoal and filtered
through a celite plug, washed with 50 ml ethyl acetate, then dried. The epi-1-amyrin
semi-pure extract was recrystallised from hot methanol to give 167.2 mg of epi-1-
"di 1 Gl -amygrCfeactian was recrystallised from hot methanol to give 10.29 mg

z | -anhyrin.

5.5.7 Procedure for Large Scale Synthesis of 11 -oxo-epi-I-amyrin

A. tumefaciensstrains containing tHMGR, SAD1, THAR1, THAR2, and CYP88D6 were
cultured according to the standard procedure (see Section 2.3.1). All strains were
combined and used to infiltrate 100 6 -week-old N. benthamania plants using the
vacuum infiltration method (see Section 2.3.3). Hants were grown for 7 days under
07 x+x1 Czod+ 1zl | GAGzl d bzxizi+x Wx"0xqd ¢CzxyGl o

harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 72 h.
The dried leaves (54.24 g) were crushed and etxacted using a speed extractor (see
Section 2.4.6). The extract was dried and treated with Ambersep according to the

standard procedure (see Section 2.4.7).

The extract (3.04 g) was dryloaded onto a 50 g Biotage SNAP Ultra colulmn for
column chromatography (Programme P-1). Fractions were analysed by TLC, GM™S,

and UV absorbance at 254 nm. Fractions containing the compound of interest were
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pooled and dry-loaded onto a 25 g Biotage Sfar D Duo column for chromatography
(Programme P-10). Fractions were monitored by GCGMS (15-minute method) and
UV absorbance at 254 nm and fractions of interest were pooled and dry-loaded
onto a 25 g Biotage Sfar D Duo column for chromatography (Programme P-11).
Fractions were monitored by GG MS (15-minute method) and UV absorbance at 254
nm and those containing pure product were collected and retained while those
containing a mixture of products were dry -loaded onto a 10 g Biotage SNAP Ultra
column for chromatography (Programme P-12). Fractions were monitored by GC
MS (15-minute method) and UV absorbance at 254 nm and pure fractions were
retained while those containing a mixture of compounds were pooled and dry -
loaded onto a 10 g Biotage SNAP Ultra column for chromatography (Programme P-
12). This process was continued for a further 7 columns, resulting in three semi pure
products: product 1 (30 mg), product 2 (80 mg), and product 3 (40 mg), which were
recrystallised from methanol to give 13.62 mg product 1 (identified as 11-oxo-epi- -
amyrin), 32.11 mg product 2 (identified as 11-oxo-l-amyrone), 5.65 mg product 3

(identified as 11-oxo-1-amyrin).

5.5.8 Procedure for Large Scale Synthesis of 24 -hydroxy -11-0xo0 -epi-J1-amyrin

A. tumefaciens strains containing tHMGR, SAD1, THAR1, THAR2, CYP88D6, and

CYP93EL1 were cultured according to the standard procedure (se€Section 2.3.1). All
strains were combined and used to infiltrate 100 5 -week-old N. benthamania plants

using the vacuum infiltration method (see Section 2.3.3). Plants were grown for 7
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Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 72 h.
The dried leaves (74.1 g) were crushed and extracted using a speecextractor (see
Section 2.4.6). The extract was dried to give 5.5 g of crude extract which was

treated with Ambersep according to the standard procedure (see Section 2.4.7).

The extract was dry-loaded onto a 50 g Biotage SNAP Ultra column for column
chromatography (Programme P-1). Fractions were analysed using TLC, G®IS (15

minute method), and UV absorbance at 254 nm and those containing the
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compound of interest were pooled to g ive two different semi-pure extracts: an 11
0Xx0-24-hydroxy- 1 -amyrin extract (200 mg), and an 11-oxo-24-hydroxy-epi- 1 -amyrin
extract (100 mg). The 1toxo-24-hydroxy-1-amyrin extract was dry loaded onto a 25
g Biotage Sfar Silica D Duo column for chromatography (Programme P-13).
Fractions were analysed by TLC, GGAS (15-minute method), and UV absorbance at
254 nm and those containing pure product were collected and retained while those
containing a mixture of products were dry -loaded onto a 10 g Biotage SNAP Ultra
column for chromatography (Programme P-14). Fractions were analysed by TLC, GC
MS (15-minute method), and UV absorbance at 254 nm and those containing pure
product were collected and retained to give a total of 115 mg semi -pure 11-o0x0-24-

hydroxy- I-amyrin.

The 11-oxo-24-hydroxy-epi-l-amyrin extract was dry-loaded onto a 10 g Biotage
SNAP Ultra column for chromatography (Programme P-14). Fractions were analysed
by TLC, GEMS (15-minute method), and UV absorbance at 254 nm and those
containing pure produ ct were collected and retained while those containing a
mixture of products were dry-loaded onto a 10 g Biotage SNAP Ultra column for
chromatography (Programme P-15). Fractions were analysed by TLC, G®IS (15
minute method), and UV absorbance at 254 nm andthose containing pure product
were collected and retained. The product fractions were then treated with activated
charcoal, filtered, and washed with 20 ml ethyl acetate before drying, to give 129 mg

semi-pure 11-0xo0-24-hydroxy-epi-1-amyrin.

Both the semi-pure 11-oxo-24-hydroxy-l-amyrin and 11-oxo-24-hydroxy-epi-|-
amyrin were recrystallised from methanol with water as an anti-solvent to give 20.72
mg 11-o0xo0-24-hydroxy-I-amyrin and 59.66 mg 11-oxo-24-hydroxy-epi-J-amyrin.

5.5.9 Procedure for Large Scale Synth esis of Augustic Acid

A. tumefaciens strains containing tHMGR, SAD1, CYP716A12, and CYP72A67 were
cultured according to the standard procedure (see Section 2.3.1). All strains were
combined and used to infiltrate 100 5-week-old N. benthamania plants using the

vacuum infiltration method (see Section 2.3.3). Plants were grown for 6 days under
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harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 72 h.
The dried leaves (69.5 g) were crushed and extracted using a speed extractor (see

Section 2.4.6). The extract was dried to give 49 g of crude extract.

The extract was divided into two and half dry-loaded onto a 50 g Biotage SNAP
Ultra column for column chromatography (Programme P -1). Fractions were analysed
using GGMS (15-minute method) and those containing the compound of interes t
were pooled and dry-loaded onto a 10 g Biotage SNAP Ultra column for column
chromatography (Programme P-14). Fractions were analysed by TLC and G®IS
(15-minute method) and those containing the product of interest were pooled,
treated with activated charcoal, washed with 50 ml ethyl acetate, then dried to give
83 mg of a semi-pure product which was recrystallised from methanol to give 11.46

mg augustic acid.

The other half of the extract was treated with Ambsersep according to the standard
procedure (see Section 2.4.7), except that the filtrate and washes were discarded
instead of retained. The resin bed was then treated with 50 ml glacial acetic acid and
washed with 100 ml ethanol and 200 ml hexane. The filtrate and washes were then
combined and dried before being dry -loaded onto a 25 g Biotage Sfar Silica D Duo
column for chromatography (Programme P-14). Fractions were analysed by TLC and
GGMS (15-minute method) and those containing the product of interest were

pooled and recrystallised from methanol to give 24.47 mg augustic acid

The total amount of augustic acid obtained over both purification methods was

35.93 mg.

5.5.10 Procedure for Large Sc ale Synthesis of Echinocystic Acid

A. tumefaciensstrains containing tHMGR, SAD1, CYP716A12, and CYP716A141 were
cultured according to the standard procedure (see Section 2.3.1). All strains were
combined and used to infiltrate 50 6 -week-old and 50 7-week-old N. benthamania

plants using the vacuum infiltration method (see Section 2.3.3). Plants were grown
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Harvested leaves were frozen at-80 °C before being dried in a freeze-drier for 72 h.
The dried leaves (40.8 g) were crushed and extracted using a speed extractor (see
Section 2.4.6). The extract was dried to give 7.0 g of crude extract. This was treated
with Ambersep according to the standard procedure (see Section 2.4.7), exept that
the filtrate and washes were discarded instead of retained. The resin bed was then
washed with 100 ml 1:1 glacial acetic acid: ethanol, then washed with 200 ml
ethanol, 200 ml 1:1 ethanol: hexane, 200 ml hexane. The washes were combined and
dried. The extract (2 g) was then loaded onto a 50 g Biotage SNAP Ultra column for
column chromatography (Programme P-1). Fractions were analysed by TLC and GC
MS (15-minute method) and those containing the product of interest were pooled
and dry-loaded onto a 10 g Biotage SNAP KPSil cartridge for column
chromatography (Programme P-13). Fractions were analysed by TLC and G®IS
(15-minute method) and those containing the compound of interest were pooled,
dried, and recrystallised from methanol with water as anti-solvent to give 12.7 mg of
a white solid that was revealed by NMR (H, **C, 2D, ROSEY) to be echinocystic acid

rather than cochalic acid.

5.5.11 Procedure for Testing C -16 oxidases

A. tumefaciens strains containing tHMGR, SAD1, CYP(Q€16 short), CYP(Q<16
long), and SAD2A354-L were cultured according to the standard procedure (see
Section 2.3.1). Strains were combined as shown inTable 5-5 and used to infiltrate 1
leaf each of 5-week-old N. benthamiana plants using the manual infiltration method

(Section 2.3.2). Plants were grown for 6 days under greenhouse conditions before
leaves were harvested and processed according to the standard procedure for GC

MS analysis using the 15minute method (see Section 2.4.1).

Table 5-5: Combinations of vectors used to investigate C-16 oxidases

tHGMR+SAD1 tHMGR+SAD1+CYPQSs

tHMGR+SAD1+CYPQsL | tHMGR+SAD1+SAD2A354-L
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5.5.12 Procedure for Large Scale Synthesis of 7 | -hydroxy -1-amyrin

A. tumefaciens strains containing tHMGR, SAD1, and CYP106Al were cultured

according to the standard procedure (see Section 2.3.1). All strains were combined

and used to infiltrate 100 6-week-old N. benthamania plants using the vacuum

infiltration method (see Section 2.3.3). Plants were grown for 6 days under
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harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 72 h.
The dried leaves (50.4 g) were crushed and extracted using a speed extractor (see
Section 2.4.6). The extract was dried to gve 6.1 g of crude extract which was

treated with Ambersep according to the standard procedure (see Section 2.4.7).

The extract 2.2 g) was dry-loaded onto a 50 g Biotage SNAP ultra column for
column chromatography (Programme P-1). Fractions were analysed usingTLC and
GCGMS (15-minute method) and those containing the compound of interest were
pooled and dry loaded onto a 25 g Biotage Sfar Silica D Duo column for column
chromatography (Programme P-16). Fractions were analysed usingTLC andGG MS
(15-minute method) and those containing the compo und of interest were pooled
and dry-loaded onto a 10 g Biotage Sfar Silica HC D Duo column for column
chromatography (Programme P-14). Fractions were analysed usingTLC andGG MS
(15-minute method) and those containing the compound of interest were pooled ,
treated with activated charcoal according to the standard procedure (see Section
2.4.9), and dried to give 81 mg of semi pure product, which was recrystallised from

methanol with water as an anti-solvent to give 29.63 mg of 7.1-hydroxy-1-amyrin.

5.5.13 Procedure for Large Scale Synthesis of 21 I-hydroxy -11-o0xo -1 -amyrin

and 11 -oxo -erythrodiol

A. tumefaciens strains containing tHMGR, SAD1, CYP88D6, and CYP3Adere
cultured according to the standard procedure (see Section 2.3.1). All strains were
combined and used to infiltrate 100 7 -week-old N. benthamania plants using the

vacuum infiltration method (see Section 2.3.3). Plants were grown for 7 days under
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harvested.

Harvested leaves were frozen at-80 °C before being dried in a freeze drier for 72 h.
The dried leaves (81.0 g) were crushed and extracted using a speed extractor (see
Section 2.4.6). The extract was dried to give 95 g of crude extract which was

treated with Ambersep according to the standard procedure (see Section 2.4.7).

The extract 6.8 g) was dry-loaded onto a 50 g Biotage SNAP ultra column for
column chromatography (Programme P-1). Fractions were analysed usingTLC,GG
MS (15-minute method), and UV absorbance at 254 nm and those containing the
compound of interest were pooled and dry | oaded onto a 10 g Biotage KR SIl
column for column chromatography (Programme P-15). Fractions were analysed
using TLC,GCGMS (15-minute method), and UV absorbance at 254 nm and those
containing the compound of interest were pooled and dry -loaded onto a 10 ¢
Biotage KR Sil column for column chromatography (Programme P-14). Fractions
were analysed using TLC,GGMS (15-minute method), and UV absorbance at 254
nm and those containing the compound of interest were pooled and dry loaded
onto 12 g Biotage Sfar C18 D Duo column for column chromatography ( Programme
R-1). Fractions were analysed by UV absorbance at 254 nm and those containing the
compound of interest were combined and subjected to preparative HPLC using the
following gradient:

Table 5-6. Preparative HPLC gradient used in the purification of the products of CYP3A4 and

CYP88D6. Solvent A was 100 % water and solvent B was 100 % MeCN. A-&inute post-time
with 42 % B was used between runs to equilibrate the column.

Time %B
0 42

1 42
15 70
11.5 95
16.5 95
17.0 42
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Fractionation was carried out based on ELSDdetection, molecular ion at m/z = 547
(IM+H] ™), and UV absorbance at 254 nm and yielded two products: 4.49 mg of 21! -

hydroxy-11-oxo-1-amyrin and 4.26 mg of 11-oxo-erythrodiol.
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6  Biological Evaluation of Oxidised Triterpene

Derivatives

Acknowledgements:
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6.1 Introduction
Plant triterpenes, from sources such as frankincense resin and ginsend85,155], have
been found to have a range of biological activities but have shown particular

promise as anti-proliferative and anti-inflammatory agents [19].

As mentioned in Chapter 1, inflammation is a physiological response to injury,
infection, or toxins in the body and is implicated in multiple diseases when
prolonged and/or uncontrolled [87]. The regulation of inflammation occurs through

a balance of pro- and anti-inflammatory factors. The process of inflammation
involves the release of pro-inflammatory cytokines such as TNF and IL-6, and the
measurement of secretion of these factors therefore provides a measure for
determining inflammation within cells /n vitro. The anttinflammatory potential of a

given compound could therefore be determined through assessing the secretion of

cytokines by appropriately stimulated cells.

The regulation of inflammation occurs through transcription factors such as NF[B.
As mentioned in Chapter 1, the current study focuses on the p50/p65 heterodimer
form of NF[B, which regulates the transcription of pro -inflammatory cytokines such
as TNP and IL-6 [88,94]. Inhibition of the activation of this factor is therefore one

potential mechanism for triterpene anti -inflammatory activity. The p65 subunit of
NF[B is typically phosphorylated when activated. Measurement of the abundance of
phosphorylated p65 therefore allows for the determination of NF[B activation in cell
culture. Another relevant transcription factor, Nrf2, accumulates in cells when its
inhibitor is degraded, activating an anti-inflammatory response and supressing
expression of pro-inflammatory cytokines such as TNP and IL-6 (see Chapter 1 for
the mechanism of activation) [96] As Nrf2 levels in cells under normal conditions are

low, abundance of Nrf2 can be measured to determine its activation within cells.

Naturally occurring triterpenes in general have weak anti-inflammatory activity,
although there are studies to suggest they exert this activity through inhibition of
NF[B, potentially by inhibiting IKK [89]. Triterpenes shown to act in this manner

include ursolic and corosolic acid (Figure 6-1) [156,157] More examples of naturally
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occurring and semi-synthetic triterpenes that have shown biological activity, and

their potential mechanisms of action, are discussed inChapter 1.

Naturally occurring triterpenes can show promising anti -inflammatory activity when
heavily functionalised. For example, the friedelin derivative celastrol (Figure 6-1),
produced by the medicinal plant T7ripterygium wilfordii, inhibits TNF' and IL-6
cytokine secretion at nM concentrations [24]. This activity is significantly more
potent than that seen for more simple triterpenes. However, the bioactivity of
celastrol is broad and unfocused, with a broad spectrum of reported bioactivities
rather than a focus on any specific application [158]. Understanding the features
behind triterpene bioactivity , and defining which modifications are responsible for

the activity of the most potent natural triterpenes, would enable the production of

precisely engineered triterpene derivatives.

HO

;

;
7,

Y

Ursolic Acid Corosolic Acid

\\\COOH

Celastrol

Figure 6-1:Triterpenes found to have anti-inflammatory effects.
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6.2 Aims

In this chapter, the suite of molecules generated in Chapter 5, along with
triterpenes from commercial sources are subjected to biological testing through
anti-proliferative and anti-inflammatory assays to determine properties such as 1Go
values and cytokine release inhibition. Further investigations were carried out by
Western blot analysis to investigate the potential mechanisms underlying observed
anti-inflammatory effects, by measuring protein levels of relevant transcription
factors to track their activation or repression during treatment with triterpenes. The
insights gained through this study will inform the design of more bioactive

triterpenes moving forward.
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6.3 Results and Discussion

6.3.1 Investigating the Anti-Proliferative Activity of Triterpenes

Initial tests of biological activity of pharmaceutically relevant compounds often
involve evaluation of their anti-proliferative effects: the ability to inhibit cell growth

when incubated with cells. The antiproliferative activities of the triterpenes
described in Chapter 5 were evaluated usng the human cancer cell lines HL-60
(promyelocytic leukaemia) and THR1 (monocytic leukaemia). Thesecell lines were
chosen because of their ease of culture (they are non-adherent cells) and the
availability of a substantial body of existing data for the HL-60 cell line relating to

triterpenes, so allowing comparisons to be made with previous work .

The assay chosen to evaluate the antiproliferative effects of the triterpenes in this
study was the MTS assay(Figure 6-2). MTS (5[3-(carboxymethoxy)phenyl]-3-(4,5
dimethyl - 2-thiazolyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium inner salt), is a
tetrazolium reagent that is reduced to a formazan product with a corresponding
colour change in the presence of NADH (or NADPH) from actively respiring cells
[159,160]. As MTShas low cell permeability, the reaction is assisted through the use
of PES (phenazine ethyl slphate) as an intermediate electron acceptor. The
formation of the formazan product can be monitored by absorption at 490 nm,

providing a simple means for investigating cell proliferation [160].
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Figure 6-2: MTS assay used to detect actively respiring cells.The reduction of MTS using
NADH (via PES) creates a formazan product that absorbs strongly at 490 nm. The relative
abundance of living cells (in treated vs untreated cells) can be calculated by measuring
absorbance of a cell culture plate at this wavelength.

Due to the lipophilicity of the triterpenes, dimethyl sulfoxide (DMSO) was selected
as the solvent used to make stock solutions and serial dilutions (see6.5.1). An initial
gualitative test involved stock solutions of 1 mM and 10 mM for each compound,
allowing MTS assays to be run at two final concentrations: 10 uM and 100 puM. The
solvent alone (DMSO) was used as a control. Cells were incubated for 72 hours in
the presence of the compounds, and cell viability was then measured using the MTS

assay (see6.5.4). Theresults are shown in Table 6-1.
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Table 6-1:Inhibition of the tested triterpenes at two concentrations across two cell lines.

Compound Average Inhibition vs DMSO (%)
HL-60

100 uM 10 uM 100 pM 10 pM

1-amyrin (1) -43% 7% -69% -66%
l-amyrone (27) -17% 2% 14% 17%
Oleanolic Acid (18) 89% 17% 94% 9%
Erythrodiol (40) 91% 33% 100% 1%
11-oxo-1-amyrin (2) 99% 1% 99% 7%

24-hydroxy-1-amyrin (22) -33% -27% -91% -49%
12,13 1-epoxy-1-amyrin (33) -5% 2% -17% -5%
30-hydroxy-1-amyrin (19) -61% -2% -50% -2%
-thydroxy- I -amyrin (20) 17% -2% 100% -7%
thydroxy- 1 -amyrin (34) 90% -5% 100% 0%

. . -hydroxy-1-amyrin (23) -24% -8% -34% -8%
Ellarinacin(41) -29% 7% 60% 23%
Epi 1 -amyrin (28) -33% -21% NT NT
11-oxo-epi-l-amyrin (31) 7% -52% NT NT
24-hydroxy-11-oxo-epi-1-amyrin (29)  98% 19% NT NT
Maslinic Acid (24) 91% -1% NT NT
Augustic Acid (25) 53% 34% NT NT
Echinocystic Acid(37) 86% 10% NT NT
71-hydroxy-1-amyrin (32) 100% 8% NT NT
23-hydroxy-1-amyrin (21) 66% -28% NT NT
3-0-Acetyl-| -boswellic Acid (42) 98% -47% NT NT
1 -boswellic Acid (43) 20% -17% NT NT
1-boswellic Acid (44) 93% -41% NT NT
3-O-Acetyl- 1 -boswellic Acid (45) 95% -28% NT NT
11-oxo-1-boswellic Acid (46) 78% -45% NT NT
(3470)—Acetyl—11—oxo—J -boswellic Acid 95% _16% NT NT
Caulophyllogenin (48) 48% -5% NT NT
Medicagenic Acid (49) -5% -19% NT NT
11-oxo-erythrodiol (39) -27% -2% NT NT
211-hydroxy-11-oxo-1-amyrin (38) 89% -11% NT NT
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The percentages shown are the mean of 3technical replicates only (each normalised to
mean DMSO vehicle control). Compounds with 550, Gl CGb GAG=z1 " K

for further investigation (shown in bold). All compounds were incubated for 72 h.

Ten of the tested triterpenes have little t 0 no activity (<20 % inhibition) even at the
highest concentration tested, and may even increase cell proliferation (although the
apparently increased cell proliferation values may also be due to crystallisation of

the tested triterpenes interfering with a bsorbance). These included l-amyrin (1),

which has been shown to be inactive in previous tests GI  AC+ Z~ kz | | + WW W"

reports of its cytotoxic effects [161]. Additionally, some compounds showed possibly

ig”

GlIv+ g+ AT zWGEi £7 " AGzl "K . iad | +d0AGK+ dC

I d These include 3-O-Acetyl-"-boswellic acid (42) and 11-oxo-epi-l-amyrin (31).
There is variability in the raw data for these compounds, potentially due to
differences in pipetting, cell density, or the vehicle control between different wells.
Repeating these experiments would determine whether there was a true pro-

proliferative effect: this was not carried out due to the focus of the present study

being on anti-proliferative activity. | § o7 AC+1 KX z -hydrakzamyrin d,”

(20) and ellarinacin (41), showed activity only towards the THP-1 cell line. The
remaining sixteen compounds showed significant activity towards the HL-60 cell line

at the highest concentration tested.

IGso values were calculated for those compounds that showed at least 50 %
inhibition in at least one cell line - the required concentration for a test compound to
inhibit cell growth by 50 % relative to controls, which acts as a useful point of
comparison between molecules. A dilution series was made for each compound,

such that the final assay concentrations wereb + Ay £ £ (= I

id | A1 | Gl & =zl dz oheGWatGuked asGie cqnidl) Z |

Cells were incubated for 72 hours in the presence of the compounds and cell
viability then measured using the MTS assay (se&ection 6.5.4). The IG5 values are

shown in Table 6-2.
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Table 6-2:1Cso values for the tested triterpenes.

Compound HL-60 THP-1
Doxorubicin 0.01 NT
Erythrodiol (40) 14.32 + 2.46 62.76 + 18.04
3-O-Acetyl-11-oxo- 1 -boswellic Acid (47) 15.62+ 5.48 NT
Echinocystic Acid(37) 16.14 +4.70 NT
Augustic Acid (25) 16.52 + 4.64 NT
6. -hydroxy- 1 -amyrin (34) 17.56 + 3.68 49.89 + 2.40
24-hydroxy-11-oxo-epi-1-amyrin (29) 18.82 £ 3.83 NT
23-hydroxy-1-amyrin (21) 19.14 +2.04 NT
11-oxo-1-amyrin (2) 19.66 + 4.68 60.68 + 2.86
Maslinic Acid (24) 2412 + 3.30 NT
3-O-Acetyl-) -boswellic Acid (42) 24.22 £1.02 NT
Oleanolic Acid (18) 2557 +1.62 49.52 + 0.61
71-hydroxy-1-amyrin (32) 28.13+6.81 NT
1 -boswellic Acid (43) 30.16+ 5.89 NT
11-oxo-epi-l-amyrin (31) 30.44 + 2.03 NT
3-0-Acetyl-1-boswellic Acid (45) 36.32+ 6.40 NT
1-boswellic Acid (44) 53.99+ 2.83 NT
11-oxo-1-boswellic Acid (46) 55.22+ 3.64 NT
211-hydroxy-11-oxo-1-amyrin (38) 66.04 + 6.66 NT
Caulophyllogenin (48) 78.10+ 13.07 NT
-hydroxy- | -amyrin (20) NT 25.64 +0.21
Ellarinacin(41) NT 27.51+0.99

IGso values { M) are shown for the two cell lines used. Values represent the mean of 3
biological replicates (each was calculated using 3 technical replicates by a log (inhibitor) vs
response-variable slope curve) + SD, except for doxorubicin, which is for 3 technical
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replicates only. 23 hydroxy-1-amyrin and 11-oxo-epi-l-amyrin were assayed by Maya
Valmiki.

Many of the tested triterpenes show ICso values within a range of values (~20-

50i d: 3 CGI C Gd |1 zddzl "dzl é ad" | despkdvayingl Az = d

levels of oxidation, indicating AC" A dzi1 + z WG| Gg+| =2V ~ | zdAWGI

always have improved activity. Erythrodiol (40) (Figure 6-3) had the strongest anti-

proliferative activity in the HL-60 cell line, consistent with previous results [50], but

had the weakest activity in the THP-1 cell line out of all of the triterpenes tested.
-hydroxy-1-amyrin (20) (Figure 6-3) meanwhile shows the strongest activity in

the THP-1 cell line but is inactive inthe HL- . | + WW WGI + . oy z -1 +y Az«

amyrin scaffold with anti-proliferative activity have therefore been discovered: G |

and C- I(Figure 6-3).
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Erythrodiol 40 IC5, = 14.32 (HL-60) Oleanolic Acid 18 IC5, = 25.57 (HL-60)

$
3
S

16B-hydroxy-B-amyrin 20 ICs, = 25.64 (THP-1)

S
3
N

HO

‘v
7,
&

OH

6B-hydroxy-B-amyrin 34 ICs, = 17.56 (HL-60) 7B-hydroxy-p-amyrin 32 1C;, = 28.13 (HL-60)
Figure 6-3: Selected compounds found to have an anti -proliferative effect.

These results also give broader insights into the structure -activity relationships of
the triterpenes. C-3 epimerisation generally has little effect on anti-proliferative
activity: | + G A €amyrin (1) nor epi-1-amyrin (28) show anti-proliferative effects
(Figure 6-4), and 11-oxo-epi-l-amyrin (31) has weaker activity than 11-oxo-.-
amyrin (2) (Figure 6-4). However, 24hydroxy-11-oxo-epi-l-amyrin (29) has anti-
proliferative activity effects towards the HL-60 cell line, while 24-hydroxy-11-oxo-1-
amyrin (30) does not (Figure 6-4) [50]. This compound also compares favourably

with the boswellic acids, closely related molecules differing mainly in the further
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oxidation of C-24 to a carboxylic acid. 24-hydroxy-11-oxo-epi-1-amyrin (29) shows
stronger anti-proliferative activity than most of the boswellic acids, suggesting that
oxidation of C-24 to a carboxylic acid is not required for potent activity, a
do66+xdAGzl b" | FT+| (4D¥gredter potenicy obrbpared tdsalediolid,
acid (18) (Figure 6-3).
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B-amyrin 1 (inactive) epi-B-amyrin 28 (inactive)

S
~
;
3

HO

.,,///
11-oxo0-B-amyrin 2 ICSO = 19.66 (HL-60) 11-oxo0-epi-B-amyrin 31 IC5q = 30.44 (HL-60)

S S
~ ~
N S
5 §

24-hydroxy-11-oxo-B-amyrin 30 (inactive) 24-hydroxy-11-oxo-epi-B-amyrin 29
IC5, = 18.82 (HL-60)

11-oxo-B-boswellic acid 46 IC;, = 55.22 (HL-60)

Figure 6-4:C-3 epimers investigated for anti-proliferative effects. 11-oxo-!-boswellic acid
(46) is also included for reference.
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show stronger activity than those based on the j[-amyrin scaffold [162]. This
assertion is backed up by the current results, which show that J -boswellic acid (43),
b" ¢+ | -amyrin, Has a lower IGo ©" W2 + -Po&wellic adid (44), based on | -
amyrin. 3-O-acetyl-| -boswellic acid (42) also shows greater potency than
3-O-acetyl-I-boswellic acid (45). 3-O-acetyl-11-oxo-1-boswellic acid (47), however,
has a lower IGo value than any of the other boswellic acids, suggesting the
importance of both the 11-oxo group and C-3 acetylation in boswellic acid
bioactivity. Future experiments to evaluate C-3 acetylated I|-amyrin-derived
triterpenes, especially 24 hydroxy-11-oxo-epi-1-amyrin, would provide confirmation
of the importance of this modification to the bioactivity of boswellic acid -like

compounds.

Some effects of G2 stereochemistry on anti-proliferative effects were also observed
Augustic acid (25), with a C-, 1stereochemistry, shows greater antiproliferative
effects than maslinic acid (24), with C-2) stereochemistry. This insightcould also be

taken forwards in the future design of more potent molecules.

6.3.2 Investigating Anti -Inflammatory Activity of  Triterpenes

As inflammation is another important target of drug -related research, the antk
inflammatory effects of the triterpenes in this study were evaluated using an
enzyme-linked immunosorbent assay (ELISA) to measurdhe secretion of TNF| and
IL-6 in THP-1 cells. LPS stimulation of THR1 cells has been previously used as anin
vitro dz | +W i z7 "dd+ddGl o Gl i W' addaokted areGl ACx
recruited during the inflammatory response and play a key role in inflammation. As
a monocytic cell line, THR1 provides a comparable response to stimulation to
primary monocytes [163]. LPS is used to induce a response as it known to be a
potent monocyte activator [163,164]. TNP and IL-6 were investigated because of
their key roles as pro-inflammatory cytokines released during the inflammatory

response.

To begin with, 12 triterpenes were incubated with THP-1 cells at one of two

lz1 1 1 AT " AGzl d _ .. i d i zVvprokeraté effeckstowardy d Cz xy Gl
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the THP-1 cell line; " 1 | . . i d i zshowhy Eathe anki-prblifertive
effects). Additionally included was 107 d al1147082 (a known anti-inflammatory
compound that inhibits IKK and therefore blocks NF[B activation and subsequent
cytokine release [165]) as a positive control. All of the added compounds were
incubated for 30 minutes prior to LPS stimulation. After 3 hours, supernatants were

analysed for TNF releaseby ELISA (seé.5.7, Figure 6-5).
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Figure 6-5: TN secretion in LPSstimulated THP-1 cells incubated with the tested
triterpenes. Cells were preincubated with triterpenes (20 VM except for
6.-hydroxy-1-amyrin (34), ellarinacin, 1@l -hydroxy-l-amyrin (20), 11-oxo-l-amyrin (2),
erythrodiol (40), and oleanolic acid (18), which were used at 101 M) prior to LPS stimulation
for 3 hours. TNP' secretion was quantified by ELISA and is shown relative to DMSO (vehicle)
treated cells. No error bars are shown due to the experiment being performed with only one
biological replicate. Experiment was not repeated due to lack of observed activity, which was
l 271 2zbzl "A+| bi A7} +06Gzoqd VT +doWAKd itzd AC+x 2Z~  kzl | A
The results show that the triterpenes tested had little effect on LPSinduced TNF|
secretion in THR1 cells. This is in line with previous results obtained by the
Z~ k z1 | £ \WNsder \B8miparable conditions which included the additional
triterpenes not tested here (personal communication). Several of the triterpenes
tested were then selected for use as negative controls in tests of a wider range of

triterpenes (Figure 6-6).
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Figure 6-6: TN secretion in LPSstimulated THP-1 cells incubated with the tested
triterpenes. Cells were preincubated with triterpenes (20 © M) prior to LPS stimulation for 3
hours. TNPF production was quantified by ELISA and is shown relative to DMSO (vehicle)
treated cells. Values represent the mean of 3 biological replicates + SD. Significance values
(calculated by ANOVA) are denoted as follows: P<0.001(***)or not significant (ns).

Three of the tested triterpenes significantly inhibited LPSinduced TNF secretion in

THR-1 cells. 24-hydroxy-11-oxo-epi- 1 -amyrin (29), 3-O-acetyl-| -boswellic acid (42),

" | | -hydtoxy-l-amyrin (32), suggesting that these compounds may have anti-

inflammatory effects. The inhibition of TNFh secretion by 3-O-acetyl-h-boswellic

acid (420 Gd +dA+xl G"WWi | zKA+£x5z1 ACi 4Gl 1+ Al x0
izol | K-©dswellidadidcounterpart, 3-O-acetyl-1-boswellic acid (45), did not
inhibit TNFh secretion in THR, | + WWq, " A id _Axi@zl "W

acetyl-1-boswellic acid @5) does not appear to have been evaluated for TN

secretion, however, its derivative 3 O-acetyl-11-oxo-1-boswellic acid (47) has been

found to inhibit TNFh secretion in human peripheral blood mononuclear cells
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_~hdakd:- " [#8]. 3-O-Acéty@h-boswellic acid (42) has also been previously
reported to inhibit TNFh g £ | ¥ + AGzI|l Gl Cod" |l AxY GASLx1 "W dzl
The same set of triterpenes was then analysed by ELISA for 6 release.Compounds
1 £ Gl 1l ob" A+| “lells for 30 ndnutgs®eate LB stimulation and
were then incubated for a further 24 hours before the supernatants were removed

for assay by ELISA (seé.5.8). The results are shown inFigure 6-7.
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Figure 6-7. IL-6 secretion in LPSstimulated THP-1 cells. Cells were preincubated with

triterpenes (20 7 M) prior to LPS stimulation for 24 hours. IL-6 secretion was quantified by

ELISA and is shown relative to DMSO (vehicle) treated cellsValues represent the mean of 3
biological replicates + SD. Significance \alues (calculated by ANOVA) are denoted as follows:
P<0.05 (*), P<0.001(***), or not significant (ns).

Two of the triterpenes that were shown to inhibit release of TNFy also inhibited
release of IL-6: 24-hydroxy-11-oxo0-epi-1-amyrin (29) " | | -hydtoxy-1-amyrin (32),
providing further  evidence of potential anti-inflammatory  effects.
24-hydroxy- | -amyrin (30), which is structurally related to

24-hydroxy-11-oxo-epi-1-amyrin (29), has also been found to inhibit IL-6 secretion,
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butnot TNFh =1 7 + AGz | ” AY £0Gzogdgkdv| Gxg Gl ACx Z™ k.

communication), although the effect was small.

However, as these triterpenes were also shown to be antiproliferative towards the

HL-60 cell line and had not been tested for anti-proliferative effects on the THR1

cell line, they were further tested to ensure that observed effects were not due to

| i Kz AKzW Gl GKI . @Cx 1 zdAzol | d N+1 = -Ke@lisTori z7 = C
24 h, the longest timeframe used in the anti-inflammatory assays, before cell

viability was measured by MTS assay(Figure 6-8).
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Figure 6-8: Impact of the tested triterpenes on cell proliferation at the concentration and
timeframe relative to the anti -inflammatory testing. Compounds were tested at 201 d G|
THR-1 cells for 24 hours prior to evaluation via MTS assay. Viability is shown relative to
DMSO (vehicle contol) Values are mean averages of three technical replicates + SD.
Significance values (calculated by ANOVA) are denoted as follows: not significant (ns).
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The results show that there is no significant difference in cell proliferation when the
compounds were incubated with THP-1 cells over the timeframe of the anti-
inflammatory assays. Therefore, any changes in cytokine production are not a result

of effects on cell viability.

6.3.3 Investigation of Potential Anti  -Inflammatory Mechanisms by Analysis of

Levels of In flammation -Related Transcription Factors

To further investigate the mechanisms behind the effects of the tested triterpenes

on cytokine release, the levels of inflammation-relevant transcription factors within
triterpene-treated THP-1 cells were determined by Western blotting. One of these

was Nrf2, which regulates the expression of cytoprotective proteins and when

activated exhibits an anti-inflammatory effect [96]. The triterpenes to be tested were

therefore incubated with THP- | + WWqg, " A ., 1id izl , Czoldg "\
fumarate, a known Nrf2 activator). Cells were harvested and lysed (seeSection

6.5.10) and the protein levels of Nrf2 visualised by western blot (see Section

6.5.12). A representative blot and results of analysis of the intensity of the protein

bands are shown inFigure 6-9.
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Figure 6-9: Western blot analysis for Nrf2. A) Representative blot for Nrf2, B) densitometric

"l "W g6d. kxWWd 1+ Gl lob" Ax| Y GAC AT GAKxY A+l x4
harvested and lysed. Extracts were then separated by SD®AGE and transferred onto a PVDF

membrane, and proteins (Nrf2 al | -tubulin control) visualised by western blotting using
chemiluminescence. Data are for three biological replicates + SD. Significance values

(calculated by ANOVA) are denoted as follows: not significant (ns).
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As can be seen in the above figure, the trierpenes tested here showed no effect on
levels of Nrf2 present in the THP-1 cells, suggesting that the potential anti-

inflammatory effects are mediated via another mechanism.

Another transcription factor investigated for its role in inflammatory pathways is
NF[B. This transcription factor is activated through phosphorylation in response to
stimulation and then triggers a pro -inflammatory response including the release of
cytokines such asTNF| and IL-6. [89,93] The triterpenes to be tested were therefore
incubated with THP-1 cells for 30 minutes before LPS stimulation to induce NF[B
activation. After 2 hours cells were harvested and lysed (see6.5.10) and levels of
NF[B visualised by western blot analysigsee 6.5.12 and 6.5.13). A representative
blot and results of analysis of the intensity of the protein bands are shown in Figure

6-10.
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Figure 6-10:Western blot analysis of Nf[B. A) Representative blot for NF[B, B) densitometric
analysis. Cells were preGl | o b " A= | NGAKC AV GA+£Y Azl £d
hours before cells were harvested and lysed. Extracts were then separated and transferred
onto a PVDF membrane via western blotting, and proteins (p-NF[B, NHa " -tubulin)
visualised using chemiluminescence. Data are for three biological replicates + SD.

Significance values (calculated by ANOVA) are denoted as follows: not significant (ns)vs
vehicle control (DMSO).
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In Figure 6-10A a visible difference can be seen fortwo of the triterpenes inhibit ing
the activation of NF[B compared to DMSO (vehicle control): 24-hydroxy-11-oxo-
epi-1-amyrin (29) " | | -hydtoxy-1-amyrin (32), but this difference does not reach
statistical significance. This could be due to the high variability of western blotting
resulting in the assay being too insensitive to pick up small differences with
statistical significance. These are the same trierpenes that inhibited production of
both TNFy and IL-6, cytokines that are regulated by NF[B. 24-hydroxy-1-amyrin

(22), which had been found to inhibit IL-6 secretion in a previous study in the

Z kzl |l +WW W'b” x"d | BAn thiszway at. Az i 81 CABErG A z ht

communication). 3-O-acetyl-4-boswellic acid (42), which only inhibited TNFj
secretion, does not appear to inhibit N F[B activation in this experiment, suggesting
that it works via a different mechanism. Interestingly, the study on human peripheral
monocytes which found that 3-O-acetyl-h-boswellic acid (42) inhibited TNFh
secretion reported through a luciferase gene reporter assay in HEK293 cells that 3

O-acetyl-"-boswellic acid inhibited NF[B activation” A _ [18]i d

The Western blot results are not particularly clear and it was not possible to
determine the statistical significance of any effects observed due to the variable
nature of Western blotting. Future investigations of the anti -inflammatory nature of
these compounds will utilise other methods to probe their mechanisms further, such

as quantitative PCR to measure transcription levels of cytokines, or flow cytometry.

6.4 Conclusions

ex7+x " doGAx zi KV GamyiinAcaffold ¢s detdiletjin|Chapter 5 A C +
were subjected to biological testing. Anti-proliferative screening of these molecules
confirmed previously detailed activities and revealed two new modifications that

confer anti-proliferative effects: the presence of a hydroxyl group at either G 1 z1
C 1. 1]1] GAGzl "W GI dG6CKq > +actvity'relEtipashifs bfG| + |

the triterpenes, summarised in Figure 6-11.
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C-11 ketone

C-2B more active
than C-2a

C-3a usually less \

C-28 alcohol more

_4— active than

28 carboxylic acid

active (24-hydroxy- \
11-ox0-epi-B- —Ho \ C-16p (THP-1)
amyrin more active) C-7p
C-6p
Cc-23
Figure 6-11:Nodad"VYi zi Flzyl "1 | | £xsmylrestafiold@dsdciki€lz | ¢ KAz

with triterpene activities. The positions on the scaffold where modifications confer anti-
proliferative effects are indicated with arrows.

Anti-inflammatory assays revealed three molecules with potentially important
" | K GO Ghidroxy-1-amlyrin (32), 24-hydroxy-11-oxo-epi-l-amyrin (29), and
3-O-acetyl-| -boswellic acid (42). Further evaluation revealed that these activities
were not associated with anti-proliferative effects, and western blotting suggested a
Az K+l KG" W d+l C" 1 Gg,d zhydroxy-1-ang@z | (32) iamd o
24-hydroxy-11-oxo-epi-1-amyrin (29) through inhibition of N F[B. Previous reports
of the mild anti -inflammatory activity of 24 -hydroxy-I-amyrin (22), and the more
potent anti -inflammatory activities of multiple h- " | | -boswellic acid derivatives
[19,85], suggest the importance of a combination of modifications at C -24 along
with the C-3 epimerisation of triterpenes in anti-inflammatory activity. More
research is needed to determine the exact contribution of each of these
modifications to the observed activities. Additionally, the conflicting results between
the current study and literature reports relating to the ability of 3 -O-acetyl-"-
boswellic acid (42) to inhibit NF [B highlight the need for further research into the

mechanisms of action of these molecules.

Taken together, these results will feed into the design and production of more

potent triterpenes in the future.
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6.5 Materials and Methods for Ch apter 6

6.5.1 Preparation of Compounds for Assays

Stock solutions of each of the compounds were made in sterile DMSO. Where
possible, these were made to 20 mM, but some were used at 10 mM due to poor
solubility. Stock solutions were vortexed vigorously to ensure solubility prior to
dilutions and use. A series of six or seven stocks were made for each compound by
dilutions in DMSO to give stock concentrations ranging from 0.1 mM to either 20
mM or 10 mM depending on the solubility of the compounds in DMSO. T hese stock

compounds were used as detailed below in the relevant assays.
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Table 6-3: Compounds used in the biological assays.

Compound Formula Mass Stock Supplier
I-amyrin CsoHs00 426.7 10 mM Extrasynthese
l-amyrone C3oHsg0 424.7 10 mM Chemfaces
Erythrodiol CaoHs002 4427 10 mM Extrasynthese
Oleanolic Acid CsoHss0O3  456.7 20 mM Extrasynthese
11-oxo-1-amyrin C3oH4802 440.7 10 mM J. Reed
24-hydroxy- I -amyrin CaoHs002 4427 10 mM M. Stephenson
12,13 1-epoxy-1-amyrin C3oHs002 4427 10 mM -
30-hydroxy- I -amyrin CsoH5002 442.7 20 mM -
16.-hydroxy- 1 -amyrin CaoHs002 4427 10 mM -

61 -hydroxy-1-amyrin CaoHs002 4427 10 mM -
211-hydroxy-1-amyrin CsoH5002 442.7 20 mM -

Ellarinacin C3oH4603 454.7 20 mM G. Polturak
EptJ-amyrin CsoHs500 426.7 20 mM -
11-oxo-epi-1-amyrin C3oHsg02  440.7 20 mM -
24-hydroxy-11-oxo-epi-1-amyrin CsoH4503 456.4 20 mM -

Maslinic Acid CsoH4504 472.7 20 mM Extrasynthese
Augustic Acid CsoHagOs  472.7 20 MM -

Echinocystic Acid CsoH4g04 472.7 20 mM Extrasynthese
71-hydroxy-1-amyrin CaoHs002  442.7 20 mM -
23-hydroxy-1-amyrin CsoH5002 442.7 20 mM -

3-0-Acetyl-| -boswellic Acid CaoHs004 4984 20 mM Extrasynthese
1 -boswellic Acid CsoH4503 456.4 20 mM Extrasynthese
I-boswellic Acid CsoH4503 456.4 20 mM Extrasynthese
3-0-Acetyl-1-boswellic Acid CaoHs004 4984 20 mM Extrasynthese
11-oxo-1-boswellic Acid CsoH4604 470.3 20 mM Extrasynthese

3-0-Acetyl-11-oxo- | -boswellic Acid Cs2Ha0s 5124 20mM Extrasynthese
Caulophyllogenin CsoHagOs  488.7 20 mM Extrasynthese
Medicagenic Acid CsoH460s  502.7 20 mM Extrasynthese

Suppliers of compounds are given for commercially sourced compounds and for those
provided by other researchers. Where no supplier is given, compounds were purified from N.
benthamiana. Molecular formulae, masses, and the highest stock concentrations for he
compounds are also given.
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6.5.2 Culture of Human Cell Lines

All cell lines were obtained from the European Collection of Authenticated Cell

Cultures (ECACC). HI60 and THR 1 cells were thawed and centrifuged at 2000 rpm

for 5 minutes. The supernatant was dis@arded and 1 ml complete RPMI 1640 media

(see Section 2.5 for additives) added. Cells were added to 7 ml RPMI media in
flasks. Cell cultures were maintained at 37°C and 5 % CQ. Cells were passaged

twice weekly and used between passages 5 and 20

6.5.3 Cell Density Measurements

Cell density was measured using aNeubauer haemocytometer. A 1:1 mixture of PBS

boii % "1 | 1 +WWq x"dq ad"| £ GI "I AR+l |z11i Ko
a Neubauer haemocytometer for counting under a cell microscope according to the

a" 1l oi "1 Ao +£1 7 After GieapWKiingp dells @eré dgjusted to a density of

3 x 10° cells/ml (for MTS assays), 5 10° cells/ml (for preparation of samples for Nrf2

Western blot) or 1 x 10° cells/ml (for anti-inflammatory assay and preparation of

samples for NfkB Western blot) on the day of the assay by dilution in RPMI 1640

media.

6.5.4 MTS Antiproliferation Assay

MTS assays were carried out in 96 well plates under sterile conditions. Both HL60

and THR 1 cells were tested. Cells were aliquoted into 96 well plates at 100 pul per

well to give a total of 3 x 10* cells/well. For each platez i " ~ &2 " WQABtoAGO+~ "
8 compounds were assayed in triplicate at 2 final concentrations, . | | rda "I

1 d For determination of ICso values, up to 2 compounds were assayed in triplicate

across 7, i GI"W 1zl 1 AT" KGzl d | £tAx1 | Gl o6 =zl dzWo
.. iar» .. i%ar "1 ... id yCxlx dzWobGWGKI
viability under the same conditions as the anti-inflammatory assays, up to 8

l zdAzol | dq AxY AW' Az yx1+ "dd"i x| KyGl £ GlI K
Untreated and vehicle (DMSO) treated controls were also included for reference.

Doxorubicin positive control was assayed in triplicate using a 10-fold serial dilution

iTzad . . i d THAree wells containingdmedia only were included in order

to subtract media absorbance during measurement.
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Plates were returned to the incubator after the addition of compounds and

maintained at 37 °C/5 % CQ:for 24 hours _ i z1 AKCz% . . 1 @& hougsdll | z | Wi
other assays) 10 ul MTS reagent (Cell Titer 96 Aqueous nonradioactive assay

Promega) was then added to each well in the dark (excluding the outermost wells).

Plates were returned to the incubator for 4 hours, after which absorbance at 492 nm

was measured using a plate reader (POLARstar OPTIMA, BMG Labtechand the

averaged media only reading subtracted from all wells. Data analysis was performed

using the GraphPad Prism software (Version 5).1 217 ACWGK "8G 0+ "dd
corrected data were normalised against DMSOtreated cells to obtain %
proliferation. 1Cso values were generated by using non-linear regression (log of

treatment concentration versus response, variable slope, least squares methodl. For

the 24 h assay, statistical analysis was carried out via onavay analysis of variance

(ANOVA) withpost-Cz 1 " | " Wi ¢ G6qd A+xV7izid+| bi @o¥Fxi " g 4

6.5.5 Procedure for Anti -Inflammatory Assay

THP-1 cells were grown as detailed previously. Cell dendly was measured and the
cells were pelleted by centrifugation (1200 rpm, 5 min). Cells were resuspended in
an appropriate volume of medium to give a final density of 1x10 ® cells/mL. Cells
were aliquoted into 24 well plates at 500 pL per well to give 5x10° cells per well. Test
compounds in DMSO were added to the wells (10 uM or 20 uM final concentration)

and incubated for 30 mins at 37 °C (5 % CO2). After this time, to stimulate cytokine

production, LPS was added to the appropriate wells 10 ng/mL LPS final
concentration in RPMI media for TNF', 1 pug/mL LPS finalconcentration in RPMI for
IL-6). Cells were incubated as above for a further 3 hours(TNP) or 24 hours (IL-6).

Supernatants were collectedon ice and stored at -80 °C until needed.

6.5.6 ELISASolutions

Solutions of the following reagents were prepared for the ELISA assay:
Phosphate Buffered Saline (PBS) solution

Per litre:

8 g NaCl, 1.16 g Na2HPO4 0.2 g KH2P040.2 g KCl

pH was set to 7.0 for the TNF ELISAand 7.2-7.4 for the IL-6 ELISA
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Coating buffer (TNFh)

Per litre (pH 9.5):

7.13 g NaHCQ;, 1.59 g N&CO;

pH to 9.5 with 5 M NaOH

Coating buffer (IL -6)

PBS (see above)

Wash buffer

1L PBS (as abovep00 uL Tweenr20

Assay diluent (TNF h)

90 % Phosphate buffered saline solution (PBS),10 % Foetal bovine serum (FBS)
pHto 7.0

Assay Diluent (IL -6)

1 % bovine serum albumin (BSA in PBS (pH 7.27.4), filtered
Stop solution

2 N H.SOy

6.5.7 TNF] ELISA

Determination of TNF| secretion was carried out in 96 well plates using a BD
OptEIA Human TNF ELISAset (BD Biosciences. Plates were coated in 100uL of
human TNF capture antibody diluted in coating buffer, sealed and stored overnight
at 4 °C. Wells were aspirated three times with wash buffer, blocked with >200uL
assay diluent and incubated at room temperature for 1 hour. Wells were washed
again three times in wash buffer before addition of samples. 100 puL of supernatants
from THP-1 cells were added to the plate. Supernatants derived from LPStreated
cells were first diluted three-fold in assay diluent in order to bring these samples to
within the range of the standard curve. A TNF| standard (BD Biosciences) was
included across a two-fold serial dilution range from 500 pg/mL to 7.8 pg/mL

(diluted in PBS). This was used to generate the standard curvedr each assay for
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determination of TNF, secretion. Plates were incubated at room temperature for 2
hours and then washed five times in wash buffer. 100 pL of the detection antibody
in assay diluent was added before sealing and incubating the plate at RT fa 1 hour.
After this period, the plate was washed again seven times with wash buffer, leaving
the wash buffer in the wells for at least 30 seconds each time. 100 yL of substrate
solution (TMB substrate reagent kit, BD Biosciences) was added to each well ah left
in the dark for 30 minutes before addition of 50 pL stop solution. Plates were
measured by absorption at both 450 nm and 570 nm and the value for 570 nm was

subtracted from the value for 450 nm.

6.5.8 IL-6 ELISA

Determination of IL-6 secretion was carried out in 96 well plates using a Human IL-6
DuoSet ELISA kit (R+D Systems). Plates were coated in 1Q€L of human IL-6 capture
antibody diluted in coating buffer, sealed and stored overnight at room
temperature. Wells were aspirated three times with wash buffer, blocked with
>200uL assay diluent and incubated at room temperature for 1 hour. Wells were
washed again three times in wash buffer before addition of samples. 100 pL of
supernatants from THP-1 cells were added to the plate. An IL-6 standard (R+D
Sysems) was included across a twefold serial dilution range from 600 pg/mL to 9.4
pg/mL (diluted in PBS). This was used to generate the standard curve for each assay
for determination of IL -6 production. Plates were incubated at room temperature for
2 hours and then washed three times in wash buffer. 100 yL of the detection
antibody in assay diluent was added before sealing and incubating the plate at RT
for 2 hours. The plate was aspirated and washed three times in wash buffer. 100 |
of streptavidin-HRP (dluted in assay diluent) was added to each well and the plate
was sealed and incubated in the dark for 20 minutes. After this period, the plate was
washed again three times with wash buffer, leaving the wash buffer in the wells for
at least 30 seconds eachtime. 100 pL of substrate solution (substrate reagent pack,
R+D systems) was added to each well and left in the dark for 10 minutes before
addition of 50 pL stop solution. Plates were measured by absorption at both 450 nm

and 570 nm and the value for 570 nm was subtracted from the value for 450 nm.
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6.5.9 Post-ELISA Data Analysis

Using the serial dilutions of TNF' and IL-6 standards provided with the ELISA kits,
calibration curves for each assay were determined and these were used to convert
the corrected absorbance values of test samples to pg/mL. The values were divided
by the value for DMSO + LPStreated control to show relative cytokine secretion.

These were averaged from three biological replicates. For statistical analysis, a one

way ANOVA was performed with post-Cz 1 " | " Wi ¢ Gd A+7 i z1 d=+|

comparison test using the GraphPad Prism software (Version 5).

6.5.10 Preparation of Samples for Western Blotting

THP-1 cells were grown as detailed previously. Cell density was measured and the
cells were pelleted by centrifugation (1200 rpm, 5 min). Cells were resuspendedat

1x10° cells/mL (NF[B) or 5 x10° cells/mL (Nrf2) and aliquoted into 24 well plates at 1

mL (NF[B) or 2 mL (Nrf2) per well to give 1x10° cells/well. For Nrf2 only the plate

was incubated overnight at 37 °C (5 % CQ) before 1 mL of media was removed

from the top of each well. The test compounds in DMSO were then added to the

wells (20 uM final concentration) and incubated for 30 mins at 37 °C (5 % CQ). After

this time, to stimulate the inflammatory response, LPS in RPMI mediawas added to

the appropriate wells (1 pg/mL LPS final concentration) for NE[B only. Cells were
incubated as above for a further 2 hours (NF[B) or 4 hours (Nrf2). Finally, cells were
harvested by transferring cells to microcentrifuge tubes and centrifuging at 2000

rom for 5 mins. Pellets were washed in PBS and centrifuged at 2000 rpm for 5
minutes. Pellets were resuspended in 1007 L ice-cold lysis buffer (1 x Tris-glycine

SDS(Novex, Invitrogen) in PBS) and boiled for 5 minutes before being stored at -

80 °C until needed.

6.5.11 Western Blot Solutions

Running Buffer

40 mL 20 x MOPS (NuPage, Invitrogen)760 mL DiHO
Transfer Buffer (10 x)

24.26 g Tris Basel112.6 g Glycire, 1 g SDS

Make up to 1 L with DiH-O
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Transfer Buffer (1 x)

200 mL methanol, 100 mL 10 x transfer buffer, 700 mL DiH,O
TBST (20 x)

Per litre:

48.4 g Tris base, 160 g NaCl, 62 ml 5 M HCI, 20 ml Twee20
Adjust pH to 7.6 then make up to 1 L with DiH»0

TBST (1 X)

Per litre:

50 ml 20x TBST950 ml DiH,O

5 % Milk

Per litre:

50 g skimmed Milk powder (Marvel),1 L 1x TBST

5% BSA

Per litre:

50 g Bovine Serum Albumin, 1 L 1x TBST

Stripping Solution:

Per litre:

15 g glycine, 1 g SDS 10 ml Tween-20, 990 ml DiH,O

pH to 2.2 with 6 M HCI

6.5.12 Western Blotting

Extracts were taken from the -80 °C freezer, defrosted, and disrupted using a sonic
dismembrator for 10 s. Protein concentration was measured using aNanoDrop ND-

1000 spectrophotometer (Thermo Fisher Scientific) by absorbance at 280 nm. Fresh
tubes were labelled and 187 L of each sample made up, with extra lysis buffer being
used to adjust the concentration of higher -concentrated samples to be equal to the

concentration of the least-concentrated sample. 2 i L 10X sample reducing agent
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(NuPage, Invitrogen) was added to each tube and the samples centrifuged briefly

before heating at 70-95 °C for 5 minutes prior to running on the gel.

A 4-12% Bis Tris gel (nvitrogen) was removed from its packing, washed in DiHO,
and locked into a gel chamber (Novex XCellSureLock MiniCell system, Invitrogen).
The gel chamber was filled with running buffer to the top of the middle chamber

and 2/3rds of the outer chamber. 500 1L antioxidant (NuPage, Invitrogen) was
added to the middle ch amber. The comb was removed from the gel and the wells

washed by pipetting the buffer in the middle chamber up and down.

51 L PageRuler prestained protein ladder (Thermo Scientific) was added to one well
of the gel. Samples were centrifuged briefly and 181 L of each sample added to the
middle wells of the gel. Where there were fewer samples than wells, 2071 L lysis
buffer was added to the remaining wells at the edges of the gel. The gel was run at
150 V for 5 minutes before the voltage was increased to 200V until the blue band

within each sample reached the bottom of the gel.

A PVDF membrane was washed in methanol for 30 s, rinsed in DiHO, and shaken in
transfer buffer for 20 minutes. Spacing pads for the blotting module were soaked in

transfer buffer to remove any air.

The gel was removed from the gel tank and the top and bottom cut off. The plastic
of the gel casing was separated and the P\DF membrane applied to the side of the
gel containing the protein. The gel was placed into the blotting module (Novex
XCell 1l Blot Module, Invitrogen) with spacing pads (2 or 3 depending on the pads
used) and a piece of filter paper on either side of the membrane and gel. The gel
tank was drained, washed with DiHO, and the blotting module locked into the tank.
The middle chamber of the tank was filled with transfer buffer to the bottom of the
dz| oWx~d dI T £3d. o@Cx zo K+1,0IThe"tahkowasdrun gt'33y
V for 1 h.

The membrane was removed from the blotting module and the side containing
protein marked. The membrane was rinsed with 1 x TBST and stirred with 5 % milk
for 1 hour to block the membrane. The membrane was then stored in the fridge for

future use.
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6.5.13 Probing of Western Blot Membranes

As the molecular weight of the two proteins to be probed was far enough apart for
both to be probed simultaneously, Nrf2 membranes to be probed w ere cut into two
and the two pieces marked on the side of the membranes containing the proteins.
NF[B membranes were incubated with p-NF[B rabbit anti-human monoclonal
antibody (Cell Signalling Technology) at 1:500 dilution in 5 % BSAwhile the upper
piece of Nrf2 membranes were incubated with Nrf2 rabbit anti-human monoclonal
antibody (Affinity Biosciences) at 1:750 dilution in 5 % milk and the lower piece of
Nrf2 membranes in I-tubulin rabbit anti-human monoclonal antibody (Cell
Signalling Technology) at 1:1000 dilution in 5 % milk at 60 rpm for 1 hour 30
minutes at room temperature. All membranes were then washed three times with 5
% milk for 5 minutes per wash, and three times with 1x TBST for 5 minutes per wash.
The membranes were then incubated with goat anti-rabbit HRP conjugated
monoclonal antibody (Cell Signalling Technology)at 1:1000 dilution in 5 % milk at
60 rpm for 45 minutes at room temperature. Membranes were then washed three
times in 5 % milk for 5 minutes per wash, and three times in 1x TBST for 5 minutes
per wash. Themembranes were then visualised with an electrochemiluminescence
(ECD) HRP Chemiluminescent substrate reagent kit (Novex, Invitrogen) and an
ImageQuant LAS4000 (GE healthcare) using chemiluminescence and epi
illumination. ECL reagent was incubated with the membranes for 1 minute prior to

development of the membrane s.

To probe for unphosphorylated N F[B and I-tubulin, the membrane was first
incubated in stripping solution twice for 10 minutes, then washed with PBS twice for
10 minutes per wash, and 1x TBST tvage for 5 minutes per wash. The membrane was
blocked with 5 % milk for 30 minutes, then probed as per the method above using
either NF[B rabbit anti-human monoclonal antibody ( Cell Signalling Technology) at
1:500 dilution in 5 % BSA or with 1-tubulin rabbit anti-human monoclonal antibody

(Cell Signalling Technology) at 1:1000 dilution in 5 % milk.

Following visualisation of the membranes, optical density was calculated using

ImageJ software and statistical analysis on the average of three biological replicaés
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carried out by a one-way ANOVA with post-Cz | " | " Wi ¢&6qd AxViz1dz|

multiple comparison test using the GraphPad Prism software (Version 5).
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7  Structure-Activity Relationship Insights and Methods
for Improving Throughput of Triterpene Bioactivity

Investigation

195



7.1 Introduction

As discussed in Chapter 6, understanding the relationship between triterpene
structure and function will be critical for the production of more potent molecules
for use as pharmaceuticals. This would be best achieved through asystematic
approach to evaluate triterpene structure-activity relationships. However, until now
this has not been possible because the majority of triterpenes evaluated are sourced
from their producing plants, rather than being designed and generated by

metabolic engineering.

Some progress has been made using chemical modification of naturally occurring
triterpenes. One such study of structure-activity relationships as they relate to anti-
proliferative and anti-inflammatory effects (the two bioactive properties most
relevant to the current study) was carried out in 2011 by the Sporn and Gribble
laboratories, and led to the development of the semi-synthetic triterpene
bardoxolone methyl [162] (see Chapter 6). This study involved generation of semk
synthetic derivatives of oleanolic and ursolic acid, and the evaluation of the
bioactivities of these molecules, leading to the identification of bardoxolone methyl
as a promising drug candidate [162]. Bioactivity was assessed using an assay for
anti-inflammatory activity based on the inhibition of induction of inducible nitric
oxide synthase (iNOS),although the authors also claimed in the same study a
correlation between the results of this assay and observed antiproliferative effects
as well (the exact values of the antiproliferative effects were not published). A
summary of the structure-activity relationships of the compounds is shown in Figure

7-1.
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Figure 7-1:Bardoxolone-methyl was generated following a structure -activity relationship
investigation of semi-synthetic oleanolic acid derivatives. A) Structures of oleanolic acid and
bardoxolone-methyl. B) Summary of the findings from the structure-activity relationship
investigation of oleanolic and ursolic acid derivatives that gave rise to the drug candidate
bardoxolone methyl. Adapted from [162].

The insights gained in this study have proven largely representative, as conclusions

made in other subsequent studies using molecules obtained from plant sources
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have been generally in agreement with this [154,166]. This is not just the case for
anti-proliferative and anti-inflammatory effects; one study echoed the finding that
ester and amide groups at C-28 improved activity when applied to anti -viral effects

as well[167].

One aspect of modification where significant insights can start to be gleaned is the
glycosylation patterns of triterpenes. For instance, one study comparing four closely
related saponins found that while glycosylation at the C-3 of oleanolic acid
derivatives conferred potent anti-proliferative activity, additional glycosylation at
C-28 greatly reduced anti-proliferative effects [168]. This is in agreement with
Al +0Gzoqg dAo| Gxd GI AC+ Z~ k z4128 glydosylat\dti di
oleanolic acid abolishes activity (personal communication). Interestingly, the sugar
chain at C-3 in this study consisted of an L-arabinose as the first sugar, with the four
saponins (as seen inFigure 7-2) consisting of the monosaccharide, a disaccharide
with D-glucose as the second sugar, a branched trisaccharide with bothD-glucose
and D-xylose attached to the arabinose, and a saponin with the branched
trisaccharide at G-3 and an additional D-glucose at C-28. This branched trisaccharide
chain bears some resemblance to those seen in naturally occurring molecules such
as the avenacins[60] and could be an important clue to the bioactivity of saponins,
as sugar chains containing only D-glucose at G-3 were alo found not to be active

CZ " kzll +tWW W b” Axidzl "W | zddol Gl " AGz |

Figure 7-2: Structure of the saponins investigated in [168]. R = D-Glc or H, R = D-Glc or H,
Rs; = D-Xyl or H.

198



As a general overview, the majority of research into structure-activity relationships,
especially with regards to pentacyclic triterpenes, has consisted of functionalising
either the C-3 or C-28 positions of oleanolic or ursolic acid. A large variety of
functional groups have been added, from simple amides, methyl groups, or acetyl
groups, to PEGylation, dimer formation, or the conjugation of heterocycles. The
majority of these modifications have significantly increased the potency of oleanolic
acid as an anti-proliferative triterpene [169]. However, these experiments consist of
synthetic derivatisation of a natural molecule in a fashion that is highly unlikely to
occur in nature, and therefore the utility of these studies from the perspective of
triterpene metabolic engineering is limited. Such chemical modification strategies
"1+ "Wdz T xdAT Gl A= bl "od+t =zi ACx W'I T =zi
chemical maodification, since chemical derivatisation generally requires modifiable
functional groups to already exist on the molecule. This limits the available diversity
of structures compared to the rich source of potential bioactivities provided by
natural products. Additionally, oleanolic acid, while abundant in nature, is only
mildly anti-proliferative, and more potent examples of naturally occurring
triterpenes exist. The breadth of molecules that have been biosynthesised using the
triterpene toolkit in the current study, coupled with previous investigations of
bioactivity in collaboration with the Z~ kz | | +WW W' bzl " Kz11i " I
unprecedented opportunities to expand the investigations of the structure -activity
relationships of triterpenes with the ultimate aim of generating new triterpenes with

optimal bioactive properties using metabolic enginee ring approaches.

An improved understanding of triterpene structure -activity relationships will allow
for the design of potent molecules with greater bioactivity, the testing of which will
create even greater insights and feed into the design of yet more potent bioactive
compounds. As this process is iterative, there is significant interest in increasing the
throughput of triterpene testing through innovative new technology. This chapter
therefore also explores the potential for using fractionated extracts from agro-

infiltrated N. benthamiana leaves in bioassays.
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Solid-phase extraction (SPE) is an extractive technique for purifying compounds,
using similar principles to standard chromatography techniques, and has previously
been used to increase the throughput and speed of investigations of biological
activity [170]. The National Cancer Institute (NCI) programme for natural products
discovery (NPNPD) has generated a prefractionated library of extracts from classical
sources of natural products (bacteria, plants, and marine organisms) through use of
an automated SPE system that splits organic and aqueous extracts into 7 fractions of
decreasing polarity [171]. These fractions are publicly available in the form of 384
well plates for high-throughput screening. Preliminary testing of fractions from the
library using the NCI-60 human tumour cell line panel identified 34 fractions with
significant activity. Second stage HPLC fractionation of these fractions and
dereplication of their active components led to the id entification of 28 active
compounds from the 34 active fractions [172]. Currently, 326,000 fractions are
available for screening through this process; the eventual goal of the project is to
generate up to 1,000,000. [173] A major limitation of this approac h is the use of
multiple diverse species as sources for the initial extracts. This makes extraction of
bioactive molecules after an initial hit complicated due to the presence of different
contaminants and matrix components that may vary depending on the source
species, making a single extraction method inefficient. It also creates difficulties in
distinguishing between single bioactive components, synergistic mixtures, and
assayinterfering contaminants. It would therefore be beneficial to use a single
species as a source of extracts in order to provide a stable background signal that
can be easily controlled for. Smallscale biosynthesis of triterpene candidates by
transient expression in N. benthamiana provides a route to overcoming these
downsides, with the added advantage that the platform also enables preparative-

dl "Wt Al z| ol AGzl zi | Gdlzox1 x| | zdAzol

Although the NPNPD relies upon an automated system for its high-throughput
library creation, the principles of the project could be applied to th e evaluation of
products from the triterpene toolkit without the need for the same high -tech
equipment. The average manifold for processing SPE cartridges via vacuum allows
for between 8 and 20 samples to be processed in parallel, depending on size, but

200



this could still enable a substantial improvement in throughput when compared to
purification and evaluation of individual compounds of interest one at a time. The
development of SPE techniques to enable the testing of semipurified extracts from
agro-infiltrated N. benthamiana leaves could thus markedly accelerate our ability to

rapidly evaluate triterpenes generated by combinatorial biosynthesis.

7.2 Aims

In this chapter, a comprehensive review of the available information about triterpene
structure-activity relationships relating to anti -proliferative data is carried out, with a
focus on pentacyclic triterpene scaffolds and the HL-60 cell line, as this is where the
majority of data exists and thus where insights will be most impactful. Additionally,
the capacity for triterpene biological testing is improved through the development
of a semi-pure evaluation method for triterpene -containing N. benthamiana extracts
utilising solid-phase extraction methods to allow for rapid screening of novel

compounds for potentia | anti-proliferative effects.
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7.3 Results and Discussion

7.3.1 Integration of Existing Triterpene Cell Viability Data for Analysis

More data has currently been obtained for cell viability than for anti -inflammation

effects within the studies carried out in the 2~ kzl | +WW W"'b_. @CGqg | "
generated in 11 individual small projects over the course of eight years, and a meta-

analysis of the results had yet to be carried out. Therefore, cell viability data were

focused on in the first instance to search for trends and structure-activity
relationships. The data were first tabulated based on the current and previous
T+doWKqg i7zd ACx Z  kzll +WW W' b, @C+ A" boW" A:
carried out on 75 compounds over the course of the 11 projects. 1Cso values for each

compound were available for nine human cell lines of both adherent and non -

adherent cell types, encompassing breast, lung, skin, bone, blood, and brain derived

cells. All values over 100uM were recorded as 100 uM for ease of data analyss, and

avalueof100pd | z1 G| +7 £| -~ Gl " | KGO {z1 KCx Aol Az

A literature search was then carried out to find additional cell viability data for other

AT GK+T A+l +d AC" K x+1+ |1 zK Gl | Wo| +]|ellGab, AC+ "
as well as to add in missing data for triterpenes that had been included but were

missing results in the relevant cell lines. The search was carried out by querying Web

zi NI G+l 1+ GI &"lo"Vi .. izl ‘Niggeuallkxz AGI ¢
filtering the results to find the cell lines of interest. These new data were also
incorporated into the table. As well as the ICso values, each compound was
categorised based on the nature of the scaffold, the number of modifications

anticipated to be required to convert the base scaffold to the compound, the types

of these modifications, and an overall classification of the compound (triterpene,

saponin, acetylated triterpene, steroid, steroid saponin, acetylated steroid). Overall,

141 compounds were analysed. The full table is shown inSection A.5.

These data are summarised inFigure 7-3, Figure 7-4, Figure 7-5, and Figure 7-6.
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Figure 7-3:Total number of modifications to a triterpene scaffold (where an OSC product =
1 modification) vs ICso value. Each dot represents one compound.
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Figure 7-4:Compounds grouped by type of modification vs IC 5o value. Each potential
modification was given a rank and compounds were plotted based on the highest ranked
modification they contain. Each dot represents one compound.
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Figure 7-5: Compounds grouped by triterpene scaffold vs IGo value. Each dot represents
one compound.
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Figure 7-6: Compounds grouped by type vs ICso value. Each compound was categorised
based on whether it was a steroidal or non-steroidal triterpene, and whether it contained
sugars (and therefore was a saponin) or was acylated. Each dot represents one compound.

Based on these graphs, some preliminary insight can be gained into triterpene
activity. For example, a general trend can be seen where an increased number of
scaffold modifications is associated with a lower |G value (Figure 7-3). Triterpenes
that have been glycosylated or acylated also appear to have overall lower 1Go values
compared to those that have not (Figure 7-4), although the number of these types
of compounds represented in the dataset is relatively small. It is difficult to draw
conclusions about the effects of the scaffold itself on the activity of tri terpenes;
while some scaffolds such as iselanosterol appear to be associated with lower 1Cso
values Figure 7-5), the sample size for these scaffoldsis small. As a general point, it
must be remembered that the dataset may be biased, since molecules with high

bioactivity may be more likely to be reported.
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7.3.2 Pairwise Comparisons of Pentacyclic Triterpenes in the HL  -60 Cell Line

In order to design and buil d triterpenes with improved bioactive properties, a more

focused consideration of the structure-activity relationship is needed. A large

l odb+T zi YT +xAz1 Ax| bGz"| KGOx KA1 GA+T A+l +4 Gl
amyrin scaffold, such as oleanolic add (18) [174], glycyrrhetinic acid (8) [102], and

maslinic acid (24) [69]. Because of this, the development of the triterpene toolkit has

C"| " A"V AGI oW'Y izlod 2zl bGzdi | AlG#ed | ' d
I-amyrin derivatives. Therefore, his scaffold was chosen as a focus for triterpene

design in the present study. Given that the largest amount of triterpene bioactivity

data has been generated forthe HL. . | + WW WGI + 3 GACGlI KC+ Z~ k
resource for this cell line was focused on to enable direct comparison of the

bioactivities of sets of molecules.

pC+ Z  kzl |l +WW W'b C"d AxdA+x| . K1 GA+T Azl *

biosynthesised compounds and 26 purchased standards. The available data from
these compounds were therefore filtered for compounds based on the I-amyrin
scaffold (with compounds based on the related scaffolds 4 -amyrin and lupeol also
considered) that had been tested on the HL-60 cell line, a dataset of 27
biosynthesised molecules and 23commercial standards. Firstly, single modifications
of the scaffold were considered, and active positions on the scaffold identified. Next,
double modifications were considered, with each compound compared to related
single-modified compounds to investigat e whether additional modifications have
raised, lowered, or maintained the activity. Regio- and stereo-isomers were also

compared with each other.

For example, the single hydroxylation required to change ursolic acid (50) into
corosolic acid (51) is assocated with a significant increase in anti-proliferative effect,

as seen inFigure 7-7.
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Ursolic Acid (50) Corosolic Acid (51)
ICSO = 4896 ICSO = 244

Figure 7-7: Structures of ursolic acid (60) and corosolic acid (51) and their corresponding
1Cs0 values for the HL-60 cell line.

The transformation of the C-3 hydroxyl in 11-oxo-1-amyrin (2) to its C-3" epimer
does not increase anti-proliferative effect, and in fact reduces it, as seen inFigure

7-8.

N N
~N ~
N N
3 &

HO

2 e
Z 2
7 7

11-oxo-B-amyrin (2) 11-oxo-epi-B-amyrin (31)
ICSO = 1966 ICSO = 3044

Figure 7-8: Structures of 11-oxo-1-amyrin (2) and 11-oxo-epi-1-amyrin (31) and their
corresponding ICso values for the HL-60 cell line.

The G, 1 Ci |1 zWi W GI25) is asdosiajel Gith a ‘slighGimprovement in
the anti-proliferative effect in the HL-60 cell line over the C-2h hydroxyl in its isomer

maslinic acid 4), as seen inFigure 7-9.
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Figure 7-9: Structures of augustic acid 25) and maslinic acid 24) and their corresponding

1Cso values for the HL-60 cell line.

The glycosylation that occurs when h-hederagenin (52) is transformed into the

saponin h-hederin (53) causes a substantial increase in the antiproliferative effect,

as seen inFigure 7-10 . Notably, this is not seen when the inactive aglycone quillaic

acid (54) is glycosylated.
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Figure 7-10: Structures of h-hederagenin (52), h-hederin (53), quillaic acid (64), and Quillaic
acid-TriR 65) and their corresponding ICso values for the HL-60 cell line. Rha =L-rhamnose,
LAra = L-arabinose, GIcA =D-glucuronic acid, Gal = b-galactose.

This process was repeated with increasing numbers of modifications to build a series
of conclusions about structure-activity relationships, which are summarised in

Figure 7-11.
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C-11 hydroxy
minor activity with
epoxide and C-16

C-2B (Augustic Acid) slightly more active C-11 ketone active /

than C-2a (Maslinic Acid) but less with C-28 Glycyrrhetinic acid contains C-30 carboxylic acid

g '////

C-2 (with C-28
;noii;ET;tlon, / C-28 (hydroxy or carboxylic acid)
without C-6
modification)
Modifying C-3 C-160 (with C-28 modification, without C-23 aldehyde)
stereochemistry reduces Ho C-16f (in avenacin, other required substitutions unknown),
activity — - is also active in combination with C-11
7 c-7
C-24 hydroxy inactive OM
own, active with 12,13- C-6
epoxide and 16B-hydroxy C-23 hydroxy (avenacin, hederagenin/hederin) is active,

(but not with the epoxide
alone)

C-23 aldehyde (quillaic acid, gypsogenin) is less active

C-11 ketone activity retained with C-16 coexpression; abolished when epoxide additionally expressed
Sugars may increase activity but only with aglycones that were already active, and the first sugar should not be glucose

Figure 7-11:Summary of the features associated with the structure-activity relationships of
triterpenes with A C xamyrin scaffold with respect to anti-proliferative effects of the HL-60
cell line.

Based on these findings, a number of potential triterpenes were designed with the
aim of combining multiple scaffold oxidations important for bioactivity into
molecules with greater bioactive potential. These molecules can be seen inFigure

7-12.
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Figure 7-12: Structures of potentially promising triterpene bioactives designed using the
insights gained from structure -activity relationship analysis.Rha = L-rhamnose, Ara = L-
arabinose, Glc =D-glucose.

The above compounds contain a combination of the most clearly active positions on
A C +amyrin scaffold: G2, G23, and G6 hydroxylation combined with one or both
of the 11-oxo or 28-carboxylic acid groups. The candidates have features in
common with triterpenes that are known to inhibit cell proliferation such as
hederagenin (G-28 carboxylic acid, G23 alcohol) and asiatic acid (G28 carboxylic
acid, G23 + C-2 alcohol). It is possible that the combination of the 11 -oxo group
with an oleanolic acid-derived compound could reduce activity, as seen for
11-oxo-oleanolic acid (50 GAd + Wi _ Z~ k z BdctioWVAl5). \Mbdwever|, theX " ”  d, + 4
11-oxo group features prominently in bioactive triterpenes, including in this study
(see Chapter 6), and in other previous studies [50], and therefore merits further
investigation. The sugar chains of candidates 68) and (59) (Figure 7-12) are in
|l zddzl y GAC KC z-gmyrindérivek t€iterpesey '=hederin (53) and the
avenacins, which have the highest antiproliferative activity observed so far (see

Section A.5).
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The aglycone candidates were chosen for bioproduction in N. benthamiana due to
ACx izlod zi KCx 1 o731+l K dAKo|-amyrin-teBied
aglycones as potential bioactive molecules through the generation of structural
O" 1 G" | -#yrinzdrivatives that differ in the number and positions of oxidation

events around the scaffold.

The enzymes required for biosynthesis of the triterpene candidates (candidate 66)
in Figure 7-12, hereafter called candidate triterpene 1, and candidate (7) in Figure
7-12, hereafter called candidate triterpene 2) were co-expressed in N. benthamiana
as shown in Figure 7-13 and leaf extracts were then analysed by LEMS to detect
the presence of the candidate triterpenes (see Section 2.4.3). The LEMS spectra are

shown in Figure 7-14.

Candidate triterpene 1 (56) Candidate triterpene 2 (57)
Key:
CYP72A67 CYP88D6
CYP94D65 CYP716A12
CYP716E26

Figure 7-13: The two candidate triterpenes produced in N. benthamiana and the enzymes
required for their biosynthesis.
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Figure 7-14.:Testing of candidate triterpene expression via LGMS. Extracted ion
chromatograms (EICs) for A)m/z = 487.3418, corresponding to the predicted mass of
candidate triterpene 1 [M -OH]" or B) m/z = 501.3211, corresponding to the predicted mass

of candidate triterpene 2 [M -OH]*. Traces are of N, benthamiana extracts expressing tHMGR,
I-amyrin synthase (SAD1) as a control (black), and with addition of required CYPs to produce
triterpene candidate 1 (red), or triterpene candidate 2 (blue).

These experiments demonstrate the successful production of the expected

triterpene candidates at analytical scale. Future work will involve scaleup in order to

generate preparative scale amounts of these compounds for investigations of

bioactivity; also the generation and testing of other potential triterpene candidates.

For example, althoughthe G, | Ci | T zW%i W 61 z02A y"d d=+W+l A=
literature reports show C-2h hydroxyl triterpene derivatives to also be significantly

bioactive and worthy of testing. These steps will lead to the optimisation of

I-amyrin derived aglycones. A suite of aglycone molecules generated and optimised

in this way can then be functionalised further through the use of decorati ng

enzymes (such as glycosyl and acyl transferases) to produce additional triterpene

diversity for future biological testing, using the range of oxidation events across the

scaffold as handles for further modification.

7.3.3 Solid-Phase Extraction Improves the Throughput of Triterpene Testing
A significant bottleneck in the improvement and testing for triterpenes is the

requirement for purified samples at milligram scale for use in bioassays. The
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establishment of a method that would enable semi-crude N. benthamiana leaf
extracts to be screened directly without the need to purify compounds at milligram
scale would greatly accelerate the discovery of new bioactives. Recent investigations
into the use of semi-purified extracts in biological assays [172] has raised the
prospects of utilising high -throughput methods for faster screening of candidate

molecules, such as through the use of solidphase extraction for purification.

As mentioned in Section 7.1, SPE techniques can be used to improve the
throughput of investigations into plant extract bioactivities. Samples loaded into an
SPE cartridge are separated based on the relative affinity of the components
towards either a stationary phase (which can constitute various matrices including
normal-phase silica or hydrocarbon chain functionalised reversephase siica) or a
mobile phase (a solvent passed through the cartridge) [170]. Unlike regular
chromatography, which relies on the separation of compounds via the time taken
for a compound to move through the column based on a continuous flow of either
constant polarity or a gradient, SPE usually works through capturing a particular
component of the mixture, preventing its movement through the column entirely.
This can involve capturing impurities, leaving the compound of interest to flow
through the column, or capt uring the compound of interest, washing impurities
from the column, and then later releasing the desired compound through
application of an eluting solvent [170]. SPE is therefore not continuous in the flow of
its mobile phase. This produces a series of décrete fractions which can be retained

or discarded depending on the presence or absence of compounds of interest.

An investigation was therefore carried out into the feasibility of using solid -phase
extraction methods on AN. benthamiana extracts generated from plants transiently
expressing different combinations of triterpene biosynthetic genes. The full method

is given in (Section 7.5.3) but briefly, freeze-dried leaves (approximately 0.5 g) from
N. benthamiana plants infiltrated with MMA buffer only, or with gene constructs for

AY z | o | A Gmyrin (%) and 11-oxo-1-amyrin (2), were ground with a pestle and
mortar and extracted in parallel using a speed extractor (Buchi). Figure 7-15A) The

extracts were adsorbed onto cotton wool, which was then divided into three pieces,
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each being loaded onto the top of a separate solid-phase extraction cartridge
(Figure 7-15B). One piece was loaded directly; one was loaded onto a layer of
Ambersep ion exchange resin; and one was loaded onto of a layer of charcoal. The
purpose of including Ambersep and charcoal was to evaluate the ability of these
materials to remove pigments such as brightly coloured chlorophylls and other

compounds that may interfere with the colourimetric bioassays.

Cotton
wool

SPE
cartridge

Leaves are extracted from individual Extracts are adsorbed onto cotton
cells into vials wool and loaded into cartridges
C
To L .
1 1 )

Vacuum

Collection

tube

Samples are eluted with increasing Fractions are tested for the
amounts of methanol compounds of interest

Figure 7-15: Fractionation of N. benthamiana extracts using solid-phase extraction for
testing in bioactivity assays. A) Parallel extraction of ground freeze-dried leaves (loaded into
the cells) into vials. B) Extracts are adsorbed onto cotton wool and loaded into SPE
cartridges. C) Extracts are factionated into collection tubes with increasing amounts of
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methanol in water using a vacuum. D) Fractions are labelled and tested for compounds of
interest.

Extracts were eluted from the solid-phase extraction cartridges using increasing
proportions of me thanol in water (Figure 7-15C), to give a series of fractions
(labelled N, A, or C depending on whether they were not treated (N) , treated with
Ambersep (A), or treated with charcoal (C), and also with the % of methanol used to
elute them) (Figure 7-15D). These were analysed by GEMS to identify tho se
fractions containing triterpenes. Fractions of interest, and all of the fractions from
the MMA extracts, were transferred into pre-weighed vials and dried and the dry
mass of each fraction determined. Fractions were then dissolved in a sufficient
amount of DMSO to make a 5 mg/ml solution. Fractions were then tested using the

MTS assay (seesection 7.5.4).

Untreated
250

200+ ns T

1501 -

1001 ns ns

a1
T

i

Cell Proliferation (% of DMSO)

Extract

Figure 7-16: Proliferation of HL-60 cells exposed tofractions of untreated extracts from

leaves infiltrated with MMA only. Cells were tre " K+ | f@agtiGn at 5 migil

concentration (by total weight of fraction) . Proliferation was measured by MTS assay after 72

hours and is shown relative to DMSO (vehicle) treated cellsValues represent the mean of 3

biological replicates (each the mean of three technical replicates)+ SD. Significance values

(calculated by ANOVA) are denoted as follows: P<0.05 (*)or not significant (ns). In the names

zi KCx i7"1 KGzldg 66Ozl "bzO+x” ~h dGol GeaGrxrd ol AT :
fraction is the % of methanol required to elute that fraction.
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Figure 7-17: Proliferation of HL-60 cells exposed tofractions of Ambersep treated extracts

itTzd Wx"0xd Gl i Givwiin"sylthdsis oprtAicts (BAJ, br'lioxo-I-amyrin

synthesis constructs (11=0).k + WWq, 3 +1 = A lfractiok at p mginG gazentration W

(per total weight of fraction) . Proliferation was measured by MTS assay after 72 hours and is

shown relative to DMSO (vehicle) treated cells.Values represent the mean of 3 biological

replicates (each the mean of three technical replicates)+ SD. Significance values (calculated

by ANOVA) are denoted as follows: not significant (ns) In the names of the fractions given

"bzOx” 17 ¢Gol Gi Gxqg i7"l AKGzl d AV x" K+| Y GAC ! db#]
is the % of methanol required to elute that fraction.
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Figure 7-18. Proliferation of HL-60 cells exposed tofractions of charcoal treated extracts
itTzd Wx"0xd Gl i Giviin"sylthdsis oprtAicts (BAJ, br'lioxo-I-amyrin
synthesis constructs (11=0).k + WWq, 3 1 * K lfractiok at p mginth @xtentra tionW
(per total weight of fraction) . Proliferation was measured by MTS assay after 72 hours and is
shown relative to DMSO (vehicle) treated cells.Values represent the mean of 3 biological
replicates (each the mean of three technical replicates)+ SD. Signficance values (calculated
by ANOVA) are denoted as follows: P<0.05 (*) P<0.001(***), or not significant (ns). In the

| “d+d zi ACz iV7"1KGzld 660l "bzOx”" ~ k- dG6bo

number given for each fraction is the % of methanol required to elute that fraction.

As can be seen inFigure 7-16, the untreated extracts contain constituents that
interfere with the assay, aseven leaf extracts from MMA (mock) infiltrations inhibit

cell proliferation at 75 % MeOH and possibly at 80 % and 85 %. Ambersep treatment
(Figure 7-17) does alleviate this background activity, however some inhibition can
b+ d++1| famyrin (& @antaiding samples at 85 % MeOH, which is not

+

s=

A+ K=+-amyrih q1) itself is known not to inhibit cell proliferation in this

particular assay. When the extracts were treated with charcoal (Figure 7-18), only
the samples containing the known anti-proliferative triterpene 11 -oxo-1-amyrin (2)
inhibit cell proliferation. The charcoal treatment therefore appears promising as a
means of cleaning up the N. benthamiana leaf extracts sufficiently to be able to

detect bioactivity.

These results are a proof of concept for the use of SPE techniques for improving the

throughput of testing the bioactivity of triterpenes generated by transient
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expression in N. benthamiana. This method holds considerable promise for rapid
identification of new bioactive triterpenes without the need for purification in the
first instance; under a week to produce fractions ready for testing from harvested
leaves compared to the 3-4 weeks taken to purify most of the compounds
mentioned in earlier chapters. This method of testing could be performed in parallel
with multiple samples at a time, enabling large suites of molecules to be designed,
generated by heterologous expression at small scale, and then screened for
bioactivity at a rapid pace. Promising leads could then be prioritised for production
at preparative scale and further in-depth evaluation of bioactivity following this
initial triaging process. This overall approach will allow inactive molecules to be
screened out before the stage of large-scale production, leaving only the most

interesting compounds to go through to full purification and quantitative assays.

7.4  Conclusions

In this chapter, a comprehensive review of the structure-activity relationships of
triterpenes with respect to anti -proliferative effects has been carried out. A focus on
pentacyclic triterpenes, for which both the greatest amount of data and the greatest

capacity for functionalisation exist, has resuted in the design of potentially more

potent molecules, which have been produced in a small-scale in N. benthamiana as
a demonstration of the viability of their biosynthesis. Additionally, the development

of SPE techniques to enable semipure testing of triterpenes for biological activity
represents an innovative step forward for the evaluation of the products of

triterpene biosynthesis, dramatically reducing the time needed to assess novel
triterpenes and allowing for the screening of entire libraries of ¢ ompounds in
parallel before focusing on the most interesting and valuable molecules for further

study.

The future expansion of this work using the anti-inflammatory data and the insights
gained therein will allow for greater insights into a variety of trit erpene bioactivities.
Additionally, the scope of this approach can be expanded beyond aglycones to
investigate the potential of tailoring enzymes such as acyl and glucosyl transferases

in further enhancing the bioactivity of triterpene molecules.
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7.5 Materials and Methods for Chapter 7

7.5.1 Graphing Triterpene Cell Viability Data

k+ WW OG" bGWGKI | " A" z0+1 ,, | +tWW WGI £d zbA"C

WGA+T " Kol + dzollxtd x"d A"boW' Ax| " "1 ]| "I
ease of analysis. Atotal of 142 compounds had data assembled for analysis. Data
was assigned categories based on a number of classifications (scaffold, type of
compound, type of modifications present, number of modifications) and each
category was assigned a number. Each compound therefore had an individual
number for each potential classification. These category numbers were then plotted
against 1G5 values for each classification using excel (XY scatter plot). The full
database of compounds showing their categorisation and 1G5, values is given in

(Section A.5).

7.5.2 Small-Scale Testing of Improved Triterpenes

A. tumefaciensstrains containing tHMGR, SAD1, CYP716A12, CYP716E26, CYP72A67,
CYP88D6, and CYP94D65 were cultured according to the standard procedure (see
Section 2.3.1). Strains were combined into two combinations: a combination of
tHMGR, SAD1, CYP716A12, CYP716E26, CYP72A67, and CYP94D65 to produce
triterpene candidate 1, and a combination of all genes to produce triterpene
candidate 2. The combined strains wee used to infiltrate 1 leaf of 5-week-old N.
benthamania plants using the manual infiltration method (see Section 2.3.2). The
plants were grown for 5 days under greenhouse conditions before leaves were
harvested and processed using the standard method for LGMS analysis (see

Section 2.4.3).

7.5.3 Solid-Phase Extraction Set -Up and Testing

A. tumefaciens strains containing tHMGR, SAD1, and CYP88D6 were cultured
according to the standard procedure (see Section 2.3.1). Strains were combined
into two combinations: a combination of tHMGR and SAD1 only and a combination
of tHMGR, SAD1, and CYP88D6. Each combination of strains, along with an
appropriate volume of MMA, was used to infiltrate 5 leaves per plant of 5 -week-old

N. benthamiana plants using the manual infiltration method (see Section 2.3.2).
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Plants were grown for 5 days under greenhouse conditions before leaves were

harvested.

Harvested leaves were frozen and freezedried for 24 h before being extracted using
the speed extractor using the same programme as in Section 2.4.6 but with the
exception that each condition was loaded into a different cell of the instrument and

extracted into separate vials instead of being pooled.

The extracts were then each adsorbed onto a piece of cotton wool, which was
divG| x| x@&o" WWi Gl Az | AG+1 + damyrif arill-okClx
amyrin) or 3 pieces (for the MMA infiltrated extract). Each piece was loaded into the
top of a solid-phase extraction cartridge (Hypersep C8 500 mg, Thermo). For each
condition, one cartridge was used asis, one was used with ~1 cm of Ambersep ion
exchange resin (Sigma) between the top of the cartridge and the cotton wool, and
one was used with ~1 cm of activated charcoal (Sigma) between the top of the
cartridge and the cotton wool . Cartridges were equilibrated with 50 % methanol in

water prior to the addition of the cotton wool.

The cartridges were attached to a vacuum manifold. Samples were eluted from the
cartridge using a vacuum applied to the manifold. Elution was carried out using an
increasing amount of methanol in water; 5 ml 50 % methanol, 5 ml 75 % methanol,
5 ml 80 % methanol, 5 ml 85 % methanol, 5 ml 90 % methanol, 5 ml 100 %
methanol. Each of the elution volumes was collected separately in glass collection
tubes and samples of each fraction sent for analysis using GEMS using the 15
minute method (see Section 2.4.1- . i z 1 -amyi@ sand I11-oxo-l-amyrin
expressing samples, fractions were dried and retained for biological testing where
GCGMS analysis showed them to contain significant amounts of the compound of
interest. All of the fractions from the untreated MMA infiltrated sample were dried

and retained for biologi cal testing, along with the Ambersep and charcoal treated
dd! Gl i GWAY " K+| d"dAWxd +WokKx| " A KC=

amyrin or 11-oxo-1-amyrin containing fractions.
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7.5.4 Qualitative MTS Antiproliferation Assay of Solid -Phase Extraction
Fractions

MTS assays were carried out in 96 well plates under sterile conditions. The
outermost wells contained 250 pl water to maintain humidity and minimise media

evaporation. HL-60 cells were tested.

Each of the fractions from the solid-phase extraction procedure were dissolved in an

appropriate amount of DMSO to make a 5 mg/ml stock solution prior to use.

For each plate,all of the fractions to be tested were assayed in triplicate. 1pl of the
stock concentration was used per 100 ul well to give a 100-fold dilution from the

original stock. Untreated and vehicle (DMSO) treated controls were also included for
reference. Three wells containing media only were included in order to subtract

media absorbance during measurement.

Plates were returned to the incubator after the addition of compounds and
maintained at 37 °C/5 % CQ for 3 days. The MTS reagent (Cell Titer 96 Agueous
non-radioactive assay Promega) was prepared. 10ul MTS was then added to each
well in the dark (excluding the outermost wells). Plates were returned to the
incubator for 4 hours, after which absorbance at 492 nm was measured using a plate
reader (POLARstar OPTIMA, BMG Labtechand the averaged media only reading

subtracted from all wells.

The inhibition of each fraction was calculated and normalised to vehicle (DMSO)
control before being plotted using the GraphPad Prism software (Version 5).
Statistical analysis was performed via oneway ANOVA with post-C z | o ¥xi 7 (g

multiple comparison test.
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8 General Discusion
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8.1 Introduction

Triterpenes are a diverse class of molecules found throughout the plant kingdom,
and have found uses as part of formulations in traditional remedies for a range of
different diseases (such as the use of ginseng to modulate the immune system and
extracts of the frankincense tree to treat inflammation) [155,175]. Similarly, interest
in triterpenes as modern therapeutic agents has led to the investigation of
triterpenes and derivatives for diseases such as cancer and inflammation. An
improved understanding of the properties of this major family of plant bioactives
would be aided by taking a systematic approach towards investigating structure -
activity relationships. However, such an approach depends on the ability to
bioengineer suites of molecules with specific structural features, and on generating
these molecules at preparative scale in order to evaluate bioactivity. Previous studies
of the structure -activity relationships of triterpenes have been limited due to the low
abundance of triterp enes in their natural sources, and their recalcitrance to chemical
synthesis. The establishment of the transient expression platform in N. benthamiana
and the creation of the triterpene toolkit (TTK) has allowed for the targeted
engineering of triterpenes with desired structural features and the production at mg
gl "W+ zi " do GAxamwin defivatives #s@art of thiéGprpsent study.
Investigation of the properties of these molecules and their mechanisms of action
has provided fresh insights into the structural features that determine triterpene

bioactivity.

8.2 Generation of Novel Structural Diversity Through
Combinatorial Biosynthesis

Combinatorial biosynthesis allows for the significant expansion of triterpene

structural diversity through the pro duction of novel molecules. In the current study,

pairwise combination of CYPs from the triterpene toolkit enabled the production of

a substantial number of new products (66), 31 of which had putative structures not

previously reported (Chapter 3). The sucess of this investigation proves the

versatility of the combinatorial biosynthesis platform and lays the groundwork for
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the use of the TTK to produce designer molecules with carefully chosen

functionalisations.

The production of suites of specifically designed molecules relies upon the
availability of a sufficient variety of biosynthetic enzymes in order to generate the
required structural diversity. In Chapter 4, the feasibility of incorporating enzymes
from beyond the Plant Kingdom into the TTK is investigated by evaluation of
enzymes from bacterial and animal sources. The variety of products produced
through combinatorial biosynthesis in which these enzymes are co-expressed with
other plant enzymes from the TTK demonstrates their receptiveness to use in
combinatorial experiments and the flexibility and promiscuity provided by them.
These enzymes include CYP106A1 and CYP106A2 frolBacillus megaterium, which
zWG| Gd+x KC+x AVl +0GzodW o l-ajnyrih Geaffold B4 dBAG=z1 )
Additionally, some of the incorporated enzymes modify currently served positions in
ways not previously accessible through the TTK, such as CYP716C11 fror@entella
asiatica which oxidises the G2 position in the h-1 " A C + 1 -cofffigurdtion [117].

Future approaches to diversifying the TTK could include harnessing an even greater
diversity of enzymes from the Plant Kingdom and elsewhere, and also use of
mutagenized enzymes with novel functionalities. For example, previous work in the
Osbourn lab has led to the generation of mutant forms of the A. strigosaCYP51H10
enzyme that decouples the dual G, . | Ci | T zWi W' AGzI11 "4Az WG| " K
functionalities of this enzyme [120], to yield mutant forms that can perform each of
the two types of oxidations independently (unpublished data). Such approaches
have been used extensively for bacterial CYPs, which can be readily investigated due
to their solubility and ease of purification . One particularly well-known example of
this is BM3, otherwise known as CYPQ2A1 (from Bacillus megateriurm), which has an
especially high catalytic activity and has been modified extensively to accept a range
of substrates, including drug-like molecules [51,138]. Mutagenesis of BM3 has led to
the production of libraries of variants which are capable of a vast array of
transformations [139]. The transient plant expression system has proved to be a

powerful and rapid means of expressing plant CYPs and investigating their functions
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[13,50,115,120,176] and so offers a route to screening for mutant variants of CYPs

from plants and other organisms that could further expand the capability of the TTK.

The use of enzymes modified to have specific functions in this way would allow for
the production of a far wider variety of molecules, truly allowing for the design and
production of molecules with optimised bioactive properties. This could be further
enabled through the advent of machine learning techniques and the use of
molecular modelling to accurately predict the function of enzymes from their
structure or even amino acid sequence[177]. This would enable the potential results
of any mutagenesis study to be predicted /n sifico and so increase the throughput of
these approaches. The predictions made through computer-based methods will still
need to be evaluated at the laboratory bench, but here the throughput could be
improved through the capture of reaction products for MS analysis using techniques
such as matrixassisted laser desorption ionisation (MALDI) [178,179] These
potential future direction s open up the prospect of designing enzymes to perform
the desired modifications to produce specifically designed molecules for medicinal

and other applications.

8.3  Structural Elucidation of Triterpenes by NMR

The scaleup of triterpene production to the mg scale remains an important
requirement for undisputed assignment of structure through NMR, as well as for the
evaluation of triterpenes for biological activity. The putative structures for
compounds identified in Chapter 4 (predicted using observed molecular mass,
GGMS fragmentation patterns, and knowledge of enzyme activity) were confirmed
following scale-up and purification in Chapter 5. The use of NMR techniques such
as 2D NMR provides for the assignment of exact regiochemistry within a scaffold,
something that can be inferred through GC-MS techniques but not definitively
proven. Meanwhile, the stereochemistry of a compound can be proven through the
use of nuclear-overhauser effect-related spectroscopy (NOESY and ROESY) to show
correlations between proto ns in 3D space[180], and also through the comparison of
'H-'H coupling constants utilising the Karplus equation to determine bond angle,

which is especially relevant to the triterpenes based on amyrin-type scaffolds
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because they are polycyclic molecules brmed from multiple fused cyclohexane rings
[126]. The use of these techniques to ascertain stereochemistry can be critical, since
while different stereoisomers may have different retention times by GC- and
LGanalysis (as has been shown in this thesis), ven working with only a single
isomer in the absence of a verified standard, these methods are unable to
distinguish the stereochemistry with certainty. Indeed, as can be seen with the
example of the production of echinocystic acid through the combination of
CYP716A12 and CYP716Al1l41Chapter 5), the overreliance on assuming structure
through previously observed activities of characterised enzymes can be misleading
in cases where enzyme combinations result in unpredicted products. Therefore,
structural characterisation of molecules by NMR is essential in order to accurately

assign the structures of products generated by triterpene bioengineering.

8.4 SPE Methods Offer the Potential for Improved Throughput
of Investigations of Triterpene Bioactivity

Chapter 5 also introduced the production of a suite of molecules for biological
testing. The production of these molecules through standard scale-up and
purification techniques was relatively slow, taking approximately 1-2 months per
molecule. Since not all of these molecules showed bioactivity, this process
represents a significant investment of time with limited returns. If the throughput for
evaluating the biological activity of the products of co -expression could be
accelerated this would represent a significant advance, especially when testing suites
of molecules that have been deliberately designed to have improved biological
effects. Chapter 7 presents the use of SPE methods for qualitative evaluation of
anti-proliferative effects of triterpenes. The advantage of this technique is its speed
and throughput. The number of infiltrated plants required in order to generate
sufficient quantity of compound for testing is reduced from approximately 100
down to one. The use of parallel processing techniques reduces the timerequired to
prepare N. benthamiana extracts for biological testing from over one month per
compound down to just over a week for a suite of up to 20 compounds. The results

of these assays are qualitative but serve well to provide an indication of whether a
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given compound produces a desired anti-proliferative effect or not. In the future,
this would allow for inactive molecules to be screened out at an early stage, with
only the desired, active molecules from a given library of compounds going on to
further mg scale production, full purification, structural determination, and in -depth
testing, so saving substantial amounts of time and speeding up the process of

triterpene structure -function relationship investigation significantly.

8.5 The Potential of Triterpene s as Drug-Like Molecules

The results from evaluation of the biological activities of the triterpenes generated

by in planta expression (Chapter 6), along with a range of standards, were

consistent with previous reports for those triterpenes that had been tested

previously [50]. pC =i "Wdz T +0x" Wx| Jamyjn sdafofiGAGz | d
associated with anti-proliferative and anti-inflammatory effects. Preliminary
investigation into the mechanisms behind the anti-inflammatory effects of the

triterpenes implicated the Nf¢B pathway. Future work into the mechanisms of action

of these effects, such as quantitative PCR and reporter assays, will provide additional

insights into the anti-inflammatory effects of the triterpenes. The mechanisms

underlying observed anti-proliferative effects are yet to be established.

The expression of CYPs from human sources iW. benthamiana have a variety of
uses aside from simple triterpene production. Although it was not the focus of the
current study, human CYPs have the additional advantage of providing a means of
predicting the fate of produced biomolecules within the human body. As the CYPs
of the human liver are predominantly responsible for first-pass metabolism of
ingested substances [181], products formed through combination of these CYPs
with other TTK enzymes likely resemble those already frequently formed via regular
human metabolism after ingestion of the substrate triterpenes [182,183] The
formation and testing of these products therefore provides further insight into
potential metabolism and associated downstream effects of triterpenes in the body.
This could have utility as a predictive tool for evaluating produced triterpenes for
their likely effects post-metabolism, such as determining whether the metabolised

products of known bioactive triterpenes retain any activity (or exhibit any unwanted
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effects), or testing triterpenes known to be inactive for potential pro -drug properties
(i.e., whether their metabolised products will begin to exhibit previously unknown

bioactivities).

Moving forwards, promising triterpene candidates should be investigated to

GdATl z0+ ACxGT ~GIV o=016|"®HIGWEA d" F+ AC+d dzl =+ O
case of most triterpenes, the major factor impacting their drug -like nature is their

relative lack of solubility in water, which prevents them from being used in standard

orally administered drug form ulations. Glycyrrhetinic acid @) (enoxolone) and its

derivative carbenoxolone are formulated into sodium salts through their carboxylic

acid groups to allow them to be administered orally [184]. This requires an available

carboxylic acid group which is not the case for all of the triterpenes with potential

bioactive properties (such as 11-o0xo-1-amyrin (2)).

Consideration should therefore be given to the improvement of the drug -like nature
of the triterpenes. A number of methods already exist within the dru g discovery field
to achieve this, and some degree of investigation into improving the water solubility

(and therefore likely oral bioavailability) of triterpenes has already been carried out.
The addition of simple groups such as esters and amines to an aailable hydroxyl or
carboxyl group on a triterpene molecule, often at C-3 or C-28, has been investigated
at length and received some success[28]. For example, investigation of a suite of
derivatives of ursolic acid featuring a C-3 acetyl group and a variety of amines at C-
28 found improvements in ICsp in a range of cell lines including MCF7 and A549, as
well as improved selectivity between malignant and non-malignant cells [185]. The
addition of a greater number of acyltransferases to catalyse the formation of esters
of triterpenes is therefore a valuable future direction, especially those that act on the

C-3 hydroxyl group common to all triterpenes.

Glycosylation of triterpenes has also been investigated. Glycosyl groups are
frequently cleaved in the human digestive tract, which may impact on their oral
bioavailability [186,187]. However, some triterpene aglycones are themselves
glycosylated by bacteria in the human gut, leading to increased bioavailability. The

most well-known example of this is compound K (20-O-D-glucopyranosyl-20(S}
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protopanaxadiol), a known bioactive molecule formed in the human gut after
ingestion of ginsenosides that accumulates within the blood plasma at a
physiologically relevant concentration [186]. Glycosylation is therefore a stategy
worth investigating, and expansion of the number of glycosyl transferases accessible

in the toolkit is a worthwhile future direction.

Finally, the conjugation of polymers such as PEG groups has also been investigated
as a means of creating pro-drugs. The conjugation of a multi-arm PEG group to
betulinic acid led to improved solubility while maintaining an anti -tumour effect

[188].

As well as the formulation of prodrugs, innovative drug -delivery systems can also
improve the availability of triterpenes in the body. These could include the
formation of micelles containing the compound of interest, the dispersal of
molecule-containing droplets in an emulsion, or the loading of drugs into
nanoparticles or liposomes. Ginsenoside compounds have previously ben loaded
into nanoparticles and liposomes with an associated improvement in bioavailability

[74].

The handles added through typical combinatorial biosynthesis, such as hydroxyl and
carboxylic acid groups, are available for further modification through che mical as
well as enzymatic means. This raises the prospect of engaging in semsynthesis of
triterpene prodrugs, through the production of an optimised drug -like molecule
through triterpene biosynthesis in sufficient yield, followed by the conjugation of

functional moieties to transform the compound of interest into a prodrug carried

out through conventional synthetic chemistry approaches. This coupling of
biological and chemical techniques would allow for the maximum possible

utilisation of available chemical space and subsequent diversity.

The biological investigations currently carried out relate to the potential treatment
of diseases relating to cancer and inflammation. However, a much greater variety of
human diseases exist for which triterpenes could theoretically be evaluated.

Triterpenes have previously been evaluated for their potential effects as antviral
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agents [167], in the treatment of parasitic disease such asleishmaniasis [189], as
anti-bacterial agents [169], and in the treatment of diabetes [19]. Further
development of trite rpenes as therapeutics for this range of conditions would
require the same understanding of structure-function relationships as has begun to
be elucidated for the anti-proliferative effects of triterpenes. This would be greatly
aided with the use of the same systematic approach to develop suites of
compounds for biological testing. It is likely that different indications will be best

treated by different carefully designed molecules. Some evidence of this can be seen
in the fact that the structural position s responsible for anti-proliferative and anti-
inflammatory activities seen in the present study do not entirely overlap (Chapter 6).
The increased ability to produce designer molecules in high throughput raises the
possibility of the creation of a library of compounds for testing against a library of

different diseases, and the eventual elucidation of the separate structure-activity
relationships underlying each different disease. Compounds could then be

individually generated targeting each disease in turn.

8.6  Triterpene Structure -Activity Relationship Investigations: the
Potential for Machine Learning

Preliminary investigations into triterpene structure -activity relationships (Chapter 7)
have led to the initial suggestion of triterpene structural features assciated with
improved anti-proliferative effects, from which a set of optimised triterpenes was
designed. The scaleup and testing of these compounds will allow for the validation
of this approach. In the future, improved throughput techniques will allow f or a
greater number of candidates to be designed and screened using qualitative
methods (such as through the SPE techniques outlined inChapter 7) prior to scale-
up for more investigative studies. The throughput of these investigations could be
further enhanced through the use of machine learning. The ability to use existing
triterpene bioactivity data, from published sources as well as databases such as
ChEMBL]190,191], to predict the likely activity of designed molecules would provide
an additional layer of /n silico verification before the production of triterpenes at

even a small scale for SPEbased qualitative testing. This would enable large libraries
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of molecules to be systematically designed and screened /i sifico prior to small-
scale qualitative evaluation of potentially hundreds or thousands of molecules in
parallel using SPE techniques, after which compounds scoring a positive hit would
be scaled up to the mg scale for full structural verification and in -depth studies into

mechanism.

It is feasible to envision the coupling of the high -throughput and machine learning -
based techniques discussed thus far into a pipeline for triterpene drug discovery,
where potential bioactive molecules are predicted based on existing knowledge of
structure-activity relationships. The biosynthetic pathways for these target molecules
could then be assembled using existing toolkit enzymes, new enzymes garnered
from nature, and/or novel mutant variants of enzymes designed through an
understanding of enzyme structure-function relationships. This would lead to the
generation of a library of compounds that could be processed through SPE in
parallel and then tested qualitatively against a library of disease indications. Positive
hits could then be scaled-up for further characterisation, quantitative biological
activity determination and study of mechanisms of action, providing data to feed
back into the understanding of structure -activity relationships while also driving
forwards the development of triterpenes as drug lead molecules. Especially
optimised molecules could be further investigated through chemical means to
create prodrug molecules or encapsulation methods to move triterpenes forwards

as a new source of novel pharmaceutical molecules.

8.7 Concluding Remarks

Natural products are an important source of compounds with either known or
potential pharmaceutical applications. Triterpenes in particular show significant
promise in a range of areas, particularly cancer and inflammation [100,192]. Despite
this, triterpenes are often present at only low levels in the producing plants, often as
components of complex mixtures of structurally related compounds. Furthermore,
the plant species that make them are generally not cultivated, and in some cases
may be endangered. These challengeshave previously hampered structure-function

investigations of triterpene bioactivity. Transient plant expression now offers
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opportunities to produce entire libraries of molecules through synthetic biology
methods. Agrobacterium-mediated expression in N. benthamiana enables rapid
evaluation of the functions of individual enzymes and combinations of enzymes, and
can be scaled up for purification and investigation of the triterpenes thus generated.
The transient plant expression process is currently being used for comnercial-scale
production of protein therapeutics and antibodies, for example for the COVID -19
vaccine COVIFENZ® which is produced by the Canadian company Medicago Ltd.
[193]. To date, transient plant expression is not being used for the production of
small molecules at commercial scale. However, research in the Osbourn lab has led
to the elucidation of the complete 20 -step biosynthetic pathway for the saponin
vaccine adjuvant QS21 and its reconstitution in N. benthamiana ([194] and Laetitia
Martin, submitted). These examples, in combination with the results presented in
this thesis, showcase the power of transient plant expression for bioproduction of a
diverse range of pharmaceutically important molecules in a scalable fashion for

applications as therapeutic agents.
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Carbon numbering scheme

Selected 2D NMR

Table A-1:NMR assignmentsfor 61-hydroxy-1-amyrin (400 MHz)

Atom Number 18Cy (ppm) | BCType H1 (ppm) 'H Multiplicity
13 144.32 C N/A N/A
12 122.06 CH 5.24 t,J=3.4Hz
3 79.11 CH 3.20-3.12 m
6 68.73 CH 4.58 s (br)
5 55.59 CH 0.77-0.74 m
9 47.94 CH 1.71-1.57 m
18 47.25 CH 2.08-1.90 m
19 46.85 CH 1.71-1.57,1.0/-1.03 m
14 42.34 C N/A N/A
7 40.77 CHy 1.90-1.74, 1.52-1.46 m
1 40.73 CH 1.71-1.57 m
4 39.57 C N/A N/A
8 38.91 C N/A N/A
22 37.13 CH 1.26-1.19 m
10 36.42 C N/A N/A
21 34.74 CH 1.14-1.07 m
29 33.33 CHs 0.88 S
17 3250 C N/A N/A
20 31.10 C N/A N/A
28 28.36 CHs 0.84 S
23 27.92 CHs 1.08 S
2 27.42 CH 1.71-1.57 m
16 26.95 CH 2.08-1.90, 0.8-0.78 m
15 26.12 CH 1.90-1.74, 0.980.90 m
27 26.03 CHs 1.11 S
30 23.69 CHs 0.88 S
11 23.43 CH 2.08-1.90 m
26 18.38 CHs 1.27 S
24 17.04 CHs 1.18 S
25 17.04 CHs 1.33 S
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Carbon numbering scheme

Selected 2D NMR

Table A-2:NMR assignments for 161 -hydroxy- | -amyrin (600 MHz)

Atom Number| ¥ + 0| ®CType 1+ 6LJL]  HMultiplicity
13 143.53 C N/A N/A
12 122.33 CH 5.25 t,J=3.5Hz
3 78.9 CH 3.2 dJ=11.4Hz
16 66.03 CH 4.20 d,J=11.0Hz
5 55.19 CH 0.73 dd,J=11.8,1.6 Hz
18 49.11 CH 2.15 dd,J=14.0,4.6 Hz
9 46.8% CH 1.491.54 m
19 46.56 ChH 1.571.72,1.031.09 m
14 43.81 C N/A N/A
8 39.80 C N/A N/A
4 38.79 C N/A N/A
1 38.60 ChH 1.571.72, 0.%-0.98 m
17 37.34 C N/A N/A
10 36.89 C N/A N/A
15 35.61 ChH 1.571.72, 1.261.46 m
21 34.18 ChH 1.261.46,1.101.20 m
29 33.%6 Ch 0.89 S
7 32.66 ChH 1.491.54, 1.261.46 m
20 30.9 C N/A N/A
22 30.57 ChH 1.801.95, 1.161.20 m
23 28.10 Ch 1.00 S
2 27.2 ChH 1.571.72 m
27 27.14 ChH 1.2 S
30 23.97 ChH 0.91 S
11 23.A Ch 1.80-1.95 m
28 21.48 ChH 0.80 S
6 18.35 Ch 1.57,1.261.46 m
26 16.85 ChH 0.9 S
24 15.58 Ch 0.79 S
25 15.53 ChH 0.94 S
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Figure A-11.ROESY NMR spectrum for 16-hydroxy-|-amyrin (600 MHz)
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