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Abstract

Black grass (Alopecurus myosuroides) is one of the most common weeds in Western Europe.
With the increasing use of herbicides, in response to pressure to produce higher crop yields,
incidences of multiple herbicide resistance have been widely reported. Previous work in this
area has identified a phi class glutathione-s-transferase, AmGSTF1, as playing a causative role in
this multiple herbicide resistance. Two classes of inhibitor have previously been identified: the
first CNBF, a multi drug resistance drug; and the second a group of flavone compounds identified
from ligand fishing experiments. These have been shown to have activity in vitro inhibiting the
action of AmGSTF1 and in vivo against multiple herbicide resistant black grass. However, little
was known about their mode of action. This work has focussed on investigating the interactions
between these inhibitors and AmGSTF1 using crystallographic, biochemical and complementary

biophysical techniques.

Apo AmGSTF1 has successfully been crystallised, with the structure solved to 1.5 A. In addition
a structure has been solved to 2.0 A with CNBF covalently modifying the Cys120 residue. For
both these structures the crystal packing results in loops in the active site region being
disordered as well as preventing small molecule binding within the active site. In order to
determine the complete structure, a series of mutants were designed to alter crystal packing.
The structure of these were determined, and they adopt a different packing arrangement which
results in the previously disordered loops being ordered, as well as exposing the binding site.
The structure of the F122T mutant was used for in silico modelling to determine the likely

binding site for flavonoid ligands.

The mutants were subsequently used for seeding and soaking experiments which allowed for a
complete structure of wild type AmGSTF1 to be determined in complex with a glutathione
conjugate of CNBF in the active site. This structure gives a significantly better understanding of
the mode of action of these inhibitors, in addition to allowing for the possibility of future

development of the inhibitors using structure based design.



Table of Contents

Y o1 1 Tl TP PP PP PPPRTPPRPRRRPO i
L] o] (<l o) il 0] 01 4=T 0} £ P TUPTUP PSRRI ii
1] o] [N o) A ST U T T USRS vii
ADDIEVIATIONS ...t ettt st e e sre e st e e Xii
ACKNOWIBAGMENTS. ...t e e st e e te e e e ta e e e e s abeeeeeassaeeessateeeesansaaeean Xiv
(D LTol T 14 o] o FOO PSPPSR PP PP XV
Statement Of COPYIIBNT.. .o i e e e et e e e e e e e e sarr e e e e e e s eeeeanns XV
N [ {4 oo [¥ ot o] o TP RO PR PTOPUPRRPPRRPPON 1
1.1 HEIDICIAES ..t s st s 1
1.2 Herbicide MetaboliSm........cooiiiiiii e et e 3
1.3 Herbicide RESISTANCE ... .cciueiiiiiieieeeeee ettt s s e e eanee s 6
1.3.1 Target-Site MESISTANCE . uuuiuiiiiiiiiitit b 7
1.3.2 NON-target Site reSiStaANCEe. . ... s 11
1.3.3 Cross Resistance and Multiple ReSiStanCe .......cocoovcccvivieeiee e e 11

14 Glutathione-S-Transferases .........cueiiiiiinie e e 14
1.4.1 The multiple roles 0f GSTS ... e 14
1.4.2 SEFUCEUIE OF GSTS 1.ttt s e e e 17
1.4.3 MeEChaniSM Of GSTS...ccuuieiiiiiereeiiere ettt 23

1.5 SUMMIAIY e 24

2 Previous WOrk @nd AIMS ........ceiiiiiiieieeee et see e see e st e e see e s see e e sreeesabeesareeenmeeesneeeans 25
21 2] ol Q] = TP P PO PP 25
2.2 Identification Of AMGSTFL ....c.oo it e 25
2.3 Role of AmGSTF1 in Multiple Herbicide Resistance..........ccocvveveeeieciiieeeeee e, 26
24 Chemical Inhibition of AMGSTFL......ccoiiiiiiiiiiee e e 28
25 Identification of novel iINhIbItOrsS.......cccviiiiiii e 29



2.6 FIAVONe INNTDITOIS coueeeiieeeeeeee et e et e e e e e s aaa e e ees 31

2.7 o 0 =Tt 2 [ 3t 34
3 Materials and Methods........c.couiiiieiiiiie e e e 35
31 IMIAEEIIANS .ottt st st st er e et ne e s 35
3.2 Protein Expression and PUrification........cccccoeeccciiiieee i, 35
3.2.1 Transformation Of E. COli.....couuiiiiiiiiiieiieeee e 35
3.2.2 Plasmid PUFIfICAtioN ......cooeeiieiiiiiiiieeee et 35
3.2.3 Strep tagged AmGSTF1 and Strep tagged AtGSTFS .......ccoccvveeeiciiee e, 36
3.2.4 Untagged AMGSTFL and MuUtantsS.......cccvviieeiee i ecreeeee e 37
33 Cloning Of MUEANTS.....uuiiiiiie e e e e e e e e e enabe e e e e e e e e ennnnns 38
3.4 Labelling of AMGSTFL With CNBF......ccccviiiiiiiiiecceee et 39
35 Thermal Shift ASSAYS .....uviiiiicieee e e e e e e e s et ae e e e bee e e e anaeas 39
35.1 SOIVENT SCIEENS ...ttt st s e s e s e s ane e e s eeessreee e 39
3.5.2 (7= TaTo I o 11 0o 11 V=SSR PRSP 39
3.53 Performing Thermal Shift ASSAYS ......ccccciiiiiiiciie e 39
3.6 CDINB ACHIVITY ASSAY ciiiiiiiiiiiiiiiiee e 40
3.7 PrOtEIN GIS..cc it r e e sre e s 40
3.7.1 SDS-PAGE SIS ..uvreeieieiieeceieeee ettt e e et e e e e e et a e e e e e e e trtaaeeaaaeeenranes 40
3.7.2 NAtIVE PAGE EIS ....eeeiiiiiee ettt ettt be e e e 41
3.8 FlUOrESCENCE ANISOTIOPY . ciiiiiiiieieiiiee ettt e e ettt e e et e e et r e e e s bae e e e sabaeeeesasteeeeenseees 41
3.8.1 Labelling of AmMGSTF1 with HiLyte FIuOr™ 488 .......ccceeeieeiiiciiieeeeeee et 41
3.8.2 Fluorescence anisotropy MeasuremMeNtS......ccccecccuveeeeeeeeeecciireeeee e e e ecrreeeeee e e 41
3.9 Y TN o T=To 1 oY1 0 [= o o VPP PPPPPPPPPPPPPPRE 42
3.10 Crystallisation and structure determination.........cccocceeeiiiiiee i 42
3.10.1  Crystal structure @analysis .......cccriieieie e 42

3.10.2  Crystallisation and structure determination of wild type AmGSTF1 (hexagonal and
CNBF [QDEIIEA) ...ttt et ee e e e te e e e e tbe e e e etteeeeeeataeeaeearaeeeenns 42

3.10.3  Crystallisation and structure determination of F122T AmMGSTF1 ..........cccueen.ees 43



3.10.4  Crystallisation and structure determination of Y1185 AmGSTF1 ....................... 43

3.10.5 Crystallisation and structure determination of wild type AmGSTF1 (tetragonal)

ANA NBF-GS STIUCTUIE.....eitiiitieiiesiiee ettt et s st s e e sree s 44
200 B R |V, o =TT U] = g ' o Yo 1= 111 V-SSR 44
3.11.1  Using Chimeric GSTs (HOmMOology MOdels) ......cccueeeeeriieeeeiiiee et 44
3.11.2  USIiNg F122T StrUCEUIE oo, 44

3.12  SYNLhesis OF NBF-GS......cooiiiiiiciiiiee ettt et e e et e e st e e e e aaae e s etaaeeesaaneaaas 45

4  Biophysical Investigations of AmGSTF1 with Inhibitors........ccccoeviiiiiieiiiciiiice e, 46
4.1 AMGSTFL Strep ProdUCtioN.........ueeeiii ittt e e e e e e enrre e e e e e e e e annes 46
4.2 Introduction to Thermal Shift ASSAYS......uuiiiiiiciciiiieee e 47
4.3 FIavonoid INNIDITOIS .....cocuiiiiiiieceee et 48
43.1 Thermal SNift ASSAYS ...c.uuiiiiiiiie e e e e s ae e e b e e e e 48
4.3.2 Selectivity againSt ALGSTES........c.eeiiiiieee et rre e e e e e e e sannnes 55
433 Investigation of Dimer DisSOCIation .........uvvevieiieeciiieeeeee e 57

4.4 CONCIUSIONS ...ttt ettt e st e st e et e e s b e e e nr e e sareesaneeesanee s 60

5  Crystallography of Wild Type AMGSTFL ...ccoouiiiiiiieee ettt 61
5.1 Production and Purification of Untagged AmMGSTF1L.......ccccccoiieiiiiieieccee e, 61
5.2 Crystal Structure Determination of Apo AMGSTFL.......ccoiiiiiiiiiiiiiie e 62
5.2.1 Comparison with lower resolution structure..........cccovveeeeeeeeeeciiieeeee e, 65
5.2.2 Comparison With ZMGSTFL STrUCLUIE ...ccuvviee ettt 66

5.3 Crystal Structure Determination of AmMGSTF1 with CNBF ..........coovviivieiicieeeecireeeees 71
5.3.1 Effect of CNBF modification on compound binding..........ccccovvveeeeiniciciiiieeeeeenn. 76

5.4 Crystal Structure Determination of AmGSTF1 with Flavonoid Ligands ...................... 78
5.4.1 Selection of ligands and initial trials .......ccccveeeiiiiiiiiiee e 78
5.4.2 Crystal packing @analysis........cooccieiiiiiiiei e e 81
5.4.3 Experiments to identify a new crystal packing form for AmGSTF1 .................... 82

5.5 CONCIUSIONS ...ttt ettt e bt st e st e e bt e e s b e e e nr e e s reesnreesanee s 84

6  Crystallography of Mutant AMGSTFL ......coooiiiiiiiiiiiiceceee e 85



6.1 Design and production of Mutants ........ccceeeeeeciiiiieiee e 85

6.1.1 Characterisation of MUETANTS ......coociiiiiiii e e 87

6.2 Crystal structure determination of mutants........cccocvveeieciii e, 89
6.2.1 Crystal structure determination of F122T AMGSTFL......cccoveevvcieiiiiciiee e 89
6.2.2 Crystal structure determination of Y118S AMGSTFL.....cccceevveviiiiieeeeeeeeecnnrieeen, 97

6.3 Ligand binding assays With mutants .......cccccooeciiieee e, 101
6.4 Cross-seeding With MULANTS........coiiiiiiii e 103
6.4.1 Structure of wild type AMGSTFL......cccuiiiiiiie ettt 104
6.4.2 Crystal structure determination of wild type AmGSTF1 with inhibitors........... 107

6.5 CONCIUSIONS ...ttt ettt ettt e e sre e e sare e e b e e s b e e e neeesnreesnneesanes 113

7 In Silico Studies Of AMGSTFL......cociiiiiiieeiienee ettt e sr e s s e ens 115
7.1 INErOdUCTION tO GOLD ......eiiiiiiieiiie et st s 115
7.2 Docking using ChimeEriC GSTS ..ciiiiiiiieiiiee ettt ettt e e e e e e rare e e e e e e e e rraaaee s 116
7.2.1 Designing a chimeric AMGSTFL......c.oo o e e 117
7.2.2 Docking in the actiVe SIte ......ccveiiiciiee e 119
7.2.3 Docking in the dimer interface ........cccovvveeiicciii e 125

7.3 Docking using a mutant AMGSTFL StrUCtUIe ......uvvveeeeeeeiciiieee e e 127
7.3.1 Comparison between chimeric and F122T structures........ccccevvveeeeeeveccvinnennn. 127
7.3.2 Docking results using F122T StrUCTUIe......cccccvvvieiieciieeeeciiee et eire e e 129

7.4 CONCIUSIONS ..ttt ettt et sb e st s e sttt et e se e e saeesaeesanenaneeas 133

8  Conclusions and FUrther Work ..........coooiiieiiiiiiie e 134
8.1 Apo structure of AMGSTFEL ..ot e e e e e e ae e 134
8.2 CNBF INNIDITOIS ettt s 135
8.3 FIavonoid INNIDITOrS .....ccuiiiieiieee e 136
8.4 ROIE OFf AMGSTFL....eeiiieee ettt ettt ettt ettt e s e b e e smreesnee e 137
RETEIENCES ..ttt st s e e st e e st e e s bt e e saeeesbeeesneeesaeeeeareeenns 139
Appendix A: BiophysiCal Data ........coicciiiiiciiie et e s s nrae s e rae e e e 150
Appendix B: Crystallographic Tables.......occcueei i e e e 161



Appendix C: Mass SPectrometry Data .......cccccciiiiieie e e e eeerrrre e e e e eee s 163

C1: Strep TagEed AMGSTF L.ttt e e e e e e e e e e e e e e et e e e e e e e e e e nanraaeeaaaeeenns 163
C2: UNtaged AMGSTFL ...ooiiiiiie ettt et er e e ae e e et e e e e ba e e e sabaae s e snbaeeeeanraeeeesens 164
C3: AMGSTFL Y118S MULANT .....eiiiiiiiiiiieeieetcet ettt ettt st s se e s e 164
Ca: AMGSTFL FL122T IMULANT ...ttt ettt e e e e et ee e e e s eneeeeeeeenas 166
C5: AMGSTFL Y118S F122T MULANT ...ttt ettt et e e e e ee e e e e 167
Appendix D: Sequence AZNMENT ........eei i e e e e e e e e re e e e eanreas 168
Appendix E: Protein and DNA SEQUENCES ......cecicviieeeiiieeeecreeeesiie e e estvreeeestee s e srreeeesaeeessnaneeas 170
AmGSTF1 Wild Type (strep tagged) Protein SEQUENCE.........ccuveeeeeiiieeeeeiie e 170
AmGSTF1 Wild Type (strep tagged) Nucleotide Sequence........ccccceeeeeccieeeeecrieeececiee e, 170
AmGSTF1 Wild Type (untagged) Protein SEQUENCE.......cuueieeiiiieeeciiee ettt 170
AmGSTF1 Wild Type (untagged) Nucleotide SEQUENCE........ccuvvveeecieeeeeciieeecceee e, 170
AMGSTF1 Y118S Mutant Protein SEQUENCE.... ... e e 171
AmGSTF1 Y118S Mutant Nucleotide SEQUENCE........uceviieie ittt ee e ee e 171
AMGSTFL F122T Mutant Protein SEQUENCE. ... ...uu i 171
AmGSTF1 F122T Mutant Nucleotide SEQUENCE........ceieccuiieiieieee et 171
AmGSTF1 Y118S F122T Mutant Protein SEQUENCE...... ... e 172
AmGSTF1 Y118S F122T Mutant Nucleotide SeqUeNCe ........cccuvveveeeeei e 172
AtGSTF8 (Strep tagged) Protein SEQUENCE .......ueeeeciviiieeiiiee ettt e eee et e e e 172
AtGSTF8 (Strep tagged) Nucleotide SEQUENCE..........eviieciiie et e 172
Appendix F: Herbicide BINdiNg..........uuuiiiiiii it ersrttte et ae e e e e e e e e 173
Appendix G: Apo Structures of AMGSTFL.........uviiiiiii it erecrrrre e e e ae e 174

vi



Table of Figures

Figure 1-1: Schematic view of herbicide sites of action. .......ccccoccviiiieiiiiicci e, 1
Figure 1-2: Metabolism of herbicides in Plants .........cocccciiiiie e 3
Figure 1-3: Reactions carried out by cytochrome P450 enNzymes.......ccccceeeeecivieieeeeeeeeciinieeeeeeeenne 4
Figure 1-4: The chronological increase in herbicide resistance cases ........ccccovvveeeeeeeccicvieeeeeeenn. 5
Figure 1-5: Synthesis of branched chain amino acids.........ccccceeeiiiiiiiei e 7
Figure 1-6: Lipid biosynthesis PathWay........cc.eeiiiiiiiiiiiie e e 8
Figure 1-7: Synthesis pathway of aromatic amino acids .........ccccccvveeiiciiie e 9
Figure 1-8: Weed populations resistant to herbicides of different sites of action..................... 12
Figure 1-9: Examples of reactions carried out by Glutathione Transferases.........ccccceeeveeeennnen. 14
Figure 1-10: Representative structures for each of the classes of plant GST..........ccccccvvveeenneeen. 16

Figure 1-11 A: Structure of a Phi Class GST (PDB:1AXD) B: Dimer form of a Phi Class GST (PDB

LAXD) ettt ettt ettt ettt e a et e bt e bt e eh e e eheeeht e eate e ebe e bt e eht e aeeeabeeteebeebean 17
Figure 1-12: Conventions for numbering secondary structure elements in GSTs...........cc.uee..... 17
Figure 1-13: Structures demonstrating the induced fit mechanism of loop over the G-site ..... 19
Figure 1-14: GST from squid showing location of L-Site .......cccccceeeeeciiiieeeeeiiecceeeeee e, 19
T gl R I = | = Yol G = YRR 22
Figure 2-2: Transgenic Arabidopsis expressing AMGSTFL .......cccooviviiiiieeieeeeccieeeeee e 24

Figure 2-3: (a)GST Inhibitors tested for activity against MHR black grass (b and c) effect of CNBF

(written as NBD-Cl) against WT and MHR black grass .......ccccoveveviieieicciiee e 25
Figure 2-4: Shematic showing ligand fishing method used to identify new inhibitors............... 26
Figure 2-5: Initial lead compound identified from screening of Syngenta library...................... 27



Figure 2-6: Lead compound obtained from initial SAR studies .........ccccceeeeeieeeiiiieeeeee e, 27

Figure 2-7: Lead compound produced from work to increase solubility..........cccccceeeeveennnnnne.n. 29
Figure 3-1: SDS-PAGE gel to show the purity of AtGSTF8.......ccoieiiiiiiiiieeeee e, 32
Figure 3-2: CDNB QCtIVitY @SSQY ..uuuuuieurueeeeiriiiieeeieeeeeereeereeeeerreeeereererreeereerrerrrerereererrerr. 34
Figure 4-1: SDS-PAGE to demonstrate purity of strep tagged AMGSTF1 ........cccocvvveevcvieeennnen. 39
Figure 4-2: Schematic to show fluorescent probe binding in thermal shift assays.................... 39
Figure 4-3: Schematic of thermal shift assays .......cccceeiiiiiiiiiiie e 39

Figure 4-4: Temperature change observed on addition of various concentrations of solvent to

AMGSTF1 in @ thermal shift @SSaY.......cociiiiiiciie e e 40

Figure 4-5: General structure of Flavonoid Inhibitors showing ring numbering and naming

Lolo]1Y7=T 0 f o] o - PP PPRTTPPPRN 42
Figure 4-6:Selectivity Studies with AMGSTF1 and AtGSTF8........ccoccuviiieeiee e 47
Figure 4-7: Native PAGE for AmGSTF1 incubated with flavonoid inhibitors .........ccccccceennnneeeen. 48
Figure 4-8: Steady state anisotropy for Hi-Lyte Fluor 488 labelled AmGSTF1............ccccuvvrnneeen. 49
Figure 5-1: SDS-PAGE gel to show the purity of untagged AMGSTF1 protein......cccccccceeuvneeeenn.. 51
Figure 5-2: Morphology of Apo AMGSTFL Crystals .......ccccuviiieeiieiecciiee e 51
Figure 5-3: (a) Structure of AmGSTF1. (b) Crystal packing of AMGSTF1..........ccoevvireeecveeeennnen. 52
Figure 5-4: Structure of active dimer of AMGSTFL .........ooiiiiiiiiiieieeeccee e e 52

Figure 5-5: Differences between active site residues between high resolution and low resolution

STFUCTUIES .ottt e e e e s s sb s e e e ssbae e s s saaaeeesanns 53
Figure 5-6: Superposition of AMGSTF1 With ZMGSTFL .....cccoviiiiiiiiieccieeeeee e 53
Figure 5-7: Superposition of the residues in the G-site of AmMGSTF1) ZmGSTF1........cccvvvennneee. 54
Figure 5-8: Superposition of the H-site of ZMGSTF1 and AMGSTF1.......ccceeevvvveeiciee e, 55

viii



Figure 5-9: Morphology of CNBF treated AMGSTFL crystals......ccooccciiiieeieiiicciiiieeee e, 56

Figure 5-10: ESI Mass spectrum to confirm CNBF modification of AMGSTF1 .........c.ccovunnrnnnnnn. 56

Figure 5-11: (a) Location of CNBF covalent modification on AmGSTF1. (b) Crystal packing of
Y 013 I £ N 56

Figure 5-12: Density observed for CNBF molecule covalently linked at Cys120. ...........cccc........ 57

Figure 5-13A:Superposition of CNBF bound AmGSTF1 with Apo AmGSTF1 B: Superposition of

AMGSTFL @Nd HSGSTP L. ..uiiiieitieieeeiieieesieesteeseestesteebeebeesteesseesssessseessesssessseesssesssesssesssessresanes 57
Figure 5-14: Thermal shift binding assays with apo and CNBF modified proteins. .................... 59
Figure 5-15: Structures of small molecule compounds selected for crystallography trials....... 60

Figure 5-16: (a) Superposition of AmGSTF1 and symmetry mate with ZmGSTF1 a (b) Surface

representation of AMGSTF1L and symmetry Mate .......cooocciiiieeee e 62
Figure 5-17: Superposition of hexagonal and rhomboedric crystal forms........ccccccceeiiinnnnnnnnn. 63
Figure 5-18: Morphologies of AmGSTF1 crystals observed........ccocccciiieeeiiicccciiiieee e, 63
Figure 6-1: (a) Crystal packing interactions observed in AMGSTF1 ......c.ccccoeviieieiiieeeeccee e, 65
Figure 6-2: SDS-PAGE to demonstrate purity of mutants of AmGSTF1...........cccoceveeeeiiinnninnnenn. 66

Figure 6-3: Spectra obtained from circular dichroism of wild type and mutant AmGSTF1 protein

LY [0 1 =T3P RPRRN 66
Figure 6-4: Activity of mutant AmMGSTFL @NZYMES. ..cccuriieieiiiie ettt e e e e 66
Figure 6-5: Crystal morphologies observed for F122T mutant of AMGSTF1 .........cccceeeeveeeenneen. 66
Figure 6-6: Structure of F122T mutant of AMGSTFL........coooiiiiiiiiiiieeccee e 67
Figure 6-7: Superposition of structure of F122T AmGSTF1 with WT structure..........ccccveeeenneeen. 67
Figure 6-8: Superposition of F122T AmGSTF1 with ZMGSTFL ......ccovviiiieiiieeeecee e, 67
Figure 6-9: Omit map for the GSH molecule in the G-site of the F122T mutant..........c............ 69



Figure 6-10:

Figure 6-11:

Figure 6-12:

Figure 6-13:

Figure 6-14:

Figure 6-15:

Figure 6-16:

Figure 6-17:

Figure 6-18:

Figure 6-19:

Figure 6-20:

Figure 6-21:

type AmGSTF1

Figure 6-22:

Figure 6-23:

Figure 6-24:

Figure 6-25:

Figure 6-26:

site of AMGSTF1

G-site of F122T mutant of AMGSTFL ..o 69
Crystal morphologies observed for Y118S mutant of AmGSTF1 ...........ccooevvvnneeeen. 70
Structure of Y118S mutant of AMGSTFL..........oeiiiiiiiiieeee e 70

Omit map for GSH molecule bound in the G-site of the Y118S mutant of AmGSTF1

Superposition of structures of Y118S mutant and F122T.........ccccceevcieeeeevieeeecnnen.

Superposition of the G-sites from the AmGSTF1 Y118S mutant and F122T mutant

................................................................................................................................. 72
Inhibitors selected for testing in thermal shift assay with mutant AmGSTF1........ 73
Thermal shift assays of F122T AmGSTF1 with inhibitors.........cccccoceeiiciiieiiiiieenns 73
Thermal shift assays of Y118S mutant with flavonoid compounds........................ 74

Crystal morphologies observed for WT AmGSTF1 after seeding with F122T protein

Superposition of structures of WT and F122T mutant of AmGSTF1

LigPlot to show the interactions observed between GSH and the active site of wild

............................................................................................................................. 76
Structure of WT AmGSTF1 in complex with NBF-GS ........cccoeiiiiiiiiiiiiieeeeecieeen, 78
Omit map for NBF-GS ligand in AMGSTF1 structure. .......cccceeeecieeeeciieeeeeciee e, 79
Interactions observed for NBF-GS binding in the active site of WT AmGSTF1....... 80

Movement of Phe36 observed in WT AmGSTF1 with and without NBF-GS bound.

LigPlot to show interactions formed between the NBF-GS conjugate and the active



Figure 6-27: Comparison between binding site of NBF-GS (shown as yellow sticks) in AmGSTF1

and other iNhibitors iN HSGSTP L .....ccouiii ettt et s e s re e e sreeeesreee e 82
Figure 7-1: Superposition of AMGSTF1 and ZMGSTFL.......ccccceveveiiiiiiiiiieee et 87
Figure 7-2: Chimeric structures of AMGSTFL.........cooiviiiiiiiiiieeiee et e e e e e aee e 87
Figure 7-3: Structure of AMGSTF1 based 0N LTAXD ......cueeiiiiiiieeeciieeecceee et 87
Figure 7-4: Inhibitors used for docking StUdIES.........cccccveieiiiiiie i 88
Figure 7-5: Docking pose for flavonoid inhibitor in G-site of 1AW9 chimeric structure. ........... 88
Figure 7-6: Pose for short chain ligand in H-site of chimeric 1AXD structure ..........cccecvveennenen. 89

Figure 7-7: Docking pose obtained for R-isomer using Chimeric 1AXD structure with flexible

ArOMATIC ACTIVE SItE FESIAUES ...uueeeeii bbb ab s b aaa s ssassssssnssansnsnnnns 89

Figure 7-8: Docking pose obtained for S-isomer using Chimeric 1AXD structure with flexible

aromatic aCtive SIte FESIAUES .......ceiiiiii et et sre e sne e 90
Figure 7-9: Structure of AtGSTF2 showing location of L-Site.........ccccuvrreeeeiiicciiiieeee e, 90
Figure 7-10: Pose obtained for docking in the L-site ........cccoeveeeeieicciiieee e, 90
Figure 7-11: Superposition of Chimeric structure based on 1AXD and F122T mutant............... 91

Figure 7-12: Docking pose observed for S-isomer using F122T structure with flexible Tyr118 and
o LN T o [PPSR 92

Figure 7-13: Poses obtained for the central ring system for the R-isomer using the F122T

structure with flexible Tyr118 and Phel22 reSidUES ......ccccceecuieeeiicieieeciiiee e ceieeeeeciee e e evvee e 93

Figure 7-14: Poses achieved for docking into F122T structure with flexible active site residues

Xi



Abbreviations
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1 Introduction

1.1 Herbicides

With the need to feed the growing population, and with the added pressure of decreasing land
space, there has been a rising pressure to increase crop yields. This has led to the use of chemical
control in the form of herbicides, fungicides and insecticides. Herbicides control weeds which
compete with crops for light and nutrients. Their use has grown rapidly since the first herbicide,

2,4-dichlorophenoxyacetic acid- originally a biological weapon, was used in 1945}

Herbicides can be either non-selective, where they kill all plants or selective, where they target
the differences between monocots and dicots, killing weeds while sparing crops. It is possible to
enhance selectivity using herbicide safeners which reduce herbicide toxicity to crops whilst
maintaining activity against weeds.? Herbicides can be applied either pre-emergence of weeds,
where the herbicide works to stop weed germination, or post emergence where they act to kill

existing weeds. 3

Herbicides are further classified into groups based on their mode of action, they target only a

few proteins and processes within the cell (Figure 1-1).
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Figure 1-1: Schematic view of herbicide sites of action. Letters represent mode of action of herbicide
according to Herbicide Resistance Action Committee classification.*

Herbicide groups are assigned either a number (Weed Science Society of America (WSSA)), or a

letter (Herbicide Resistance Action Committee (HRAC)) (Table 1-1) based on their mode of

action.

Table 1-1: Classification of herbicides according to their mode of action. Classification given according

to WSSA classifications (numbers) or

HRAC classification (capital letters in brackets)®

Group Site of Action Examples Chemical Family
1(A) Acetyl CoA Carboxylase Pinoxaden Phenylpyrazoline (‘DEN’)
(ACCase) Inhibitor Diclofop Aryloxyphenoxy-propionate ("FOPs’)
2 (B) Acetolactate Synthase (ALS) Chlorsulfuron Sulfonylurea
Inhibitors Flumetsulam Triazolopyrimidine
3 (K1) Inhibitor of microtubule Pendimethalin Dinitroanaline
assembly
4(0) Synthetic auxin 2,4-D Phenoxy-carboxylic acid
5(C1) Inhibitor of photosystem Il site Atrazine Triazine
A
6 (C3) Inhibitor of photosystem Il site Bromoxynil Nitrile
B
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7 (C2) Inhibitor of photosystem Il site Chlortoluron Urea
A (Different behaviour from
group 5)
8 (N) Inhibitor of lipid synthesis; not Molinate Thiocarbamate
ACCase inhibition
9 (G) Inhibitor of 5-enolypyruvyl- Glyphosate Glycine
shikimate-3-phosphate
synthase (EPSPS)
10 (H) Inhibitor of glutamine Glufosinate Phosphinic acid
synthetase
11 (F3) Inhibitor of carotenoid Aclonifen Diphenylether
biosynthesis (unknown target)
12 (F1) Inhibitor of phytoene Diflufenican Pyridinecarboxamide
desaturase (PDS)
13 (F3) Inhibitor of 1-deoxy-D-xyulose Clomazone Isoxazolidinone
5-phosphate synthatase (DOXP
synthase)
14 (E) Inhibitor of Aclifluorfen Diphenylether
protoporphyrinogen oxidase
(Protox, PPO)
15 (K3) Mitosis Inhibitor Alachlor Chloroacetamide
Flufenacet Oxyacetemide
18 (1) Inhibitor of 7,8-dihydro- Asulam Carbamate
preroate synthetase (DHP)
19 (P) Inhibitor of indoleacetic acid Naptalam Phthalamate Semicarbazone
transport
20 (L) Inhibitor of cell wall synthesis Dichlobenil Nitrile
site A
21 (L) Inhibitor of cell wall synthesis Isoxaben Benzamide
site B
22 (D) Photosystem | electron diverter Paraquat Bipyridylium
23 (K2) Inhibitor of mitosis Carbetamide Carbamate
24 (M) Membrane disruptor Dinoterb Dinitrophenol
26 (2) Unknown site of action Difenzoquat Pyrazolium
27 (F2) Inhibitor of 4-hydroxyphenyl- Mesotrione Triketone
pyruvatedioxygenase (4-HPPD)
28 (2) Unknown site of action DMSA Organoarsenical
29 (L) Inhibitor of cell wall synthesis Indaziflam -
site C
30 (R) Tyrosine aminotransferase Methiozalin

1.2 Herbicide Metabolism

The metabolism of herbicides in plants occurs in a process similar to that of xenobiotics in

humans, in a three stage process: activation, conjugation and export (discussed further below)

(Figure 1-2). The notable difference is that while in humans the process occurs in the liver and
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waste is excreted in urine there is no such excretory system in plants and as a result compounds
undergo internal compartmentation in the vacuole (soluble conjugates) and cell wall (insoluble

conjugates).®

Phase | Phaselll Phase lll

ATP <<
=

R-0O-Glc
UDP-Gy'
GT ADP

R-H+0, =—————> R-OH

CYP450 _
ATP

GST ~

GSH -

R-X =——— R-SH R-SH ~ =——>  Breakdown
GST

R-O-Glc == Breakdown

ADP

ABC
CYTOSOL Transporter VACUOLE

Figure 1-2: Metabolism of herbicides in plants. Showing enzymes used (blue), and locations of the
plant where the differing phases occur (green).?

In phase | metabolism, compounds are activated to allow for conjugation in phase Il. This most
commonly involves oxidation by cytochrome p450 monooxygenases (CYP450s). CYP450s are
heme dependent proteins that typically use NADPH and/ or NADH to cleave atmospheric
dioxygen and produce a functionalised organic substrate and a molecule of water.® They are
capable of carrying out a wide range of functionalisations most often producing hydroxylated
derivatives but they are also capable of aromatic hydroxylation, epoxidation, N, S and O
dealkylations, oxidative deamination, sulfoxide formation, N-oxidation, N-hydroxylation
oxidative dehalogenation and reductive dehalogenation (Figure 1-3)° Most CYP450s are
anchored by a single N-terminal transmembrane helix in the endoplasmic reticulum (ER) with
the remainder of the protein in the cytosol. They are localised alongside NADPH dependent P450

reductases which transfer electrons from NADPH into the buried catalytic site of the CYP450.8
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Figure 1-3: Reactions carried out by cytochrome P450 enzymes®
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Phase Il involves the conjugation of a small molecule to the compound. This acts to increase
water solubility, as well as targeting the molecule for transport. It involves the use of either
glutathione transferases (GST) or glycosyltransferases (GT).1° GTs catalyse the addition of a sugar
molecule to a functional group, using uridine diphosphate glucose (UDP-Glc) as a sugar donor.
0-GTs add to —OH or —COOH groups, while N-GTs add to NH; groups.!! GSTs catalyse the addition
of a glutathione (GSH) molecule to an electrophilic centre. Unlike glycosylation this does not
always require initial functionalisation by a phase | enzyme as many herbicides contain an

electrophilic centre.

Phase Il metabolism detoxifies compounds, but it is possible they may have another biological
activity and therefore must be removed from the cytosol. For example, herbicide synergist
tridiphane is converted to a GSH conjugate in phase Il metabolism which is a powerful
suppressant of GST-mediated atrazine metabolism.> As a result metabolites are either
deposited as bound residues in the extracellular matrix, or stored as water soluble metabolites
in the vacuole.’ The uptake of GSH conjugates into the vacuole is ATP dependent, and uses

specific ATP-binding casette (ABC) transporters.t

1.3 Herbicide Resistance

With increasing use of herbicides, resistance has become an increasing problem. Resistance has
been reported across all modes of herbicide action, and across virtually every weed species.
Since 1975 a rapid growth has been observed in the number of resistance cases that have been
reported, with 495 unique cases being reported up to 2017, although an increase in surveillance

and better reporting has probably partially factored in this rapid incline.'*
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Figure 1-4: The chronological increase in herbicide resistance cases observed globally since 1950
reported in the international survey of herbicide resistant weeds.*

Herbicide resistance can take two forms: target site and non-target site. Target site comes from
mutations in the protein which the herbicide targets causing the herbicide to become less

efficient while non-target site occurs from other complementary methods.

Herbicide action is divided into 3 steps: penetration into the plant; translocation and
accumulation at the target site; and binding to the biological target causing a phenotypic
response and resulting in plant death. Resistance mechanisms can occur at each and every point

of this pathway.*

1.3.1 Target-site resistance

Target site resistance occurs most commonly via a gene mutation conferring an amino acid
change which prevents herbicide binding while allowing substrate binding. It can also occur by
overexpression of the target enzyme.? This can result in a fitness cost if the mutation impairs
enzyme functionality or plant performance.!® This section will explore examples of target site

resistance occurring against a range of herbicide mode of actions.
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1.3.1.1 ALS Inhibiting Herbicides

Acetolactate synthase (ALS) is the first enzyme in the biosynthetic pathway of branched amino
acids (Val, Leu and lle) (Figure 1-5). It is an essential protein, making it an excellent herbicide
target. A huge number of resistance endowing mutations of ALS have been identified. By 2009
22 had been observed across seven different amino acid sites. Most remarkably at Pro197 11
different amino acid substitutions were observed which resulted in herbicide resistance.® A
Pro197Ser mutation is most common as this does not confer a fitness cost and requires only one
nucleotide substitution. Crystal structures demonstrate that ALS inhibiting herbicides do not
bind to the active site, instead binding across the channel that gives access to the active site for
substrate binding.!” As a result resistance is common as different mutations are able to be made

without affecting native substrate binding.!®

ALS
Inhibiting
Herbicides
Pyruvate 2-Ketobutyrate
Acetolactate
Pyruvate | <= synthase === | p  yate
(ALS)
v
2-Acetolactate 2-Aceto-2-
hydroxybutyrate
Ketoacid
NADPH | +=— reductoisomerase NADPH
(KARI)
v
v
2,3-Dihydroxy-3- 2,3-Dihydroxy-3-
isovalerate methylvalerate
Jr \ 4
v \ J,
Valine Leucine
Isoleucine

Figure 1-5: Synthesis of branched chain amino acids showing function of ALS and action of ALS
inhibiting herbicides



Introduction

1.3.1.2 ACCase Inhibiting Herbicides

Acetyl CoA carboxylase (ACCase) is a key enzyme in lipid biosynthesis, responsible for catalysing
the formation of malonyl CoA from the carboxylation of acetyl CoA (Figure 1-6). This blocks fatty

acid biosynthesis altering membrane integrity, resulting in plant death.

Acetate Pyruvate

Pyruvate
Dehydrogenase
Complex

Acetyl CoA ACCase

1 ACCase l— Inhibiting
Herbicides

Acetyl CoA
Synthetase

Malonyl CoA

1

Very Long
Chain Fatty
Acids

Figure 1-6: Lipid biosynthesis pathway showing enzymes in blue and action of ACCase inhibiting
herbicides®®

48 species of grass weeds have been identified as having developed resistance (2018).1* The
Leul781lle mutation is the most common resistance substitution but seven others have also
been identified. Crystal structures have demonstrated that herbicides bind to a domain close to
and partially overlapping the catalytic site.?° This means some amino acid substitutions can be
made which prevent herbicide binding while not disrupting acetyl CoA binding, while others do

disrupt acetyl CoA binding, resulting in a fitness cost.?!

1.3.1.3 Glyphosate resistance: EPSPS Inhibitors

Glyphosate is the world’s most widely used herbicide, popular as it controls a very broad

spectrum of weeds.'® Glyphosate is a potent inhibitor of EPSPS which catalyses the reaction of
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shikimate-3-phosphate (S3P) and phosphoenolpyruvate (PEP) to form enolpyruvylshikimate-3-
phosphate (EPSP). Glyphosate inhibits this activity disrupting the shikimate pathway and

inhibiting aromatic amino acid production.
Shikimic Acid

Shikimate

Kinase

Shikimic Acid-3-
Phosphate

PP | inase " Glyphosate

5-Enolpyruvyl Shimic
acid-3-phosphate

Chorismic Acid

!

Anthranilic Acid

/ \

Tyrosine Tryptophan

Phenylalanine

Figure 1-7: Synthesis pathway of aromatic amino acids showing inhibitory action of glyphosate??

A single mutation has been observed conferring resistance where Prol06 is mutated to a
number of different amino acids. While Pro106 is not involved in herbicide binding, mutating it
results in a structural change in the active site reducing available space, evidenced by
cyrstallography.?2* No other resistance conferring mutations have been observed- it appears to

be challenging to prevent herbicide binding while maintaining enzyme function.

10
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Target site resistance has also been observed in glyphosate resistant crops where a large
overexpression of EPSPS is observed. A 100 fold gene amplification resulting in a 40 fold

overexpression of EPSPS has been observed in Amaranthus palmeri.®

1.3.2 Non-target site resistance

Non-target site resistance can occur via a number of different mechanisms. Weeds have been
observed which show reduced penetration to herbicides, as well as those with altered
translocation of herbicides. For example, plants have developed resistance to glyphosate by
reducing its translocation through the plant and to its roots.?® Reduced translocation has also
been observed in response to paraquat, a herbicide that targets the electron transfer chain.
Reduced translocation inherits as a single nuclear semi-dominant gene meaning it is easily

spread to future populations.?’

Perhaps the most common methods of non-target site resistance involve the metabolic enzymes
CYP450s and GSTs. CYP450s are known to be involved in herbicide resistance although this is
poorly understood. Non-target site resistance occurs when CYP450s are upregulated. Crops are
able to CYP450 metabolise many herbicides so their use on weeds acts as a strong selection
pressure for weeds with the same ability. It is a very threatening form of resistance as it is able
to confer resistance to many different types of herbicides (Cross resistance discussed in more

detail in 1.3.3.1).%°

GSTs are also known to be involved in resistance to herbicides. Maize is able to detoxify triazine
herbicides because of GST activity. A mutation has been reported in A. theophrasti which leads
to an improved catalytic activity of a GST resulting in atrazine resistance.?® The role of GSTs in
resistance will be discussed in more detail later as part of their role in multiple herbicide

resistance (MHR). (See section 1.3.3.1.2)

1.3.3 Cross Resistance and Multiple Resistance

Cross resistance and multiple resistance are both methods by which weeds can become resistant
to a number of different herbicides. In cross resistance plants have a single mechanism which
gives resistance to two or more chemical families targeting one site of action. In multiple
resistance plants possess multiple target site resistance traits that give resistance to several

different sites of action.®

11
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1.3.3.1 Cross resistance

Cross resistance is a genetically endowed mechanism conferring the ability to withstand
herbicides from different chemical classes. It can occur as a result of either target site or non-

target site methods.?

1.3.3.1.1 Target site cross resistance

Target site cross resistance occurs where a change at the biochemical site of action of a herbicide
confers resistance to herbicides from different chemical classes that inhibit the same site of
action. It does not necessarily give resistance to all herbicide classes with similar mode of action
or even all herbicides within a chemical class.?® For example, cross resistance is observed in
response to ALS inhibiting herbicides. The Asp376Glu mutant is resistant to imidazolinone,
pyrimidinylthiobenzoate, sulfonylaminocarbonyltriazoline, sulfonylurea and triazolopyrimidine
herbicides.?® Increased amplification of a target gene and overexpression of a protein will also

result in resistance to all chemical classes targeting a particular mode of action.?®

1.3.3.1.2 Non-target site cross resistance

Non target site resistance weeds often have a central defence mechanism which gives resistance
to many different sites of action. The most studied form of these is multiple herbicide resistance.

This is seen in P450s, GSTs, GTs and ABC transporters.*

CYP450 activity has been seen to correlate with herbicide resistance in weeds. CYP450
involvement in black grass resistance to chlortoluron was identified through exogenous
application of a P450 enzyme inhibitor and by analysing metabolites that accumulated after

herbicide treatment.?*

GSTs were first implicated in herbicide resistance in 1970s with their involvement in atrazine
resistance in grasses. It has been seen to occur both as a result of increased activity of GSTs>?
and in “Peldon” populations of black grass in response to an increase in gene expression.3*3*
This role in peldon populations will be discussed further with regards to the role of AmGSTF1 in

multiple herbicide resistance in black grass (see section 2.2).

12
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1.3.3.2 Multiple resistance

Multiple resistance occurs when a weed develops resistance to multiple different sites of action
through a number of different genetic changes. Resistance is able to spread and accumulate
quickly particularly with cross pollination.’> Some weed populations have been seen to show

resistance to up to seven different modes of action (Figure 1-8).%*

® Two B Three ® Four m Five » Six ® Seven ® Cumulative

# of Species with Multiple Resistance
I
L]

975 1980 1985 1980 1995 2000 2005 2010

Year

2019 WeedScience.org, Dr. lan Heap 01/05/2019

Figure 1-8: Weed populations resistant to herbicides of different sites of action. Showing the number
of individual weed populations which have been identified as showing resistance to multiple sites of
action and the number of sites of action and the number of weed populations identified in each case.
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1.4 Glutathione-S-Transferases

GSTs are a class of enzyme primarily associated with their role in catalysing the nucleophilic
addition of reduced glutathione (GSH) to electrophilic centres in compounds to produce a less

reactive compound and increase solubility.®®

They are divided into a number of classes based on sequence similarity of which six classes are
present in plants (Table 1-2). Phi, tau, lambda and dihydroascorbate reductase (DHAR) are plant
specific while theta and zeta classes are also found in mammals. They are ubiquitous, with 53
members encoded for in the Arabidopsis genome.3® They are soluble proteins,? with phi and

tau classes most represented.®

Table 1-2: Classes of plant GST and their single letter codes

GST Class Single Letter Code Kingdom
Phi F Plant
Tau u Plant
Theta T Plant and Mammal
Zeta Z Plant and Mammal
Dihydroascorbate DHAR Plant
Lambda L Plant

There is specific nomenclature used to describe and identify these GSTs, eg. AmGSTF1-1. The
italicised letters denote a two letter code for the organism where the GST is found, usually based
on binomial nomenclature, in this case Alopecurus myosuroides. The letter following the GST
represents the class, in this case phi. This is then followed by a number which represents the

dimer subunits. In this case F1-1 represents a homodimer of the F1 subunit.

1.4.1 The multiple roles of GSTs

While GSTs are most commonly associated with, and were initially discovered for their ability to
detoxify metabolites, they have also been found to participate in a number of other cellular

activities. These roles will be discussed in this section.

14
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1.4.1.1 Glutathione conjugation

GSTs are able to catalyse the quantitative conjugation of GSH, which is the major phase Il
metabolism reaction in many species. GSTs catalyse nucleophilic aromatic substitutions, Michael
additions to a,B unsaturated ketones and epoxide ring-opening reactions, all of which result in

the formation of GSH conjugates.®

1. Nucleophilic Aromatic Substitution

Cl
NO PR N NO
2 _ 2
og  GST @/Noz GST ©/
N02 NOZ

NO,

1-chloro-2,4-dinitrobenzene 1-glutathionyl-2,4-dinitrobenzene

2. Michael Addition to a, B-unsaturated ketones

7SN O SG._ O SG 0
GS
cl asT cl GST cl
Cl cl cl
DY By B

Ethacrynic Acid EA-GSH Complex

HO™ ~O HO™ ~O HO™ O

3. Epoxide ring opening reactions

0 0
oy — o,

Phenanthrone 9,10-dioxide

Figure 1-9: Examples of reactions carried out by Glutathione Transferases.3? GS represents a
glutathione anion.
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1.4.1.2 Other Catalytic Activity

A number of plant GSTs have been identified as showing glutathione peroxidase activities,

40,41 42

including proteins present in Arabidopsis, wheat*? and black grass.>

Some GSTs have been identified as having isomerase activity. They use GSH in a catalytic role,
with the end product not including a GSH conjugate. For example, the zeta class GST in
Arabidopsis adds GSH across a cis-double bond in maleylacetoacetate, allowing bond rotation

followed by elimination of GSH to yield fumarylacetoacetate.®

1.4.1.3 Targeting transmembrane transport

Secondary metabolites are often toxic, and require glutathione conjugation to mark them for
transport to the vacuole. For example, in anthocyanin biosynthesis if the pigment is retained in

the cytoplasm it prevents pigment production and is toxic to cells.**

1.4.1.4 Protection from oxidative damage

Oxidative damage caused by hydroxyl radicals is cytotoxic. GSTs are able to conjugate GSH with

endogenously produced electrophiles to detoxify them.*

During pathogen attack, some plants protect themselves using a process called systemic
acquired resistance.**® This process involves production of salicylic acid, which prevents
catalase activity, stopping breakdown of H,0,. This pathway leads to GST genes being induced

to protect the plant from the damaging effect of the reactive oxygen species.”

1.4.1.5 Ligandins: Non-enzymatic binding and intracellular transport

In addition to their catalytic function, GSTs are able to function as carrier proteins. In mammals
they have been identified to be involved in transport of steroids, heme, bilirubin, bile salts,

carcinogens and some drugs.*

In plants some GSTs serve as carriers of natural auxins,* while others have been identified to

bind flavonoids in their non-catalytic L-site.*®

1.4.1.6  Other functions in Mammals

GSTs have been studied more extensively in mammals than plants, and a number of other
function identified. GSTs are responsible for catalysing the penultimate step in the catabolism
of Phe and Tyr amino acids.”* They are also involved in steroid synthesis of testosterone and
progesterone.>? They contribute to the biosynthesis of pharmacologically important metabolites
of arachidonic acid.>® Finally GSTs are involved in modulating the signalling pathways of

cyclopentenone prostaglandins.>*>>

16
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1.4.2 Structure of GSTs

GST structure in plants is well understood thanks to crystal structures being available for all

cytosolic classes except the theta class for which mammalian structures are available (Table 1-3).

Sequence similarity is low and substrate specificity varies, however 3D structure is highly

conserved, especially within the glutathione binding site.®

Table 1-3: Representative crystal structures of plant GSTs available in the Protein Data Bank (PDB). For
Theta class no plant structure is available however the human structure is well characterised. Rmsd

values are given for each structure compared to the Phi class Maize structure (1axd), and are
calculated using Pymol.

GST Organism GST PDB Ligand Reference rmsd/
Class code Code A
Phi Arabidopsis  AtGSTF2 5adw Quercetrin 50 0.92
thaliana
Zeamays  ZmGSTF1 laxd  Lactoylglutathione 56 -
Tau Mangifera  MiGSTU1 Skej S-hexyl 57 3.223
indica glutathione
Arabidopsis AtGSTU23  6ep6 - 58 3.17
thaliana
Theta Homo HsGSTT1 2c3t - > 2.72
sapiens
Zeta Arabidopsis  AtGSTZ1 le6b - 3 6.36
thaliana
DHAR  Oryza sativa OsDHAR1  5d9v - 60 3.95
Arabidopsis  AtDHAR2 Slol Glutathione 61 3.79
thaliana
Lambda Populus PtGSTL1 4pgh Glutathione 62 2.52
trichocarpa

17
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Phi (1axd)>®

Lambda (4pqh)®? DHAR (5lol)®!

Figure 1-10: Representative structures for each of the classes of plant GST. PDB codes are given in
brackets. Structures are all orientated in the same manner with domain | on the left and domain Il on
the right. N and C termini are marked for each structure. Figures produced in pymol.
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Most classes have a dimeric composition (except DHAR and lambda classes) with the enzyme
active as a homo or heterodimer of subunits from the same gene class of about 25 kDa in size.

Each subunit is composed of a catalytic site with two components (domain | and domain Il)

joined by a short linker region (Figure 1-11).

H-Site

Figure 1-11 A: Structure of a Phi Class GST (PDB:1AXD) showing location of domain | and II, position of
G and H sites are circled, and location of N and C terminus marked. Domain | is coloured in blue, with
domian Il in cyan, and the linker region is coloured in grey. The protein is orientated with the dimer
interface facing out. B: Dimer form of a Phi Class GST (PDB 1AXD) with the monomer form in the same
orientation as for figure A (left) and rotated by 90° (right). Each half of the dimer is coloured either
cyan or blue. Figure produced in pymol.
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Figure 1-12: Structure of a Phi Class GST (PDB 1AXD) showing conventions for numbering secondary
structure elements. Labels for secondary structure elements are shown in the same colour as the
secondary structure element. Figure produced in Pymol.

Domain | is composed of residues from the C-terminus and provides the residues for GSH binding
and catalytic activity.®® It contains an a/p core structure composed of a four stranded B-sheet
(B1-4) flanked by two a-helices (al and 3) (Figure 1-12). It resembles the thioredoxin fold
observed in crystal structures for E. coli thioredoxin,® bacteriophage T4 glutaredoxin,®® and

glutathione peroxidase.®®

Domain Il is an all a structure composed of 5 a helices (a4-8).8% It provides the residues for
hydrophobic substrate binding (H-site) and as a result shows greater sequence diversity than

domain | to provide substrate specificity.®
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Dimers are stable with no spontaneous exchange of subunits occurring. Class specific
heterodimers are seen, but dimers cannot include monomers from differing classes.
Dimerisation contacts are primarily hydrophobic and occur between domain | of one subunit
and domain Il of the neighbouring subunit.®®* While dimerisation is essential for activity, and it is
essential to form a full G-site, it is unclear why it is essential for GSTs to form dimers. Positive
cooperativity has never been demonstrated,® however in Pi class GSTs it has been

demonstrated that dimerisation stabilises the tertiary structure of the subunit.®’

In plants Phi, Tau, Theta and Zeta classes have an active site serine residue (tyrosine in mammals)
which stabilises the formation of a thiolate anion of GSH, enabling glutathionylation of
substrates in the H-site. This residue has been shown to be catalytically essential via site directed
mutagenesis across a range of organisms.**5%6368 \While the serine residue in plants is not
located at the equivalent amino acid position to the tyrosine, Ser is at the N-terminus of a1 while
Tyr is at the C-terminus of B1, their hydroxyl groups are positioned such that they occupy a
similar location in the active site. By contrast Lambda and DHAR have a cysteine in their active
sites. They do not catalyse the S-glutathionylation of substrates present in the H-site and instead

are more likely to catalyse redox reactions.®

The G-site is made of a network of specific polar interactions between the glutathione tripeptide
and protein moieties in domain I, and one interaction with a residue in domain Il of the other
subunit of the dimer. Glutathione binds in an extended conformation at one end of the four
strand B-sheet in domain 1.7° The orientation is important to catalysis, and is governed by the
selectivity of the binding site.”* Surprisingly, given the number of interactions formed, and the
specificity observed for glutathione the residues are predominantly conservatively replaced
between classes and members of classes rather than conserved.®® Glutathione binding occurs
via an induced fit mechanism with the loop over the G-site displaying a large conformational

change on binding.%®
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Figure 1-13: Structures demonstrating the induced fit mechanism of loop over the G-site. GSH bound
(PDB: 1AXD; green) and apo (PDB: 1AW9; cyan). On GSH binding the loop is seen to adopt an
alternative structure, allowing it to form additional interactions with the GSH molecule. Figure
produced in Pymol.

The molecular details of the H-site differ more than the G-site both within and between classes.
It is composed of clusters of hydrophobic amino acid side chains which provides a highly
hydrophobic surface. Structural elements arise from both domains | and Il including the active
site loop between B1 and a1, the C-terminal region of a4 and the C-terminal segment of the
polypeptide chain. The variation observed in H-site residues explains the variation observed in

xenobiotic specificities by GSTs.®

In a number of GSTs a third non-catalytic binding site has been identified. The L-site is found in

the dimer interface (Figure 1-14), and is involved predominantly in transport.>%7?
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Figure 1-14: GST from squid showing location of L-site.”? Each half of the dimer is shown in a different
colour, with the drug Praziquantel (shown in green) bound in the L-site. Figure produced in Pymol.

1.4.3 Mechanism of GSTs

In plants nucleophilic substitution is most common. This forms a conjugate that is less reactive
than the parent and increases solubility. During the reaction a Meisenheimer complex is formed,
and this has been seen in an enzyme bound GSH anion with 1,3,5-trinitrobenzene.” The catalytic
mechanism lowers the pKa of the GSH thiol group from around 9 in aqueous conditions to
between 6 and 7 when bound to the protein. Kinetics suggests this would occur via a random
sequential two substrate, two product reaction. However, in cellular conditions GSH addition
occurs first because GSH concentration is 1-10 mM (about 3 orders of magnitude higher than

the GSH dissociation constant from the enzyme).3>7*

In an in vitro system, it appears that c complex formation is rate limiting. If the Cl group is
substituted for a more electrophilic group the rate constant increases approximately 50 fold. If
o6 complex decomposition was rate limiting we would expect the opposite. However, viscosity
experiments suggest that in vivo there is most likely a non-chemical rate limiting step, and that

Keat is limited by product release which is limited by a diffusional barrier.”®
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1.5 Summary

This chapter has discussed herbicides and the mechanisms of resistance that have developed in
response to their use. It has also looked at glutathione-s-transferases and their role in herbicide
metabolism. The next chapter will focus on previous work which has been done on this project

investigating multiple herbicide resistance in black grass, and the role GSTs play.
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2.1 Black Grass

Black grass (Alopecurus myosuroides) is an annual rye grass that is found on cultivated land, and
is a major weed of cereal crops. It produces a large quantity of seeds, and occurs at very high
densities competing with the crop and resulting in major yield losses.”® Whilst wild type black
grass can be well controlled through herbicide application, incidences of herbicide resistance
have led to a loss of control. A recent survey determined that 80% of black grass collected from

132 fields was highly resistant to all herbicides that can be used for selective black grass control

g w
(VW

’ | |
\\ !1 /

in a wheat crop.”’

y

5

Figure 2-1: Black Grass’®

MHR was first reported in the UK in Peldon in 1982. It has now been reported in independent
outbreaks all over the UK. MHR has been linked to an increase in metabolic enzymes and occurs
through resistance to several herbicides.>® The work in this project has focussed on MHR

observed in this Peldon population.

2.2 ldentification of AmGSTF1

GSTs are known to play a large role in non-target resistance. In velvetleaf (Abutilon theophrasti),

a resistant maize weed, GSTs have been implicated in atrazine resistance,’”® and GSTs have also
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been identified as responsible for herbicide detoxification in maize crops. Work in the Edwards
group has focussed on identifying the role of GST activity in herbicide resistance in black
grass.333%4 Work has focussed on a population from Peldon, identified to be particularly
herbicide resistance, and has also used a herbicide susceptible population from Rothamsted.
The Peldon population is seen to have higher GST activity (1.9 X) than the herbicide susceptible
Rothamsted population.*? Using anti-wheat GST sera for western blotting, it was possible to
identify three populations of GST that were up-regulated in the herbicide resistant populations
(25, 27 and 28 kDa). In order to allow for detailed characterisation, cDNAs encoding the different
types of GST subunits in black grass were cloned from Peldon seedlings and the recombinant
proteins overexpressed.®® It was concluded that the 25 kDa protein observed in western blots
was AmGSTU1. However, exhaustive screening was unable to identify peptides of 27 and 28 kDa,
instead identifying AmGSTF1a and AmGSTF1c of nearly identical mass (24.8-24.9 kDa). When
these peptides were analysed with western blotting they were seen to migrate with the 28 kDa
polypeptide. The 27 kDa polypeptide was determined to be a partial degradation product, with
an increase observed after prolonged dialysis. Both AmGSTF1 and AmGSTU1 were identified to

be active as their respective homodimers by gel filtration chromatography.*

RNA transcripts were analysed from susceptible Rothamsted and resistant Peldon populations.
For both AmGSTF1 and AmGSTU1 it was clear that the enhancement of GSTs observed in

resistant black grass was due to increased gene expression.®

2.3 Role of AmGSTF1 in Multiple Herbicide Resistance

Activity assays were undertaken to identify the possible roles of the GSTs.2®* AmGSTU1 was seen
to be highly active in conjugating the herbicides fluorodifen and fenoxaprop-ethyl. Significantly
however, AmGSTF1 was seen to have low activity towards these herbicides, suggesting the
protective role played by these proteins was unlikely to be as a result of accelerating herbicide
metabolism. The proteins were then assayed for glutathione peroxidase (GPOX) activity. While
AmGSTU1 had no activity as a GPOX, AmGSTF1 was seen to be very active catalysing the
reduction of both cumene hydroperoxide and linoleic acid hydroperoxide. This suggests that
AmGSTF1 may be functioning to protect the black grass from toxic organic hydroperoxides

formed as a result of herbicide injury.
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Further work was undertaken to investigate the role that AmGSTF1 plays in multiple herbicide
resistant black grass using transgenic Arabidopsis.3* Arabidopsis plants expressing either high or
low levels of AmGSTF1 were shown to have increased resistance to a range of herbicides,
chlortoluron, alachlor and atrazine, in both spray and germination trials (Figure 2-2). Both
transgenic lines showed an enhancement in GPOX and CDNB conjugating activities in line with
the activity profile of the enzyme. Interestingly, the transgenic plants also showed increased
conjugative activity towards atrazine, which is not a substrate of AmGSTF1. These activity
increases are therefore likely to arise as a result of increased expression of endogenous
Arabidopsis enzymes.3* Furthermore, an enhancement in unrelated glycosylating activities
towards the xenobiotic 2,4,5-trichlorophenol were also observed. Thus, two independent routes

of bioconjugation of atrazine were both enhanced in the transgenic plants.

A B

Vector Line 8 Line 12 Vector Line 12

P
No herbicide Q
Chlorotoluron | I . )Jhg)ﬁ
> P o
Alachlor Y ”“’L‘F 1u "
‘ALK
Atrazine | gl )' :

Figure 2-2: Transgenic Arabidopsis expressing AmGSTF1 in intermediate (line 8) and high (line 12)
amounts. Plants were grown on agar containing herbicide (A) or sprayed after germination (B).>*
Plants expressing AmGSTF1 are observed to show resistance to the herbicides.

In addition, the transgenic plants were analysed using liquid chromatography-mass
spectrometry (LC-MS), and a number of metabolites were identified which accumulated at
higher levels in these plants than the vector only controls. The compounds were identified as
conjugates of the flavonoid kaempferol and the anthocyanin cyanidin. The transcriptome of the
transgenics was compared with wild type plants, and no consistent changes in gene expression
were determined. This suggests that the changes in biochemistry observed were not regulated

at the level of transcription.3
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2.4 Chemical Inhibition of AmGSTF1

Having determined using transgenic Arabidopsis that AmGSTF1 played a causative role in MHR,
a chemical strategy was sought which would restore herbicide activity. Multi-drug resistance
(MDR) in humans shows parallels to MHR, as it involves a drug detoxifying GST, HsGSTP1.
HsGSTP1 has been a successful target for inhibitors in medicinal chemistry programs.® These
inhibitors can be subdivided into GSH conjugates and peptidomimetics which bind the G-site
and compounds which act on the larger H-site.®! These simpler H-site compounds were tested
for their ability to inhibit AmGSTF1 and restore herbicide efficacy. Four compounds were tested:
4-chloro-7-nitrobenzofurazan (CNBF), ethacrynic acid, cyanuric acid and bromoenol lactone
(Figure 2-3a). Ethacrynic acid and cyanuric acid were found to be phytotoxic, and bromoenol
lactone showed no ability to enhance herbicide activity so these were discontinued from further
exploration. However, CNBF was seen both to inhibit AmGSTF1 in vitro and to enhance the
herbicidal activity of chlortoluron, fenoxaprop-p-ethyl and clodinafop-propargyl when pre-

applied to Peldon plants (Figure 2-3).
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Figure 2-3: (a)GST Inhibitors tested for activity against MHR black grass (b and c) effect of CNBF
(written as NBD-Cl) against WT and MHR black grass using Chlortoluron (CHL) as a herbicide.
While CNBF alone is seen to have no toxic effect on plants, in combination with Chlortoluron

this is seen to lead to plant death.

Work was carried out to identify the mechanism by which CNBF was having an inhibitory effect
on AmGSTF1. In HsGSTP1 CNBF forms a covalent interaction with Cys47.82 Cys47 is thought to
play a regulatory role, modulating activity with a c-Jun N-terminal kinase (JNK1), which is
involved in the apoptotic pathway.884 Mass spectrometry was used to confirm that in AmGSTF1
CNBF was also forming a covalent interaction, with it being found to modify the Cys120

residue.?*

2.5 Identification of novel inhibitors

Attempts to modify the CNBF inhibitor with groups similar to those used in human MDR drugs
proved ineffective. While several maintained activity in vitro against AmGSTF1 no activity was
seen against MHR plants, probably due to problems in uptake by the leaves.?* As a result work

focused on identifying a novel class of inhibitors.
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A ligand fishing experiment was used to identify possible compounds that bind to AmGSTF1.%°
Strep tagged AmGSTF1 was immobilised on a streptactin column, and a cocktail of compounds
washed over it. Liquid Chromatography-Mass Spectrometry (LC-MS) was then used to identify
which compounds had bound to the AmGSTF1 (Figure 2-4).

1. Express/ 2. Recombinant 3. Inject

purify strep- protein compound
tagged immobilised on cocktail on FPLC
protein in E. Strep-Tactin O &

coli column

e

) .

— O - @
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Figure 2-4: Shematic showing ligand fishing method used to identify new inhibitors. E. coli expressed
strep-tagged AmGSTF1 enzyme is immobilised on a strep column. A cocktail of inhibitors are passed
over the column and those that bind identified by HPLC.

This experiment identified three main compounds that bound to AmGSTF1: the 4-Glutathione
conjugate of CNBF; a purine-CNBF hybrid and apigenin. The most significant binding was
observed with apigenin. A subsequent ligand fishing experiment with a selection of commercial
flavonoids identified that AmGSTF1 was capable of binding to a range of flavonoids. These
commercial flavonoids along with a selection from the Syngenta compound library were tested

for their ability to inhibit AmGSTF1 activity in the CDNB assay. This identified compound SYGS,
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which gave 100% inhibition at 10 pM, as a new lead compound. In vivo tests demonstrated that
it was also capable of acting as a synergist, restoring the activity of pinoxaden against MHR black

grass.

SYG8

Figure 2-5: Initial lead compound identified from screening of Syngenta library

2.6 Flavone Inhibitors

Recent efforts in the Steel group have focussed on the synthesis of derivatives of this lead
compound SYG8.28>8® Work to improve activity afforded compound MS-1-134 with a structure
very similar to SYG8 and a similar level of inhibition (71% at 1 uM). The structure activity
relationships (SAR) observed from these compounds will be discussed in more detail in (Section

4.3.1.2).

MS-1-134

Figure 2-6: Lead compound obtained from initial SAR studies

Further work focussed on increasing the solubility of compound MS-1-134.28 While the long alkyl

chain significantly increases activity it also results in the compound being highly insoluble, which
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was thought to be limiting activity in planta as a synergist. The effects of adding different groups

on solubility and activity were investigated and the results shown in Table 2-1.

Table 2-1: Compounds designed to increase solubility, giving aqueous solubility measured at Syngenta
Jealott's Hill, and inhibition against AmGSTF1 measured in the CDNB assay

Compound Aqueous Inhibition at
solubility/ ppm 10 pM
25.0 20%

MeO

OMe O

/( 70.1 8%
O™\

OMe O
0/\> 88.3 11%
MeO oI~y
|
OMe O
NN, 15.9 13%
MeO 0 ’N/
| H
OMe O
S\ 467.7 23%
MeO o_tsy
|
OMe O
N 16.7 6%
MeO o N
N
| H

16.9 9%
MeO

OMe O
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A thiazole group was observed to significantly increase solubility, whilst maintaining activity,
resulting in this group being incorporated into compounds with the long chain to give
compound MS-4-48 as a more soluble lead compound (Figure 2-7). This compound was
observed to show activity both in vitro against AmGSTF1 and in vivo acting as a synergist to

restore pinoxaden sensitivity in MHR black grass.®

S/\>
MeO O X

Ms-4-48

Figure 2-7: Lead compound produced from work to increase solubility
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2.7 Project Aims

The principal aim of this project was to gain a molecular understanding of the interactions and
mechanisms of inhibitors for AmGSTF1. Work would primarily focus on the flavonoid inhibitors
synthesised in the Steel group, with the aim of using this information to guide synthesis
decisions. However, CNBF was also investigated to try to understand the mode of action of this

inhibitor.

Previously, an apo crystal structure of AmGSTF1 had been solved at a resolution of 1.95 A,
although this was incomplete, and with two disordered loops including one in the active site
area. This work aimed to increase the resolution and completeness of this structure. In addition,
it was aimed to crystallise protein-ligand complexes to identify ligand binding sites and allow for
rational inhibitor design. An in silico approach would also be used to identify and evaluate
possible binding sites for the inhibitors. Furthermore, thermal shift assays would be used to
assess the binding of compounds to AmGSTF1 and to act as a complementary method for

assessing them alongside the previously used CDNB activity assays.

Biophysical methods would be used to improve understanding of the mode of action of
inhibitors, and the mechanisms by which they are able to restore herbicide sensitivity to MHR

black grass.

Finally, it was aimed to correlate the results of spray tests, biochemical and structural studies,

in order to better understand the inhibition of MHR in black grass.
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3 Materials and Methods

3.1 Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise specified.

All  protein concentrations were calculated using Az on the DeNovix DS-11+

spectrophotometer, using extinction coefficients calculated using ExPASy ProtParam.®

Sonication was carried out using the Bandelin Sonopuls HD2200 sonicator.

3.2 Protein Expression and Purification

3.2.1 Transformation of E. coli

Plasmid (2 pL) was added to competent E. coli cells (New England Biolabs, 50 uL, see 3.2.3 and
3.2.4) and incubated on ice for 30 minutes. Bacteria were heated at 42 °C for 45 secs and
immediately incubated on ice for 2 min. SOC medium pre warmed to 37 °C was added and the
cells incubated with shaking (1h, 37 °C). 100 uL of culture was spread onto a lysogeny broth (LB)
agar plate (inoculated with appropriate antibiotics), the remaining cells spun down and
resuspended in LB (1mL) and 100 uL spread on an LB agar plate (with appropriate antibiotics).
Plates were grown overnight at 37 °C. One culture was taken from the plate and grown
overnight in LB (with appropriate antibiotics). 500 pL of culture was combined with 500 pL 50%

glycerol to make glycerol stocks which were stored at -80 °C until needed.

3.2.2 Plasmid Purification

A colony from an LB agar bacterial plate was added to LB inoculated with appropriate antibiotics
(see 3.2.3 and 3.2.4). The culture was incubated overnight with agitation at 37 °C. The plasmid
was purified from the overnight culture using Genelet Plasmid Miniprep Kit (Thermo Fisher

Scientific) according to the manufacturer’s instructions.
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3.2.3 Strep tagged AmGSTF1 and Strep tagged AtGSTF8

Strep tagged proteins were in pETStrplll plasmids,® with resistance to kanamycin (Kan), and
were expressed in E. coli Rosetta Il cells. For all steps requiring antibiotics, Kan was used at a

concentration of 50 ug/ mL and Chloramphenicol (Chlor) at a concentration of 34 pug/ mL.

3.2.3.1 Expression of Strep tagged protein

Buffer A: HEPES free acid (20 mM), NaCl (150 mM) pH 7.6

LB (15 mL, Kan/Chlor) was inoculated with cells from a glycerol stock. The culture was grown
overnight (37 °C, 200 rpm). The overnight culture was added to 1 L LB (Kan/ Chlor) and grown
at 37 °C with shaking at 200rpm until ODggo= 0.6. Cultures were induced with Isopropyl B-D-1-
thiogalactopyranoside (IPTG; 100 uM) and incubated at 37 °C with shaking at 200 rpm for 16 h.
Cells were collected by centrifugation (4000 g, 30 min), the media decanted off, and pellets
resusupended in Buffer A (10 mL/ L E. coli expression) with cOmplete ULTRA Tablets, Mini, EDTA

free (1 per 15 mL), and dithiothreitol (DTT, 1 mM). Pellets were frozen at -20 °C until needed.

3.2.3.2 Purification of Strep tagged protein

Pellets were removed from the freezer defrosted on ice, and lysed by sonication (3 x 30 sec,
30%) and centrifuged (20,000 rpm, 50 min). Purification was carried out using a 5mlL
Strep-tactin sepharose high performance column (GE Healthcare) attached to a peristaltic
pump. The column was pre-equilibrated with buffer A. The cell lysate was filtered through a
0.2 um filter and loaded onto the column at a rate of 1 mL/min. Unbound protein was washed
off the column using buffer A. Once all unbound protein was removed from the column
according to the Axg reading the protein was eluted using desthiobiotin (5 mL, 2.5 mM in buffer
A). Protein was dialysed against buffer A overnight, and stored at -80 °C until needed when it

was defrosted on ice.
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3.2.3.3 AtGSTF8 Protein

Strep tagged AtGSTF8 was expressed in E. coli, from a plasmid provided by Prof. Robert Edwards
(Newcastle) and purified using streptactin resin (Section 3.2.3). This produced pure protein
(Figure 3-1), with no subsequent purification step required, however it was seen to express at
significantly lower levels than AmGSTF1, with around 2 mg of purified protein per litre of
recombinant E. coli. As only small amounts were required for assays to investigate selectivity no

attempts were made to optimise this procedure.
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Figure 3-1: SDS-PAGE gel to show the purity of AtGSTF8. Lane A-
Molecular weight marker, B-Strep tagged AtGSTF8. Expected
molecular weight for monomer= 25941 Da

3.2.4 Untagged AmGSTF1 and mutants

Genes encoding untagged proteins were in a construct in pET24a plasmid with Kan resistance,

and were expressed in BL21 (DE3) cells. Kan was used at a concentration of 50 pug/ mL.

3.2.4.1 Expression of untagged proteins

LB (Kan) was inoculated with cells from a glycerol stock. The culture was grown overnight (37 °C,
200 rpm). The overnight culture was added to 1 L LB (Kan) and grown at 37 °C with shaking at
200rpm until ODggo= 0.7. Cultures were induced with IPTG (100 uM) and incubated at 37 °C with
shaking at 200rpm for 16 h. Cells were collected by centrifugation (4000g, 30 min), the media
decanted off, and pellets resusupended in Buffer A with cOmplete™ ULTRA Tablets, Mini, EDTA

free (1 per 15 mL), and DTT (1 mM). Pellets were frozen at -20 °C until needed.
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3.2.4.2 Purification of untagged proteins

Buffer A: 20 mM HEPES free acid, 150 mM NaCl pH 7.6
Buffer B: 200 mM KCI, 20 mM TRIS, 1 mM DTT, pH 7.5
Buffer C: 5 mM GSH, 20 mM TRIS, 1ImM DTT pH 7.5
Buffer D: 20 mM TRIS, 1 mM DTT, pH 7.5

Buffer E: 20 mM TRIS, 1 mM DTT, 500 mM NaCl, pH 7.5

Cell pellets suspended in Buffer A were lysed by sonication (3 x 30 sec, 30 % power) and re-
pelleted by centrifugation (20,000 rpm, 50 min). Cell lysate was incubated (1 h) with free
glutathione agarose beads (3 mL) with agitation. Using a gravity column, Buffer B was run until
protein concentration was less than 0.1 mg/mL. Protein was eluted using 10 mL of buffer C,
purity of fractions was confirmed by SDS-PAGE before they were pooled and dialysed against
buffer D overnight. Using an Akta Explorer FPLC the protein was purified using a MonoQ column.
The column was equilibrated with buffer E followed by buffer D. The sample was loaded onto
the column and a gradient of 1-100 % buffer E run over 30 mins. The protein was collected in 1

mL fractions.

3.3 Cloning of mutants

Mutants (Y118S, F122T and Y118S F122T) were created from the wild type construct using PCR
and the Q5® Site-Directed Mutagenesis Kit (New England Biolabs), using primers in Table 3-1
and the appropriate annealing temperatures (T.). The Y118S F122T double mutant was created

from the F122T mutant using the Y118S primers.

Table 3-1: Primers used for cloning of mutant AmGSTF1

Mutant Forward Primer Reverse Primer Ta/ °C
Y118S CCGATCGTGTCTCAGTGTCTG GCTCAGTGCCGGATTATAG 62
F122T TCAGTGTCTGACCAACCCGATGATGC | TACACGATCGGGCTCAGT 64
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3.4 Labelling of AMmGSTF1 with CNBF

DTT (5 mM) was added to AmGSTF1 (1 mg/mL), incubated on ice for 30 min, and desalted using
a PD10 column (GE Healthcare). To 100 pL aliquots was added 11 puL of 1 mM CNBF in DMSO
(100 uM final concentration). Reaction mixtures were incubated at room temperature (rt) for
20 min prior to a second desalting step (as above). Protein samples were analysed using Quad
time of flight electrospray ionization mass spectrometry (QToF ESI-MS), for further details see

section 3.9.
3.5 Thermal Shift Assays

3.5.1 Solvent Screens

To protein (0.5 mg/mL in 20mM HEPES, 150 mM NaCl pH 7.6) was added 20 x SYPRO orange®
(4 pL/ mL protein). 10 pL of protein with dye was added to each well of a 96 well polymerase
chain reaction (PCR) plate. 10 puL of solvent at varying concentrations was also added to the well.
The plate was sealed with a PCR seal and centrifuged (1000 rpm, 2 min). Experiments were

performed as described in 3.5.3.

3.5.2 Ligand binding

To protein (0.5 mg/mL) was added 20 x SYPRO orange (4 puL/ mL protein). 10 pL of protein (in
20mM HEPES, 150 mM NaCl pH 7.6) was added to each well of a 96 well PCR plate. 10 pL of
ligand at varying concentrations (in 20 mM HEPES, 150 mM NaCl, pH 7.6 and 2% DMSO) was also
added to the well. The plate was sealed with a PCR seal and centrifuged (1000 rpm, 2 min).

Experiments were perfomed as described in 3.5.3.

3.5.3 Performing Thermal Shift Assays

Experiments were performed using the Applied Biosystems 7500 Fast Real-Time PCR (RT-PCR)
system using Filter C with an excitation of 470 nm and an emission of 569 nm. Samples were run
from 24-96 °C with a temperature increase of 1 °C/ min. Once samples had been run results

were analysed using NAMI software.®

39



Materials and Methods

3.6 CDNB Activity Assay

3.6.1.1 CDNB Activity Assay

Itis possible to investigate the conjugative activity of GSTs using the 1-chloro-2,4-dinitrobenzene
(CDNB) assay. This is a colorimetric assay that follows the formation of dinitrophenyl thioether

(GS-DNB) at 340 nm, as GS-DNB absorbs at this wavelength while CDNB does not.?%°?
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Figure 3-2: CDNB activity assay

0.1M potassium phosphate buffer (pH 6.5, 890 pL) was pre-incubated at 30 °C. 25 uL AmGSTF1
(1 mg/mL in HEPES buffer) was added followed by CDNB (25 pL, 40 mM in ethanol) and inhibitor
(10 pL in DMSO) and a blank recorded. 50 uL GSH (100 mM in water) was added and the change
in absorbance at 340 nm monitored over 30 s using a Beckman Coulter DU-530

spectrophotometer.

3.7 Protein Gels

3.7.1 SDS-PAGE gels

Sodium dodecyl sulfate- polyacrylamide gel electrophoresis (SDS-PAGE) gels were run using the
Bio-Rad Mini-PROTEAN® Tetra Cell system. Gels were prepared using 12% resolving gel solution
and 8% stacking gel solution. Samples were prepared by the addition of 2 x loading buffer to
10 uL of sample and heating to 95°C for 5 minutes. The gel was loaded with 10uL of Spectra™
Multicolor Broad Range Protein Ladder (Thermo Scientific) into a well and 10uL of sample into

the remaining wells. The gel was run at 200V until the lowest molecular weight marker of the
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ladder was 1cm from the end of the gel. The gel was removed and incubated overnight with

agitation in a tray with Quick Coomassie staining solution (Generon).

3.7.2 Native PAGE gels

Mini-Protean TGX Precast Gels with 4-20% resolving gel (Bio-Rad) were run using the Bio-Rad
system. Samples were made up with protein (5 pL, 1 mg/ mL), Buffer A (see 3.2.4.2, 4.5 plL) and
inhibitor/DMSO (0.5 pL) and 10 pL native sample buffer (Bio-Rad). 10 pL of sample was added
to each well. NativeMark™ (Thermo Fisher Scientific) was used as a molecular weight ladder.
Gels were run at 200V for 35 min. Gels were removed and stained with Quick Coomassie

staining solution (Generon).
3.8 Fluorescence Anisotropy

3.8.1 Labelling of AMGSTF1 with HiLyte Fluor™ 488

AmGSTF1 (1 mg/mL in PBS buffer) was reduced with a 10-fold molar excess of tris(2-
carboxyethyl)phosphine (TCEP) and incubated at rt for 2 h with 400 uM HiLyte Fluor™ 488 C2
Maleimide (AnaSpec). Unreacted dye was separated by passing through two PD10 columns (GE
healthcare). Fractions containing labelled protein were analysed by absorbance at 280 nm. The
contribution of HiLyte Fluor™ 488 to the absorption was estimated by the absorption value at
507 nm multiplied by 0.2 subtracted from the total absorbance at 280 nm, and protein

concentration calculated using the extinction coefficient of the protein (42525 M cm™).

3.8.2 Fluorescence anisotropy measurements

100 pL of the HiLyte Fluor™ 488 labelled protein in PBS buffer was placed in a standard black 96
well plate. 100 plL of inhibitor at various concentrations (in PBS buffer +4% DMSO) was added to
each well. Fluorescence anisotropy measurements were performed on a BioTek Synergy™ H4
Hybrid Microplate Reader. Fluorescence anisotropy was measured at A«=485 nm + 20 nm and

Aem= 528 nm = 20 nm.
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3.9 Mass Spectrometry

For mass spectrometry, protein samples were buffer exchanged into water. Mass spectrometry

was carried out on a QtoF Premier mass spectrometer with Acquity UPLC (Waters Ltd, UK).
3.10 Crystallisation and structure determination

3.10.1 Crystal structure analysis

Unless specified otherwise, all figures were created using PyMol.
All root-mean-square-deviation (rmsd) values were calculated using RAPIDO.%3%

3.10.2 Crystallisation and structure determination of wild type AmGSTF1 (hexagonal and
CNBF labelled)

Untagged wild type AmGSTF1 was used for crystallographic studies. For the CNBF structure
AmGSTF1 (37 uM) was labelled as previously described (3.4). Crystals were obtained across a
range of conditions containing sodium citrate, Na/K tartrate and ammonium sulfate (Table 3-2).
Crystals were cryoprotected in 25% glycerol and frozen in liquid nitrogen. Data was collected on
beamline Diamond light source (DLS i04-1). Data was processed using Xia2%® and scaled using
AIMLESS/POINTLESS.**%7 The structure was solved using Phaser®® by molecular replacement
against a lower resolution AmGSTF1 structure for the wild type, and against the higher
resolution structure for the CNBF labelled form. Models were built in CCP4% using Coot'®, and
refined using Refmac.' Ligand restraints were generated using JLigand.'% Further experimental

detail is summarised in Appendix B.

Table 3-2: Crystallisation conditions used for crystallisation of hexagonal wild type and CNBF labelled

AmGSTF1
Well Number pH of 0.1 M Sodium Concentration of K/ Na Concentration of
Citrate buffer Tartrate/ M Ammonium sulfate/ M
1 5.0 0.3 2.0
2 5.5 0.3 2.0
3 6.0 0.3 2.0
4 4.5 0.2 2.0
5 5.0 0.2 2.0
6 5.5 0.2 2.0
7 6.0 0.2 2.0
8 3.5 0.1 2.0
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Well Number pH of 0.1 M Sodium Concentration of K/ Na Concentration of
Citrate buffer Tartrate/ M Ammonium sulfate/ M
9 4.0 0.1 2.0
10 4.5 0.1 2.0
11 5.0 0.1 2.0
12 5.5 0.1 2.0
13 6.0 0.1 2.0
14 3.5 0 2.0
15 4.0 0 2.0
16 4.5 0 2.0
17 5.0 0 2.0
18 5.5 0 2.0
19 6.0 0 2.0
20 5.0 0.3 1.0
21 5.5 0.3 1.0
22 6.0 0.3 1.0
23 4.5 0.2 1.0
24 5.0 0.2 1.0

3.10.3 Crystallisation and structure determination of F122T AmGSTF1

Protein was crystallised using the sitting drop method in the Morpheus screen (Molecular
Dimensions),'% with crystals produced in a number of wells. Crystals were cryoprotected in 25%
glycerol and frozen in liquid nitrogen. Data was collected at Diamond Light source on beamline
i24. Crystals were screened and full datasets collected for those showing best diffraction. The
data was processed using Xia2, and the structure solved using molecular replacement using the
wild type (hexagonal) structure, and the previously disordered loops built using Buccaneer.%*
Models were built in CCP4 using Coot and refined using Refmac. Ligand restraints were

generated using AceDRG.% Further experimental detail is summarised in Appendix B.

3.10.4 Crystallisation and structure determination of Y118S AmGSTF1

Protein was crystallised using the sitting drop method in the Morpheus screen,'° with crystals
produced in a number of wells. Crystals were cryoprotected in 25% glycerol and frozen in liquid
nitrogen. Data was collected at Diamond Light source on beamline i04-1. The data was
processed using Xia2, and the structure solved using molecular replacement using the F122T
structure. Models were built in CCP4 using Coot and refined using Refmac. Ligand restraints

were generated using AceDRG.1® Further experimental detail is summarised in Appendix B.
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3.10.5 Crystallisation and structure determination of wild type AmGSTF1 (tetragonal) and
NBF-GS structure

Protein was crystallised using the sitting drop method in the Morpheus screen, using seeds of
F122T protein. Seeds were created using a Hampton Seed Bead™ (Hampton Research) and
associated protocol for matrix microseeding. For ligand bound structures solid NBF-GS was
added directly to drops and left for 24 hours. Crystals were cryoprotected in 25% glycerol and
frozen in liquid nitrogen. Data was collected at Diamond Light source on beamline i04-1. The
data was processed using Xia2, and the structure solved using molecular replacement using the
F122T structure. Models were built in CCP4 using Coot and refined using Refmac. Ligand
restraints were generated using AceDRG.1% Further experimental detail is summarised in

Appendix B.

3.11 Molecular modelling

3.11.1 Using Chimeric GSTs (Homology models)

Models were made using Modweb from MODELLER,° based on 1AXD>® and 1AW9.%° For the
1AXD based homology model residues 30-55 and 119-139 were inserted into the black grass
structure. For the 1AW9 based homology model residues 34-53 and 121-141 were inserted into
the black grass structure. Geometry minimisation was carried out using Phenix. The models were
used with H-atoms added, and with no waters in the binding site. Molecular modelling was
carried out using GOLD'” with ChemPLP as a fitness function. A search space of 10 A around
Ser12 was defined. 10 runs were carried out for each ligand, with an early termination setting

of 3 ligands within an rmsd of 1.5 A used.

3.11.2 Using F122T structure

The structure of the F122T mutant was used with the threonine mutant at the 122 position
replaced with a phenylalanine, using Coot, to create a model of the native enzyme. The model
was used with H-atoms added, and with no waters in the binding site. Molecular modelling was

carried out using GOLD with ChemPLP as a fitness function. A search space of 10 A around
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Phe122 was defined. 10 runs were carried out for each ligand, with an early termination setting

of 3 ligands within an rmsd of 1.5 A used.

3.12 Synthesis of NBF-GS

NO,
/N\
\/O
N
OH o °, o
HO)\;/\)J\ N N Aon
NH, o)

CNBF (0.5 mmol), GSH (0.5 mmol) and K,COs (0.5 mmol) were suspended in H,0. Acetonitrile
(MeCN) was slowly added, with stirring initially until all compounds were dissolved, and then in
excess until a green precipitate was formed. The precipitate was separated by filtration and

confirmed as NBF-GS by ESI LCMS m/z 472.2 at 97% purity.
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4 Biophysical Investigations of
AmGSTF1 with Inhibitors

In order to better understand the mode of action of both the flavonoid inhibitors identified in
ligand fishing experiments, and CNBF inhibitors, a series of biophysical investigations were
carried out. For the flavonoid compounds their structure-activity relationship (SAR) was
investigated using binding assays, and further experiments were carried out to identify the

selectivity and potential mode of action of these inhibitors.

4.1 AmGSTF1 Strep Production

For biophysical studies, a strep tagged construct of AmGSTF1 was used. The protein was
over-expressed in E. coli and purified using a Streptactin column to produce protein of sufficient
purity (Figure 4-1).8% Using this method it was possible to produce around 20-25 mg or pure
protein per litre of recombinant E. coli. Protein activity was confirmed using the CDNB assay.
Freezing the protein at -80 °C did not significantly affect the activity, and as a result protein that

had been frozen and then thawed was used for convenience for all assays.
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=

Figure 4-1: SDS-PAGE to demonstrate purity of strep tagged AmGSTF1. Lane A- Molecular weight
marker, B- Strep tagged AmGSTF1. Expected molecular weight of monomer=26665 Da.
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4.2 Introduction to Thermal Shift Assays

Thermal shift assays (TSA) were used to investigate compound binding. TSA uses a fluorescent
dye, in this case SYPRO orange®, to determine the folding state of the protein. In aqueous
solutions the fluorescence signal is quenched, however the molecule is highly fluorescent in a
non-polar environment, in this case the hydrophobic sites exposed in unfolded proteins.®® As
temperature is increased, a protein will denature exposing its hydrophobic sites. The SYPRO
orange® dye will bind to these sites and result in an increase in fluorescence. The unfolding of

the protein can thus be followed using an RT-PCR machine (Error! Reference source not found.).

Protein
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% ﬁ l Dissociation
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° Denaturing
e and Dye
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= 71
[N
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Melting

w

Figure 4-2: Schematic to show fluorescent probe binding in thermal shift assays, and associated
curve generated. Yellow dots represent fluorescent dye binding to hydrophobic regions of the
protein.

Temperature

This method can be used to determine the effect of various factors on the thermal stability of a
protein.®® These can be either changes in buffer composition, where interactions are non-
specific, or ligands which bind at a specific site. In the event that a ligand binds this will normally
lead to a stabilisation of the folded state and an increase in melting temperature (Tm). However,

occasionally destabilisation of the protein has been observed, and an associated decrease in Tn.
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(Error! Reference source not found.) For the case of specifically binding ligands the extent of

stabilisation by a ligand has been shown to correlate to the binding affinity of ligands to the

protein 103111

T of
m
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T of Protein-
m

Ligand Complex

Fluorescence
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Figure 4-3: Schematic to show the effect of ligand binding on a thermal shift assay, showing a
typical melting curve for protein in the absence of ligand (blue) and protein with a ligand that
binds (red)

TSA allows for easy screening of proteins in a high throughput manner, as small amounts of
material are needed in low concentration, and experiments can be carried out using a 96 well
plate, allowing large numbers of inhibitors to be investigated in parallel. As a result this method

was selected for screening of flavonoid inhibitors to identify those with highest affinity.

4.3 Flavonoid Inhibitors

4.3.1 Thermal Shift Assays

As discussed in section 2.5 a series of flavonoids had been identified as modulators of the MHR
response. In studies to date the SAR of the compounds had been investigated using the CDNB
assay.®>® As the conjugative activity of AmGSTF1 is low, it was a concern that this assay, which
measures the inhibition of GST catalysis of GSH conjugation might not be the best way to assess

compound binding. As a consequence it was decided to use thermal shift assays to directly
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investigate the relative binding affinities of the flavonoids and to determine if these correlated

with inhibition results from the CDNB assay.

4.3.1.1 Solvent screens

As the flavonoid inhibitors show limited aqueous solubility, it was necessary for them to be
dissolved in an organic solvent for use in the assays. As a result, the stability of AmGSTF1 in a
range of different solvents was investigated. Four water miscible organic solvents, acetonitrile,
DMSO, methanol and ethanol were selected for screening. Solvents were tested at a range of
final concentrations from 0.05% to 50% with the remainder of the sample composed of protein

in buffer (Figure 4-4).

Acetonitrile Methanol DMSO Ethanol

0 gm —=—=——- - Il___ - Lol
-5

-10
-15

-20

Temperature Shift/ °C
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-35

M 50.00% m25.00% m12.50% " 6.25% m3.13% m1.56% m0.78% m0.39% m0.19% m0.10% m0.05%

Figure 4-4: Temperature change observed on addition of various concentrations of solvent to
AmGSTF1 in a thermal shift assay. For both DMSO and ethanol a value at 50% solvent concentration is
excluded as the protein was seen to be denatured at room temperature. Results are the average of
three technical replicates.

AmGSTF1 was seen to be most stable in acetonitrile, where only a small change in stability was
detected at 25%. For the remaining solvents, protein stability was seen to decrease significantly
with increasing concentration of solvent, with the greatest loss of stability observed with DMSO.
However, all the solvents proved to be viable at low concentrations. Solvent selection is a
compromise between protein stability and compound solubility. Although acetonitrile gave the

highest degree of protein stability, the solubility of the flavonoids in this solvent proved to be an
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insurmountable problem. Ultimately, as the difference in stability effect between DMSO and
ethanol or methanol was minimal, and the inhibitors proved to be significantly more soluble in
DMSO, this was selected for use in assays. DMSO was used at a final concentration of 1% to

provide a balance between inhibitor solubility and protein stability.

4.3.1.2 Structure-activity relationship investigations

Synthetic work has focussed on modifying the core flavonoid inhibitor from an initial hit pulled
from the Syngenta library by modification in a range of positions on the structure. Work focussed
predominantly on investigating the effect of groups at the C5 and C7 positions, and altering the

B ring (Figure 4-5).8>8¢

With thermal shift assay conditions established each flavonoid inhibitor synthesised was probed
to determine relative binding affinities to AmGSTF1. Results from thermal shift assays were then
compared with data obtained from inhibition assays from the CDNB assay, performed by Maria
Schwarz, to investigate SAR.% In general, the results from the CDNB assays and thermal shift
assays were seen to agree, with those compounds found to inhibit the enzyme most effectively
also seen to show the greatest stabilisation on binding. For weaker binders, the CDNB assay was
able to provide more sensitivity. While no significant change in stability could be observed using
thermal shift due to the resolution of the technique, it was possible to identify a significant
difference using CDNB. As the effect of a number of modifications were investigated on only a
core compound, lacking an a-alkoxy carboxylate at the 5 position, this allowed these
modifications to be investigated more thoroughly. For each substitution results to demonstrate
the trends are shown in the section. A full table of results for all flavonoid compounds generated

is available in Appendix A.

Figure 4-5: General structure of Flavonoid Inhibitors showing ring numbering and naming conventions
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Substitution at the C5 Position

Table 4-1: Biophysical results obtained for a selection of flavonoid compounds. Selected to
demonstrate the trends observed for substitution at the C5 position.

Thermal Shift CDNB Inhibition
Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
MM pM M| M M M
MeO o O
M$-1-123 O | 02 0 02| ND 25 98
OH O
MeO (0] O
MS-3-13 ‘ | 0.2 0.2 1.1 N.D. 14  N.D.
o o
)\cow
MeO o O
MS-3-21 ‘ | 0.2 0.4 2.3 4 69 N.D
o o
C5H11)\COOH
MeO o O
MS-1-134 ‘ | 0.2 0.5 1.2 71 99 N.D.
o o
C10H21)\COOH
MeO o
MS-5-34 O l 1.2 13 2.1 N.D. 13 93
o o
\O/\/O\/\O/\)\COOH
MeO (0] O
98
MS-1-139 0.1 0.3 1.1 6 39 N.D
" o
N
/Hs\ﬂ/ , COOH
o
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MS-3-12 03 02 05 N.D. 5 N.D.

MS-3-13 02 02 11 N.D. 14 N.D.

It was observed that the addition of an a-alkoxy carboxylate group at the C5 position resulted in
a large increase in activity. This effect was increased with the addition of a long alkyl chain in
place of the R group, with activity increasing with increased chain length up to 10 carbons where

the effect was seen to plateau.

Compounds were synthesised where this alkyl group was replaced with a polyethyleneglycol
(PEG) chain, or an amide bond inserted, to increase solubility, however these resulted in a
significant loss of activity, suggesting that this tail is situated in a hydrophobic region of the

protein.

The effect of stereochemistry on the a-alkoxy carboxylate group was investigated. While both
isomers were seen to be active, the S-isomer was seen to bind less well and show marginally
lower activity than the racemic mixture, in compounds MS3-13 and MS3-12. For compound
MS1-134 one isomer is also seen to have higher activity, indicating a possible slight preference

for one isomer in the binding site.
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Substitution at the C7 Position

Table 4-2: Biophysical results obtained for a selection of flavonoid compounds. Selected to
demonstrate the trends observed for substitution at the C7 position.

Thermal Shift CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100

mm pM pM | pM M M

N
MeO (0] \N
MS-4-30-2 | 0.4 04 0.1 N.D. 23 61
OH O
PN
HO (o] \N
MS-4-50 | 03 04 0.9 N.D. 26 89
OH O

S/\>
OO 0 <N
MS-5-6 | 07 16 38 | 67 98 ND.
(0] (0]

\/\/\/\/\)\COOH
S/\>
HO o} N

MS-5-7 13 17 42 | 72 100 N.D.

The majority of compounds were synthesised with either a hydroxyl group, or a methoxy group
at the C7 position. Those with a hydroxyl group were observed to show better binding and better
inhibition, however the methoxy variants were still seen to have good activity. Addition of a long
PEG chain at this position was also observed to result in only a small loss of activity, suggesting
that there is room for this group to extend into a large binding site. Previous work carried out
by Hannah Straker demonstrates that the absence of an oxygen group at this position reduces
activity,®® suggesting that these groups may be involved in hydrogen bonding. Methoxy and PEG
groups are able to act exclusively as hydrogen bond acceptors,'? and in this case it would be
expected that the methoxy group would be a stronger acceptor than the hydroxyl group as a
result of the electron donating methyl group. It is possible that steric interactions may result in
the methoxy group showing lower activity than the hydroxyl group in spite of this theoretically

stronger hydrogen bond.
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B Ring

Table 4-3: Biophysical results obtained for a selection of flavonoid compounds. Selected to
demonstrate the trends observed for substitution of the B Ring.

Thermal Shift CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100

MS-1-51 O
MeO (0]
O | 02 03 03 |ND 20 70

MeO (o]
MS-1-53-6 O | O 01 01 -01|ND 12 87
OMe
0
OMe
03 03 03 |ND 20 58

mm pM pM | pM M M

MS-1-66-D | MeO O o
|

OMe O
MeO o O
MS-1-19 \Qi’;( 02 01 03 [ND 12 67
OMe O
\
MeO 0 ’N/N
MS-3-132A A 01 01 0 |ND. 6 59
OMe O
P
MeO (0] \N
MS-3-140 W 01 02 02 |ND 11 64
OMe O
TN
MeO (0] \N
MS-4-30-1 W 04 05 -05|ND 23 83
OMe O

The effect of placing different functional groups on the B-ring was investigated. A range of
different groups were used, with a range of properties. Hydroxyl and sulfonyl groups were added
to investigate the effect of addition of hydrogen bonding groups, with no major effect to binding

being observed in any case. Interestingly, addition of a large cyclic group as a substituent at the
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4’ position, while slightly reducing activity, did not result in total loss of activity, suggesting that
the B-ring sits in a large cavity or towards the edge of the protein, allowing space for larger

groups.

Secondly, in an attempt to increase solubility a number of different heterocycles were inserted
in place of the B-ring. It was observed that, in all cases, insertion of a non-aromatic ring into the
B-ring position resulted in a major loss of activity and binding, suggesting that this group may be
involved in m-t interactions. Replacement of the B-ring with a non-cyclic functional group such

as a sulfonyl or chloride group was also observed to result in loss of activity.

A range of aromatic heterocycles were added, with the thiazole showing marginally the best
activity over the other rings used (oxadiazole, oxazole, tetrazole, pyrazole, methylpyrazole and
methylpyridazine). As the thiazole ring also resulted in the largest increase in compound

solubility, this ring was used in place of the phenyl B-ring for a further series of inhibitors.

4.3.2 Selectivity against AtGSTF8

Ultimately it was aimed that flavonoid inhibitors would be used alongside herbicides for
treatment of crops, therefore it was of interest to determine whether the compounds were
acting as general or selective GST inhibitors. To determine this, their binding and inhibition
effects were measured against another GST. AtGSTF8, a protein from Arabidopsis thaliana, was
selected as another GST which was known to bind flavonoids, and had good activity in the CDNB

assay.

43.2.1 Selectivity results

Using a range of flavonoid inhibitors selectivity was initially assessed using the thermal shift
assay to investigate binding. Each compound was observed to bind to, and inhibit both AmGSTF1

and AtGSTF8 (Figure 4-6).

In general, the flavonoid compounds were seen to stabilise AtGSTF8 to a much larger extent
than AmGSTF1. This can be attributed to the lower Tn, for AtGSTF8 compared to AmGSTF1
(36.2 °C as opposed to 62.8 °C).
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Figure 4-6: (a) Compounds used for selectivity studies. (b) Change in melting temperature observed
for various compounds at 1, 10 and 100 puM using the thermal shift assay with AmGSTF1 and AtGSTF8,
to investigate selectivity. Results are the average of three technical replicates.
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The largest differences were observed in the nature of the C5-alkylcarboxylate chain. Whilst
short alkyl chains were seen to stabilise AtGSTF8 well, and gave good inhibition, it was observed
that longer alkyl chains showed a reduced effect, with MS-1-134 seen to have very minimal
binding. In contrast, although showing lower changes in Tr, this compound retained significant
binding efficacy to AmGSTF1. Again, good correlation with results from the CDNB assay was
obtained.® This further highlights the importance of this long chain, and identifies it as an area

that could be further targeted for increased selectivity.

4.3.3 Investigation of Dimer Dissociation

As the long alkyl chain on the flavonoid inhibitors had been identified to have a significant effect,
both in terms of binding and inhibition of enzymatic activity, and also for giving selectivity, it was
of interest to identify what possible role this may be playing. AmGSTF1 has a large, hydrophobic
dimer interface. It has a surface area of 1390.1 A, and ePISA predicts a negative A'G of -
19.4 kcal/ mol indicating a highly hydrophobic surface.'*? It was hypothesised that the long alkyl
chain could be binding here and disrupting dimer formation. As GSTs have been seen to be active
only in their dimeric form,3®%3 this would then result in loss of activity, and it was considered
possible that this was the mechanism by which these inhibitors were having an effect. This

possible dimer dissociation was investigated using Native-PAGE and fluorescence anisotropy.

4.3.3.1 Native-PAGE gel

The simplest way to identify whether proteins exist in monomeric or dimeric form is using gel
electrophoresis. As a result this was initially used to investigate whether the long chain flavonoid
was causing dissociation of the AmGSTF1 dimer. In AmGSTF1 the dimer interface is formed by a
network of hydrogen bonds and hydrophobicinterfaces therefore it was not possible to use SDS-
PAGE. While SDS-PAGE can be used to separate dimers held together by disulphide bridges, by
using non-reducing conditions, for dimers such as that in AmGSTF1 the heat denaturation alone
would disrupt the dimer. Unlike SDS-PAGE which uses SDS, heat and reducing agents to denature

and reduce proteins, native PAGE allows for analysis in their folded, oligomeric states.
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Figure 4-7: Native PAGE for AmGSTF1 incubated with MS-1-134 in various concentrations. Lane 0-
Molecular weight marker, 1-AmGSTF1, 2-AmGSTF1+ 10% DMSO, 3- AmGSTF1 + 500 puM MS-1-134, 4-
AmGSTF1 + 10 uM MS-1-134. Expected molecular weights 26665 Da (monomer), 53330 Da (dimer).

AmGSTF1 and AmGSTF1 incubated with MS-1-134 were run on a native gel in non-denaturing
conditions. Preliminary experiments used a single percentage gel, however, it was not possible
to get separation of low weight molecular weight markers, and as a result gradient gels were
used as these achieved good separation (Error! Reference source not found.). AmGSTF1 in the
absence of inhibitor was seen to run as a single band. Based on the molecular weight markers,
this appeared to be higher than the expected weight of 52 kDa. In native PAGE, the isoelectric
point of the protein and pH of the sample have a major effect on the separation of proteins in
addition to molecular weight. Consequently, the differences observed were not a cause for
concern. For protein incubated with low concentrations of MS-1-134, no difference in molecular
weights could be seen. However, for AmGSTF1 incubated with 500 uM of MS-1-134, the protein
was seen to run lower on the gel. This suggested that it was possible the protein had dissociated
into its monomeric form. As it was possible that the compound may have affected the pH and
therefore migration of the sample, and as no concentration dependent effect could be observed
with differing inhibitor concentrations, results were not conclusive. Consequently, further

investigations were carried out with complementary methods.

4.3.3.2 Fluorescence Anisotropy

To confirm the results from native PAGE, fluorescence anisotropy was used to identify if
flavonoid inhibitors with long alkyl chains were resulting in dimer dissociation. Fluorescence

anisotropy has previously been used to investigate the monomer-dimer equilibrium of
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HsGSTP1,''* and the investigation was based on this work. A fluorescent dye, HilLyte Fluor 488
was used, which contained a reactive maleimide group, known to efficiently label cysteine

residues within the protein.1®

Fluorescence anisotropy uses polarised light to investigate the rotational diffusion of a
macromolecule. Upon excitation with fluorescent light, a fluorophore will also be polarised.
Anisotropy describes the extent of this polarisation, and the angular displacement that occurs
between absorption and emission, caused by rotational diffusion.*® For a small molecule, for
example an unbound fluorophore, with a high tumbling state, the rotational diffusion is very
high, giving an anisotropy of near zero. The maximum anisotropy that could theoretically be
achieved is 0.4, which would be observed where no depolarisation occurs. As the extent of
anisotropy is relative to size of molecule, it would be expected that the anisotropy of the
monomer would be lower than that of the dimer. Fluorescence anisotropy was measured for
two concentrations of protein (20 and 100 nM) and four different inhibitor concentrations (1,

10, 100 and 200 pM).
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Figure 4-8: Steady state anisotropy for Hi-Lyte Fluor 488 labelled AmGSTF1 incubated with various
concentrations of inhibitor. Controls were carried out using buffer only and buffer and DMSO, and
each value is the result of eight technical replicate measurements. Error bars represent one standard
deviation.

In the event that the inhibitor disrupted dimer formation a decrease in anisotropy would be
observed. This is not seen suggesting that dimer disruption does not occur (Figure 4-8).
Interestingly, at high inhibitor concentrations, an increase in anisotropy is observed, indicative
of a possible increase in complex weight. Initially, it was suspected that at high concentrations

the inhibitor might be causing protein aggregation. However, work on HsGSTp1 has suggested
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Biophysical Investigations of AmMGSTF1 with Inhibitors

that MDR inhibitors may function to stabilise the dimer form, preventing protein-protein
interactions and the MDR phenotype.'’” The results observed would be consistent with an
increase in the quantity of dimeric protein compared to monomeric protein. Consequently,
further experiments should be carried out to confirm if this may also be the case for inhibitors

of AmGSTF1 and MHR.

4.4 Conclusions

Thermal shift assays have been used to investigate the SAR of flavonoid inhibitors. These have
giving useful complementary information to that previously gained from CDNB activity assays.
The results from thermal shift assays support the results from CDNB assays and demonstrate
that in spite of the low conjugative activity of AmGSTF1 CDNB assays do represent a useful tool
for testing compounds in vitro. From SAR data several functional groups on flavonoid inhibitors
were identified as important to activity. It was found to be essential that the B-ring was aromatic,
suggesting that this group is involved in m-interactions in the binding site. A hydroxyl group at
the C7 position was found to increase activity. This activity increase was also seen if this is
replaced with a methyl or PEG group suggesting that this is acting as a hydrogen bond acceptor.
Interestingly, activity is slightly lower for either of these, in spite of their electron donating alkyl
groups, suggesting that sterics may play a part at this site. In addition, the presence of an a-
alkoxy carboxylate group, with a long chain alkyl group was found to dramatically increase
inhibition. Introduction of hydrophilic substituents along this chain reduced activity, suggesting

that it binds to a highly hydrophobic area of the protein.

Assays to investigate selectivity of the compounds were also carried out. These investigated the
relative binding of compounds to AmGSTF1 and another flavonoid binding protein AtGSTFS.
These identified that increasing the length of the alkyl chain to Cio reduced activity in AtGSTF8
whilst maintaining inhibition in AmGSTF1. This suggests that this alkyl chain may be an area to

focus on for increasing selectivity in future.

Further preliminary investigations were also carried out to investigate the potential mode of
action of the flavonoid inhibitors. Experiments investigating whether flavonoid inhibitors might
be resulting in the dissociation of the dimer suggested that this was unlikely to be the case.
Instead these demonstrate that flavonoids may be functioning to stabilise this dimer,

functioning in a manner similar to MDR inhibitors.
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5 Crystallography of Wild Type
AmGSTF1

In order to unravel the molecular basis of the interactions of inhibitors with AmGSTF1, and their
mode of action, crystal structures of the protein in complex with ligands were sought. While
structures had previously been obtained by the group for Apo AmGSTF1 at 1.95 A and AmGSTF1
with CNBF at 2.8 A,® this work aimed to produce higher resolution structures, particularly of the
CNBF structure. In addition to this, it was aimed to crystallise AmGSTF1 in the presence of a

variety of the flavonoid series of inhibitors.

5.1 Production and Purification of Untagged AmGSTF1

Initial work in the group had found crystallisation using strep tagged AmGSTF1 to be
unsuccessful, possibly due to the flexible tag used for purification, and as a result untagged
protein was used for all crystallographic studies. Protein was expressed in E. coli and purified
using glutathione agarose affinity chromatography in a method optimised from
Cummins. 8118119 By streamlining the purification protocol from a four column process
(Hydrophobic interactions, GSH agarose affinity, desalting and anion exchange) down to only
two columns (GSH agarose affinity and anion exchange) it was possible to increase production
of pure AmGSTF1 protein from around 2 mg/ L of recombinant E. coli culture to higher yields of
around 10-12 mg/ L of recombinant E. coli. Protein purity was confirmed by SDS-PAGE as

sufficient for crystallisation experiments (Figure 5-1).
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Figure 5-1: SDS-PAGE gel to show the purity of untagged AmMGSTF1 protein used for

crystallography. Lane A- molecular weight ladder, B-untagged AmGSTF1. Expected
molecular weight of monomer= 24931 Da.
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5.2 Crystal Structure Determination of Apo AmGSTF1

Crystals were obtained in a bipyramidal hexagonal prism morphology (Figure 5-2), which
diffracted to 1.5 A at the Diamond Light Source. Detailed information about data collection and
processing are given in section 3.10.2 and Appendix B. A hexagonal modification was obtained,

in space group P 65 2 2, with one protein chain in the asymmetric unit.

Figure 5-2: Morphology of Apo AmGSTF1 crystals

The structure displayed the classical GST fold, with two domains forming the two active site
binding pockets. The N-terminal domain forms the G-site, lower portion of the H-site and
contains the catalytic residue (Ser12). It was composed of four anti-parallel B-sheets and two a-
helices (Figure 5-3a). The loop region associated with the G-site (residues 38-48) showed no
electron density and as a result was not included in the model. The C-terminal domain consisted
of six a-helices, the first of which (a-4) forms the upper portion of the H-site binding.??® No
density was observed for an associated loop region (residues 125-137). Based on the derived
symmetry related structure (Figure 5-3b), the four residues preceding this disordered loop
(Cys120-Leu121-Phe122-Asn123) were found to project into the other monomer subunit,

blocking the active sites.
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Figure 5-3: (a) Structure of AmGSTF1. (b) Crystal packing of AmMGSTF1.
A-helices are shown in cyan, -sheets in cyan and for (b) the symmetry mate in pale cyan. Dashed
lines show the location of loops for which no density is observed. The Ser12 catalytic residue is shown
as sticks. Figure produced in Pymol.
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Crystallography of Wild Type AmGSTF1

Table 5-1: Details of crystallographic and active dimer inetrfaces observed in WT AmGSTF1 structure.
Values obtained from analysis using PISA*3

Surface )
A'G/
Dimer Area/ P-value
kcal mol?
A
Active 1390 -194 0.198
Crystallographic | 1364.8 -25.1 0.048

While only one monomer is seen in each asymmetric unit, AmGSTF1 is active as a dimer. The
interfaces for this crystal form were analysed using PISA (Table 5-1).2'3 Two interfaces are
observed as significant in the structure. The first (Figure 5-4) has a large area of 1390 A2, and is
composed of mainly hydrophobic interactions in addition to 8 hydrogen bonds and 16 salt
bridges. These occur between a-4 and a-5 of one monomer and the N-terminal domain of the
other.??! PISA calculates a negative A'G for interface formation of -19.4 kcal/ mol, which is
indicative of a hydrophobic interface. A P-value of 0.198 is indicative of a highly hydrophobic
surface, very likely to be interaction specific. The second (Figure 5-3B) is also seen to have a large
area of 1364.8 A2 and to be formed largely of hydrophobic interactions in addition to 14
hydrogen bonds. It has a more negative A'G of -25.1 kcal/ mol, and a P-value of 0.048, indicative
of a highly specific interface. In spite of the larger A'G and smaller P-value observed for the
second interface, in this case the first interface is expected to be the biological form observed
in solution for two main reasons. Firstly, GSTs have been well characterised and in all cases of
dimeric GSTs it is this form which has been observed. Secondly, the second interface occurs in

the active site, which would prevent the protein carrying out its catalytic activity.
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Crystallography of Wild Type AmGSTF1

Figure 5-4: Structure of active dimer of AmGSTF1, across a crystallographic 2-fold axis. The two
monomers are shown in different colours (cyan and grey). Figure produced in Pymol.

5.2.1 Comparison with lower resolution structure

As expected, the structure was found to be similar to the 1.95 A resolution structure previously
obtained with an RMSD of 0.21 for 189 equivalent Ca atoms.®” The main differences occur in the
regions surrounding the disordered loops. In the higher resolution structure it was possible to
model more residues surrounding each of these disordered loops. For the loop over the G site
(residues 38-48) one additional residue could be modelled at either end of the loop in the higher
resolution structure, and for the loop in the C-terminal domain it was possible to model one

additional residue at the end of the a-4 helix.
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A number of changes are observed between the active sites of the two structures. Most
noticeably, the side chain of the catalytic Serl2 is seen to adopt a different conformation with
the oxygen pointing at almost 180° to the direction in the lower resolution structure (Figure
5-5a) Some small changes are also observed in some of the residues which form part of the H-
site. Phe36, one of the final visible residues before the disordered loop, sits near to where we
would expect a GSH molecule to bind and as a result could form part of the H-site.*® In the higher
resolution structure this adopts a pose 1.1 A closer to a-4, which would have the effect of closing
up the binding site slightly (Figure 5-5b). In addition, in the higher resolution structure it has

been possible to model a side chain for Tyr118 and GIn119, located on a-4 which form part of

120

the upper H-site.

Figure 5-5: Differences between active site residues between high resolution (cyan) and low
resolution (grey) structures of AmGSTF1. (a): Ser12 and (b): Phe36

5.2.2 Comparison with ZmGSTF1 structure

To gain additional insight into AmGSTF1 we compared it with ZmGSTF1 from maize. This was of
interest for two main reasons. Firstly, it is the protein with a structure in the PDB which has the
highest sequence similarity to AmGSTF1 (63%), and secondly it is known to be involved in
herbicide tolerance in maize.*®!?122 Two different structures of ZmGSTF1 are available in the
PDB, 1AXD, a structure in complex with lactoylglutathione®® and 1BYE, a structure in complex
with an atrazine-GSH conjugate.’®® As 1AXD is the higher resolution of the two structures this
comparison will focus primarily on it, however we will also look at the H-site of 1BYE, in particular

the residues involved in herbicide binding.
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Crystallography of Wild Type AmGSTF1

Figure 5-6: Superposition of AmGSTF1 (cyan and magenta) with ZmGSTF1 (green) PDB code 1AXD.
Figure produced using Pymol.

Despite having a sequence similarity of only 63%, the overall folds of AmGSTF1 and ZmGSTF1
are very similar, with an rmsd of 1.27 A across 182 equivalent Ca atoms (Figure 5-6). ZmGSTF1,
like AmGSTF1, is composed of two domains, with the N-terminal domain being composed of
four antiparallel B-sheets flanked by two a-helices, and the C terminal domain composed of six
a-helices. Unlike AmGSTF1 it contains a short helical section in the linker between the two

domains.

The largest differences between the two structures are seen to be surrounding the two loops
which are disordered in the AmGSTF1 structure. The residues from Asp35 in the AmGSTF1 which
are situated in the run up to the disordered loop over the G-site have a different conformation
to that of the ZmGSTF1 structure. In ZmGSTF1 this loop is known to undergo a conformational
change on GSH binding, resulting in an induced fit to the substrate. It is likely that this difference
is due primarily to the fact that the AmGSTF1 structure is apo, while the ZmGSTF1 has a
lactoylglutathione molecule bound. It would be expected that in a structure with GSH bound the

loop in AmGSTF1 would adopt a very similar conformation to that seen in ZmGSTF1.

A difference is also observed in the structures in the upper portion of the a-4 helix which forms
part of the H-site. In the AmGSTF1 structure this is seen to be bent away slightly from the active

site above Asn110 compared to a-4 in the ZmGSTF1 structure. The degree of flexibility observed
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in this area is known to be involved in determining substrate specificity of the H-site'?, and the
difference observed between these two enzymes indicates that they are likely to have different
substrates. Alternatively, it is possible that the crystal packing, where the upper portion of a-4
and a-5 of the crystal mate are sitting in the active site, is resulting in a slight distortion in this

area.

The G-site is seen to be very well conserved between the two proteins (Figure 5-7). In 1AXD nine
residues are associated with lactoylglutathione binding, which would mimic the position of a
GSH molecule in the active site. Of these nine residues, eight are conserved between ZmGSTF1
and AmGSTF1 and one is a conservative substitution from Val54 in ZmGSTF1 to Ile55 in
AmGSTF1. Unsurprisingly, the structure of this G-site is also very well conserved. Due to the
disordered loop present in AmGSTF1 it is not possible to see the location of His41 or Lys42 in
the AmGSTF1 structure, and only one sizeable difference is observed between the two
structures. Phe36 in AmGSTF1 is seen to lie in a different orientation to Phe35 in ZmGSTF1. This
residue is situated at the start of the disordered loop present in AmGSTF1. It is likely that on GSH
binding this residue would move to adopt the position observed in ZmGSTF1. In light of the
similarities between the G-sites of the two proteins it seems reasonable to expect that GSH

would adopt a very similar binding pose in AmGSTF1 to that observed in ZmGSTF1.
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Figure 5-7: Superposition of the residues in the G-site of AmMGSTF1 (cyan) and ZmGSTF1 (grey) PDB
code 1AXD. Residues with differences between the structures are labelled. These refer to AmGSTF1
residues (black labelling) or ZmGSTF1 residues (red labelling). Produced using Pymol.
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Next we examined the H-site from 1BYE'?, g structure of ZmGSTF1 in complex with a GSH-
atrazine conjugate (Figure 5-8). In addition to the residues previously observed as binding GSH
in the G-site, four main residues are involved in atrazine binding, with atrazine lying in a cleft
between Metl10, Phe35, and Trpl2 and lle118. Metl0 and Phe35 are conserved within
AmGSTF1, although as discussed earlier the Phe36 in AmGSTF1 lies in a different location in our
structure. However Trp12 and lle118 are non-conservatively substituted as Thrl3 and Phel22
resulting in a very differently shaped H-site. Preliminary experiments (Appendix F) show that
AmGSTF1 does not bind herbicides, most likely due to these inherent differences between the
H-sites. This further enforces the hypothesis that AmGSTF1 does not cause MHR by a direct

involvement in herbicide detoxification.3*

Phel22

Figure 5-8: Superposition of the H-site of ZmGSTF1 (PDB: 1BYE; grey; red residue labels) with a bound
atrazine GSH conjugate (marine) and AmGSTF1 (cyan; black residue labels). Produced using Pymol
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5.3 Crystal Structure Determination of AmGSTF1 with CNBF

Figure 5-9: Morphology of CNBF treated AmGSTF1 crystals

Protein was alkylated with CNBF, and this was confirmed using mass spectrometry. It was
observed that modification had not occurred with 100% efficiency (Figure 5-10). Trays were set
up using the same conditions as for the apo protein. Crystals were obtained in the same
hexagonal bipyramidal morphology as for the apo protein, however they were visibly yellow in
colour (Figure 5-9). The crystals diffracted to 2.0 A in the same hexagonal space group as for the
wild type. Additional information on data processing and collection is available in Section 3.10.2

and Appendix B.
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Figure 5-10: ESI Mass spectrum to confirm CNBF modification of AmGSTF1

The structure obtained for the CNBF bound structure is very similar to that of the apo protein,
with an rmsd of only 0.19 A for 188 equivalent Ca-atoms. The NBF-adduct was seen to couple
to Cys120, as had been expected from previous mass spectrometric results (Figure 5-11a).2* This
residue is one of the last visible residues before the disordered loop that points into the active

site of the neighbouring subunit (Figure 5-11b).
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Figure 5-11: (a) Location of CNBF covalent modification on AmGSTF1. (b) Crystal packing of AmGSTF1
showing location of CNBF modification in active site of symmetry mate. Produced using Pymol.
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The density for the CNBF indicated that the modification was only partially occupied (modelled
at 0.7 occupancy) in the crystal (Figure 5-12). Mass spectrometry analysis of the sample used for

crystallography confirms this, showing that only partial modification has occurred.

Figure 5-12: Density observed for CNBF molecule covalently linked at Cys120. 2F.,-Fc map shown,
contoured at 0.5¢. Figure created using CCP4mg.

It had been expected that CNBF modification at Cys120 might result in a structural change which
would result in the observed inhibition. Surprisingly, with the exception of the covalent
modification observed at Cys120, the crystal structure of the NBF-adduct does not show any
major structural changes compared to the apo structure (Figure 5-13A). This could be for a
number of different reasons. It is possible that CNBF is resulting in a change of structure of one
of the loops that are disordered in our structure. Alternatively, it is possible that the crystal
packing arrangement of the structure may be preventing us from seeing the minimum energy
conformation of that loop in solution. It is possible that the CNBF binding may cause the a-4
helix to adopt a different conformation, but that the strong crystal packing interactions observed
between the a-4 helices of the two crystal packing monomers prevent us from observing this

effect.
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Figure 5-13A:Superposition of CNBF bound AmGSTF1 (cyan and pink) with Apo AmGSTF1 (blue). B:
Superposition of AmGSTF1 (cyan and magenta) and HsGSTP1 (slate, PDB code 3GSS) showing locations
of Cys47 (HsGSTP1) and Cys120 (AmGSTF1). Figure produced using Pymol.

Finally, it is possible that the CNBF is acting to either stabilise or destabilise the G or H sites in a
way that cannot be seen from this single crystal form. This could result either in compounds no
longer binding to the active site or being stabilised in the active site. It is known that for HsGSTP1,

the presence of GSH reduces its interaction with JNK1, reducing its ability to cause multi-drug
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resistance.® It is thought that inhibitory drugs for HsGSTP1 function by stabilising this GSH
bound form. Interestingly, while CNBF also inhibits HsGSTP1 via covalent modification of a
cysteine (Cys47), this cysteine is located in a different area of the protein. In the HsGSTP1 the
Cys47 is located in the region of the loop over the G-site while in AmGSTF1 the cysteine is located
on a4 helix in the region of the H-site (Figure 5-13). Although initial work to identify protein
binding partners of AmGSTF1 has proved unsuccessful this has not been ruled out as a
possibility. It is possible that the covalently bound CNBF is acting to stabilise the GSH form, or
that it is stabilising a glutathione conjugate of CNBF (NBF-GS). We would expect NBF-GS to form
spontaneously on addition of CNBF to protein in vivo and for it to be bound in the active site,

however this cannot be seen in this structure, most likely due to the crystal packing observed.

5.3.1 Effect of CNBF modification on compound binding

Preliminary experiments were carried out to further investigate the effect that CNBF binding at
Cys120 might be having on compound binding in the active site. Thermal shift assays were
carried out to investigate the binding of a range of compounds to modified and unmodified
protein. Compounds were selected which were predicted to bind to the active site (Figure 5-14).
This comprised two flavonoid inhibitors: baicalein and MS 5-7 one of the synthesised flavonoid
inhibitors with a C5 long alkyl chain and a C2 thiazole group. Ethacrynic acid, an MDR drug known
to bind to the active site of HsGSTP1 was also selected.'?® In addition NBF-GS was synthesised,

to investigate if the alkylation had an effect on the binding of its conjugate.
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Figure 5-14: (a)Compounds used for binding assays with apo and CNBF modified protein (b)Changes of
melting temperature observed with addition of various ligands to AmGSTF1 (blue) and CNBF modified
AmGSTF1 (purple). Results are the average of three technical replicates.

It is clear that the CNBF modification does not prevent the binding of flavones to the protein, in
both cases these are seen to stabilise the protein, increasing the Tm in a concentration
dependent manner consistent with binding. CNBF modified protein was observed to have a
lower Tr, than for the unmodified protein, 60.7 °C as opposed to 63.6 °C, and as a result the slight

differences observed in magnitudes of AT, could not be used to indicate any difference in the
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strength of binding. For both modified and unmodified protein, ethacrynic acid is observed to
bind, but to destabilise the protein. The NBF-GS conjugate is seen to bind to and destabilise the
apo protein. By contrast, it is seen to weakly stabilise the CNBF modified AmGSTF1, suggesting
that it is possible the modification affects the binding of this conjugate. As it is not possible to
determine the relative binding affinities from thermal shift assay data this result is inconclusive,
and further work will need to be carried out to determine if this modification is affecting the

binding affinity for the NBF-GS conjugate.

5.4 Crystal Structure Determination of AmGSTF1 with Flavonoid Ligands

In order to unravel the molecular basis of flavonoid inhibition, co-crystallisation experiments
were carried it. Whilst initial docking studies (discussed in detail in Chapter 7) suggested that
the ligands most likely bound into the active site, it was not possible to completely rule out an
alternative binding position in the dimer interface of the protein, where flavonoids have been
identified to bind in AtGSTF2.5° Co-crystal structures would then enable targeted inhibitor

design.

5.4.1 Selection of ligands and initial trials

Based on the results of biophysical investigations, a selection of inhibitors was selected for
crystallisation trials (Figure 5-15). As initial trials with SYG8 had resulted in precipitation of the
compound,® solubility was also considered closely when selecting compounds. Compounds
with a thiazole group in place of the B ring had proved to be significantly more soluble than any
others synthesised, while maintaining strong binding, and as a result the majority of ligands
selected contained this group. Compounds with a long Cio carbon chain had proved to be highly
active both in vivo and in vitro, and as a result it was desirable to identify what role this long
chain might be playing. MS4-48 was selected as it contained this long Cyi chain, in addition to
the thiazole ring which increased its solubility. As the long chain dramatically decreased
solubility, MS4-33 was selected as this contained a shorter C; chain which would help to identify
the location this chain might be binding to. MS4-31-2 was selected as it was a smaller ligand,
which showed good binding and solubility. Baicalein was also selected as this was the

commercial flavonoid which had performed best in the biophysical binding tests, it could be
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bought in large quantities, and used in testing to reduce the concern about a limited supply of

the synthesised flavonoid inhibitors.
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Figure 5-15: Structures of small molecule compounds selected for crystallography trials

Because of the low solubility of many of the ligands, it was necessary to dissolve the compounds
in DMSO. As a result, tests were carried out to determine the maximum amount of DMSO that
would be tolerated by the protein and it still crystallise. The same conditions were used as for
crystallising the apo protein, and DMSO was introduced with end concentrations of 0.5%, 1.25%,
2.5%, 5% and 10%. While crystals were visibly much smaller and grew much more slowly with
increasing DMSO concentration, crystals still grew at up to 2.5% DMSO concentration in the
same morphology as for the wild type. However, for 5% and 10% DMSO concentration the
protein was seen to precipitate and no crystals were formed. As a result an end DMSO
concentration of 2.5% DMSO was used within crystal conditions to help solubilise the

compounds.

Initially, compounds dissolved in DMSO and protein buffer were added directly to drops at a
concentration 5% that of the protein. However, compounds were seen to precipitate within 20
mins using this method. As a result, proteins were pre-incubated with compound for either 4 h
or overnight, and centrifuged to remove undissolved compound before trays were set up. This
strategy proved to be much more successful, and whilst in some wells, low levels of compound

precipitation was seen, this was not sufficient to prevent crystallisation, or prevent crystals being
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collected for analysis. As a result of this low compound solubility soaking trials were not

attempted.

Crystals were selected from a range of conditions, containing a variety of ligands and different
incubation times with the protein. All crystals were seen to adopt the same morphology
observed for the apo and CNBF structures. 9 datasets were collected ranging from 1.52-2.4 A.
Full details are available in Appendix G. Structures were solved using molecular replacement
against the apo protein and data was refined to obtain a difference map of sufficient quality to

identify if ligand density was present. In each case it was determined that no ligand was bound.

The lack of ligand binding observed was thought to be as a result of the crystal packing which
prevented small molecule binding in the active site. The crystal packing observed in other areas
of the protein was as would be biologically expected, and the other contacts observed are
consistent with the structure of the active dimer. Therefore this should not prevent observation
of density for ligands binding in other areas. As a result it seems likely that the flavonoid ligands
are binding in the G or H-site, and a binding pose in the L-site or an alternative allosteric site can

most likely be ruled out.
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5.4.2 Crystal packing analysis

The majority of crystals were obtained in a P632 2 space group. A crystal mate is observed, with
the a4 and a5 helices of another monomer situated in the active site of the first monomer
occupying both the G and H sites (Figure 5-16a). As can be seen from the surface plot this forms

a tight interaction which would prevent small molecule binding (Figure 5-16b).

Figure 5-16: (a) Superposition of AmGSTF1 and symmetry mate (cyan and light cyan) with
ZmGSTF1 (grey) and its bound ligand, highlighting location of active site. (b) Surface representation
of AmMGSTF1 and symmetry mate (cyan and blue)

81



Crystallography of Wild Type AmGSTF1

While an alternative space group of R3 2 was also observed for some datasets this posed the
same problem. The interactions observed in the hexagonal datasets were highly conserved,
and the crystal mate was in an almost identical position, with an rmsd of only 0.31 A, again

completely blocking the active sites (Figure 5-17).

Figure 5-17: Superposition of hexagonal (cyan and light cyan) and rhomboedric (grey) crystal forms

5.4.3 Experiments to identify a new crystal packing form for AmGSTF1

As attempts to co-crystallise AmGSTF1 with compounds in the active site in the current crystal
form had proved unsuccessful, it was attempted to identify crystals with a different crystal
packing form. A variety of 96 well high throughput crystallography screens were set up using
either protein alone or protein pre-incubated with one of the four ligands used for previous co-
crystallography experiments, in an attempt to encourage the formation of crystals with ligands

bound.
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Whilst there were no conditions in which crystals were produced in trays with ligand but not
apo trays, there were a series of promising hits where the crystals looked visibly very different
to the previous hexagonal ones obtained. Of these, four different forms were of sufficient size
to take for testing on i03 beamline at Diamond Light Source (Figure 5-18). Two of the four tested
crystals diffracted in a pattern that was visibly different to the hexagonal form, whilst the
remaining two did not diffract. Unfortunately, in both the cases where diffraction did occur,
none was seen above approximately 7 A. Attempts to optimise these crystals also proved
unsuccessful, with no better crystals being observed in optimisation plates set up around each

of the conditions.

Figure 5-18: Morphologies of AmGSTF1 crystals observed
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5.5 Conclusions

It has been possible to obtain a higher resolution structure of wild type AmGSTF1, with the
structure being determined to 1.5 A. This has demonstrated that it has a structure that is highly
conserved with that of other phi class GSTs.%¢12% As expected, it has a highly conserved G-site,
but significant differences exist in the H-sites. Notably, this structure still has two disordered
loops, one of which is in the region of the G-site, preventing a full model of the structure from

being determined.

Higher resolution data has also been obtained for AmGSTF1 modified with CNBF, with the
structure being determined to 2.0 A. From this structure it has been possible to demonstrate
the covalent modification of Cys120 by CNBF. No other major structural changes are observed
in the structure compared to the apo structure. Using thermal shift assays it has been possible
to rule out that CNBF modification is preventing compound binding in the active site, however
it is possible that it may be affecting the binding of an NBF-GS conjugate. As no other structural
changes have been observed from the apo structure, it has not been possible to determine the
method by which the covalent modification could be having an inhibitory effect. It is possible
that changes could be occurring in disordered loops in the region of both the CNBF molecule

and active site, which are obscured as a result of crystal packing.

Thus far, it has not been possible to solve co-crystal structures of AmGSTF1 in complex with
flavonoid ligands. It has been determined that this is most likely the result of the crystal packing
observed for wild type AmGSTF1. A crystal packing mate forms a tight interaction in the active
site preventing the binding of small molecules. As no density was observed for flavonoid ligands
in other locations this has identified the G or H-sites as the most probable locations for flavonoid

inhibitor binding.

Work to disrupt the crystal packing of wild type AmGSTF1 has proven unsuccessful, possibly as
a result of the size and predicted strength of the crystal packing interface. In any cases where
crystals of different morphologies have been produced it has not been possible to optimise
these sufficiently to collect data that would enable the structure to be solved. As a result it has
not yet been possible to solve a complete structure of AmGSTF1 including loops or to study
binding in the active site. The next chapter of this thesis will focus on the design of mutants to

specifically disrupt the crystal packing observed.
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As discussed in chapter 5, previous models of AmGSTF1 were incomplete, displaying two
disordered loops, and with the crystal packing form thought to be preventing small molecule
binding in the active site. Work attempting to identify an alternative crystal packing form of wild
type (WT) AmGSTF1 had proved to be unsuccessful. As a result, it was decided to use a protein

engineering approach to attempt to disrupt this crystal packing form.

To modify the protein as little as possible it was decided to design single site mutants to disrupt
the contacts observed between crystal mates. A similar approach has previously been used
successfully to crystallise a fluorescein-scFv complex.'?® The native antibody was found to
crystallise in a form where a loop occluded its binding site. By mutation of an exposed
tryptophan which was involved in crystal packing it was possible to crystallise the protein in a
different form with the binding site exposed. A similar method was used, using single site

mutations to disrupt contacts, promote an alternative crystal form and expose the binding site.

6.1 Design and production of mutants

Detailed analysis of the crystal packing from the wild type AmGSTF1 structure identified contacts
that occurred between a monomer and a symmetry mate that was not the functional dimer

(Figure 6-1a).

The main contacts were formed between aromatic residues in the a4 helix interacting with the
same helix in another monomer. Interactions were seen to occur predominantly between
Tyr118 and Phe122 of opposite monomers (Figure 6-1b) with the rings lying 3.5 A apart allowing

them to form m interactions.
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Figure 6-1: (a) Crystal packing interactions observed in AmGSTF1. AmGSTF1 is shown in cyan with its
symmetry mate in grey. (b) Tyr118 and Phe122 are shown to show the m-interactions formed between
monomers. (b) shows a zoomed in view of the area shown in the blue box from (a). Figure produced
using Pymol.

Two single site mutants were constructed which replaced one of the residues, and one double
site mutant which replaced both residues. In order to disrupt the m interactions observed the
residues were mutated to non-aromatic ones. Phel22 was mutated to a threonine, as this
enabled the formation of hydrogen bonds with a carbonyl on the backbone of the protein which
might stabilise the a-helix and prevent loss of secondary structure. As no hydrogen bonds could
be formed with the backbone at the Tyr118 position, this residue was mutated to a serine to

maintain the hydrophilic nature.

Site directed mutants were generated using PCR, expressed in E. coli, and purified using GSH
agarose affinity chromatography (see sections 3.2.4 and 3.3). In each case proteins bound to the
GSH agarose column. This purification method relies on the protein’s inherent ability to bind
GSH. The fact that the mutants bind the column indicates they are correctly folded and have a
correctly folded G-site. However in each case less protein was purified than for the wild type
protein, with the mutants binding less efficiently to the column, and more protein passing
through the column in the flow through. This suggests that their binding to the column may have
been slightly impaired. This was particularly noticeable in the Y118S mutant where purification

provided only around 3 mg of pure protein per litre of recombinant E. coli, compared to around
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10-12 mg of wild type AmGSTF1. Protein purity was confirmed as sufficient for crystallisation

experiments using SDS-PAGE gel (Figure 6-2).

Y118S
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Figure 6-2: SDS-PAGE to demonstrate purity of mutants of AmGSTF1. Expected
molecular weights: Y1185=25029 Da, F122T=25059 Da, Y118S F122T= 29483
Da.

6.1.1 Characterisation of mutants

In order for the mutant proteins to be used for further biophysical and crystallisation
experiments it was important that they were correctly folded, with a particular focus on a
correctly folded active site. As purification of the mutants was performed using GSH agarose
affinity this required the protein to have a correctly formed G-site in order to bind to the column.

Further characterisation was also carried out to confirm this.

Circular dichroism was used to confirm that the tertiary structure of the protein was similar to
that of the wild type and that the protein had a fully folded conformation.'?® Each mutant gave
spectra clearly indicative of a folded protein and which closely matches the spectra of the wild
type protein in each case (Figure 6-3). The spectra produced are typical of proteins which are

predominantly a-helical in nature.!?’
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Figure 6-3: Spectra obtained from circular dichroism of wild type and mutant AmGSTF1 protein
samples

The conjugative activity of each protein was then tested using the CDNB assay (Figure 6-4). In
each case the mutants were found to show activity, albeit reduced compared to that of the
wild type protein. As the Y118S mutant had been seen to less efficiently bind to the GSH
agarose column it had been expected that this mutant would have the most reduced activity of
the mutants, however this was not the case. While the Y118S mutant had lower activity than
the wild type protein, probably due to this weaker binding to GSH, it had a markedly higher
activity than the F122T or double mutant.
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Figure 6-4: Activity of mutant AmGSTF1 enzymes. Results are averages of three replicates, and
error bars show one standard deviation.
The results from protein purification, circular dichroism and activity assays suggested that the
mutations were unlikely to have affected the overall fold of the protein, nor their ability to
function as GSTs. As a result it was decided to continue with these designed mutants for

crystallographic studies.
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6.2 Crystal structure determination of mutants

Having determined that the mutant AmGSTF1 proteins were correctly folded and partially

functional, attempts were then made to crystallise them.

6.2.1 Crystal structure determination of F122T AmGSTF1
Initially trials were carried out with the F122T mutant as it was possible to purify this in higher

guantities. The F122T mutant of AmGSTF1 was found to crystallise well in high-throughput
screens, across a range of conditions, with the Morpheus screen proving most successful.1%3
Crystals were produced in two morphologies: rods, and smaller prismatic crystals (Figure 6-5).
Notably, crystals were not found to grow in the condition in which the original hexagonal wild
type crystals had grown reliably, suggesting that the mutation had successfully disrupted the
packing interactions found in the wild type structure. The crystals with the rod morphology were
found to diffract best (to 2.8 A). Detailed information about data collection and processing are
available in section 3.10.3 and Appendix B. Crystals were obtained in a tetragonal modification,

in space group | 41 2 2, with one protein chain in the asymmetric unit. As with the original wild

type structure, the functional dimer can be generated from a two-fold crystallographic axis.

Figure 6-5: Crystal morphologies observed for F122T mutant of AmGSTF1- prismatic (left)
and rods (right)
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The structure was found to display a fold very similar to that of the wild type, however, there
was clear density to build in both loops which had previously been disordered, giving a complete
structure (Figure 6-6). Density was observed for 214 residues (from Ala2 to Ala215), and 6 water
molecules. The model has an R factor of 0.18, an Rsee 0f 0.24 and 4 Ramachadran outliers were
observed. One of these was the Glu67 observed in the wild type structures, in addition to Asp60
which is observed as an outlier in all ligand bound structures and two further residues in poorly

defined areas.

Figure 6-6: Structure of F122T mutant of AmGSTF1 showing structure of ordered loops and GSH
molecule in the G-site, shown in green in a stick representation. Figure produced using Pymol.

Density was also seen within the G-site for a GSH molecule. The presence of this GSH molecule
confirmed that the absence of small molecules in the previous wild type structure was due to
the crystal packing. GSH was not added to crystal conditions and therefore must have remained

from expression and purification.
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6.2.1.1 Comparison with wild type and maize structures

Unsurprisingly, the F122T AmGSTF1 is seen to have a structure very similar to that of the wild
type, with an rmsd of 1.12 A for the 186 equivalent Ca atoms that make up the structure without
the loops (Figure 6-7). The main visible differences between the structures are in the areas
around the now ordered loop regions. In the area surrounding the loop in the area of the G-site
the structure is seen to diverge significantly from Asn33 until Asn37 where the wild type loop
became disordered. It is also seen to differ from Ala49, the first visible amino acid after the
disordered loop to Ala57. Differences are also seen in the upper part of the a4 helix. In the WT
structure, this is seen to bend further away from the H-site than in the F122T structure. In
addition the C terminus of the F122T mutant is disordered within our structure, with the last
visible residue being Ala215 compared to the full length protein observed in the wild type (to
Ala219). As this C terminus is not thought to be related to ligand binding the fact that this area

is disordered does not pose a problem.

Asn33

Ala57

Figure 6-7: Superposition of structure of F122T mutant of AmGSTF1 (slate and green) with WT
structure (cyan). Areas showing divergence between the structures are highlighted. Figure
produced using Pymol.
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The structure is found to closely resemble that of ZmGSTF1,%® with the structures having an
overall rmsd of 0.97 A for 208 equivalent Ca-atoms, including both the core structure and loops
(Figure 6-8).12 Two insertions are seen in the AmGSTF1 structure compared to the ZmGSTF1

structure, explaining the structural differences in these areas.

Figure 6-8: Superposition of F122T AmGSTF1 (slate and green) with ZmGSTF1 maize (marine; PDB
code: 1AXD). Areas with amino acid insertions are marked with black rings. Figure produced using
Pymol.

The loop surrounding the G-site is found to closely resemble the loop seen in this structure of
ligand bound ZmGSTF1. This is also the case for the upper part of the a4 helix. This difference
between the wild type and F122T structures could be for one of two reasons. Either as a result
of the crystal packing in the wild type, or as a result of the amino acid substitution in the mutant.
The mutant shows the same positioning of this helix as both ZmGSTF1 and also Arabidopsis

AtGSTF2.%° This suggests that this is the more likely positioning of this helix in AmGSTF1 and that
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the difference in the wild type is caused as a result of crystal packing. The fact the change occurs
lower down the helix than the mutation further supports this, making the difference in the F122T

less likely to be as a result of the single site mutation.

We observe small structural differences between the AmGSTF1 and ZmGSTF1 structures as a
result of two short insertions in the AmGSTF1 sequence. The first, a 3 residue insertion in the
linker region, and the second, occurring in the loop region in domain Il between the a4 and a5

helices.

The fact that the F122T mutant has a structure very similar to both the wild type and maize
structures, and that a GSH is bound in the active site suggests that the reduced activity observed
in the CDNB assay should not be of concern. A crystal structure of cGSTA1-1 in complex with a
GSH-CDNB conjugate provides a possible explanation for this lack of activity (PDB code 1VF3).128
The CDNB is seen to form a m-1t interaction with Phelll which is equivalent to Phel22 in
AmGSTF1. Substituting this residue for a non-aromatic one would be likely to have a dramatic
effect on the binding of CDNB in the active site. As a result it is most likely that the considerably
lower activity of the F122T mutant and Y118S F122T double mutant was due to a reduced

binding affinity of CDNB rather than an inability to function as a GST.
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6.2.1.2  Analysis of the GSH binding site

Figure 6-9: Omit map for the GSH molecule in the G-site of the F122T mutant. 2F.-F. (blue)
contoured at 6=1 and Fo-Fc (red and green) at 6=3. Figure produced using CCP4mg.
In the unbiased density there is clear density observed in the G-site for a GSH molecule (Figure
6-9). The GSH molecule is seen to form a number of hydrogen bond interactions with the loop
over the G-site, as well as with the two a-helices which surround it. It is seen to form an extensive
network of hydrogen bonds with hydrogen bonding side chains and the protein backbone, as

well as hydrophobic interactions with three further residues (Figure 6-10).
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Ile55(A)

Asnl4(A) Pro56(A)

:: =3.04 = =|
Ser68(A)

Figure 6-10: A) G-site of F122T mutant of AmGSTF1 (slate) with residues involved in binding of GSH
(green) shown in stick representation. Figure produced using Pymol. B) LigPlot to show
interactions of GSH with the active site of the F122T mutant of AmGSTF1. Hydrogen bonds are
shown as green dashed lines and hydrophobic interactions as red combs.
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As has previously been discussed, the G-site is highly conserved between AmGSTF1 and
ZmGSTF1 and, the GSH molecule is seen to form very similar interactions. The main difference
occurs in the location of the sulphur atom of the GSH or conjugated GSH molecule. In ZmGSTF1
this is observed to lie close to and form interactions with the catalytic Ser12 residue while in
AmGSTF1 it does not. It is plausible that this difference is as a result of the fact that the ZmGSTF1
structure is of a conjugated GSH-atrazine molecule. It seems likely that during a conjugation
reaction we could expect the carbon-sulphur bond of the GSH in AmGSTF1 to rotate to allow the
sulphur to form an interaction with the Ser12 residue. The loop over the binding site is also seen
to adopt a very similar structure. In ZmGSTF1 this is seen to have an induced fit on GSH binding,

and it is likely the same would occur in AmGSTF1.
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6.2.2 Crystal structure determination of Y1185 AmGSTF1

Having identified the conditions where the F122T mutant would crystallise, crystallisation trials
were then set up for the Y118S mutant using the conditions which had proven most effective
for F122T crystallisation. As the majority of crystals of F122T AmGSTF1 were observed using the
Morpheus screen, and due to a limited supply of Y118S protein, this mutant was exclusively
screened using these conditions. Crystals of the Y118S mutant were observed in a number of
wells, most of which also produced crystals of the F122T mutant, although notably under far
fewer conditions than had been observed for the F122T mutant. Crystals had the same
morphologies as for the F122T mutant (Figure 6-11). Crystals in the prismatic morphology
diffracted best to 2.6 A. Crystals were obtained in a tetragonal modification with space group

| 4,2 2. Both the space group and unit cell observed are identical to that for the F122T mutant.

Figure 6-11: Crystal morphologies observed for Y118S mutant of AmGSTF1-
prismatic (left) and rods (right)
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The structure is of excellent quality, 2 Ramachadran outliers are observed: Glu67, Asp60 both
seen as features. The protein adopts the typical GST fold (Figure 6-12), and again density was
observed for the loop over the G site. Density was also observed again for a GSH molecule in the
binding site, although this was refined at only 0.7 occupancy (Figure 6-13). Interestingly, the
Y118S mutation appears to have resulted in the top of the a4 helix becoming disordered, with
no density is observed for residues from Phel22 to Thr131. This suggests that interactions

formed by this Tyr118 residue are essential to the structure of this helix.

Figure 6-12: Structure of Y118S mutant of AmGSTF1 (purple) with a GSH molecule bound in the G-
site shown in green in stick form. Figure produced using Pymol.
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Figure 6-13: Omit map for GSH molecule bound in the G-site of the Y118S mutant of AmGSTF1. 2F.-F.
(blue) contoured at =1 and Fo-Fc (green) at o=3. Figure produced using CCP4mg.

With the exception of this area of disorder the structure is virtually identical to that of the F122T
mutant, and they superimpose with an rmsd of 0.31 A across 207 Ca atoms (Figure 6-14). There
are no apparent differences in the location of any of the residues involved in GSH binding, except
Phe36 which is rotated slightly between the structures (Figure 6-15). This is of particular interest
as evidence suggests that the Y118S mutant binds GSH less efficiently than the wild type protein
or other mutants. The Y118S mutant bound to the GSH agarose column less efficiently and the
GSH molecule observed in the active site is only partially occupied, with weaker unbiased density
than was observed for the F122T mutant. This suggests that it is possible that the structure of
the a4 helix may be able to play a part in binding in the G-site, in a way that cannot be seen via
crystallographic methods which capture only one conformation of the protein. This is
particularly relevant in relation to a possible mechanism for CNBF inhibition, which binds to this

helix (see section 5.3).
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Figure 6-14: Superposition of structures of Y118S mutant (purple) and F122T mutant (slate) of
AmGSTF1 including the GSH molecule from the Y118S structure (green)

Figure 6-15: Superposition of the G-sites from the AmGSTF1 Y118S mutant (purple) and F122T mutant
(slate) with the GSH molecule from the Y118S structure (green). Residues involved in binding are
shown in stick form. Figure produced using Pymol.
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6.3 Ligand binding assays with mutants

In order to use co-crystal structure determination to investigate ligand binding at the molecular
level it was necessary to identify if the mutants bound the ligands. The ligand binding properties
of the mutants were investigated using thermal shift assays. Due to the disorder observed at the
top of the a4 helix, the F122T mutant was selected for these experiments over the Y118S mutant
in order to ensure the protein structure was as close as possible to what would be expected for

the wild type.

A selection of inhibitors was chosen for testing, incorporating predominantly flavonoid based
inhibitors but also a NBF-GS conjugate, in order to evaluate compounds with potentially
different binding poses within the H-site. The flavonoid ligands selected all contain the thiazole
group, as these were most soluble (Figure 6-16). Ligands were selected which had shown varying
levels of binding to the wild type protein to identify if the mutant responded in a similar manner

to the wild type to the variously positioned functional groups.
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Figure 6-16: Inhibitors selected for testing in thermal shift assay with mutant AmGSTF1

For the F122T mutant, no thermal stabilisation is observed for any of the flavonoid inhibitors

(Figure 6-17a), indicating that no binding occurs, suggesting that Phel22 was essential for
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binding. This will be discussed further in Chapter 7. However, for the GSH-CNBF conjugate, a
change in thermal stability was still observed (Figure 6-17b), with the F122T mutant binding in a

destabilising manner.
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Figure 6-17: Change in melting temperature observed for F122T mutants using thermal shift assays with
A) Flavonoid compounds and B) NBF-GS at a range of concentrations

As the flavonoid inhibitors had not been seen to bind to the F122T mutant they were also tested
with the Y118S mutant, again no thermal stabilisation was seen suggesting the molecules did
not bind (Figure 6-18). This was most likely as a result of the disorder in the upper portion of the

a4 helix resulting in a change in binding.
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Figure 6-18: Change in melting temperature observed for Y118S mutants using thermal shift assays
with flavonoid compounds

6.4 Cross-seeding with mutants

As the mutants were seen not to bind to the flavonoid inhibitors, it was necessary to resume
working with the wild type protein, in order to identify whether this was due to an overall
structural change between the mutants and wild type or as a result of the substituted amino
acid. In some cases, groups have had success using homologous proteins for cross-seeding to
encourage the crystallisation of proteins. This is particularly the case where sequence identity is
high, however studies investigating metallo-B-lactamases have had successes with sequence
similarity as low as 24%.1%° Seeding removes the need for spontaneous nucleation to occur, and
as a result can lead to crystals forming in conditions in which they otherwise would not. By
seeding with the mutant crystals, wild type protein would be more likely to form crystals in the
modification of the mutant protein. As the F122T mutant had a fully ordered core structure it
was selected for use for micro-cross-seeding matrix screening. This method uses micro-seeds to
screen for crystallisation forms, across varied crystallisation conditions, using high throughput

screens.130-132
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6.4.1 Structure of wild type AmGSTF1

From high throughput screen conditions containing seeds of F122T mutant, crystals of wild type
AmGSTF1 were produced. Crystals were produced in the same rod morphology as the F122T
protein used to seed, as well as the prismatic morphology also seen for the F122T and Y118S
crystals (Figure 6-19). As with the F122T mutant crystals of the rod morphology diffracted best,
to 2.25 A. Crystals were obtained in a tetragonal modification with a space group of 1 4, 2 2, the
same as observed for the mutant structures. Prismatic crystals were also seen to be in a
tetragonal modification with space group |4, 2 2, but these diffracted less well (to 2.8 A). This

may be as a result of a marginally larger unit cell C axis (104 A as opposed to 99 A).

Figure 6-19: Crystal morphologies observed for WT AmGSTF1 after seeding
with F122T protein-prismatic (left) and rods (right)

Density is seen for 214 residues (from Ala2 to Ala215), 24 water molecules and a GSH molecule.
The model has an R factor of 0.23, an Rsee 0f 0.28, and 4 Ramachadran outliers: Glu67 and Asp60
and two residues in the loop between a4 and a5. Unsurprisingly there is virtually no structural
difference observed between the wild type structure and the F122T mutant, with an rmsd of

0.32 A across 214 Ca atoms (Figure 6-20).

It is notable that the a4 helix adopts the same conformation as observed in the F122T mutant
as opposed to the hexagonal form wild type crystal. This confirms that the conformation of this
o-helix in the hexagonal wild type crystal, where this bends away from the H-site, is most likely
as a result of the crystal packing observed. The other monomer packed in the active site probably

results in the hexagonal form wild type structure adopting this conformation.
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The location and orientation of the GSH molecule is seen to mirror that observed in the F122T
mutant. It is seen to form the same interactions as in the mutant structure, and additional
hydrogen bonding interactions are observed, mediated by two water molecules (Figure 6-21).
The G-site is also found to be mostly unchanged from the hexagonal form wild type structure.

The only major variations are that the Phe36 residue immediately before the loop over the G-

site adopts an alternative conformation, and that the loop over the region is now visible.

Figure 6-20: Superposition of structures of WT (light teal) and F122T mutant of AmGSTF1 with the
GSH from WT (green). Figure produced using Pymol.
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Figure 6-21: LigPlot to show the interactions observed between GSH and the active site of wild type
AmGSTF1. Hydrogen bonds are represented as green dashed lines and hydrophobic interactions as red

combs

The fact that the structure of this wild type AmGSTF1 is virtually identical to that of the F122T

mutant also points towards a possible binding site for the flavonoid inhibitors. The only major

difference is the presence of a Phel22 in the wild type as opposed to a Thr122 in the mutant.

The fact that the F122T mutant is seen not to bind the flavonoid inhibitors suggests that this
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aromatic Phel22 residue may be essential for forming m-mt interactions with the aromatic rings

in the flavonoid inhibitor.

6.4.2 Crystal structure determination of wild type AmGSTF1 with inhibitors

Having determined a complete structure of wild type AmGSTF1, it was desirable to use this to
determine the structure of AmGSTF1 in complex with inhibitors. Soaking experiments were
carried out using the tetragonal form crystals produced in seeding experiments. Experiments
were carried out using both the flavonoid based ligands, in addition to a CNBF-GSH conjugate,

to try to determine further the mode of action of both of these inhibitor types.

Flavonoid ligands were available as DMSO stocks and these were added to crystal conditions to
give a compound concentration 5x that of the protein, and a final DMSO concentration of 5%.
Unfortunately on addition of these stocks crystals were observed to crack and then dissolve.
Controls were carried out using just DMSO to determine if this was as a result of the DMSO or
whether the compounds binding to the protein was resulting in the crystal form becoming
unstable. DMSO was added to drops at a variety of concentrations decreasing to 0.5% final
concentration, and in each case crystals were seen to crack and dissolve. This suggests that these
crystals are particularly sensitive to DMSO. As flavonoid ligands were only available as DMSO
stocks, it was not possible to use them for further soaking experiments. In addition, their low
solubility would make it difficult to use them for soaking in the absence of any DMSO, were solid
forms available. This suggests that co-crystallisation may prove to be a better option for
structure determination of AmGSTF1 in combination with a flavonoid ligand, as additional
screening and optimisation would need to be carried out to identify crystals which are less

DMSO sensitive.

The NBF-GS conjugate was available as a solid and as the conjugated GSH molecule means it is
highly soluble this was suitable for use in soaking experiments. A small amount of solid was
added directly to drops using a needle, drops were seen to rapidly turn yellow, and crystals were

also seen to adopt a bright yellow colour.
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6.4.2.1 Crystal structure of wild type AmGSTF1 in complex with NBF-GS

Following soaking in NBF-GS, a dataset was collected, and crystals were found to diffract to
2.30 A. As with the GSH bound structure, crystals were in a tetragonal modification, with a space
group of | 4, 2 2. Further details on data processing are available in section 3.10.5 and Appendix

B.

Figure 6-22: Structure of WT AmGSTF1 in complex with NBF-GS. Figure produced using Pymol.

Density was seen for 214 residues (from Ala2 to Ala215), and 8 water molecules (Figure 6-22).
The model had an R factor of 0.21, an Rfee of 0.25, and 4 Ramachadran outliers. The structure
was found to be virtually identical to the GSH bound structure, with an rmsd of 0.23 across 214
equivalent Ca atoms. Following initial molecular replacement unbiased density for the NBF-GS

molecule could clearly be seen in the active site (Figure 6-23).
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Figure 6-23: Omit map for NBF-GS ligand in AmGSTF1 structure. 2F.-F. (blue) contoured at =1 and Fo-
Fc (red and green) at o=3. Figure produced using CCP4mg.

The NBF-GS molecule was seen to bind across both the G and H sites. The GSH portion of the
molecule adopts the same conformation as the unconjugated GSH molecule seen in previous
structures. The CNBF portion of the molecule is then seen to extend into the upper portion of
the H-site (Figure 6-24). The aromatic portion of the molecule is seen to form a strong n-stacking
interaction with Phe36, and the Phe36 is seen to rotate from its location in the structure with
only GSH to allow this to occur (Figure 6-25). Whilst density for the Phe122 residue cannot be
seen, it is probable that this would form an edge on face interaction, with a likely orientation for
Phel22 lying within range for this interaction to occur. Additionally, hydrophobic interactions

are seen to occur with Met126, Pro9 and the CNBF portion of the molecule (Figure 6-26).
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Figure 6-24: Interactions observed for NBF-GS (shown in yellow in stick form) binding in the active site
of WT AmGSTF1 (shown in teal). Figure produced using Pymol.

Figure 6-25: Movement of Phe36 observed in WT AmGSTF1 with (light teal) and without (grey) NBF-GS
bound. Figure produced using Pymol.
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Figure 6-26: LigPlot to show interactions formed between the NBF-GS conjugate and the active site of
AmGSTF1. Hydrogen bonds are shown as green dotted lines, and hydrophobic interactions as red
combs
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6.4.2.1.1 Comparison with HsGSTP1 structure

The structure was then compared with structures of HsGSTP1. As CNBF was originally identified
as an inhibitor for this protein and MDR, it was of interest to determine whether it might be
functioning in AmGSTF1 in the same manner. Interestingly this NBF-GS conjugate is seen to
occupy a similar position to that observed of inhibitors in the active site of HsGSTP1. Notably
NBDHEX,'* a derivative of CNBF, and the GSH conjugate of ethacrynic acid'?® occupy a similar
location within the active site (Figure 6-27). In both these cases and the AmGSTF1 structure the
ligands are seen to form interactions both with residues in the a4 helix and the loop over the G-

site.

a

Figure 6-27: Comparison between binding site of NBF-GS (shown as yellow sticks) in AmGSTF1
(light teal) and HsGSTP1 (grey) binding site of (a)- NBDHex (PDB code:3GUS; dark grey sticks)'® and
(b) Ethacrynic acid-GSH conjugate (PDB code: 3GSS; dark grey sticks).” Figure produced using
Pymol.
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In HsGSTP1 these compounds are thought to stabilise GSH binding in the active site by
preventing its conjugation with natural substrate molecules and subsequent dissociation. This
GSH bound form is thought to show a lower affinity to JNK1. Consequently stabilising the GSH
bound form prevents HsGSTP1 binding to JNK1 and in turn apoptosis.® That this CNBF conjugate
binds in a similar location supports the hypothesis that this may also be functioning to block the
active site and stabilise GSH binding. It is probable that this CNBF-GSH conjugate would work in
conjunction with the covalent CNBF modification observed in the wild type protein following

alkylation to achieve this.

6.5 Conclusions

In order to disrupt a crystal packing arrangement where the active site was blocked, preventing
small molecule binding, a protein engineering approach was used. Two single site mutants, and
one double mutant were designed to disrupt the interactions that held together this crystal
packing arrangement. The two single site mutants were crystallised, and structures obtained at
2.8 A for the F122T mutant, and 2.6 A for the Y118S mutant. In both these cases, the designed
mutations were sufficient to successfully disrupt crystal packing and the crystals were observed
to be in a different modification. Notably, the active site was exposed with density for a GSH
molecule observed in the G site. In addition, the previously disordered loop over the G site was
seen to be ordered. These structures represented a major advance in the project. They allowed
the structure of a complete active site to be determined for the first time, giving a complete
model for in silico docking experiments to be carried out. An exposed active site made it possible
to use crystals in this packing arrangement for soaking experiments to determine ligand binding
sites. As the single site mutations were sufficient to disrupt crystal packing no attempt has yet
been made to crystallise the double mutant, as it was preferable to use protein as consistent as

possible with the wild type.

The presence of a GSH molecule confirms that the absence of small molecules in the previous
wild type crystal form was as a result of crystal packing rather than lack of affinity for compounds
used in the co-crystallography experiments. The GSH molecule had remained in the samples
from protein purification and expression rather than being separately introduced. Even if the
flavonoid molecules added to wild type protein had not bound, we would have expected to see

a GSH molecule bound to the active site had it been accessible.
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Thermal shift binding assays were carried out using the F122T and Y118S mutants to determine
whether the flavonoid ligands were still seen to bind. In each case, no binding was observed.
While this meant it would not be possible to use the mutants directly for soaking experiments,
it did suggest that these residues were likely to be involved in flavonoid binding, identifying a

probable binding location for these compounds in the H site.

To allow for future soaking experiments, in addition to obtaining a more biologically relevant
structure, attempts were made to crystallise wild type AmGSTF1 in the same space group. By
using seeds created from F122T crystals in the tetragonal modification, in random Microseed
Matrix Screening in combination with wild type protein, it was possible to obtain crystals of wild
type protein in the packing arrangement of the mutant. Using this method it was possible to
grow crystals of wild type AmGSTF1 which diffracted to 2.25 A, in the same space group and
crystal packing arrangement as had been observed for the F122T crystals. This structure was
seen to be virtually identical to that of the of the F122T mutant, confirming the biological

relevance of this structure as a model for the wild type protein.

114



7 In Silico Studies of AmGSTF1

As no co-crystal structure of AmGSTF1 in complex with a flavonoid inhibitor was obtained, in
silico docking studies were carried out to further investigate the mode of action of these

compounds. For the majority of investigations the program GOLD was used.**

7.1 Introduction to GOLD

GOLD uses a genetic algorithm to create and score multiple ligand poses which converge to give
one pose per “run”. The user defines a number of runs, for example the default is 10, which
would give 10 individual poses. Termination conditions are also set, which determine when the
runs will stop. “Early termination” will result in runs stopping when a certain number of poses
are within a certain RMSD, for example for this work, 3 solutions within 1.5 A was used as a
termination criteria. “Early termination” results in runs being stopped as soon as these

conditions are met, regardless of the number of runs that were initially instructed.

GOLD has a number of built in fitness functions which are used to score poses; GoldScore,
ChemScore, ASP and ChemPLP.'% ChemPLP is the default function in GOLD and the fitness

function used in this work, it will be examined in more detail here.

ChemPLP is an empirical fitness function optimised for pose prediction (Equation 7-1).

fitnessPLP = _(WPLP : fPLP + Wlig—clash- I:lig—clash + Wlig—tors- flig—tors + fchem—cov

+ Worot -fchem—prot + Weons -fcons)
fitnessCHEMPLP = fitnessPLP — (fopem—n + fehem—cho + fchem—met)

Equation 7-1: ChemPLP fitness function. This uses PLP adjusted with select bonding terms. PLP models
steric complementarity, lig-clash is a heavy atom clash term, lig-tors is a ligand torsion potential.
Chem-cov, a function for covalent docking, chem-prot which considers flexible side chains and
waters, and cons which handles constraints are included as necessary.

PLP models the attraction and repulsion of protein and ligand heavy-atoms by designating atoms
as: donor, acceptor, donor/acceptor, non-polar and metal. The interactions between these are

then characterised (Table 7-1).23¢
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Table 7-1: PLP interaction types

Protein Atom Type

Ligand Atom Type donor acceptor don./acc. nonpolar metal
Donor repulsive H-bond H-bond buried repulsive
Acceptor H-bond repulsive H-bond buried metal
don/acc H-bond H-bond H-bond buried metal
nonpolar buried buried buried nonpolar buried

GOLD is a flexible docking program, and during the course of a run both the conformation of the
protein and ligand will be altered. While ligands will rotate around any internal rotatable bonds,
stereochemistry will not be altered, and as a result it is necessary to input any stereoisomers
separately. At a basic level, residues in the protein capable of forming hydrogen bonds, Ser, Thr,
Tyr and Lys, undergo hydrogen bond optimisation. It is further possible to increase flexibility by
defining the side chains of up to 10 residues in the active site as “flexible”. These can either be
allowed to take on the structure of a rotamer from a library, either built in®3” or input, or can be

given complete freedom to rotate around acyclic bonds.

In addition to increasing the flexibility of the protein, it is also possible to introduce a number of
constraints into the docking. These can range from determining the distance between a protein
and ligand, or forcing the presence of hydrogen bonds between protein and ligand in poses.
These constraints are best used when a large amount of information is available about the mode

of ligand docking, and as a result were not used for this work.

7.2 Docking using Chimeric GSTs

As a complete crystal structure had not originally been solved, with the initial wild type structure
having two disordered loops, two options were available. Either to use an incomplete structure,
or to create a chimeric structure using the incomplete structure for AmGSTF1 in conjunction
with another structurally similar protein. As one of the hypothesised locations for the binding
sites was located in the active site, defined by one of the disordered loops, it was decided to

create a chimeric model to allow for most accurate docking.
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7.2.1 Designing a chimeric AmGSTF1

While only one structure of AmGSTF1 existed prior to this work, there are a large number of
crystal structures for other GSTs which can be found on the PDB. The sequence similarities of
these GSTs were compared to AmGSTF1 to identify which would provide the most likely
positioning of the loops. Only phi class GSTs were considered, as whilst GSTs show high structural
similarity between classes the differences that do exist occur predominantly in these loop
regions. Structures of phi class plant GSTs exist for Arabidopsis thaliana®*%, Populus trichocarpa

)139

(poplar)’® and Zea mays (maize).>®!?* A sequence alighment can be seen in Appendix D.

Of these the structures from maize were found to be the most similar, with a sequence similarity
of 63.4%. A number of regions are highly conserved, and the structure shows an rmsd of only
1.27 A for 182 equivalent Ca atoms from the partial AmGSTF1 structure. As a result they were

used to create a chimeric structure.

Ideally it would have been possible to mutate the amino acids from the maize GST, to those
present in the AmGSTF1 sequence, in silico. However, due to an amino acid insertion in one of
the loops this was not possible. As a result ModWeb,%61%0 an online server that calculates likely
structures of proteins based on the best available PDB model, was used to determine the most
likely structure. Structures were created based on two maize structures: 1AXD and 1AW9. 1AXD
is a structure for a Glutathione bound GST, while 1AW9 is for an apo-GST (Figure 7-1). The main
difference between the structures exists in the loop over the G-site which is observed to undergo
a large conformational change on GSH binding. As it was unknown whether the ligands would
bind to the structure in the presence or absence of GSH, separate structures were produced

based on each of the two conformations, for use in docking.
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Figure 7-1: Superposition of AmGSTF1 (cyan) and ZmGSTF1 PDB code 1AXD (marine) and 1AW9
(green). Figure produced in Pymol.

In order to identify the most accurate possible structure for AmGSTF1, the loop regions created
using ModWeb% were removed and inserted into the original AmGSTF1 structure. A round of
geometry minimisation was then carried out in Phenix.**! This idealises the geometry of a model
according to standard geometry restraints, ensuring the bond geometry was standard in the
areas where the loop regions of chimeric GSTs were joined. The chimeric GSTs produced were

then used for docking in GOLD (Error! Reference source not found.).
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Figure 7-2: Chimeric structures of AmGSTF1 based on (a): PDB 1AW9 (green) and (b): PDB 1AXD
(marine). Figure produced in Pymol.

7.2.2 Docking in the active site

Docking was initially carried out using both the 1AXD and 1AW9 chimeric models, to identify if
either gave a more likely docking pose for an inhibitor in the active site. As insufficient density
had been seen to model Tyr118, a residue in the H site in the original structure, this was inserted
manually, and given flexibility within the docking to adopt any rotamer from the built in library.
This library contains the most commonly observed side-chain conformations for naturally
occurring amino acids.'® This gave a complete structure of the G and H-site with all necessary

relevant residues to be used in docking experiments (Error! Reference source not found.).
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Figure 7-3: Structure of AmGSTF1 based on 1AXD, showing active site and location of key residues.
Figure produced in Pymol.

Initial screening was carried out using two different flavonoid molecules (Error! Reference
source not found.). Whilst it had been shown to bind less strongly, an inhibitor with a short alkyl
chain at the C5 position was used (Error! Reference source not found.), as docking programmes
are known to deal better with compounds with limited flexibility. In addition the inhibitor
containing the full Cio chain was used (Error! Reference source not found.), to see if a satisfactory

pose could be determined for this hydrophobic chain.
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Figure 7-4: Inhibitors used for docking studies

For both proteins, the binding site was defined as a 10 A radius around the catalytic Ser12
residue. As no information was known about binding pose, all waters were removed from the
docking, and with the exception of the flexible Tyr118 residue all other settings were kept at
their defaults, to avoid encouraging false interactions. ChemPLP was used as the scoring
function, this is the newest GOLD scoring function, it is the fastest and has been seen to give the

most accurate poses in most cases.'%®

Interestingly, the two different chimeric protein models produced very different binding poses,

and these will be discussed here.

1AW9 (apo) based chimeric model

Using both compounds 1 and 2, the majority of poses observed had them located outside the G
or H sites. For the short chain inhibitor, one pose was obtained with the inhibitor situated in the
G-site, binding to the loop in the extended form which is observed in the absence of GSH (Figure
7-5). It is possible that the contacts formed by the inhibitor in this pose would act to stabilise
the protein in this conformation, preventing GSH binding and therefore activity. However, as
there is no known case of anything binding to the G-site with the exception of GSH or a GSH
mimic, in which case a conformational change of this loop is seen, this seems unlikely. The lack
of consistency observed between poses also suggests that this pose is unlikely to be adopted by

the inhibitor in vivo.
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Figure 7-5: Docking pose for flavonoid inhibitor in G-site of 1AW9 chimeric structure. The structure is
shown in green and the inihibitor in grey in stick representation. Residues most involved in binding
are highlighted as sticks, in addition to Ser12. Figure produced in Pymol.

1AXD (ligand bound) based chimeric model

For compound 1, a relatively consistent binding pose was identified in the H-site of the protein,
with the inhibitor forming a range of interactions with the a4 helix of the protein (Error!
Reference source not found.). The majority of poses for both stereoisomers are consistent, with
the inhibitor forming n-rinteractions with Phe122 and Tyr118. While these poses are consistent

8 it is seen to form a m-stacking

with the observation that the A ring must be aromatic,
interaction with Phel122, this pose is inconsistent with several of the other observations from
the SAR data. The B-ring is not observed to form any m interactions, which would be expected
as it needs to be aromatic, and the hydroxyl at the C7 position does not form a hydrogen bond.
As a result it is relatively unlikely that the binding pose predicted represents an accurate pose

for the flavonoid inhibitor within the active site.
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Figure 7-6: Pose for short chain ligand in H-site of chimeric 1AXD structure obtained for docking
with rigid active site with flexible Tyr118 and Phe122 residues. Figure produced in Pymol.

For compound 2, the poses are seen to be more varied, with an rmsd of up to 13.1 A observed
for the poses, as opposed to only 5.2 A for the short chain inhibitor. While some of the poses
observed for the core of the structure are similar to those observed for the short chain structure,
with this part of the structure forming interactions with the a4 helix, the majority adopt different
orientations where the majority of interactions are caused exclusively by the long chain. This
would be inconsistent with the core of the molecule having a strong inhibitory effect on its own.
In addition, these poses are clearly unsatisfactory, with a large number of short contacts
observed between the protein and ligand in each case. As a result, further investigations using
this model were carried out using exclusively compound 1, as this had provided better poses.
Once a suitable prospective pose had been identified for the core of the molecule, it was hoped
it would then be possible to identify possible areas of hydrophobicity where the long alkyl chain
might bind.

Having demonstrated the importance of the aromaticity of both the C-ring and B-ring in SAR
studies, a second round of docking was carried out allowing all aromatic residues in the defined
binding site freedom to adopt any rotamer within the built in library. It was likely that on ligand
binding these residues might rotate to form optimal contacts, and allowing for this movement

might give a more accurate portrayal of a possible binding pose.
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For the two different isomers two different binding poses were observed. For the R isomer in
the predominant pose the compound binds outside of the G or H site, adopting a position where
it stacks with the Phe36 lying between it and the C-terminal tail of the protein (Figure 7-7). This
pose seems unlikely; while it has a similar fitness score to those observed with fixed residue

docking, it is hard to imagine how the molecule would have an effect from this location.

g

Figure 7-7: Docking pose obtained for R-isomer using Chimeric 1AXD structure with flexible aromatic
active site residues. Figure produced in Pymol.

For the S-isomer a more probable binding location was observed, with the compound again
placed in the H-site, but in a different orientation than had been observed for the rigid docking
(Figure 7-8). The C-ring forms a m-stacking interaction with Phe122 and the acid group forms a
hydrogen bond with Tyr175. The B-ring is close to forming m-interactions with either Phel77 or
Tyr178, which would explain the increased activity seen with aromaticity in this ring. It is possible
one of these residues would, in reality, adopt a slightly different conformation on ligand binding,

allowing a strong m-it interaction to form.
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Figure 7-8: Docking pose obtained for S-isomer using Chimeric 1AXD structure with flexible aromatic
active site residues. Figure produced in Pymol.

Overall, this pose for the S-isomer represents a likely pose observed for docking in the active

site, indicating that the flavonoid ligands may bind to this area in the H-site.

7.2.3 Docking in the dimer interface

In addition to the active sites which are involved in conjugative activity, GSTs possess an
additional binding site: the L-site. In AtGSTF2, Quercetin, a flavonoid, has been identified as
binding in this site,*® and as a result this was considered as a possible binding site for our
flavonoid inhibitors (Error! Reference source not found.). The L-site is most often involved in
transport of molecules and as it was suspected AmGSTF1 might be causing MHR via a signalling
effect®* it was possible these inhibitors could be preventing binding of other small molecules to

this site and thus any signalling effect.
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Figure 7-9: Structure of AtGSTF2 (PDB: 5ADV) showing location of L-site with
quercetin bound. Each monomer is shown as a different colour, and the
quercetin molecule is in grey in a stick representation. Figure produced in
Pymol.

A docking site was defined based on the binding site of quercetin in AtGSTF2. An area of 10 A
around Glu89, which was located adjacent to the quercetin when AmGSTF1 was superimposed

with AtGSTF2, was used.

The fitness scores observed for poses in the L-site were significantly lower than those observed
for the H-site (around 35-40 rather than 45-50). For each of the 10 poses of the inhibitor, the
program placed the inhibitor on the surface of the protein as opposed to in a similar location to
the quercetin in AtGSTF2 (Figure 7-10). The fact that no satisfactory pose was identified for the

inhibitor in the dimer interface suggests that this is unlikely to be its binding location.

126



In Silico Studies of AMGSTF1

Figure 7-10: Pose obtained for docking in the L-site. The ligand is seen on the exterior of the protein as
opposed to finding a stable pose within the L-site. The two monomers of AtGSTF2 are shown in
different shades of blue, and the quercetin molecule is shown in grey in stick representation. Figure
produced in Pymol.

7.3 Docking using a mutant AmGSTF1 structure

Having obtained a structure of the F122T mutant, this was used for in silico modelling in place
of the chimeric models. As the mutation was located in the active site, the Thr122 in the

structure was mutated back to a Phe122, and this residue given flexibility in docking runs.

7.3.1 Comparison between chimeric and F122T structures

A number of significant differences were identified between the chimeric model and the F122T
structure. As the F122T structure had GSH bound, it adopted a structure most similar to the
chimeric structure based on PDB 1AXD, the ligand bound ZmGSTF1 structure. While the

structures were similar, a number of differences resulted in an rmsd of 1.97 A across 213
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equivalent Ca atoms between the structures (Figure 7-11). The overall structure of the loop over
the G-site was well predicted, with the fold very accurately matching that observed in the F122T
structure, however, the placement varied significantly. The loop in the chimeric structure is seen
to lie 3.5 A from the position of the loop in the F122T structure, opening up the binding site. A
difference is also observed in the positioning of the a4 helix and associated loop. The difference
in the a4 helix observed between the different crystal forms has again resulted in the chimeric
structure having a more open active site, with a small difference of 1.6 A observed at the Phe122
position, but with this extending to a maximum of 4.8 A at the Met126 position. These two
changes result in the active site, where docking is taking place, adopting a significantly different

shape in the chimeric GST as opposed to the F122T complete structure.

Figure 7-11: Superposition of Chimeric structure based on 1AXD (grey) and F122T mutant (slate).
Figure produced in Pymol.
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7.3.2 Docking results using F122T structure

Docking was initially carried out using a predominantly rigid setup, where only Tyr118 and the
reinserted Phel22 were given flexibility. Tyr118 was included as poor density had been seen for
itin the structure. As before, the flavonoid with the short alkyl chain was used for investigations.
For the S-isomer, a very consistent pose was observed (Figure 7-12), with the docking

terminating early as the top 3 poses were within 1.5 A of each other.

Figure 7-12: Docking pose observed for S-isomer using F122T structure with flexible Tyr118 and
Phe122 residues. Key residues involved in binding are shown in stick representation, and a hydrogen
bond formed between the C7-OH and Ser12 is shown as a yellow dashed line. GSH is shown in green

and the flavonoid inhibitor in cyan, both in stick representation. Figure produced in Pymol.

For the R-isomer, while the run did not terminate early, the molecule was also found to adopt a
relatively consistent position. The majority of solutions were found to lie within an rmsd of 4.4 A,
with the exception of two poses where the ring system is seen to flip (Figure 7-13). The level of
consistency observed for both isomers is indicative of a better pose than was observed using the
chimeric models, and the fitness scores observed are also significantly higher (around 75 as

opposed to 50 for the chimeric models).
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Figure 7-13: The two poses obtained for the central ring system for the R-isomer using the F122T
structure with flexible Tyr118 and Phe122 residues. Residues involved in binding are shown in stick
representation, and hydrogen bonds are shown as yellow dashed lines. GSH is shown in green and the
flavonoid inhibitor in cyan, both in stick representation. Figure produced in Pymol.

The poses observed were also consistent with the SAR data. The C ring is observed to be involved
in edge-face m interactions with Phel22, which is consistent with the need for this ring to be
aromatic. In addition, using this new structure, the B-ring is seen to form m-interactions with

Tyrl78, consistent with the reduction of activity observed if this ring was not aromatic.

7.3.2.1 Flexible active site

Having achieved a consistent and probable pose, a second docking was carried out where the
active site was given more flexibility. A selection of residues observed to form interactions with
the inhibitor were given total flexibility in the docking to determine if changes might occur in

the active site on compound binding.

With flexible residues, the ligand is seen to adopt an almost identical pose in the active site. As
was expected, due to the consistency of previous poses no major changes in residue location

were observed. However several small changes in conformation were observed. Most noticeably
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the Phe122 residue is seen to adopt a different conformation where it forms stronger nt-stacking
interactions with the C-ring. In addition the Tyr178 residue is seen to move nearer to the B-ring,
allowing for more efficient interactions to occur. The effect of these increased interactions can
also be observed in the fitness score, which is significantly higher than that observed for the

rigid docking, increasing to a maximum of 95 for the top pose.

Three predominant interactions are observed which are consistent between the R and S isomer.
Firstly, and most significantly, a t-it interaction is observed between the C ring and the Phe122
residue. Aromaticity of this ring has been seen to be essential to compound binding, supporting
the observation from docking that this would form m-interactions. Significantly, the F122T
mutant is seen not to bind to the flavonoid compounds, further supporting this positioning for
the flavonoid ring. Secondly, the oxygen of the C7 hydroxyl group is seen to form a hydrogen
bond with the catalytic Ser12 residue, acting as a hydrogen bond acceptor. This is again
consistent with the SAR, which demonstrates no significant loss in activity with alkylation of this
group. The fact that addition of electron donating groups to this hydroxyl group result in a loss
of activity can be explained due to sterics. While there is space in the region of this C7-OH group
for additional groups, these would likely result in steric effects, explaining this activity decrease.
Finally, the B-ring is seen to form a m stacking interaction with Tyr178. The fact that these
interactions are consistent across all poses, as well as being consistent with the SAR studies give

confidence in the docking (Figure 7-14).

Only one significant difference is observed between the poses for the two isomers. For the S-
isomer, in the top ranked pose, a hydrogen bond network is seen to form with the a-alkoxy
carboxylate group. Hydrogen bonds form between the hydroxyl group of the carboxylic acid and
both Tyrl75 and the amine group of Asnl4, with this group acting as both a hydrogen bond
acceptor and donator. A less extensive network is observed for the R-isomer, with the group

forming a hydrogen bond with only the Tyr175 residue.

131



In Silico Studies of AMGSTF1

Figure 7-14: Poses achieved for docking into F122T structure with flexible active site residues (a): R-
isomer (b): S-isomer. Protein is shown in slate with residues involved in binding shown in stick
representation. The flavonoid inhibitor is shown in cyan, and the GSH molecule in green. Hydrogen
bonds are shown as yellow dashed lines. Figure produced in Pymol.

Using inhibitor 2 with the long alkyl chain was once again unsuccessful. The large amount of
flexibility in the inhibitor resulted in no consistent pose being observed. Of the poses that were
observed none was identified as being significantly more plausible than the others. Using
inhibitor 1 the pose observed has a hydrophobic region near its binding location where it is

expected this hydrophobic alkyl chain would bind.

By way of confirmation this docking was also carried out using Glide,'** another of the leading
programs for in silico modelling. This resulted in a very similar pose being observed, giving
further confidence in the top pose generated by GOLD. In addition, a 5 ns molecular dynamics
simulation was carried out using the Desmond software package,**® which demonstrated that
the pose was energetically favourable, with the ligand remaining in the active site for the

duration of the simulation.

This pose, with the flavonoid inhibitors forming a complex in the active site points towards a

possible mode of action. In this pose this inhibitor would block the active site, preventing
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substrate binding. It would also stabilise the GSH molecule bound in the active site of the
protein. As a large structural change is seen to occur on GSH binding,®® it is possible that in this
GSH bound form AmGSTF1 would be unable to play its causative role in MHR. Notably this is

seen to be the case in HsGSTP1, with the GSH bound form unable to play its role in MDR.%

7.4 Conclusions

Initial in silico screening was carried out using chimeric AmGSTF1 models created from the
partial AmGSTF1 structure, in addition to a model based on ZmGSTF1. Using this model it was
possible to identify that the active site, and the H-site in particular, was most likely to be the site
of flavonoid inhibitor binding. It was also possible to rule out the L-site as a probable location
for inhibitor binding. However, using this model it was not possible to identify a pose consistent

with all the SAR observed.

Having obtained a structure for the F122T mutant this structure, with the Phel22 residue
reinserted, was used for all subsequent docking experiments. From these experiments it was
possible to determine a probable site of flavonoid inhibitor binding. A pose was observed in the
H-site which was consistent with the SAR observed from thermal shift assays and activity assays.
In addition, as the pose prominently features m-stacking interactions with the Phel22 residue,
it is further supported by the observation that the flavonoid compounds do not bind to the

F122T mutant.

Docking experiments using compounds containing the long alkyl chain were found to be
inconclusive. The docking programs do not respond well to the high degree of flexibility in this
area, resulting in high levels of variation between poses. However, the poses observed for the
core of the compound are situated in the vicinity of a highly hydrophobic region, and this may

provide a likely binding site for this long alkyl chain.

Based on the pose identified as most probable from the docking experiments it is possible to
propose a possible mode of action for the inhibitors. Evidence suggests that flavonoid inhibitors
bind to the H-site, which would both block other compounds from binding, thus preventing the
catalytic activity of the enzyme. In addition they would also act to stabilise the GSH bound form
of the protein, which is also thought to be an important feature of MDR inhibitors for

HsGSTP1.1Y
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8 Conclusions and Further Work

8.1 Apo structure of AmGSTF1

Building on previous work which had determined an apo crystal structure of AmGSTF1, this work
extended the resolution to near atomic detail to 1.5 A. The structure was seen to be typical of a
phi class GST showing a high level of similarity to other phi class plant GST structures. While, as
had been observed in the previous lower resolution structure, the crystal packing form resulted
in two disordered loops, the higher resolution enabled density to be observed for an additional
3 residues in these loop regions. Additionally, the crystal packing in this modification was found
to prevent small molecule binding in the active site. Extensive crystallisation experiments were
undertaken to identify a new crystal form using new crystallographic conditions and co-
crystallography, however no crystals were obtained of sufficient quality in any other packing
form. Analysis of the interactions observed in the crystal using PISA!2 predicts that this non-
biological interface is almost as strong as that seen in the biological dimer. The strength of this

interaction provides a possible explanation for why it is observed so consistently.

As it was not possible to disrupt crystal packing using different crystallisation conditions a series
of mutants were rationally designed. Crystals for two of these mutants were obtained, in both
cases these were in a different crystal modification and space group to the wild type protein.
The structures of the F122T and Y118S mutants were solved to a resolution of 2.8 A and 2.6 A
respectively. For both mutants the loop over the active site could be seen and the active site
was occupied by a GSH molecule. For the F122T structure the second loop region, between the
o4 and a5 helices, was also seen to be ordered, although for the Y118S structure the mutation

resulted in an associated region of disorder.

In order to obtain a wild type structure in the crystal packing form of the mutants, random matrix
microseeding with seeds of the F122T mutant and wild type protein was carried out. This
protocol produced crystals of wild type protein in the tetragonal modification, allowing for the
first time the complete structure of wild type AmGSTF1 with ordered loops and a GSH molecule
in the G-site, to be determined to 2.3 A. This structure confirms the validity of the F122T mutant
as a model for the wild type protein. Importantly, this new crystal form allowed for soaking

experiments to be carried out to determine small molecule binding sites.
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This method of cross-seeding wild type proteins with mutants is highly applicable for use in other
protein systems. It allows for the possibility of mutating amino acids within the active site, which
may be essential for binding or protein function, to gain a desirable crystal form. This desirable
crystal form can then be used to seed wild type protein, giving a structure that is more

biologically relevant and can be used for co-crystallography experiments.

As the structure has some residues in the H-site with insufficient density to model side chains,
future work should focus on optimising crystal conditions to obtain a structure at higher
resolution than the current 2.3 A. This structure could also be a starting point for in silico ligand

discovery, enabling novel inhibitors to be identified.

8.2 CNBF Inhibitors

CNBF had previously been identified to form an adduct with the Cys120 residue of AMGSTF1
using mass spectrometry. In this work, a crystal structure has been obtained at 2.0 A. This is in
the hexagonal crystal modification and has two disordered loops, including one in the active site
area. This structure shows density at Cys120 for a covalently bound CNBF molecule albeit at
lower occupancy. However, no other major differences were observed from the apo structure
and it was not possible to determine the mechanism by which this covalent adduct was causing

inhibition.

Binding assays using CNBF-modified and unmodified protein determined that CNBF did not
prevent small molecule binding in the protein active site. However, using thermal shift assays it
was not possible to ascertain if the covalent modification affected the binding constants for
these molecules. Future work should use isothermal titration calorimetry to determine if CNBF
covalent modification affects the binding constant of small molecules in the active site, in

particular a NBF-GS conjugate.

By soaking wild type crystals obtained from cross-seeding with F122T protein, it was possible to
obtain a co-crystal structure for AmGSTF1 in complex with a NBF-GS conjugate with the structure
solved to 2.3 A. The conjugate was seen to bind in the active site, occupying a very similar
position to inhibitors for HsGSTP1. Identification of this binding site in the active site suggests
that CNBF may be working to inhibit the protein by two means possibly acting in combination;

through covalent modification of the protein and by blocking the active site. This is supported
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by work from biophysical studies demonstrating that CNBF modification at Cys120 does not
prevent NBF-GS binding suggesting that in vivo the protein is likely to both be alkylated at Cys120
and have NBF-GS bound in the active site. Further work should focus on trying to obtain a crystal
structure of AmGSTF1 with both a Cys120-NBF adduct and NBF-GS bound in the active site.
Seeds of the F122T mutant should be used alongside CNBF-modified protein to promote the

crystal packing form that allows for small molecule binding in the active site.

8.3 Flavonoid Inhibitors

Thermal shift assays were used to characterise the binding of ligands to AmGSTF1. This data
acted in a complementary manner to the CDNB inhibition data that had previously been
collected. It also validates the data from these inhibition assays, as the two orthogonal assays
are in agreement. Using this data it was possible to carry out detailed SAR analysis, identifying

which aspects of the flavonoid structure were essential for binding and activity.

In order to determine the likely binding site for flavonoid inhibitors the structure of the F122T
mutant was used for in silico docking experiments. It was possible to propose a likely binding
pose for flavonoid ligands in the H site of AmMGSTF1. The pose agrees with the observations from
SAR. In addition, the pose suggests that the flavonoid inhibitors form a m-interaction with
Phel22. The F122T mutants, with this residue substituted for an aliphatic amino acid which
could not form m interactions, did not bind flavonoid inhibitors. By contrast in thermal shift
assays the F122T mutants were observed to bind NBF-GS. The structure of wild type protein in
complex with NBF-GS demonstrates that Phel22 is not essential for NBF-GS binding, further
supporting the argument that this residue plays a vital role in the binding site for flavonoid

inhibitors.

Initial attempts at obtaining a co-crystal structure of AmGSTF1 in combination with a flavonoid
ligand by soaking were unsuccessful as the crystals were highly intolerant of DMSO, and all
flavonoids were available only as DMSO stocks. Future work should focus on obtaining a co-
crystal structure using other methods. Soaking using solid compounds, the method used for the
NBF-GS co-crystal structure, is a possibility. However due to limited solubility of the compounds
this is unlikely to be successful. Due to this very limited solubility co-crystallisation is more likely
to be successful than soaking. Crystallisation trials of protein with ligands in DMSO would
identify conditions where crystals could grow in the presence of DMSO, allowing this solvent to

be used to aid the solubility of the compounds. As in silico modelling was not able to provide a
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conclusive binding position for the long alkyl chain contained within the compound,
co-crystallography experiments would be particularly important with regards to determining
where this may be binding. In turn this would help explain the role this functional group plays in

increasing activity of the inhibitors.

In addition to co-crystallisation efforts, future work could focus on further validating the pose
obtained from in silico modelling using orthogonal methods. Single site mutants could be
created for those residues identified in docking experiments as playing a major role in binding.
Binding assays using flavonoid inhibitors could then be carried out to determine the importance
of the various residues in compound binding. While these tests could be done using thermal
shift assays, any changes in T, between mutant proteins would make comparison of binding
difficult. Preliminary work using microscale thermophoresis with AmGSTF1 and flavonoid
inhibitors showed promising results and this may prove a useful method to obtain comparable

binding constants for mutant and wild type proteins.

8.4 Role of AMGSTF1

While the work presented in this thesis has allowed for a better understanding of the mode of
action of inhibitors for AmGSTF1, in particular their binding site within the protein, it is still only
possible to speculate on how these molecules function to inhibit Multiple Herbicide Resistance.
This work suggests that inhibition can occur either via blocking the H-site (in the case of flavonoid
inhibitors) or via covalent modification in combination with blocking the H-site (in the case of
CNBF). It has been shown that both classes of inhibitors are not inherently phytotoxic to black
grass but are able to act as synergists alongside herbicides to restore herbicidal activity. That the
inhibitors give a response both in vitro against AmGSTF1 and in vivo as synergists supports the

hypothesis that it is their action against AmGSTF1 which causes this response.

However, the role of AmGSTF1 in causing Multiple Herbicide Resistance is still poorly
understood. Future work should focus on unravelling the overall function AmGSTF1 is playing in
MHR. Preliminary work carried out in this thesis suggests that herbicides do not bind to
AmGSTF1 supporting previous work that suggested that AmGSTF1 does not cause MHR by direct
detoxification of herbicides.?* As inhibitors have been identified as binding within the H-site this
suggests possible roles for AmGSTF1 within MHR. It is possible that they are acting to inhibit

activity of the protein towards an as yet unidentified molecule by blocking the H-site, supporting
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the hypothesis that the protein might be acting in a signalling role. Alternatively AmGSTF1 may
be involved in protein-protein interactions as identified for HsGSTP1 in MDR. Future work should
focus on identifying whether any other proteins may be involved in the MHR pathway. In this
case the inhibitors may be acting in a manner similar to those for MDR by preventing these

protein-protein interactions from occurring.

By further understanding the role AmGSTF1 is playing will in turn allow for better design of
inhibitors targeting this mode of action. It will also allow for a greater understanding of the role
played by both CNBF and the flavonoid inhibitors. Only when there is a deeper understanding
of the role played by AmGSTF1 in Multiple Herbicide Resistance will it be possible to fully

determine the mechanism by which these inhibitors function.
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Appendix A: Biophysical Data

B1: Complete data from thermal shift assays and CDNB inihibtion assays. Data from CDNB assays
performed by Maria Schwarz (MS compounds) or Hannah Straker (COM and SYG compounds). N.D.
shows where data was not determined.

Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C ]/ %
Structure
Code 1 10 100 1 10 100
T MM pM | pM M M
COMMERICALLY AVAILABLE FLAVONOIDS
HO o O
coM1 O | 0.4 1.7 53 | ND. 42 N.D.
HO
OH O
oo S
coM2 O | 0.1 01 02| ND. 70 9
OH O
OH
oo S
coM3 O | OH 04 14 48 | ND. ND. N.D.
OH O
o I
com4 O | 0.5 0.1 -0.7 | N.D. N.D. N.D.
/O (0]
o
COM5 | | 0.4 00 -02| N.D. ND. 61
HO
(@]
o
COM6 l | 0.3 0.2 | N.D. N.D. 14
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
HO o O
com7 | | 0.2 0.5 0.5 N.D. N.D. 69
o
0 o O
com8 | | 04 02 01| ND 25 98
OH O
SYNGENTA LIBRARY COMPOUNDS
SYG1 0.1 0 0.1 N.D. 6 N.D
SYG2 0.3 0.4 0.6 N.D. 52 N.D.
SYG3 0.5 0.4 -0.4 | N.D. 71 N.D.
SYG4 0.6 0.5 0.9 N.D. 8 N.D
SYG5 0.2 0.2 0.7 N.D. 6 N.D
SYG6 0.1 0.3 0.5 N.D. 7 N.D
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
SYG7 0.2 0 0.7 N.D. 2 N.D.
SYG8 0.2 2.2 1.1 N.D. 100 N.D.
SYG9 -0.3 -0.2 0.2 N.D. 40 N.D.
SYG10 0.1 N.D. 12 N.D.
SYG11 0.4 | N.D. 7 N.D.
MeO
MS-1-109 O | 04 02 02 |ND 17 ND,
OMe O
MeO o
MS-1-12-1 | 0.2 0.1 0.4 | N.D. 0 55
OMe O
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
i
MeO 0 \S\\o
MS-1-12-2 W 0.2 0.2 0 N.D. 8 59
OMe O
MeO o O
MS-1-123 O | 0.2 0 0.2 N.D. 25 98
OH O
MeO (0] O
MS-1-129 O l 0.2 0.4 0.6 N.D. 25 N.D.
e
MS-1-134 0.2 0.5 1.2 71 99 N.D.
MS-1-134
0.2 0.2 0.5 46 N.D. N.D.
E1l
MS-1-134
0.2 0.5 1.2 68 N.D. N.D.
E2
MS-1-139 0.1 0.3 1.1 6 39 N.D.
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
(\N/
MeO o N\)
MS-1-16 W 0 0.2 0.1 N.D. N.D. 16
OMe O
S
MeO 0 N\)
MS-1-18 \Q;J/ 0.1 0.2 0.2 N.D. 0 37
OMe O
MeO 0] F‘O
MS-1-19 W 0.2 0.1 0.3 N.D. 12 67
OMe O
H
N~ -OH
MeO o O
MS-1-20 02 02 01| ND. ND 12
OMe O
MeO o_ _Cl
MS-1-46 \Qiﬂﬂ/ 0.3 0.3 0.4 N.D. 32 5
OMe O
MS-1-51 O
MeO o
O | 0.2 0.3 0.3 N.D. 20 70
OMe O
MS-1-53-10 MeO O °| O 03 01 0 | ND. 12 80
OMe O
F
MeO o ‘
MS-1-53-2 O | 0.2 0.3 0.3 N.D. 23 78

OMe O
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
OMe
MeO (0] O
MS-1-53-4 O | 0.2 0.2 0.7 N.D. 15 100
OMe O
MeO o O
MS-1-53-6 O | O 0.1 0.1 -0.1 N.D. 12 87
OMe O
MeO (0] SMe
MS-1-6 W 0.1 0.2 0 N.D N.D 13
OMe O
MeO o O "
MS-1-66A O | OMe 03 02 02| ND 24 79
OMe O
OMe
MS-1-66-B OMe 0.3 0 02 | N.D. 11 100
S
o
MS-1-66C 0.3 0.2 0.3 N.D. 12 33
OMe
MS-1-66-D 0.3 0.3 0.3 N.D. 20 58
Z\'
MeO o N !
MS-1-71 | 0.2 0.3 0.2 N.D. 10 50

OMe O
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Thermal Shift CDNB Inhibition
Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
Z\
MeO (0] \l
MS-1-71 | 0.2 0.3 0.1 N.D. 10 50
OMe O
MeO O _COOH
MS-1-79 | -0.1 0 0.1 N.D. N.D. N.D.
OMe O
o)
MeO o
MS-1-79 | ” 0.2 0.0 0.0 N.D. 22 49
OMe O
OMe
MS-1-80 MGOW‘\H OMe 02 05 01 |ND 19 56
OMe O
0
MeO o
MS-1-82 | H 0.2 0.1 0.3 N.D. 34 64
OMe O
MeO (e} O
O
MS-3-12 0.3 0.2 0.5 N.D. 5 N.D.
0o o
/:\H/OH
o]
o~
Y
MeO (0] N4
MS-3-128 | -0.1 -0.2 -0.3 N.D. 8 53
OMe O
MeO o) O
MS-3-13 O l 0.2 0.2 1.1 N.D. 14 N.D.
O O
)\00014
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
MeO o M N/N
MS-3-132A | H 0.1 01 0 | N.D. 6 59
OMe O
PN
MeO o Sy
MS-3-140 W‘\ -0.1 -0.2 -0.2 N.D. 11 64
OMe O
MeO o O
MS-3-21 ‘ | 0.2 0.4 2.3 4 69 N.D
0 O
CsHﬂ)\COOH
MeO o O
MS-3-22 O l 0.3 0.7 2.9 40 86 N.D.
0 O
C7H15)\COOH
MeO [e) O
MS-3-24 O l 0.4 0.7 0.9 58 97 N.D.
o O
ch1g)\c00H
MeO o O
MS-3-24 O l 0.2 0.7 1.43 75 90 N.D.
MS-3-41 -0.1 0 0 N.D. 9 36
MS-3-42 0.1 0.2 0.3 N.D. 14 35
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
SO,Me
MS-3-43 MeO O OI O 0.2 01 03| ND 11 60
OMe O
SO,Me
MeO o O
|
MS-3-50 O 0.2 0.2 0.9 40 94 N.D.
o o
\Mg)\COOMe
TN
MeO o <\
MS-4-30-1 | -04 -0.5 -0.5 N.D. 23 83
OMe O
PN
MeO o SN
MS-4-30-2 W 0.4 0.4 0.1 N.D. 23 61
OH O
N=N
MeO o \N/NH
MS-4-4 -0.2 -0.3 -0.4 | N.D. 13 53
OMe O
S
\
MeO o \/N>
|
MS-4-48 0.8 1.8 2.8 56 95 N.D.
o o
\/\/\/\/\)\COOH
S/\>
HO o <y
MS-4-50 | 0.3 0.4 09 | N.D. 26 89
OH O
MeO
MS-4-8-1 0 0 0.1 | ND. 19 64

OMe O
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Thermal Shift CDNB Inhibition
Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
MeO
MS-4-8-2 0 0 -0.2 N.D 9 58
MeO
MS-4-9 -0.1 -0.1 -0.3 N.D 8 64
OMe O
S/\>
|
MS-5-30 0.7 1.6 4.3 52 95 N.D.
O O
\/\/\/\/\)\COOH
S
A\
MeO o \/N>
|
MS-5-31 0.6 0.5 0.7 N.D. 30 92
O O
)\COOH
MeO (6] ‘
MS-5-34 O l 1.2 1.3 2.1 N.D. 13 93
o O
\O/\/O\/\O/\)\COOH
S
\
MeO o] \/N>
|
MS-5-35 0.7 0.8 1.0 N.D. 14 98
O O
\O/\/O\/\O/\)\COOH
S
A\
/o\/o 0 \/N>
|
MS-5-6 0.7 1.6 3.8 67 98 N.D.
O O
\/\/\/\/\)\COOH
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Thermal Shift

CDNB Inhibition

Compound Assay AT/ °C /%
Structure
Code 1 10 100 1 10 100
UM M MM | M M M
HO o} \/\>
N
MS-5-7 1.3 1.7 4.2 72 100 N.D.
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Appendix B: Crystallographic Tables

chapter 4)
AmGSTF1 WT AmGSTF1 WT
apo covalent CNBF
Data Collection
Space Group P6522 P6522
Unit cell a=b=103.69, a=b=104.088, c=78.82
dimensions [A], ['] c=78.77 a=p=90, y=120
o=p=90, y=120
Resolution (A)? 51-1.53 (1.56- | 59.34-2.00 (2.05-2.00)
1.53)
Beamline DLS i04-1 DLS i04-1
Rmerge® 0.03434 0.091 (0.734)
(0.7881)
rMeas* 0.036887 0.098 (0.802)
(0.88657)
rPim (pooled 0.010 (0.27) 0.041 (0.338)
Friedels)”
1/ ol® 27.326 (1.992) 13.6(2.5)
Completeness (%)? 100.0 (99.46) 95.7 (97.5)
Redundancy 12.568 (10.348)
Refinement
No. reflections 38090/1777 16633/868
(all/free)
Rwork / Riree 0.193/0.217 0.19/0.237
No. of non H atoms
Protein 1540 1495
Water 112 59
Ligand - 12
B-factors
Protein 32.1 35.7
Water 39.2 39.2
Ligand - 63.1
R.m.s. deviations
Bond lengths (A) 0.0187 0.0161
Bond angles (°) 1.936 1.698

aThe values in parentheses correspond to the outermost resolution shell

B1: Crystallographic data tables for crystal structures of wild type AmGSTF1 (structures discussed in
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B2: Crystallographic data tables for crystal structures of mutant AmGSTF1, and structures obtained by
cross-seeding with mutant AmGSTF1 (structures discussed in chapter 5)

F122T (GSH Y118S (GSH AmGSTF1 WT AmGSTF1 WT
bound) bound) (GSH bound) (NBF-GS bound)
Data Collection
Space Group 14,22 14,22 14,22 14,22
Unit cell dimensions | a=b=112.590, | a=b=112.611, | a=b=112.877, a=b=112.896,
1AL, [ c=104.300 c=103.646 c=101.246 ¢=101.669
o=p=y=90 o=p=y=90 o=p=y=90 o=f=y=90
Resolution (A)? 43.62-2.78 79.63-2.60 79.82-2.25 35.70-2.30
(2.93-2.78) (2.72-2.60) (2.32-2.25) (2.38-2.30)
Beamline DLSi24 DLS i04-1 DLS i04-1 DLSi04-1
Rmerge® 0.040 (0.456) | 0.093(1.017) | 0.065 (0.821) 0.069 (0.971)
rMeas" 0.057 (0.645) | 0.096 (1.059) | 0.066 (0.032) 0.070 (0.989)
rPim° 0.040 (0.456) | 0.019(0.209) | 0.013 (0.007) 0.019 (0.186)
1/ ol 10.7 (1.3) 22.7 (3.7) 29.0(3.9) 26.5 (3.7)
Completeness (%)? 99.8 (100) 100 (99.5) 100.0 (99.9) 100 (98.6)
Multiplicity 1.8 (1.6) 26.1(22.1) 25.8 (21.4) 26.4 (22.4)
Refinement
No. reflections 8718/478 10565/ 549 15823/ 765 14901/ 715
(all/free)
Rwork / Riree 0.18/0.24 0.20/0.28° 0.23/0.28 0.21/0.25
No. of non H atoms
Protein 1683 1637 1678 1696
Water 6 18 24 8
Ligand 20 20 20 32
B-factors
Protein 86.1 41.9 57.5 69.6
Water 76.2 66.7 52.5 58.7
Ligand 91.0 69.5 67.2 72.8
R.m.s. deviations
Bond lengths (A) 0.0104 0.0174 0.0191 0.0179
Bond angles (°) 1.587 1.973 2.108 1.961

aThe values in parentheses correspond to the outermost resolution shell

bRefined using 5 cycles of automatic TLS paramaters
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Appendix C: Mass Spectrometry Data

C1: Strep Tagged AmGSTF1
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C3: AmGSTF1 Y118S Mutant
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C4: AmGSTF1 F122T Mutant
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C5: AmGSTF1 Y118S F122T Mutant
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Appendix D: Sequence Alignment

1 20 30
AmGSTF1 .[MAPVKVE MS|TNVARVT LICBERVIGREYEVV|NIDF|N T s[p|E H[L]
ZmGSTFl .MAPMKLY MSWNLTICA TIAMERAIGISD YE T V[P|INFAT s|plE H|L
ZmGSTF3 .[MAPLKLY LsPNVVEIVA TVIANBKIGILDFE I VIP[VD LT T QD F|L|
AtGSTF2 .MAGIKVF A S|TATRVL I AMHPIKINILD F E L V[H[VE LKD K[E[P F|L|
AtGSTF8 .MASTIKVH MS|[TATMBRV LA THMYIRK|D|ILQFEL I[P[VDMRA QE|A H|L|A LN |3 ele) T3 A
PtGSTF1 MATPVTIY Ls|TAVSEVLATMIBKD[VP FHLVP[IDLSK K[P|E Y|L|K I|opRaele vigAl
PtGSTF2 MATPVKVY LS|TAVSIVLV[THMLIAKD[VP FQ I I|[P[VDMSK K[P|D Y|L|K I|ojbakelelvidA
PtGSTF5 .MAPLKLH LS|TNTQRIVLATHYIKIE[VE FE LV|N[VNLGA] Q[E|P H|T|s LN | aels viZ A
PtGSTF7 . .MVLKLY Ms|TCTSIVLT|ICHHEPIKINILD FE L V[P[VD LF A o[p|P F|L|A KN )zRakele) T i A
PtGSTF8 .|.MVVKVY Majvcp oilvMAICHLIK/GIVEFDLVHVD LD § LIPJE F|L|L K| afele viz V|
60 80 20 100 110
AmMGSTF1 [DGDL REKYKTDE[VDLIRES . .NLJEEARMVID[VW T £ vV D|A H[T Y|N[P|A[L]s P[TV
ZmGSTF1l [DGDL RKNK . .|.[PELLREG. .[NLEEARMV|D[VW I EVEAN|Q Y|T|AALNP[I L
ZmGSTF3 [DGDE SKYASE|GTDLLPAT. .|. .[ASARK|LIE[VWLEVE|S HHF|Y[P[N[A|S P|LV
AtGSTF2 [DGDL HRYENOQ|GITN|LLIQTD SKN I|SQYENI|MAIT cMQVE|D H|QFDP|V|A|S KL A
AtGSTF8 [DGDL E[E Y|SEK|GEK|L I|SQDCKKV|. . KEVT|T|N[VW L QVE|G Q|0 F|D[P|Na|S K|L &
PtGSTFl [DEST DK YADK|GINR[SLIYGT . .|D I|L. S KEIN|T|D|QW V E T D|G Q|T F|G[P|P|S|G D|L V
PtGSTF2 [DEST EK YADR|GDK|GLIYGT . .NP|LERJ\S|I|DloWVEAE|GQ|s F|G[P|s|s|c AL v
PtGSTF5 [DGDL HQYASK|GTQLGAAG. .[NG . . YINT|I|L[vWQE VE|S H|Q F|D|P[S|AlS KL v
PtGSTF7 [EDDIL, EKFKGT|GlYD|LI|RHE . . [NLKEAE\S|V[K[VW TE VE|S H[R Y|N[P|A|T|AP|T V
PtGSTF8 [DGDF AKYEDR|GPN|. LGN . .|[TLEEKE\L[VD|QWLE T E|A HN F|N[D|L[VF N|T V.
120 130 140 160 170
AmGSTF1 Y[ocC[i] RlcLPTHEKVVAESL F
ZmGSTF1l F|QV|L Glc. TTPOKVVIDENL F
ZmGSTF3 F|QLL G|G . APAAVVIDKHA E
AtGSTF2 FEQ|T GIL.TTPEAVVAEEE T
AtGSTF8 F[ER|V GM . TTPARVIQELE s
PtGSTF1 HDL[L .Is|v.PVEAL IKKNV| E
PtGSTF2 F|QL[A N|I . POIQG|VIKQNE E
PtGSTF5 WEQ[V G|L.PTIJAA[LVIAETE S|
PtGSTF7 F|QFM GIN . SPPJQT|I IDDNV| F
PtGSTF8 FQV[V| IS0 - QGISE[LVIRTYE S|
180 190
AmGSTF1 [YFMA.[TPJHAA[JFDSYPHV ATMVPPKRA. . ...
ZmGSTF1l (CLF|A.|[TP|YAS[VLDA[YPHYV ALMKPSA......
ZMGSTF3 |YLS|K.|TP|KAG[L[VAARPHYV AAIPLPPPPSSSA
AtGSTF2 (YLL(G.[TP|TKK|LF TERPRYV ) 1
AtGSTF8 [YLL|G.[TD|SKV|LFDS[RPKYV| DILIQKQ .« « v v v v\
PtGSTF1l |[YLV[NS|[TDKGY|LFTSRKNV EMRKNA.......
PtGSTF2 [V LVINA[TDKGH|LFTSRENV EMRKSG.......
PtGSTF5 [RALL(G.[TP[SKK|LFDSRPHV ALLPK........
PtGSTF7 [YLMK.|[TPAAS[V[VNERPHV E[GMNFVKK. . . . .
PtGSTF8 |YLVINEAGLGH[LVKDRKKL NLAGF .. ......

Figure D1: Alignment of sequences of relevant GSTs. Sequences aligned using Clustal Omega. Figure
created using ESPript.1%
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Table D1: Sequence similarity to AmGSTF1. Calculated using NCBI BLAST.

Protein Sequence Similarity to AmGSTF1/ %
ZmGSTF1 63
ZmGSTF3 47
AtGSTF2 41
AtGSTF8 42
PtGSTF1 38
PtGSTF2 38
PtGSTF5 46
PtGSTF7 52
PtGSTF8 44
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Appendix E: Protein and DNA
Sequences

AmGSTF1 Wild Type (strep tagged) Protein Sequence

MASWSHPQFEKGLINHMAPVKVFGPAMSTNVARVTLCLEEVGAEYEVVNIDFNTMEHKSPEHLARNPFG
QIPAFQDGDLLLWESRAISKYVLRKYKTDEVDLLRESNLEEAAMVDVWTEVDAHTYNPALSPIVYQCLFNP
MMRGLPTDEKVVAESLEKLKKVLEVYEARLSKHSYLAGDFVSFADLNHFPYTFYFMATPHAALFDSYPHVKA
WWDRLMARPAVKKIAATMVPPKA

(Strep tag is shown in red)

AmGSTF1 Wild Type (strep tagged) Nucleotide Sequence

ATGGCTAGCTGGAGCCACCCGCAGTTCGAGAAAGGCTTAATTAACCATATGGCGCCGGTGAAAGTTTT
TGGCCCGGCCATGAGCACCAACGTTGCACGTGTGACCCTGTGCCTGGAAGAAGTTGGTGCAGAATATG
AAGTTGTGAATATTGATTTCAACACCATGGAACATAAAAGCCCGGAACACCTGGCGCGCAATCCGTTTG
GCCAGATCCCGGCCTTCCAGGATGGTGATCTGCTGCTGTGGGAAAGTCGTGCAATTAGCAAATATGTTC
TGCGCAAATATAAAACCGATGAAGTTGATCTGCTGCGTGAAAGCAACCTGGAAGAAGCAGCGATGGT
GGATGTTTGGACCGAAGTTGATGCCCATACCTATAATCCGGCACTGAGCCCGATCGTGTATCAGTGTCT
GTTTAACCCGATGATGCGCGGCCTGCCGACCGATGAAAAAGTTGTTGCAGAAAGCCTGGAAAAACTGA
AAAAAGTGCTGGAAGTTTATGAAGCGCGTCTGAGCAAACACAGCTATCTGGCCGGTGATTTCGTTAGC
TTTGCAGATCTGAATCATTTCCCGTATACCTTTTATTTCATGGCAACCCCGCACGCGGCCCTGTTTGATA
GCTATCCGCATGTGAAAGCATGGTGGGATCGCCTGATGGCACGTCCGGCAGTGAAGAAAATCGCCGC
GACCATGGTGCCGCCGAAAGCC

(Strep tag is shown in red)

AmGSTF1 Wild Type (untagged) Protein Sequence

MAPVKVFGPAMSTNVARVTLCLEEVGAEYEVVNIDFNTMEHKSPEHLARNPFGQIPAFQDGDLLLWESRA
ISKYVLRKYKTDEVDLLRESNLEEAAMVDVWTEVDAHTYNPALSPIVYQCLFNPMMRGLPTDEKVVAESLEK
LKKVLEVYEARLSKHSYLAGDFVSFADLNHFPYTFYFMATPHAALFDSYPHVKAWWDRLMARPAVKKIAAT
MVPPKA

AmGSTF1 Wild Type (untagged) Nucleotide Sequence

ATGGCGCCGGTGAAAGTTTTTGGCCCGGCCATGAGCACCAACGTTGCACGTGTGACCCTGTGCCTGGA
AGAAGTTGGTGCAGAATATGAAGTTGTGAATATTGATTTCAACACCATGGAACATAAAAGCCCGGAAC
ACCTGGCGCGCAATCCGTTTGGCCAGATCCCGGCCTTCCAGGATGGTGATCTGCTGCTGTGGGAAAGT
CGTGCAATTAGCAAATATGTTCTGCGCAAATATAAAACCGATGAAGTTGATCTGCTGCGTGAAAGCAAC
CTGGAAGAAGCAGCGATGGTGGATGTTTGGACCGAAGTTGATGCCCATACCTATAATCCGGCACTGAG
CCCGATCGTGTATCAGTGTCTGTTTAACCCGATGATGCGCGGCCTGCCGACCGATGAAAAAGTTGTTGC
AGAAAGCCTGGAAAAACTGAAAAAAGTGCTGGAAGTTTATGAAGCGCGTCTGAGCAAACACAGCTATC
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TGGCCGGTGATTTCGTTAGCTTTGCAGATCTGAATCATTTCCCGTATACCTTTTATTTCATGGCAACCCCG
CACGCGGCCCTGTTTGATAGCTATCCGCATGTGAAAGCATGGTGGGATCGCCTGATGGCACGTCCGGC
AGTGAAGAAAATCGCCGCGACCATGGTGCCGCCGAAAGCC

AmGSTF1 Y118S Mutant Protein Sequence

MAPVKVFGPAMSTNVARVTLCLEEVGAEYEVVNIDFNTMEHKSPEHLARNPFGQIPAFQDGDLLLWESRA
ISKYVLRKYKTDEVDLLRESNLEEAAMVDVWTEVDAHTYNPALSPIVSQCLFNPMMRGLPTDEKVVAESLEK
LKKVLEVYEARLSKHSYLAGDFVSFADLNHFPYTFYFMATPHAALFDSYPHVKAWWDRLMARPAVKKIAAT
MVPPKA

AmGSTF1 Y118S Mutant Nucleotide Sequence

ATGGCGCCGGTGAAAGTTTTTGGCCCGGCCATGAGCACCAACGTTGCACGTGTGACCCTGTGCCTGGA
AGAAGTTGGTGCAGAATATGAAGTTGTGAATATTGATTTCAACACCATGGAACATAAAAGCCCGGAAC
ACCTGGCGCGCAATCCGTTTGGCCAGATCCCGGCCTTCCAGGATGGTGATCTGCTGCTGTGGGAAAGT
CGTGCAATTAGCAAATATGTTCTGCGCAAATATAAAACCGATGAAGTTGATCTGCTGCGTGAAAGCAAC
CTGGAAGAAGCAGCGATGGTGGATGTTTGGACCGAAGTTGATGCCCATACCTATAATCCGGCACTGAG
CCCGATCGTGTATCAGTGTCTGTTTAACCCGATGATGCGCGGCCTGCCGACCGATGAAAAAGTTGTTGC
AGAAAGCCTGGAAAAACTGAAAAAAGTGCTGGAAGTTTATGAAGCGCGTCTGAGCAAACACAGCTATC
TGGCCGGTGATTTCGTTAGCTTTGCAGATCTGAATCATTTCCCGTATACCTTTTATTTCATGGCAACCCCG
CACGCGGCCCTGTTTGATAGCTATCCGCATGTGAAAGCATGGTGGGATCGCCTGATGGCACGTCCGGC
AGTGAAGAAAATCGCCGCGACCATGGTGCCGCCGAAAGCCTAA

AmGSTF1 F122T Mutant Protein Sequence

MAPVKVFGPAMSTNVARVTLCLEEVGAEYEVVNIDFNTMEHKSPEHLARNPFGQIPAFQDGDLLLWESRA
ISKYVLRKYKTDEVDLLRESNLEEAAMVDVWTEVDAHTYNPALSPIVYQCLTNPMMRGLPTDEKVVAESLEK
LKKVLEVYEARLSKHSYLAGDFVSFADLNHFPYTFYFMATPHAALFDSYPHVKAWWDRLMARPAVKKIAAT
MVPPKA

AmGSTF1 F122T Mutant Nucleotide Sequence

ATGGCGCCGGTGAAAGTTTTTGGCCCGGCCATGAGCACCAACGTTGCACGTGTGACCCTGTGCCTGGA
AGAAGTTGGTGCAGAATATGAAGTTGTGAATATTGATTTCAACACCATGGAACATAAAAGCCCGGAAC
ACCTGGCGCGCAATCCGTTTGGCCAGATCCCGGCCTTCCAGGATGGTGATCTGCTGCTGTGGGAAAGT
CGTGCAATTAGCAAATATGTTCTGCGCAAATATAAAACCGATGAAGTTGATCTGCTGCGTGAAAGCAAC
CTGGAAGAAGCAGCGATGGTGGATGTTTGGACCGAAGTTGATGCCCATACCTATAATCCGGCACTGAG
CCCGATCGTGTATCAGTGTCTGTTTAACCCGATGATGCGCGGCCTGCCGACCGATGAAAAAGTTGTTGC
AGAAAGCCTGGAAAAACTGAAAAAAGTGCTGGAAGTTTATGAAGCGCGTCTGAGCAAACACAGCTATC
TGGCCGGTGATTTCGTTAGCTTTGCAGATCTGAATCATTTCCCGTATACCTTTTATTTCATGGCAACCCCG
CACGCGGCCCTGTTTGATAGCTATCCGCATGTGAAAGCATGGTGGGATCGCCTGATGGCACGTCCGGC
AGTGAAGAAAATCGCCGCGACCATGGTGCCGCCGAAAGCCTAA
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AmGSTF1 Y118S F122T Mutant Protein Sequence

MAPVKVFGPAMSTNVARVTLCLEEVGAEYEVVNIDFNTMEHKSPEHLARNPFGQIPAFQDGDLLLWESRA
ISKYVLRKYKTDEVDLLRESNLEEAAMVDVWTEVDAHTYNPALSPIVSQCLTNPMMRGLPTDEKVVAESLEK
LKKVLEVYEARLSKHSYLAGDFVSFADLNHFPYTFYFMATPHAALFDSYPHVKAWWDRLMARPAVKKIAAT
MVPPKA

AmGSTF1 Y118S F122T Mutant Nucleotide Sequence

ATGGCGCCGGTGAAAGTTTTTGGCCCGGCCATGAGCACCAACGTTGCACGTGTGACCCTGTGCCTGGA
AGAAGTTGGTGCAGAATATGAAGTTGTGAATATTGATTTCAACACCATGGAACATAAAAGCCCGGAAC
ACCTGGCGCGCAATCCGTTTGGCCAGATCCCGGCCTTCCAGGATGGTGATCTGCTGCTGTGGGAAAGT
CGTGCAATTAGCAAATATGTTCTGCGCAAATATAAAACCGATGAAGTTGATCTGCTGCGTGAAAGCAAC
CTGGAAGAAGCAGCGATGGTGGATGTTTGGACCGAAGTTGATGCCCATACCTATAATCCGGCACTGAG
CCCGATCGTGTATCAGTGTCTGTTTAACCCGATGATGCGCGGCCTGCCGACCGATGAAAAAGTTGTTGC
AGAAAGCCTGGAAAAACTGAAAAAAGTGCTGGAAGTTTATGAAGCGCGTCTGAGCAAACACAGCTATC
TGGCCGGTGATTTCGTTAGCTTTGCAGATCTGAATCATTTCCCGTATACCTTTTATTTCATGGCAACCCCG
CACGCGGCCCTGTTTGATAGCTATCCGCATGTGAAAGCATGGTGGGATCGCCTGATGGCACGTCCGGC
AGTGAAGAAAATCGCCGCGACCATGGTGCCGCCGAAAGCCTAA

AtGSTF8 (Strep tagged) Protein Sequence

MASWSHPQFEKGLINHMASIKVHGVPMSTATMRVLATLYEKDLQFELIPVDMRAGAHKQEAHLALNPFG
QIPALEDGDLTLFESRAITQYLAEEYSEKGEKLISQDCKKVKATTNVWLQVEGQQFDPNASKLAFERVFKGM
FGMTTDPAAVQELEGKLOQKVLDVYEARLAKSEFLAGDSFTLADLHHLPAIHYLLGTDSKVLFDSRPKVSEWIK
KISARPAWAKVIDLQKQ,

(Strep tag is shown in red)

AtGSTF8 (Strep tagged) Nucleotide Sequence

ATGGCTAGCTGGAGCCACCCGCAGTTCGAGAAAGGCTTAATTAACCATATGGCCAGTATCAAGGTTCA
CGGAGTCCCCATGTCCACCGCCACAATGCGCGTCCTCGCTACTCTTTACGAGAAAGATCTCCAGTTCGA
GCTCATCCCCGTCGATATGAGAGCCGGTGCCCACAAGCAAGAGGCCCACCTTGCCCTCAACCCCTTCGG
TCAAATTCCTGCTCTCGAGGACGGTGATTTGACGCTTTTCGAGTCAAGAGCCATCACACAGTACCTAGC
AGAGGAATACAGTGAGAAAGGTGAAAAGCTTATCTCCCAAGACTGCAAGAAAGTCAAGGCAACCACT
AACGTATGGCTTCAAGTTGAAGGTCAACAGTTTGACCCTAACGCCTCTAAGCTTGCCTTCGAGCGTGTC
TTTAAAGGCATGTTCGGCATGACCACTGACCCTGCCGCTGTCCAAGAGCTCGAAGGTAAGCTCCAGAA
AGTCTTGGATGTCTACGAGGCTAGGCTCGCCAAATCTGAGTTCTTGGCTGGTGATTCCTTCACTCTTGCT
GATCTTCACCACCTCCCAGCCATCCATTACTTGTTGGGTACTGACTCCAAGGTGCTCTTTGACTCTCGCCC
TAAGGTTAGCGAGTGGATTAAGAAGATCTCTGCCAGGCCTGCTTGGGCTAAGGTTATTGACCTCCAGA
AGCAG

(Strep tag is shown in red)
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Appendix F: Herbicide Binding

H1: Herbicide Compounds Tested

Cl
HC.
> =N Cl
{ gl
J—{=H cl cl
O CHs
Clodinafop 2,4,5-trichlorophenol
NH,

Cl
Cl

3,4-dichloroaniline

H2: Thermal Shift Data for Herbicide binding to AmGSTF1
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Appendix G: Apo Structures of

AmGSTF1

G1: Details of datasets collected of apo AmGSTF1 from co-crystallography experiments using
Flavonoid Inhibitors.

Dataset Resolution/ Ligand used for Completeness/ R Rfree

Number A co-crystallography %
1 1.52 coM1 99.9 0.23 | 0.25
2 1.55 MS-4-50 100 0.20 | 0.22
3 1.58 MS-4-48 100.0 0.25 | 0.27
4 1.59 MS-4-30-1 100.0 0.27 | 0.30
5 1.61 MS-4-50 100.0 0.27 | 0.29
6 1.7 coM1 100 0.24 | 0.28
7 1.75 MS-4-48 99.9 0.27 | 031
8 1.75 MS-4-30-1 93.7 0.26 | 0.28
9 2.4 MS-5-31 99.6 0.21 | 0.27
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