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Abstract

ABSTRACT
Terpene synthases (TPS) are a family of enzymes responsible for synthesising the vast array of
terpenoid compounds known to exist in nature. In plants these compounds serve to increase
ecological fitness, while commercially they represent one of the key compound classes in
determining the quality of food products, including flavour and aroma in fruit crops.
Preliminary functional characterisation of an apple (Malus x domestica) TPS responsible for the
production of α-farnesene (MdAFS1), which constitutes the major terpene volatile in apple,
showed novel features not previously reported for a TPS enzyme. These included the apparent
ability of MdAFS1 to generate α-farnesene by a prenyltransferase reaction and being the first
angiosperm TPS with a dependence on potassium for activity. The focus of this PhD study was
to extend the preliminary functional analysis of MdAFS1 and provide definitive proof for this
prenyltransferase activity and also the location and nature of the MdAFS1 potassium binding
region. In the research presented here, mutagenesis of the MdAFS1 aspartate-rich divalent metal
ion binding motif removed TPS and prenyltransferase activities, showing not only that MdAFS1
possessed intrinsic prenyltransferase function but that both TPS and prenyltransferase catalysis
were occurring through the same active site. Protein modelling also revealed a surface-exposed
loop (H-αl loop) in MdAFS1 that fulfilled the necessary requirements for a potassium binding
region. Site-directed mutagenesis analysis of specific residues within this loop then revealed
their crucial importance to this potassium response and strongly implicated specific residues in
direct potassium binding. The role of the H-αl loop in terpene synthase potassium coordination
was confirmed in a conifer pinene synthase also using site-directed mutagenesis. These findings
provide the first direct evidence for a specific potassium binding region in two functionally and
phylogenetically divergent terpene synthases. They also provide a basis for understanding
potassium activation in other TPS enzymes and establish a new role for the H-αl loop region in
TPS catalysis.
Structural insights were also sought for how MdAFS1 might have evolved from an ancestral
mono-TPS enzyme. A combination of contact mapping and mutagenesis analysis identified a
single non-synonymous nucleotide substitution that could explain one route for the requisite shift
in substrate specificity necessary for α-farnesene synthesis.
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Abstract
Taken together, the work presented in this thesis provides the foundation for future investigation
into the catalytic mechanisms and evolution of plant terpene synthases. Broadening the scope of
this and related studies so as to begin unravelling the complex interplay between plant ecological
fitness and TPS catalytic specificity still remains an enormous future challenge.

.

II

Acknowledgments

ACKNOWLEDGEMENTS
Firstly I would like to sincerely thank my supervisors Professor Ted Baker and Dr William Laing
for their support, guidance, enthusiasm and constructive criticism during the course of this study.
I count myself privileged to have had the opportunity to learn the necessary scientific disciplines
for the completion of a PhD study from two scientists whom I admire and respect immensely.
I am also indebted to my associate supervisor and former manger at Plant & Food Research, Dr
Elspeth McRae. Elspeth’s support was not only crucial in initiating this study but also in
instilling in me the belief that I could successfully complete it. I would like to thank my associate
supervisor Dr Jo Putterill for agreeing to act as the bridge between plant science at Plant & Food
Research and Auckland University and the encouragement she has given me throughout the
course of this study.
Numerous people at Plant & Food Research and Auckland University are owed thanks for the
support, advice and technical assistance they have given me. In particular, thanks to Dr Ellen
Friel for teaching me the basics of GC-MS analysis and Mindy Wang for the continuing support
she has given me in using the GC-MS facility. To Dr Adam Matich for his considerable help
with running numerous GC-MS analyses and synthesis of precursors and also, being party to
numerous discussions regarding the baffling nature of terpene chemistry. To Dr Daryl Rowan
who, by choice or otherwise, was more often than not included in these same discussions and for
his help in getting the first MdAFS1 paper to publication. To the members of the Flavour
Biotechnologies team at Plant & Food Research for their support and patience. In particular I
would like to thank Niels Nieuwenhuizen for his ideas, technical expertise, and help in finishing
the potassium work for publication. To Dr Cyril Hamiaux for his help with the technical and
theoretical aspects of protein crystallisation and crystallography and to Dr Ian Ferguson for his
continued support and help in reviewing draft chapters. To Janine Cooney and Dr Dave
Greenwood their help with the various LC/MS analyses. To Martin Heffer, Tim Holmes and
Minna Pesonen for providing help with high quality images and photographs and to Michele
Napier for all the Endnote help.
I would also like to thank the members of the structural biology team at Auckland, both past and
present, for their support. In particular, to Dr Chris Squire for his time, patience and help in
III

Acknowledgments
protein modelling, ligand docking and generally putting up with someone who had little
background in structural biology or computational methods for protein structure prediction. To
Heather Baker for her support, advice and technical assistance in the protein crystallisation work.
To Dr Tom Caradoc-Davies for his advice on the finer points of protein purification and
crystallisation and to Ivan Ivanovic for his help in the crystallisation screening. I would also like
to thank Dr Jörg Bohlmann and Karen Reid at the Michael Smith Laboratories, University of
British Columbia, Vancouver, Canada, for making available the various conifer terpene
synthases expression constructs.
I am grateful to Plant & Food Research for giving me the opportunity to pursue my scientific
goals. This work was supported by the New Zealand Foundation for Research, Science, and
Technology (C06X0403) and Plant & Food Internal Investment funding. I am also grateful to
Plant & Food Research and the University of Auckland for providing the financial assistance that
has allowed me the opportunity to present my work at The International Terpnet Conference in
Tokyo, Japan (2009).
Finally I would like to thank my wife Emma and my children, Lana, Jacob and Finn who have
survived the ups and downs of a preoccupied and often absent husband and father. The
completion of this challenging and highly rewarding study would not have been possible without
their unconditional love, support and patience.

IV

Table of contents

TABLE OF CONTENTS
ABSTRACT .................................................................................................................................................I
ACKNOWLEDGEMENTS.....................................................................................................................III
ABBREVIATIONS ............................................................................................................................... XVI
1

GENERAL INTRODUCTION......................................................................................................... 1
1.1
Introduction to terpenes .............................................................................................................. 1
1.1.1 Role of terpenes in essential metabolite production............................................................... 1
1.1.2 Secondary metabolic functions of terpenes ............................................................................ 2
1.1.2.1
Floral scents ................................................................................................................... 2
1.1.2.2
Defence compounds....................................................................................................... 2
1.1.3 Commercial uses of terpenes .................................................................................................. 3
1.2
Overview of terpene biosynthesis............................................................................................... 3
1.2.1 IDP biosynthesis ..................................................................................................................... 4
1.2.2 Mevalonate pathway............................................................................................................... 4
1.2.3 Mevalonate independent pathway .......................................................................................... 5
1.2.4 Terpenoid biosynthesis in plants ............................................................................................ 6
1.3
Terpene synthases ....................................................................................................................... 8
1.3.1 Classification of terpene synthase genes ................................................................................ 8
1.3.1.1
Subgroups. ..................................................................................................................... 8
1.3.1.2
Terpene synthase classes................................................................................................ 9
1.4
Terpene synthase structure.......................................................................................................... 9
1.4.1 Primary structural features .................................................................................................... 9
1.4.2 Crystal structures ................................................................................................................. 10
1.4.2.1
Terpene synthase loop regions..................................................................................... 11
1.5
Terpene synthase chemistry...................................................................................................... 12
1.5.1 Monoterpene cyclisation....................................................................................................... 13
1.5.2 Formation of sesquiterpenes ................................................................................................ 15
1.5.3 Formation of diterpenes ....................................................................................................... 17
1.6
Regulation of terpene synthesis ................................................................................................ 17
1.6.1 Transcriptional regulation ................................................................................................... 18
1.6.2 Post transcriptional / translational regulation..................................................................... 19
1.7
Terpene synthase evolution....................................................................................................... 19
1.8
Local context for the research................................................................................................... 22
1.9
Project aims............................................................................................................................... 22

2

MATERIALS AND METHODS.................................................................................................... 24
2.1
In silico analysis........................................................................................................................ 24
2.1.1 Amino acid sequence alignments.......................................................................................... 24
2.1.2 BLAST analysis..................................................................................................................... 24
2.1.3 Chloroplast targeting peptide (CTP) prediction .................................................................. 24
2.1.4 Open reading frame (ORF) prediction................................................................................. 25
2.1.4.1
Phylogenetic analysis................................................................................................... 25
2.1.5 Protein homology modelling ................................................................................................ 25
2.1.5.1
MdAFS1 modelling ..................................................................................................... 25
2.1.5.2
FDP substrate docking in MdAFS1 ............................................................................. 25
2.1.5.3
Lotus corniculatus ocimene synthase (LjEβOS) modelling......................................... 26
2.1.5.4
Modelling of other terpene synthases .......................................................................... 26
2.1.6 Viewing and manipulating 3D protein models and structures ............................................. 26
2.2
Enzymes and Chemicals ........................................................................................................... 27
2.3
DNA methods ........................................................................................................................... 27
V

Table of contents
2.3.1 Media and buffers................................................................................................................. 27
2.3.2 Antibiotic final concentrations ............................................................................................. 27
2.3.3 Bacterial strains ................................................................................................................... 28
2.3.4 Bacterial genotypes .............................................................................................................. 28
2.3.5 Storage of bacteria ............................................................................................................... 28
2.3.6 Isolation of plasmid DNA ..................................................................................................... 28
2.3.7 Agarose gel electrophoresis ................................................................................................. 29
2.3.8 DNA quantification............................................................................................................... 29
2.3.9 DNA ligation......................................................................................................................... 29
2.3.10
General cloning................................................................................................................ 29
2.3.11
TOPO Cloning ................................................................................................................. 30
2.3.12
AcTPS1 cloning................................................................................................................ 30
2.3.12.1 pET-30 expression vector construction........................................................................ 30
2.3.12.2 TEV protease linker construction ................................................................................ 31
2.3.13
Primer design ................................................................................................................... 31
2.3.14
PCR amplification of DNA sequences.............................................................................. 32
2.3.15
QuikChange™ mutagenesis ............................................................................................. 32
2.3.16
PCR Product Purification ................................................................................................ 34
2.3.17
Transformation of cells .................................................................................................... 34
2.3.18
Restriction analysis .......................................................................................................... 35
2.3.19
Dephosphorylation of DNA.............................................................................................. 35
2.3.20
DNA sequencing............................................................................................................... 36
2.4
Protein methods ........................................................................................................................ 36
2.4.1 Production of recombinant proteins in E. coli: Autoinduction method................................ 36
2.4.2 Extraction of soluble proteins from E. coli cells .................................................................. 37
2.4.3 Purification of recombinant terpene synthase proteins........................................................ 37
2.4.3.1
Purification of His6-tagged recombinant proteins........................................................ 38
2.4.3.2
Anion exchange chromatography ................................................................................ 38
2.4.3.3
Ammonium sulphate precipitation............................................................................... 39
2.4.3.4
Hydrophobic interaction chromatography ................................................................... 39
2.4.3.5
Size exclusion chromatography ................................................................................... 40
2.4.4 Protease treatment................................................................................................................ 41
2.4.5 Storage of proteins................................................................................................................ 41
2.4.6 Denaturing gel electrophoresis ............................................................................................ 41
2.4.6.1
Sample preparation ...................................................................................................... 42
2.4.6.2
SDS-PAGE materials................................................................................................... 42
2.4.6.3
Electrophoresis and staining ........................................................................................ 42
2.4.7 Western Blotting ................................................................................................................... 43
2.4.8 Automated electrophoresis ................................................................................................... 43
2.4.9 Protein quantification........................................................................................................... 44
2.4.10
Dynamic light scattering (DLS) analysis ......................................................................... 44
2.5
Protein crystallisation................................................................................................................ 44
2.5.1 Crystallisation screening...................................................................................................... 44
2.5.2 Crystal scoring ..................................................................................................................... 45
2.5.3 Optimisation of TPS crystals obtained from initial screens ................................................. 45
2.5.3.1
Fine screening .............................................................................................................. 45
2.5.3.2
Use of inhibitors........................................................................................................... 46
2.6
Volatile collection..................................................................................................................... 46
2.6.1 Solid phase microextraction (SPME) ................................................................................... 46
2.6.2 Solvent extractions................................................................................................................ 47
2.7
GCMS ....................................................................................................................................... 47
2.7.1 SPME analysis (general) ...................................................................................................... 47
2.7.2 GCMS analysis for AcTPS1.................................................................................................. 48
2.7.2.1
Non-chiral analysis of the AcTPS1 products............................................................... 48
2.7.2.2
Enantioselective GCMS............................................................................................... 48
VI

Table of contents
2.7.3 LC MS/MS analysis of DDXXD mutants .............................................................................. 48
2.8
Radiometric enzyme assays ...................................................................................................... 49
2.8.1 FDP activity assays .............................................................................................................. 49
2.8.2 GDP activity assays.............................................................................................................. 50
3

BIOINFORMATICS ANALYSES OF TERPENE SYNTHASE GENES ................................. 51
3.1
Introduction............................................................................................................................... 51
3.1.1 Plant & Food Research EST and compound databases ....................................................... 52
3.1.2 Summary of terpene synthase EST analysis carried out prior to this PhD study ................. 53
3.1.3 Summary of terpene synthases analysed prior to this PhD study......................................... 55
3.1.3.1
EST 57400 (MdAFS1)................................................................................................. 55
3.1.3.2
EST 75565 ................................................................................................................... 55
3.1.3.3
EST 21063 ................................................................................................................... 55
3.1.3.4
EST 36941 ................................................................................................................... 56
3.2
Terpene synthase bioinformatics .............................................................................................. 56
3.2.1 Shorthand naming convention for terpene synthase genes and enzymes ............................. 56
3.2.2 Sequence analysis of putative terpene synthase cDNAs ....................................................... 57
3.2.3 Subgroup assignments of Plant & Food Research terpene synthases.................................. 60
3.2.4 Sequence analysis and phylogenetics summary ................................................................... 62
3.2.4.1
New TPS-a and TPS- b members ................................................................................ 62
3.2.4.2
New TPS-g members ................................................................................................... 62
3.2.4.3
A novel TPS-f member ................................................................................................ 63
3.3
Final conclusions ...................................................................................................................... 64
3.4
Summary ................................................................................................................................... 66

4

PRENYLTRANSFERASE ACTIVITY IN AN APPLE α-FARNESENE SYNTHASE........... 67
4.1
Introduction............................................................................................................................... 67
4.1.1 Summary of MdAFS1 functional analysis carried out prior to this PhD study.................... 68
4.2
Biosynthesis of (E,E)-α-farnesene from GDP .......................................................................... 69
4.2.1 A potential prenyltransferase activity................................................................................... 69
4.2.1.1
MdAFS1 activity analysis using deuterated precursors............................................... 71
4.2.1.2
MdAFS1 passively carries FDP or α-farnesene........................................................... 73
4.2.2 Labelled precursor analysis conclusions.............................................................................. 74
4.3
Peptide analysis of MdAFS1 .................................................................................................... 75
4.3.1 Testing for prenyltransferase activity in a germacrene-D synthase..................................... 76
4.4
Mutagenesis analysis of MdAFS1 ............................................................................................ 78
4.4.1 Mutagenesis strategy ............................................................................................................ 78
4.4.2 Production of DDXXD mutant enzymes ............................................................................... 79
4.4.3 Terpene synthase activity associated with DDXXD mutations............................................. 80
4.4.4 Prenytransferase activity in response to DDXXD mutations ............................................... 82
4.4.5 Investigation of the importance of the second DDXXD aspartate in MdAFS1 .................... 85
4.5
Discussion................................................................................................................................. 86
4.5.1 Bacterial contamination and retention of substrate or product ........................................... 86
4.5.2 DDXXD mutagenesis............................................................................................................ 87
4.5.3 A common ancestral origin of TPS-b enzymes and prenyltransferases................................ 87
4.5.3.1
Structure-function similarities in Class I isoprenoid biosynthetic enzymes ................ 88
4.5.3.2
Substrate specificity in MdAFS1 and other Class I isoprenoid enzymes .................... 89
4.5.3.3
Covalent attachment of FDP in MdAFS1 .................................................................... 90
4.6
Summary ................................................................................................................................... 91

5
DEFINING THE POTASSIUM BINDING DOMAIN IN AN APPLE α-FARNESENE
SYNTHASE .............................................................................................................................................. 92
5.1
Introduction............................................................................................................................... 92
5.1.1 Terpene synthase monovalent cation dependency ................................................................ 93
5.2
MdAFS1 protein homology modelling..................................................................................... 94
VII

Table of contents
5.2.1 The H-α1 loop is identified as a probable K+ binding region.............................................. 95
5.3
MdAFS1 H-α1 loop Mutagenesis............................................................................................. 97
5.3.1 Generation of mutant recombinant enzymes ........................................................................ 97
5.3.2 D484 and S487 residues are crucial for MdAFS1 activity................................................... 98
5.3.3 Kinetic analysis of the MdAFS1 potassium response ......................................................... 100
5.3.4 H-α1 loop residue conservation in TPS-b enzymes............................................................ 101
5.3.5 Introduction of a conserved TPS-b lysine into MdAFS1. ................................................... 102
5.3.6 Predicted coordination of potassium in MdAFS1 .............................................................. 105
5.3.7 Mutagenesis of H-α1 loop residues in other terpene synthases ......................................... 107
5.3.7.1
H-α1 loop mutagenesis in the potassium-independent TPS-b enzymes.................... 107
5.3.7.2
The role of the H-α1 loop in the potassium-dependent TPS-d enzymes ................... 107
5.3.8 Construction of the TPS-b and TPS-d mutants................................................................... 108
5.3.9 Activity analysis for TPS-b and TPS-d monoterpene synthase mutants ............................. 110
5.4
Discussion............................................................................................................................... 113
5.4.1 AcTPS2 and PsTPS2 H-α1 loop residue analysis .............................................................. 115
5.5
Summary ................................................................................................................................. 118
6

EVOLUTION OF FDP SPECIFICITY IN AN APPLE α-FARNESENE SYNTHASE ......... 119
6.1
Introduction............................................................................................................................. 119
6.2
Contact mapping ..................................................................................................................... 120
6.2.1 Overview of contact mapping ............................................................................................. 120
6.2.2 MdAFS1 contact mapping .................................................................................................. 121
6.2.3 The active site Trp in BPPS is highly conserved in TPS-b synthases................................. 123
6.2.4 C298W mutagenesis in MdAFS1 supports the proposed emergence of FDP catalysis in TPSb synthases....................................................................................................................................... 125
6.2.5 Loss of monoterpene synthase activity in the MdAFS1 ancestor........................................ 127
6.2.5.1
Final considerations for the MdAFS1 protein engineering........................................ 127
6.2.6 MdAFS1 active site aromatic and basic residue comparisons to LjEβOS ......................... 130
6.2.7 LjEβOS homology modelling.............................................................................................. 131
6.2.7.1
Aromatic residue differences between MdAFS1 and LjEβOS .................................. 131
6.2.7.2
Differences in basic residues between MdAFS1 and LjEβOS .................................. 132
6.2.7.3
Conservation of active site aromatic and basic residues in TPS-b synthases ............ 133
6.2.8 Final selection of mutable residue targets.......................................................................... 135
6.2.9 Construction and analysis of the MdAFS1 aromatic mutants ............................................ 135
6.3
Evolution of FDP specificity in the TPS-d subgroup.............................................................. 137
6.3.1 Norway spruce terpene synthase contact mapping ............................................................ 138
6.3.2 Contribution of mapped P. abies residues to active site topology...................................... 139
6.3.3 PaTPS-Far mutagenesis strategy ....................................................................................... 143
6.4
Discussion............................................................................................................................... 146
6.4.1 Evolution of FDP catalysis in the TPS-b synthases............................................................ 147
6.4.2 Implications for a conserved tryptophan on TPS-b mono synthase activity....................... 148
6.4.3 Modulating monoterpene synthase activity in MdAFS1 by protein engineering................ 149
6.4.4 Evolution of FDP specificity in the TPS-d subgroup.......................................................... 150
6.5
Summary ................................................................................................................................. 152

7

PURIFICATION AND CRYSTALLISATION OF AN APPLE α-FARNESENE SYNTHASE
153
7.1
Introduction............................................................................................................................. 153
7.1.1 Terpene synthase crystallography ...................................................................................... 153
7.2
Production of MdAFS1 for crystallisation.............................................................................. 154
7.2.1 Purification of His6-tagged MdAFS1 protein for crystallisation........................................ 155
7.2.2 His6-tagged MdAFS1 anion exchange chromatography .................................................... 156
7.2.3 Final purification of the His6-tagged MdAFS1 by SEC...................................................... 157
7.2.4 His6-tagged MdAFS1 crystallisation screening.................................................................. 158
VIII

Table of contents
7.2.5 Removal of the His6-tag region........................................................................................... 160
7.2.6 Strategy for obtaining a crystallisation-optimal MdAFS1 protein..................................... 160
7.2.6.1
Surface entropy in proteins ........................................................................................ 161
7.2.6.2
A surface entropy reduction approach for MdAFS1 crystallisation .......................... 161
7.2.7 Purification optimisation for recombinant ∆R33 protein................................................... 163
7.2.7.1
Hydrophobic interaction chromatography (HIC)....................................................... 164
7.2.7.2
Size exclusion chromatography (SEC) ...................................................................... 165
7.2.8 Purity and monodispersity of the MdAFS1∆R33 preparations .......................................... 167
7.2.9 Initial MdAFS1∆R33 crystallisation screening .................................................................. 167
7.2.10
Fine crystallisation screening results for ∆R33 ............................................................. 167
7.2.11
Further attempts to crystallise MdAFS1∆R33 ............................................................... 168
7.2.11.1 Crystallisation in the presence of a substrate analogue.............................................. 168
7.2.11.2 Crystallisation results for MdAFS1∆R33 appear to be largely batch dependent....... 169
7.3
Final conclusions and future directions .................................................................................. 170
8

CHARACTERISATION OF A NOVEL KIWIFRUIT TERPENE SYNTHASE ................... 172
8.1
Introduction............................................................................................................................. 172
8.2
Functional characterisation of AcTPS1 .................................................................................. 173
8.2.1 Expression and purification of recombinant AcTPS1 ........................................................ 173
8.2.2 AcTPS1 headspace volatile analysis .................................................................................. 176
8.2.3 AcTPS1 product artefacts................................................................................................... 178
8.2.4 Confirmation of the AcTPS1 terpene profile ...................................................................... 179
8.2.5 Enantiomeric analysis of AcTPS1 ...................................................................................... 180
8.2.6 AcTPS1 kinetics .................................................................................................................. 182
8.3
Final conclusions for AcTPS1 functional analysis ................................................................. 182
8.4
Crystallisation of AcTPS1 ...................................................................................................... 183
8.4.1 Removal of the His6-tag from AcTPS1................................................................................ 183
8.4.2 Preparation of cleaved AcTPS1-TEV protein for crystallisation screening....................... 184
8.4.3 Non-tagged AcTPS1 crystallisation screening ................................................................... 187
8.4.4 Future strategies for crystallising AcTPS1......................................................................... 188
8.5
Final conclusions regarding AcTPS1 crystallisation .............................................................. 189

9

CONCLUDING DISCUSSION .................................................................................................... 190
9.1
Introduction............................................................................................................................. 190
9.2
MdAFS1 prenyltransferase activity ........................................................................................ 190
9.3
Potassium binding................................................................................................................... 192
9.3.1 The H-αl loop in terpene synthase catalysis ...................................................................... 194
9.3.2 The H-αl loop in K+-dependent TPS-d enzymes................................................................. 195
9.3.3 Proposed geometry for K+ coordination in MdAFS1 ......................................................... 196
9.4
Evolution of FDP specificity in MdAFS1............................................................................... 197
9.5
Evolution of FDP catalysis in the TPS-d subgroup ................................................................ 198
9.6
MdAFS1 crystallisation .......................................................................................................... 199
9.7
Characterisation of AcTPS1 ................................................................................................... 200
9.8
Future work............................................................................................................................. 201
9.8.1 MdAFS1 crystallisation ...................................................................................................... 201
9.8.2 Crystallisation of other fruit and flower terpene synthases................................................ 202
9.8.3 MdAFS1 evolution .............................................................................................................. 202
9.9
Significance of this research ................................................................................................... 203

10

LIST OF REFERENCES.............................................................................................................. 204

11

APPENDICES................................................................................................................................ 224
11.1
11.2
11.3

MdAFS1 Ramachandran analysis........................................................................................... 224
TPS-b enzyme H-α1 loop modelling...................................................................................... 225
Rare codon analysis for PaTPS-Far and MdAFS1.................................................................. 226
IX

Table of contents
11.4
11.5
11.6
11.7

MdAFS1 surface entropy prediction....................................................................................... 226
MdAFS1∆R33 crystallisation cube......................................................................................... 227
MdAFS1∆R33 fine crystallisation screen matrix ................................................................... 228
Publications............................................................................................................................. 228

X

List of Figures

LIST OF FIGURES
Figure 1-1: Examples of primary metabolites synthesised from terpene precursors.................................... 2
Figure 1-2: Mevalonate pathway.................................................................................................................. 5
Figure 1-3: MEP pathway steps to the formation of IDP. ............................................................................ 6
Figure 1-4: Subcellular compartmentation of terpenoid biosynthesis in plants. .......................................... 7
Figure 1-5: Structural similarity of terpene synthases................................................................................ 11
Figure 1-6: Structure of a Salvia officinalis monoterpene synthase........................................................... 12
Figure 1-7: Geranyl diphosphate cyclisation mechanism. ......................................................................... 14
Figure 1-8: The cyclisation of geranyl diphosphate by monoterpene synthases........................................ 14
Figure 1-9: Farnesyl diphosphate reactions................................................................................................ 15
Figure 1-10: Farnesyl diphosphate cyclisation mechanisms. ..................................................................... 16
Figure 1-11: Schematic of a peltate glandular trichome of peppermint. .................................................... 18
Figure 1-12: Schematic proposal for evolution of the terpene synthase gene family in plants.................. 21
Figure 3-1: Amino acid alignment of Plant & Food Research terpene synthase sequences. ..................... 58
Figure 3-2: Terpene synthase phylogenetics. ............................................................................................. 61
Figure 3-3: TPS-g Neighbour Joining tree. ................................................................................................ 63
Figure 3-4: N-terminal sequence alignments for TPS-f synthases. ............................................................ 64
Figure 4-1: Mechanism for farnesyl diphosphate formation...................................................................... 70
Figure 4-2: Purification of recombinant MdAFS1. .................................................................................... 70
Figure 4-3: α-farnesene production from MdAFS1 activity assays with GDP and IDP precursors. ......... 71
Figure 4-4: Deuterated precursor chemical structures................................................................................ 72
Figure 4-5: GCMS profiles of deuterated and non-deuterated α-farnesene products. ............................... 73
Figure 4-6: Release with time of α-farnesene from purified MdAFS1 in the absence of FDP precursor. . 74
Figure 4-7: MdAFS1 peptide fragments identified by LC MS/MS analysis.............................................. 76
Figure 4-8: Germacrene-D enantiomers produced from FDP .................................................................... 77
Figure 4-9: Chiral GCMS analysis of the A. deliciosa germacrene-D synthase AdGDS1......................... 77
Figure 4-10: Purification of MdAFS1 DDXXD mutant enzymes.............................................................. 80
Figure 4-11: Relative activities of non-mutated (WT) and DDXXD mutant MdAFS1 enzymes. ............. 81
Figure 4-12: Headspace GCMS analysis of the different MdAFS1 recombinant enzymes. ...................... 81
Figure 4-13: Hydrolysis of FDP to farnesol. .............................................................................................. 82
Figure 4-14: Acidic hydrolysis of the GDP/IDP activity assays for the DDXXD mutants. ...................... 83
Figure 4-15: Analysis of FDP production from MdAFS1 mutants............................................................ 84
Figure 4-16: Loss of sesquiterpene activity in the D327A mutant............................................................. 85
Figure 4-17: Active site comparisons between a tobacco epi-aristolochene and an avian FDP synthase.. 90
Figure 5-1: MdAFS1 homology model. ..................................................................................................... 95

XI

List of Figures
Figure 5-2: The H-α1 loop region in MdAFS1.......................................................................................... 96
Figure 5-3: Production of MdAFS1 H-α1 loop mutant recombinant enzymes.......................................... 98
Figure 5-4: Potassium responses for WT and H-α1 loop mutated MdAFS1. ............................................ 99
Figure 5-5: Monoterpene volatile analysis of H-α1 loop mutants. .......................................................... 100
Figure 5-6: Kinetic evaluation of MdAFS1 potassium dependence......................................................... 101
Figure 5-7: Phylogenetic and sequence analysis of TPS-b subgroup enzymes........................................ 102
Figure 5-8: S487K mutant Experion™ analysis....................................................................................... 103
Figure 5-9: Introduced H-α1 loop lysine effects on the activation of MdAFS1 by potassium. ............... 104
Figure 5-10: MdAFS1-S487K mutant FDP kinetics. ............................................................................... 105
Figure 5-11: Stereoview showing proposed octahedral coordination of K+ in MdAFS1......................... 106
Figure 5-12: TPS-d enzyme H-α1 loop region. ....................................................................................... 108
Figure 5-13: SDS-PAGE analysis of recombinant AcTPS2 proteins....................................................... 109
Figure 5-14: PsTPS2 protein Experion™ analysis................................................................................... 110
Figure 5-15: Potassium responses for wild-type and mutated PsTPS2 and AcTPS2 enzymes................ 112
Figure 5-16: PsTPS2 volatile analysis...................................................................................................... 112
Figure 5-17: AcTPS2 volatile analysis..................................................................................................... 113
Figure 5-18: Stereoview of the MdAFS1 substrate binding pocket. ........................................................ 115
Figure 6-1: MdAFS1 active site model with docked FDP substrate. ....................................................... 123
Figure 6-2: Conservation of a TPS-b active site tryptophan. ................................................................... 124
Figure 6-3: Purification of the recombinant C298W MdAFS1 enzyme. ................................................. 125
Figure 6-4: Comparative activity analysis for WT and C298W mutant enzymes.................................... 126
Figure 6-5: Non-quantitative activity analyses of MdAFS1 (WT) and C298W enzymes. ...................... 126
Figure 6-6: Catalytic scheme for ocimene formation from GDP. ............................................................ 128
Figure 6-7: TPS-b phylogenetics.............................................................................................................. 129
Figure 6-8: Active site aromatic residue comparisons between MdAFS1 and LjEβOS. ......................... 132
Figure 6-9: Active site aromatic and basic residue configurations in the L. corniculatus (E)-β-ocimene
(LjEβOS) homology model and the M. spicata limonene (LS) structure........................................ 133
Figure 6-10: Western blot analysis of MdAFS1 active site aromatic residue mutants. ........................... 136
Figure 6-11: Major terpene products from terpene synthases in Norway spruce..................................... 138
Figure 6-12: Active site modelling in TPS-d enzymes. ........................................................................... 141
Figure 6-13: Amino acid basis for the differences in P. abies terpene synthase active site topologies. .. 142
Figure 7-1: IMAC Purification of His6-Tagged MdAFS1........................................................................ 155
Figure 7-2: SDS-PAGE analysis of His6-tagged MdAFS1 IMAC fractions. The.................................... 156
Figure 7-3: Anion exchange purification of His6-tagged MdAFS1.......................................................... 157
Figure 7-4: Final purification of His6-tagged MdAFS1 for crystallisation screening. Peak .................... 158
Figure 7-5: SDS-PAGE analysis of His6-tagged MdAFS1 SEC fractions. .............................................. 158
Figure 7-6: Strategy to reduce entropy shielding in MdAFS1. ................................................................ 162
XII

List of Figures
Figure 7-7: Activity results for MdAFS1 ∆R33 ammonium sulphate precipitation fractions. ................ 163
Figure 7-8: Elution profile and activity analysis of HIC purified ∆R33 protein...................................... 164
Figure 7-9: SDS-Page analysis of peak 1 HIC eluted protein fractions. .................................................. 165
Figure 7-10: Final purification steps for ∆R33 crystallisation screening preparations. ........................... 166
Figure 7-11: MdAFS1∆R33 F-FDP inhibition kinetics. .......................................................................... 169
Figure 8-1: IMAC elution profile for recombinant AcTPS1.................................................................... 174
Figure 8-2: IMAC purification of His6-tagged AcTPS1. ......................................................................... 174
Figure 8-3: Semi-quantitative size exclusion chromatography for AcTPS1............................................ 175
Figure 8-4: SDS-PAGE analysis of AcTPS1 size exclusion chromatography purification fractions. ..... 176
Figure 8-5:AcTPS1 headspace volatiles from FDP.................................................................................. 177
Figure 8-6: AcTPS1 headspace volatiles from GDP. ............................................................................... 177
Figure 8-7: Thermal rearrangement of nerolidol...................................................................................... 179
Figure 8-8: AcTPS1 Terpene synthase analysis....................................................................................... 180
Figure 8-9: Enantioselective GCMS analysis of AcTPS1 sesquiterpene synthase activity. .................... 181
Figure 8-10: Enantioselective GCMS analysis of AcTPS1 monoterpene synthase activity. ................... 181
Figure 8-11: AcTPS1 substrate kinetics................................................................................................... 182
Figure 8-12: Removal of AcTPS1-TEV His6-Tag. .................................................................................. 184
Figure 8-13: IMAC purification elution chromatograph for the recombinant AcTPS1-TEV protein...... 185
Figure 8-14: SDS-PAGE analysis of cleaved AcTPS1-TEV following the second IMAC step.............. 185
Figure 8-15: Final purifications for AcTPS1-TEV protein. ..................................................................... 186
Figure 8-16: SDS-PAGE analysis of the final non-tagged AcTPS1 purification step. ............................ 186
Figure 8-17: Crystals seen in the initial AcTPS1 screens. ....................................................................... 187
Figure 8-18: X-ray diffraction patterns for the initial AcTPS1 screening crystals................................... 188
Figure 8-19: AcTPS1 surface entropy prediction analysis....................................................................... 189
Figure 9-1: MdAFS1 K+ and Mg2+ binding regions................................................................................. 194

XIII

List of Tables

LIST OF TABLES
Table 2-1: Terpene synthase primers for Zero Blunt and pET-TOPO cloning. ......................................... 30
Table 2-2: TEV linker reaction components. ............................................................................................. 31
Table 2-3: TEV linker reaction conditions................................................................................................. 31
Table 2-4: Reaction component and conditions for non-mutagenic PCR amplifications. ......................... 32
Table 2-5: MdAFS1 mutagenic primers..................................................................................................... 33
Table 2-6: PsTPS2 mutagenic primers....................................................................................................... 34
Table 2-7: AcTPS2 mutagenic primers. ..................................................................................................... 34
Table 2-8: Restriction digest set-up............................................................................................................ 35
Table 2-9: Terpene synthase sequencing primers. ..................................................................................... 36
Table 2-10: Recipe for two 10% (w/v) separating, 4% (w/v) stacking SDS-PAGE gels........................... 42
Table 2-11: Crystallisation screen scoring ................................................................................................. 45
Table 3-1: Summary of Plant & Food Research EST databases ................................................................ 53
Table 3-2: Plant & Food Research terpene synthases. ............................................................................... 54
Table 3-3: Shorthand naming of Plant & Food Research terpene synthase ESTs...................................... 57
Table 3-4: Sequence characteristics and initial assignment of terpene synthase types .............................. 60
Table 3-5: Amino acid identity comparisons of selected TPS-g synthases................................................ 63
Table 3-6: Amino acid sequence identity comparisons of TPS-f synthases............................................... 64
Table 3-7: Final subgroup classification of Plant & Food Research terpene synthase genes .................... 66
Table 4-1: Precursor and activity buffer terpene contamination. ............................................................... 68
Table 4-2: Peptide matches to M. domestica α-farnesene synthase and known E. coli proteins. .............. 75
Table 5-1: Terpene synthase activities of MdAFS1 WT and H-α1 loop mutant enzymes. ....................... 99
Table 5-2: Farnesene isomer composition from MdAFS1 WT and H-α1 loop mutant enzymes. ............. 99
Table 5-3: Farnesene isomer composition for WT and S487K MdAFS1 enzymes. ................................ 104
Table 5-4: Kinetics summary for WT and S487K mutated MdAFS1 recombinant enzymes. ................. 105
Table 5-5: Summary of MdAFS1, AcTPS2 and PsTPS2 enzyme responses to potassium...................... 116
Table 6-1: Active site residue comparisons for BPPS and MdAFS1. ...................................................... 122
Table 6-2 LjEβOS amino acid matches to the MdAFS1 contact map amino acid residues..................... 130
Table 6-3: Relative activities of MdAFS1 active site aromatic residue mutants. .................................... 137
Table 6-4: Norway spruce terpene synthase contact map residue comparisons....................................... 140
Table 6-5: Pairwise sequence comparisons of PaTPS-Far with other P. abies terpene synthases........... 143
Table 6-6: Codon analysis of selected first-tier contact residues in P. abies terpene synthases. ............. 144
Table 6-7: Minimal mutational routes to monoterpene synthase first-tier architecture. .......................... 145
Table 7-1: Summary of terpene synthase crystal structures..................................................................... 154
Table 7-2: Initial MdAFS1 crystal screens............................................................................................... 159

XIV

List of Tables
Table 9-1: Summary of TPS-d sesquiterpene synthase potassium responses. ......................................... 196

XV

Abbreviations

ABBREVIATIONS
°C
Å
BLAST
bp
BTP
cDNA
CDS
C-terminal
CTP
Da
di-TPS
DLS
DMADP
DNA
dNTP
DTT
EC
EDTA
EMBOSS
EMBL
EST
FDP
FPLC
GCMS
GDP
GGDP
HIC
HPLC
IDP
IMAC
IPTG
kb
kcat
kDa
Km
LCMS
LDP
mAU
MS
MQ-H2O
MW
m/z
N-terminal
NCBI
NIST
ORF
PAGE

degree centigrade
Angstrom
Basic Local Alignment Search Tool
base pair
bis-tris propane
complementary deoxyribonucleic acid
coding sequence
carboxyl terminal
chloroplast transit peptide
Dalton
diterpene synthase
dynamic light scattering
dimethylallyl diphosphate
deoxyribonucleic acid
deoxynucleotide triphosphate
dithiothreitol
enzyme classification
ethylene diaminetetraacetic acid
European Molecular Biology Open Software Suite
European Molecular Biology Laboratory
expressed sequence tag
farnesyl diphosphate
fast performance liquid chromatography
gas chromatography mass spectroscopy
geranyl diphosphate
geranyl geranyl diphosphate
hydrophobic interaction chromatography
high pressure liquid chromatography
isopentenyl diphosphate
immobilised metal affinity chromatography
isopropylthio-β-galactoside
kilobase – 103 bases
catalytic centre activity (first order rate constant)
kilodalton – 103 Daltons
Michaelis constant
liquid chromatography mass spectroscopy
linalyl diphosphate
milli absorbance units
mass spectroscopy
milli-Q water
molecular weight
mass to charge ratio
amino terminal
National Centre for Biotechnology Information
National Institute of Standards and Technology
open reading frame
polyacrylamide gel electrophoresis
XVI

Abbreviations
PCR
pI
RACE
rms
RNA
RT-PCR
SDS
SEC
SEM
SPME
Tm
TPS
tRNA
UTR
UV
Vmax
Vrel
WT

polymerase chain reaction
isoelectric point
rapid amplification of cDNA ends
root mean square
ribonucleic acid
reverse transcription polymerase chain reaction
sodium dodecyl sulphate
size exclusion chromatography
standard error of the mean
solid phase micro extraction
melting temperature
terpene synthase
transfer ribonucleic acid
untranslated region
ultraviolet
maximum enzyme velocity
relative enzyme velocity
wild-type

XVII

Chapter 1: General Introduction

1 GENERAL INTRODUCTION

1.1 Introduction to terpenes
Terpenes are a large group of naturally occurring compounds that demonstrate a bewildering
array of chemical and functional diversity. While some terpenes serve essential primary
metabolic roles in eukarya, bacteria and archaea, the majority are considered to function as
secondary metabolites where they provide roles in communication and defence rather than being
essential for growth and reproduction (Harborne, 1991). In excess of 55,000 terpenoids have
now been identified across all life forms (Christianson, 2008).
The terms terpene and terpenoid are often used interchangeably and originate from turpentine
which is predominantly derived from the distillation of conifer resin. However, terpenoid is also
used to indicate terpene related compounds that have oxygen containing functional groups such
as alcohols, aldehydes and ketones. Terpenes also fall under the broader categorisation of
isoprenoid, which covers the diversity of natural products derived from the biogenic 5-carbon
compound isoprene (2-methyl-1,3 butadiene).
Terpenes are classified according to the number of five carbon isoprene units in their structure
(McGarvey and Croteau, 1995): hemiterpenes C5 (1 isoprene unit), monoterpenes C10 (2
isoprene units), sesquiterpenes C15 (3 isoprene units), diterpenes C20 (4 isoprene units),
triterpenes C30 (6 isoprene units), tetraterpenes C40 (8 isoprene units), and polyterpenes (C5)n
where ‘n’ may be 45–30,000.
1.1.1

Role of terpenes in essential metabolite production

Terpenes are precursors for the biosynthesis of a relatively small but significant number of
essential metabolites. These include sterols which function as stabilisers of eukaryotic
membranes and as precursors to vertebrate steroid hormones (e.g. cortisol, estradiol) and bile
acids. In plants they are required in the formation of the phytohormones gibberellic acid, abscisic
acid and cytokinins. They also serve as the biosynthetic precursors of carotenoid photosynthetic
pigments and the phytol side chain of chlorophyll and are constituents of electron-carrying
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coenzymes such as the quinones of ubiquinone and plastiquinone.

Figure 1-1: Examples of primary metabolites synthesised from terpene precursors

1.1.2

Secondary metabolic functions of terpenes
1.1.2.1

Floral scents

Floral scents comprise complex and diverse mixtures of low molecular weight, predominantly
lipophilic chemicals that are primarily derived from the isoprenoid, lipoxygenase and
phenylpropanoid pathways. Terpenoids are the predominant class of floral volatiles, (Knudsen
and Gershenzon, 2006) and floral scents commonly contain monoterpene compounds such as
linalool, limonene, myrcene, ocimene and geraniol and the sesquiterpenes farnesene, nerolidol,
caryophyllene and germacrene. Floral scent is used by many plants to attract generalist and
specialist insect pollinators essential for ensuring fertilisation and hence is a key element of plant
fitness (Pellmyr, 1986). The volatility of floral scent compounds enables them to act as long
distance chemical messengers that provide information about the location and identity of the
flower.
1.1.2.2

Defence compounds

Plants have evolved the capacity to respond to herbivory using direct and indirect methods of
defence. The former include the production of bitter tasting triterpenoids such as the
2
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cucurbiticans or the pungent diterpenoid polygodial involved in plant insect resistance (Powell et
al., 1997; Balkema-Boomstra et al., 2003). The latter relies on the production and emission of
volatile compounds (allelochemicals) that attract predators of the herbivores (Dicke et al., 1990;
Turlings et al., 1990). For example, (E,E)-α-farnesene which is known to attract carnivorous
arthropods (Scutareanu et al., 1997), is induced in cucumber by spider mite feeding (Mercke et
al., 2004). Other plant species are noted for their ability to synthesise antimicrobial terpenes as a
defence against bacterial and fungal pathogens (Stoessl et al., 1976) while plants that occupy
resource-limited habitats are known to constitutively secrete terpenes into their rhizosphere
which inhibit the growth of competitive plant species (Stevens, 1984).
1.1.3

Commercial uses of terpenes

Terpenes are commercially important because of their flavour and fragrance attributes and their
medicinal qualities. For example, the monoterpene alcohol linalool has been in use since the
mid-1800s for its taste and aromatic characteristics (Bedoukian, 1986; Arctander, 1994) and in
the manufacture of Vitamins A and E (Mercier and Chabardes, 1994). Terpenes are important in
determining the quality of agricultural and horticultural food products, including fruit flavour
and the fragrance of commercial flower cultivars (Pichersky et al., 1994; Aharoni et al., 2004b).
The presence or absence of a scent attractive to locally available pollinators can also have a
marked impact on the yield of agronomically important crop plants (Free, 1970). Terpene
derivatives are also used in the production of various pharmaceuticals including the anti-cancer
drug taxol and the anti-malarial drug artemisinin (Jennewein and Croteau, 2001; RodriguezConcepcion, 2004), while glycyrrhizin, which possesses various pharmacological effects
including anti-inflammatory, anti-ulcerous and anti-allergic effects, has been used in traditional
Chinese medicines (Lin et al., 2005).

1.2 Overview of terpene biosynthesis
In 1887 Wallach postulated that terpenoids arose from the head to tail linkage of the 5-carbon
compound, isoprene (2-methyl-1,3 butadiene) (Wallach, 1885). In 1952 the “isoprene rule” was
revised by Ruzica to the biogenetic isoprene rule, which proposed that all terpenoids arose from
“active” or biogenic isoprene (Ruzicka et al., 1953). This hypothesis ignores the precise
character of the biological precursor and assumes only that their structure is “isoprenoid” in
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nature. Active isoprene, which was identified as isopentenyl diphosphate (IDP) (Lynen et al.,
1951), and its allylic ester isomer dimethylallyl diphosphate (DMADP) are now known to form
the central intermediates in all isoprenoid biosynthesis.
1.2.1

IDP biosynthesis

Two distinct routes for IDP biosynthesis are now known to occur in living organisms: the
classical mevalonate (MVA) pathway and the more recently discovered mevalonate independent
or 2-C-methyl-D-erythritol phosphate 5 (MEP) pathway. Experimental evidence obtained since
the discovery of the MEP pathway shows that most organisms only use one pathway for IDP
biosynthesis. For example, archaea, fungi and animals exclusively use the MVA pathway for
IDP production (Goodwin, 1977; Lichtenthaler, 1977; Spurgeon and Porter, 1981). The
distribution of the MEP pathway is also well characterised (Lichtenthaler, 1999; Rohmer, 1999;
Eisenreich et al., 2001; Rohdich et al., 2001), and has been identified in numerous varieties of
bacteria including pathogenic Gram negative bacteria and eubacteria. It is also present in
unicellular green algae and the Plasmodium falciparum parasite responsible for malaria.
Contrastingly, plants use both the MEP and MVA pathways for IDP synthesis although they are
located to different compartments (Eisenreich et al., 1998; Lichtenthaler, 1998; Rohmer, 1999).
In plants the MVA pathway is responsible for cytosolic IDP production while plastidial IDP is
produced via the MEP pathway.
1.2.2

Mevalonate pathway

The production of IDP via the MVA pathway (Figure 1-2) has been well documented (Nes and
McKean, 1977; Poulter et al., 1981; Qureshi, 1981) and the biochemistry of the this pathway
comprehensively surveyed in plants (Goodwin, 1977; Qureshi, 1981; Gershenzon and Croteau,
1993).
Following the cellular uptake of acetate and subsequent conversion to acetyl-CoA by acetyl-CoA
synthase, two molecules of acetyl-CoA are initially condensed to acetoacetyl-CoA by
acetoacetyl-CoA thiolase (AACT), whereupon an additional acetyl-CoA is added to form (S)-3hydroxy-3-methylglutaryl-CoA (HMG-CoA) via the action of HMG-CoA synthase (HMGS).
Reduction of HMG-CoA to MVA, which constitutes the rate limiting step in the pathway, is
carried out by HMG-CoA reductase (Bochar et al., 1999). The final steps to IDP synthesis
require serial MVA phosphorylations by the consecutive actions of mevalonate kinase (MK),
4
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mevalonate-5-phosphate kinase (PMK) and mevalonate-5-diphosphate decarboxylase.

Figure 1-2: Mevalonate pathway. Abbreviation for mevalonate pathway enzymes are: AAS, acetoacetyl-CoA
synthase; HMGS, HMG-CoA synthase; HMGR, HMG-CoA reductase; MK, mevalonate kinase; PMK,
phosphomevalonate kinase; PMD, mevalonate diphosphate decarboxylase. Reproduced from Chang and Keasling,
(2006).

1.2.3

Mevalonate independent pathway

The mevalonate independent or 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway (Figure 13), which is responsible for plastid IDP production, stems from pyruvate and glyceraldehyde-3phosphate and was first described in bacteria in the mid 1990s (Rohmer et al., 1993; Rohmer et
al., 1996).
The MEP pathway is initiated by the condensation of pyruvate and glyceraldehyde-3-phosphate
which is catalyzed by 1-deoxy-D-xylulose 5-phosphate synthase (DXS) to form 1-deoxy-Dxylulose 5-phosphate (DXP). A reductive isomerisation of DXP by 1-deoxy-D-xylulose 5phosphate reductoisomerase (DXR) then yields 2-C-methyl-D-erythritol-4-phosphate (MEP). A
cytidyl moiety is then introduced to MEP by 2-C-methyl-D-erythritol-4-phosphate cytidylyl
transferase (MCT) to produce 4-(cytidine 5 ′ -diphospho)-2-C-methyl-D-erythritol. This then
undergoes phosphorylation by 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol kinase (CMK)
and cyclisation following the loss of the cytidyl group in a reaction catalyzed by 2-C-methyl-Derythritol 2,4-cyclodiphosphate synthase (MDS) to form 2-C-methyl-D-erythritol 2,4cyclodiphosphate. Following the final two steps catalyzed by (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate synthase (HDS) and reductase (HDR), IDP and DMADP are formed.
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Figure 1-3: MEP pathway steps to the formation of IDP. Reproduced from Phillips et al, (2008).

1.2.4

Terpenoid biosynthesis in plants

In plant cells the cytoplasmically located MVA pathway is predominantly responsible for the
formation of the IDP required in the biosynthesis of sesquiterpenes, triterpenes and polyterpenes.
The plastid (specifically chloroplast) IDP pools derived from the MEP pathway are
predominantly used in the synthesis of monoterpenes, diterpenes and tetraterpenes (Figure 1-4).
The direct prenyl diphosphate substrates for terpene production are formed by the initial
isomerisation of IDP to DMADP by isopentenyl diphosphate isomerise (IPI), a divalent metal
ion–requiring enzyme found in all living organisms (Gershenzon and Kreis, 1999). The
6
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sequential additions of further IDP molecules to DMADP via condensation reactions is carried
out by a specific enzyme family called the prenyltransferases (Goodwin, 1977; Spurgeon and
Porter, 1981; Gershenzon and Croteau, 1993). These condensation reactions culminate in the
respective mono-, sesqui- and diterpene acyclic prenyl diphosphate precursors geranyl
diphosphate (GDP), farnesyl diphosphate, (FDP) and geranylgeranyl diphosphate, (GGDP)
(Ramos-Valdivia et al., 1997; Ogura and Koyama, 1998; Koyama and Ogura, 1999) and are
carried out by GDP, FDP and GGDP synthases.
Exchange of IDP, DMADP, GDP and/or FDP between the cytoplasmic and chloroplast
compartments has also been observed (Adam and Zapp, 1998; Arigoni et al., 1999; Hemmerlin
et al., 2003) and metabolic engineering in Arabidopsis, tobacco and potato has shown the
existence of low levels of FDP in plastids and GDP in the cytosol (Aharoni et al., 2003; Aharoni
et al., 2006; Wu et al., 2006). Mitochondrial isoprenoids are synthesised from MVA-derived IDP
that is imported from the cytosol (Lichtenthaler, 1999).

Figure 1-4: Subcellular compartmentation of terpenoid biosynthesis in plants. Solid and dashed arrows
represent single and multiple enzymatic steps respectively. Enzymes are depicted in blue and are CYTP450,
cytochrome P450 hydroxylase; FPS, FDP synthase; GPS, GDP synthase; HMGR, HMG-CoA reductase; MTS,
monoterpene synthase; STS, sesquiterpene synthase. Dotted arrow represents the exchange of IDP between the
plastid and chloroplast compartments. Reproduced from Boumeester, (2006).
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1.3 Terpene synthases
The formation of hemi- mono-, sesqui- and di-terpenes is carried out by the terpene synthase
(TPS) enzyme family. Numerous TPS genes have been isolated from plant and microbial sources
and over 100 TPS enzymes functionally characterised.
Mono-TPS enzymes are capable of generating acyclic, monocyclic and bicyclic terpenes as well
as terpene alcohols and diphosphate esters and have been isolated from lower plants (liverworts)
and gymnosperms and angiosperms (Davis and Croteau, 2000). Angiosperm TPS enzymes
usually require a divalent metal ion (usually Mg2+ or Mn2+) as the sole cofactor for catalysis and
have pH optima close to neutrality (Croteau et al., 1980; Gambliel and Croteau, 1982; Hallahan
and Croteau, 1988; Alonso and Croteau, 1991; Rajaonarivony et al., 1992). Contrastingly, the
gymnosperm mono-TPS enzymes have an absolute requirement for a monovalent cation (usually
K+), utilise Mn2+ or Fe2+ as the divalent cation and typically have more alkaline pH optima
(Lewinsohn et al., 1992; Savage et al., 1994; Bohlmann et al., 1997; Bohlmann et al., 1998a).
Sesqui-TPS enzymes generally prefer Mg2+ to Mn2+ as the divalent metal ion cofactor and, with
the exception of an apple sesqui-TPS (Green et al., 2007), are not known to have a requirement
for K+ regardless of their taxonomic origin (Davis and Croteau, 2000). Typically, TPS enzymes
exhibit low turnover numbers (kcat), usually in the 0.02-0.3 s-1 range and Michaelis constants
(Km) in the 0.5-5 µM range (Croteau, 1987; Cane, 1990).
1.3.1

Classification of terpene synthase genes
1.3.1.1

Subgroups.

Comparative levels of identity among known plant terpene synthases (Facchini and Chappell,
1992; Colby et al., 1993; Mau and West, 1994; Vogel et al., 1996) led to the designation of
terpene synthase subgroups distinguished by a minimum of 40% amino acid identity between
members and less than this between subgroups (Bohlmann et al., 1998b). Initially this comprised
six subgroup members designated TPS-a to TPS-f. The TPS-a subfamily consists primarily of
angiosperm sesqui-TPS while the TPS-b subgroup is dominated by angiosperm mono-TPS
enzymes. The TPS-d subgroup is entirely comprised of gymnosperm (conifer) TPS enzymes
which mostly produce monoterpenes. Both the TPS-c and TPS-e subgroups are populated by diTPS enzymes involved in gibberellin biosynthesis, and include the (-)-copalyl diphosphate
8
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synthase (Sun and Kamiya, 1994; Bensen et al., 1995; AitAli et al., 1997) and kaurene synthase
(Yamaguchi et al., 1996). The TPS-c and TPS-e di-TPS enzymes are only distantly related to
TPS enzymes that exist in the secondary metabolite subgroups (i.e. TPS-a, TPS-b, TPS-d and
TPS-f). The TPS-f subgroup comprises of angiosperm mono-TPS enzymes (Cseke et al., 1998;
Aubourg et al., 2002) that possess a conserved N-terminal 200-amino acid domain of unknown
function (Bohlmann et al., 1998a). This domain is often referred to as the conifer diterpene
internal sequence (CDIS) domain because of its conservation in di-TPS enzymes (Bohlmann et
al., 1998a). More recently, work on floral scent in snapdragon (Antirrhinum majus) flowers led
to the discovery of two myrcene synthases and an (E)-β-ocimene synthase, which in addition to
the Arabidopsis AtTPS14 enzyme (Chen et al., 2003), formed a new TPS-g subgroup (Dudareva
et al., 2003). This subgroup was characterised by monoterpene synthases which lacked the
common mono-TPS RRX8W motif thought to be required for the production of cyclic
monoterpenes (Savage et al., 1994).
1.3.1.2

Terpene synthase classes

A comparative study of characterised conifer and angiosperm genomic clones, and putative TPS
genomic sequences from A. thaliana (Trapp and Croteau, 2001), led to the classification of three
distinct classes of TPS genes. These classes were distinguished by differences in intron number,
size, placement and intron phase and also exon size. Class I TPS genes possess 11-14 introns and
comprise conifer di-TPS and sesqui-TPS and angiosperm di-TPS enzymes. Class I genes also
possess the conserved N-terminal 200-amino acid domain (CDIS) of unknown function domain
(Bohlmann et al., 1998b; Bohlmann et al., 1998a), comprising exons 4, 5 and 6. Class II is
populated largely with conifer mono-TPS and sesqui-TPS genes possessing 9 introns and 10
exons. Introns I and II and the entire CDIS domain are absent in this TPS class. Class III genes
possess 6 introns and 7 exons and comprise mono-, sesqui-, and di-TPS involved in secondary
metabolism. This Class has lost introns 1, 2, 7, 9, and 10 and the entire CDIS domain.

1.4 Terpene synthase structure
1.4.1

Primary structural features

Terpene synthase cDNAs encode proteins of 550-850 amino acids which correspond to native
molecular masses of 50-100 kDa. In general mono-TPS enzymes are 600-650 amino acids in
9
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length (Colby et al., 1993; Yuba et al., 1996; Bohlmann et al., 1997) and are 50-70 residues
larger than their sesqui-TPS counterparts (Facchini and Chappell, 1992; Back and Chappell,
1995; Chen et al., 1995; Crock et al., 1997; Steele, 1998). The size difference is due to the
presence of an N-terminal plastid-targeting peptide in mono-TPS enzymes. Di-TPS enzymes are
approximately 200 amino acids longer than sesqui-TPS enzymes on account of them containing
the conserved N-terminal CDIS domain (section 1.3.1.2).
Two highly conserved regions are present in TPS enzymes, namely the aspartate-rich DDXXD/E
(Ashby and Edwards, 1990) and “NSE/DTE” (Cane and Kang, 2000; Rynkiewicz et al., 2001)
motifs which are essential for TPS divalent metal binding. The “NSE/DTE” motif is an
abbreviation of the (L,V)(V,L,A)(N,D)D(L,I,V)X(S,T)X3E consensus sequence in which the
bold face residues usually bind magnesium. An N-terminal RRX8W motif is another common
TPS feature and is characteristic of angiosperm TPS-b and gymnosperm TPS-d mono-TPS
enzymes (Bohlmann et al., 1998a; Aubourg et al., 2002). The tandem arginine pair is thought to
assist in the unique diphosphate migration step accompanying formation of a linalyl diphosphate
intermediate preceding the final cyclisation reaction catalyzed by the mono-TPS enzymes
(Williams et al., 1998) (section 1.5.1).
1.4.2

Crystal structures

Based on the crystal structure of a tobacco (Nicotiana tabacum) 5-epi-aristolochene synthase
(Starks et al., 1997), TPS enzymes from subgroups TPS-a, TPS-b and TPS-d are all thought to
comprise two distinct α-helical structural domains, a C-terminal catalytic domain with an αhelix bundle fold, which is homologous with the FDP synthase fold (Tarshis et al., 1994) and an
N- terminal domain that structurally resembles catalytic cores of glycosyl hydrolases (Starks et
al., 1997). Despite a large variation in TPS amino acid sequence identity, the α-bundle fold is
conserved in the three dimensional structure of TPS enzymes from both plants and fungi and
hence has been termed the “terpene-fold” (Figure 1-5). Further, the conservation of the α-bundle
fold in TPS and prenyltransferase enzymes along with other shared features, including their
topologically identical Mg2+ DDXXD binding motif regions, has led to the suggestion that these
two enzyme families have evolved from a common ancestor (Chen et al., 1994; Christianson,
2006b).
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Figure 1-5: Structural similarity of
terpene synthases. Regions of structural
similarity (red) illustrate the conserved
terpene synthase fold. At the bottom are the
pairwise rms differences in Cα positions and
the number of structurally similar residues
(in parentheses). The enzymes are
trichodiene synthase (TS, PDB code 1JFA),
farnesyl diphosphate synthase (FDPS, PDB
code 1UBW), aristolochene synthase (AS,
PDB code 1DI1), 5-epi-aristolochene
synthase (EAS, PDB code 5EAT),
pentalenene synthase (PS, PDB code 1PS1),
and squalene synthase (SQS, PDB code
1EZF). OPP, diphosphate. Reproduced from
Rynkiewicz et al., (2001).

1.4.2.1

Terpene synthase loop regions

Structural analyses of various TPS enzymes have identified several loop regions that are
important for TPS catalysis and include the A-C, H-α1 and J-K loops, using the nomenclature
shown in Figure 1-6 (Starks et al., 1997; Rynkiewicz et al., 2001; Rynkiewicz et al., 2002;
Whittington et al., 2002; Shishova et al., 2007). Upon substrate binding these previously
unstructured loops have been observed to become ordered (Figure 1-6) and form a protective cap
over the mouth of the active site, acting to prevent premature quenching of the highly reactive
bound carbocation from exterior solvent.
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Figure 1-6: Structure of a Salvia officinalis monoterpene synthase. (A) Stereoplot of the native bornyl
diphosphate synthase (BPPS) monomer. In the C-terminal domain (blue), helical segments are designated by the
convention used for farnesyl diphosphate synthase (Tarshis et al., 1994). The aspartate-rich motif is red, and the
second NSE/DTE metal-binding motif is orange. The N-terminal domain is green. Disordered segments are
indicated by dotted lines. (B) Stereoplot of the BPPS monomer complexed with diphosphate (black); orientation is
the same as in A. The diphosphate group of GDP similarly triggers conformational changes that order three
polypeptide segments to cap the active site. This includes most of the N terminus, the C-terminal portion of helix H
and the H-α1 loop, and a portion of the J–K loop. Reproduced from Whittington et al., (2002).

1.5 Terpene synthase chemistry
The manner in which TPS reactions are carried out has been comprehensively reviewed by
Croteau (1987), Cane (1990), Lesburg et al (1998) and Davis and Croteau, (2001). The overview
of terpene synthase chemistry given below is based entirely on what is reported in these reviews
and references cited therein. It also focuses primarily on mono- and sesqui-TPS enzymes, but
with some mention of di-TPS chemistry. The chemistry of enzymes involved in the production
of triterpenes, tetraterpenes and polyterpenes is not described.
Terpene synthases are unique in their ability to catalyse a vast range of possible variations in
carbocation reactions from just three comparatively simple precursors. Although some TPS
enzymes only catalyse the production of a single terpene compound, many TPS enzymes
produce complex mixtures of terpenes with high regio- and stereospecificity (Croteau, 1987;
Cane, 1990). The most extreme example of this is seen in a conifer (Abies grandis) γ-humulene
synthase which is known to produce 52 different sesquiterpenes from FDP (Steele, 1998). The
12
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electrophilic reactions carried out by mono-TPS, sesqui-TPS and some di-TPS enzymes are
initiated by the ionisation of a diphosphate precursor to yield either a cis or trans-allylic
intermediate, following divalent cation assisted binding of a diphosphate substrate to the active
site. The cationic species is then generally simultaneously shielded from premature quenching or
loss to bulk solvent and shepherded down one of a large number of alternative reaction pathways
involving two, three or more partial reactions (Greenhagen and Chappell, 2001). In some
reactions, the isomerisation of an all-trans substrate configuration to a cis-trans isomer also
occurs before subsequent reactions. Additional reaction steps add complexity, and include regioand stereospecific formation of single or multiple rings, the formation of double bonds through
proton elimination, water quenching of carbocations to produce terpene alcohols, and
stereospecific hydride, methyl and methylene migrations
1.5.1

Monoterpene cyclisation

For a TPS to produce cyclic monoterpene products it must first overcome the topological
impediment to direct cyclisation of geranyl diphosphate, imposed by the trans geometry of the
C2–C3 double bond, by way of a preliminary isomerisation step. Monoterpene cyclisation
(Figure 1-7) is initiated by the stereoselective binding of GDP to the active site in either a righthanded or left-handed helical conformation followed by the metal-dependent ionization of the
diphosphate ester and syn migration1 of the diphosphate group to C3 to generate enzyme-bound
(3R)-or (3S)-linalyl diphosphate (LDP). After rotation about the C2–C3 bond to afford the cis
conformer, LDP is itself ionized with C6–C1 ring closure to provide the corresponding (4R)- or
(4S)-a-terpinyl carbocation/pyrophosphate anion pair, from which all cyclic monoterpenes are
derived. These early reaction steps appear to be common to all monoterpene cyclisations, with
subsequent steps involving termination of the reaction either by deprotonation or nucleophile
capture, or further electrophilic cyclisation to the remaining double bond, hydride shift, or
Wagner–Meerwein2 rearrangement before termination (Figure 1-8). Acyclic monoterpenes are
formed from either geranyl diphosphate or linalyl diphosphate via carbocations.

1

In the representation of stereochemical relationships "syn" means "on the same side" of a reference plane, in this
case the C2 double bond. Contrastingly "anti" means "on opposite sides", of a reference plane.
2
A class of carbocation 1,2-rearrangement reactions in which a hydrogen, alkyl or aryl group migrates from one
carbon atom to a neighbouring carbon atom.
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Figure 1-7: Geranyl diphosphate cyclisation mechanism. Formation of the monocyclic and bicyclic products
requires preliminary isomerisation of geranyl diphosphate to linalyl diphosphate. Acyclic monoterpenes are formed
from either geranyl diphosphate or linalyl diphosphate via carbocations 1 or 2. OPP denotes the diphosphate moiety.
Reproduced from Bohlmann et al., (1997).

Figure 1-8: The cyclisation of geranyl diphosphate by monoterpene synthases. The diverse array of monocyclic
and bicyclic monoterpene products emanate from the α-terpinyl carbocation intermediate. Adapted from Davis and
Croteau, (2000).
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1.5.2

Formation of sesquiterpenes

The structural diversity of sesquiterpenes is greater than that of monoterpenes because of the
increased number of cyclisations FDP is able to undergo as a result of its five additional carbon
atoms and third double bond (Figure 1-9). The initial cyclisation of FDP (Figure 1-10) can occur
from the distal double bond (C10-C11) to generate either the ten-membered ring (E,E)germacradienyl cation or eleven-membered ring trans-humulyl cation. Topological constraints
prevent direct cyclisation from the FDP central double bond (C6-C7) without its first undergoing
isomerisation to the cis conformer of nerolidyl diphosphate (NDP) (Figure 1-10). This permits
the formation of either the bisabolyl or cycloheptanyl cations which comprise six and seven
membered rings respectively. The (Z,E)-germacradienyl cation and cis-humulyl cations are also
derived from NDP. The product diversity of sesquiterpenes also relies on additional cyclisations,
hydride shifts, methyl migrations and/or Wagner-Meerwein rearrangements occurring prior to
termination of the reaction via deprotonation or nucleophilic capture. Production of acyclic
sesquiterpenes such as α-farnesene, occur via deprotonation of FDP directly following its initial
ionisation.

Figure 1-9: Farnesyl diphosphate reactions. The diversity of FDP derived acyclic and cyclic sesquiterpenes
products derived from FDP. Adapted from Davis and Croteau, (2000).
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Figure 1-10: Farnesyl diphosphate cyclisation mechanisms. By enforcing a particular FDP binding conformation
in their active site, sesqui-TPS enzymes play a critical role in directing initial carbon-carbon bond formation to
generate tertiary carbocations (Markovnikov addition to a double bond, pathways b, c and e) or less stable secondary
carbocation intermediates (anti-Markovnikov addition to a double bond, pathways a, d and f). Pathways c to f are
dependent on an initial isomerisation of farnesyl diphosphate (FDP) to form nerolidol diphosphate (NDP). Adapted
from Davis and Croteau, (2000).
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1.5.3

Formation of diterpenes

Di-TPS enzymes catalyse the formation of a variety of cyclic and polycyclic products from the
20-carbon geranylgeranyl diphosphate (GGDP) precursor. Diterpene reactions, like mono- and
sesquiterpene reactions, can be initiated by the ionization of the diphosphate ester followed by
hydride shifts, methyl migrations, Wagner-Meerwein rearrangements and further cyclisations of
the resulting carbocation. However, GGDP catalysis can also be initiated by a protonation
initiated mechanism which is sometimes coupled to a second cyclisation following ionization of
the diphosphate.

1.6 Regulation of terpene synthesis
Biosynthesis of terpenes is commonly restricted to specific plant tissues and also specialized
secretory structures contained within those tissues. Volatile terpenes are often emitted from
specific floral tissues at particular times to attract pollinators. For example, Dudareva et al,
(2003) demonstrated that the biosynthesis and emission of (E)-β-ocimene and myrcene in
snapdragon (Antirrhinum majus) flowers correlate with specific expression patterns of the
corresponding mono-TPS genes in the upper and lower lobes of flower petals during floral
development. The expression of these genes was also found to follow a weak diurnal cycle
controlled by a circadian clock. Contrastingly, the expression of mono-TPS and sesqui-TPS
enzymes in Arabidopsis flowers is limited to the stigma, anthers, nectaries and sepals (Tholl et
al., 2005). The expression profiles of these TPS enzymes suggested that the volatile terpenes
released from Arabidopsis flowers might function both as short range attractants of pollinating
insects and also to provide a measure of defence for floral tissues vulnerable to microbial
pathogens or herbivores.
In angiosperms that produce high levels of terpenes such as those in the Lamiaceae (a large plant
family that includes the mints, sages and basils), these compounds are stored in anatomically
specialized glandular trichomes (Fahn, 1988) found on the surface of leaves, stems, and flowers.
For example, the peltate glandular trichomes (Figure 1-11) of peppermint (Mentha x piperita)
produce copious amounts menthol-rich essential oil, composed primarily of p-menthane
monoterpenes (Wise and Croteau, 1999). Biochemical studies with isolated peppermint peltate
glandular trichomes have revealed that the secretory cells are not only responsible for the

17

Chapter 1: General Introduction
secretion of monoterpenes into the oil-storage space, but also serve as the actual site of
monoterpene biosynthesis (McCaskill et al., 1992; Gershenzon et al., 2000).
In gymnosperms a complex mixture of monoterpenes, sesquiterpenes, and diterpene resin acids
(oleoresin) is secreted to provide a chemical and physical protection for conifer trees against
potential herbivores, stem-boring insects, and pathogens (Berryman, 1972; Phillips and Croteau,
1999). This defensive secretion is synthesised constitutively in the epithelial cells of specialized
structures, such as resin ducts and blisters or, in the case of induced oleoresin formation, in
undifferentiated cells surrounding wound sites (Lewinsohn et al., 1991).

Figure 1-11: Schematic of a peltate
glandular trichome of peppermint. Showing
the organisation of epidermal structures and
the relationship of the secretory cells to the
stalk and basal cells and to the subcuticular
storage space. Reproduced from Turner et al.,
(1999).

1.6.1

Transcriptional regulation

There is increasing evidence to suggest that terpenoid production in plants is also modulated by
transcription factors (van der Fits and Memelink, 2000; Xu et al., 2004). However, only one
transcription factor known to affect terpene biosynthesis, GaWRKY1, has been characterized to
date, and it regulates the expression of δ-cadinene synthase (CAD1) in cotton (Xu et al., 2004).
WRKY transcription factors are involved in many plant processes including plant responses to
biotic and abiotic stresses (Eulgem et al., 2000; Zhang and Wang, 2005). The W-box elements,
which are the proposed binding sites for WRKY transcription factors, have, however, been
identified not only in the promoter of the gene that encodes CAD1 (CAD1-A) but also in the
promoter regions of other plant TPS genes, including tobacco 5-epi-aristolochene synthase (Yin
et al., 1997) and putative TPS genes from Arabidopsis and rice (Xu et al., 2004). Transcription
factors are also known to play key roles in the development of the specialized cell structures
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responsible for the synthesis and storage of plant secondary metabolites. In terpenoid metabolism
these have been implicated in the initiation and differentiation of glandular trichome
development. Although the control of non-glandular trichome development in Arabidopsis is
reasonably well understood comparatively little is known about the devolvement of glandular
trichomes in plants. However, an A. majus R2R3 MYB transcription factor (AmMYBML) was
found to induce both trichome and conical cell formation in transgenic plants, and is expressed
very early during the development of the ventral petal (Perez-Rodriguez et al., 2005).
1.6.2

Post transcriptional / translational regulation

Expression analyses of the two TPS genes responsible for sesquiterpene volatile biosynthesis in
flowers of Arabidopsis ecotypes (At5g23960 and At5g44630), in combination with functional
analysis of enzyme activities of the corresponding recombinant proteins from the ecotypes (Tholl
et al., 2005), indicated that they were regulated by post-transcriptional/translational mechanisms.
Similarly, in poplar leaves, the seasonal regulation of isoprene emission, in part, appears to
controlled at the post-translational level on the basis that protein levels remained high throughout
the year but enzyme activity was significantly diminished during the autumn (Mayrhofer et al.,
2005). Additionally, monoterpene biosynthesis in snapdragon flowers is closely correlated with
the expression levels of the small subunit of GPP synthase, indicating that the GDP substrate
pool for monoterpene synthesis during flower development was tightly controlled (Tholl et al.,
2004).

1.7 Terpene synthase evolution
It was initially suggested by several groups that plant terpene synthases share a common
evolutionary origin on the basis of a similar reaction mechanism and conserved structural and
sequence characteristics (Colby et al., 1993; Mau and West, 1994; Back and Chappell, 1995).
More recently, protein-based phylogenetic analysis of 33 plant TPS enzymes from angiosperms
and gymnosperms led to the identification of six terpenoid synthase gene subfamilies on the
basis of clades (section 1.3.1). This analysis provided the most compelling evidence for the
evolution of TPS from a common ancestor. This current model for TPS evolution was
substantiated further by Trap and Croteau, (2001) from their analysis of TPS genomic
organization.
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TPS enzymes are currently thought to have evolved via the duplication an ancestral conifer diTPS gene (Figure 1-12) involved in primary metabolism that existed prior to the division of TPS
genes in angiosperms and gymnosperms (Bohlmann et al., 1998a; Trapp and Croteau, 2001),
approximately 300 million years ago (Doyle, 1998). Trap and Croteau (2001) suggest that one
copy of the duplicated ancestral gene has remained highly conserved in both structure and
function and that this is the parent to TPS enzymes involved in gibberellin biosynthesis.
Conversely, the structural and functional diversity of TPS enzymes involved in secondary
metabolism is assumed to have resulted from divergence from the second ancestral gene as a
consequence of adaptive evolutionary processes. They also speculate that ancestral TPS enzymes
were functionally less specialized than modern enzymes and perhaps able to utilize several
prenyl diphosphate substrates for the production of multiple terpene types, while the
specialization into different TPS classes (for monoterpenes, sesquiterpenes, and diterpenes)
evolved much later.
The sequence similarities between TPS enzymes are dominated by species relationships
regardless of substrate and product specificity (Bohlmann et al., 1998a). Thus gymnosperms and
angiosperms represent two discrete and distinct groups, while within the latter, the sequences
related to similar species again group together despite their functional disparity. These
observations have led to the assumption that TPS evolution has been rapid and predominantly
divergent (Trapp and Croteau, 2001; Aubourg et al., 2002; Martin et al., 2004). Perhaps the best
example of this is seen in the evolution of Arabidopsis TPS genes (Aubourg et al., 2002).
Genome sequencing analysis of Arabidopsis not only led to the discovery of the largest and most
diverse class of plant terpene genes (i.e. 40 in total), but also identified more than ten sesqui-TPS
and putative di-TPS enzymes that are more closely related to each other than to the sesqui- and
di-TPS enzymes of other angiosperms. Furthermore, 29 of the Arabidopsis TPS genes of the
TPS-a and TPS-b groups can be traced to repeated events of gene duplication, on the basis of
sequence relatedness and gene structure and from their chromosome localization.
In addition to the rapid divergent evolution of species-specific genes, instances of TPS
convergent evolution have also been observed (Trapp and Croteau, 2001; Aubourg et al., 2004;
Sharkey et al., 2005). This evolution appears to be particularly associated with enzymes that
produce simple acyclic products including α-farnesene and ocimene synthases (Martin et al.,
2004; Sharkey et al., 2005).
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Figure 1-12: Schematic proposal for evolution of the terpene synthase gene family in plants. The theory for the
evolution of plant terpene synthases proposed by Trapp and Croteau, (2001), is based upon the most parsimonious
account for the evolutionary loss of introns and the conifer diterpene internal sequence domain (CDIS), sequentially
from gymnosperms to angiosperms. It also takes into account the conserved pattern of exon domain size and intron
phase data (not shown in schematic). Step A represents the predicted terpene synthase gene architecture for the
ancestral gene of terpene synthases of both primary and secondary metabolism. Throughout, each coloured block
represents an exon that is charted for defined TPS genes. The downward facing open arrowhead (V) between each
exon represents the positional placement of each intron for introns 1–14 (Roman numerals in figure). Steps B–G are
hypothetical branchpoints in the proposed evolution of the terpene synthase family, in which duplication of the
depicted gene occurred. In steps C–F, the duplicated gene is not shown; a side arrow is used to represent the
difference between the two duplicated genes illustrating how the second gene diverged. In steps B–F, divergence
(illustrated by loss of introns or CDIS) of duplicated gene leads to novel terpene synthases. Step F is hypothetical,
illustrating that the ancestral gene remained conserved in gene architecture within primary metabolism of
gymnosperms, plausibly in gibberellin biosynthesis, and has remained conserved in gene architecture and function
in angiosperms. The genomic sequence of gymnosperm gibberellin biosynthetic pathway genes is unknown and is
depicted by the question marks. Each class of terpene synthase gene is identified as type I, II, or III. Reproduced
from Trapp and Croteau, (2001).
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1.8 Local context for the research
Terpenes are commercially valuable because they are one of the key compound classes in
determining the quality of horticultural food products including fruit flavour and fragrance. TPS
enzymes also have considerable potential for engineering to provide tailored compounds for the
sustainable production of natural and unnatural products desirable for the food, cosmetic,
pharmaceutical and agrochemical industries
Plant & Food Research has a strategic interest in researching the pathways essential to flavour
and fragrance production in horticultural crops such as apples and kiwifruit. The goal of this
research is to develop genetic markers for flavour and fragrance traits and ultimately novel
commercial fruit cultivars. However, understanding the catalytic landscapes that underlie the
evolution of chemical diversity in fruit TPS enzymes will also provide insight into TPS evolution
and the possibility of better understanding the interconnections between plant secondary
metabolism and ecological fitness. Specifically it will progress our understanding of allelic
diversity and the complex chemical interactions that underpin pollination, seed dispersal and
defence against insect predation in horticultural crops. There is also the potential to leverage the
knowledge gained from TPS structure-function based studies for industrial biotechnology
applications using enzymes engineered for increased efficiency, altered substrate utilisation and
product specificities.

1.9 Project aims
The primary aim of this project was to extend the functional characterisation work on a
recombinant apple α-farnesene synthase (MdAFS1) carried out prior to this PhD study. The
sesquiterpene α-farnesene accounts for the major terpene volatile in apples and is thought to play
specific roles in attracting pollinators and providing a measure of defence against insect
predation. Furthermore, α-farnesene oxidation products are implicated in the onset of apple
storage disorders such as superficial scald. The initial functional studies on MdAFS1 highlighted
a number of novel and/or unusual features including an apparent ability to produce α-farnesene
from non-sesquiterpene precursors, a reliance on potassium for activity and a high sequence
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homology with mono-TPS and hemi-TPS enzymes rather than sesqui-TPS enzymes.
Specifically, the principal aims of this project were to investigate the origin of the MdAFS1
associated prenyltransferase activity, elucidate the position and make-up of its potassium binding
region and find structural clues to how MdAFS1 might have evolved from an ancestral monoTPS enzyme. A secondary aim of this project was to structurally characterise MdAFS1 and/or
additional novel TPS enzyme candidates using X-ray crystallography.
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2 MATERIALS AND METHODS

2.1 In silico analysis
2.1.1

Amino acid sequence alignments

Pairwise global amino acid sequence alignments were used to determine amino acid sequence
identity between TPS polypeptides. The alignments were carried out using the EMBOSS
program Needle (Rice et al., 2000) which is an implementation of the Needleman-Wunsch
algorithm for global alignment (Needleman and Wunsch, 1970).
Multiple amino acid sequence alignments of TPS were performed with ClustalX (Thompson et
al.,

1997),

using

default

parameters,

and

were

manually

adjusted

in

GeneDoc

(www.nrbsc.org/gfx/genedoc/).
2.1.2

BLAST analysis

Protein-protein BLAST (BLASTP) (Altschul et al., 1990) and reciprocal BLAST (Gabaldon,
2008) searching against the NRDB90 database (Holm and Sander, 1998) was carried out to
identify TPS sequences of interest. Sequences and sequence information were downloaded in
FASTA format.
2.1.3

Chloroplast targeting peptide (CTP) prediction

The bioinformatics tools ChloroP (Emanuelsson et al., 1999) and TargetP (Emanuelsson et al.,
2000) from the “Centre of Biological Sequence Analysis” (CBS) of the Technical University of
Denmark

(DTU)

were

used

in

this

work.

The

ChloroP

server

(available

at

(http://www.cbs.dtu.dk/services/ChloroP/), predicts the presence of chloroplast transit peptides
(CTP) in protein sequences and the location of potential CTP cleavage sites. Cleavage sites are
predicted using a scoring matrix derived by an automatic motif-finding algorithm. TargetP 1.1
(http://www.cbs.dtu.dk/services/TargetP/) predicts the subcellular location of eukaryotic
proteins. The location assignment is based on the predicted presence of any of the N-terminal
presequences: chloroplast transit peptide (CTP), mitochondrial targeting peptide or secretory
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pathway signal peptide. For the sequences predicted to contain an N-terminal presequence a
potential cleavage site can also be predicted using the TargetP (Emanuelsson et al., 2000) and
ChloroP (Emanuelsson et al., 1999) servers, freely available at the Centre for Biological
Sequence Analysis (http://www.cbs.dtu.dk/services/).
2.1.4

Open reading frame (ORF) prediction

Prediction of protein ORFs was carried out using the Showorf program in the EMBOSS
bioinformatics suite (http://www.ch.embnet.org/index.html) translation tool Transeq (Rice et al.,
2000).
2.1.4.1

Phylogenetic analysis

Evolutionary relationships amongst TPS protein sequences were inferred using the NeighbourJoining method (Saitou and Nei, 1987). The evolutionary distances were computed using the
Poisson correction method (Zuckerkandl and Pauling, 1965). Phylogenetic analyses were
conducted in MEGA4 (Tamura et al., 2007).
2.1.5

Protein homology modelling
2.1.5.1

MdAFS1 modelling

A homology model for MdAFS1 was constructed using Modeller9v1 (Marti-Renom et al.,
2000), using the X-ray crystal structures of a bornyl diphosphate synthase from Salvia officinalis
(PDB codes 1N1Z and 1N1B) (Whittington et al., 2002) as a template. After sequence alignment
and docking on to the template structure, side chains in the active site region were adjusted
manually and hydrated Mg2+ cations were placed in similar locations to those present in the
1N1Z and 1N1B structures. Hydrogen atoms were added to the structure, charges were assigned
(Gasteiger

method),

and

the

model

then

was

energy-minimised

in

Sybyl7.2

(www.tripos.com/sybyl). Ramachandran plot analysis was used for model validation and was
carried out using the Molprobity web service (Davis et al., 2004) available at
http://molprobity.biochem.duke.edu/.
2.1.5.2

FDP substrate docking in MdAFS1

An FDP substrate molecule was built, charges assigned and the conformational energy
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minimised in Sybyl before being docked into the protein model using the programme Gold
(Jones et al., 1995). The docking was deliberately biased using a template-similarity constraint to
position the diphosphate moiety in a similar manner to that observed in TPS crystal structures,
bound to the Mg2+ in an appropriate geometry. The active site cavity was automatically detected
by Gold, by searching a 10 Å radius space around Asp453 in MdAFs1. Multiple Gold solutions
consistently placed the substrate molecule in the same site, with the diphosphate bound to the
Mg2+ ions. Of ten models examined, all exhibited extended FDP conformations deep into the
active site, with four solutions clustered closely about the top solution, as predicted by
Goldscore.
2.1.5.3

Lotus corniculatus ocimene synthase (LjEβOS) modelling

A homology model for LjEβOS was also constructed using Modeller9v1 in accordance with the
protocols used to generate the MdAFS1 model. The template in this case, however, was the
crystal structure of Mentha spicata limonene synthase (LS) with 2-fluorolinalyl diphosphate
(PDB code 2ONH). Amino acid sequence identity between the LjEβOS and LS proteins was
37.6%. Ramachandran plot analysis was used for model validation and was carried out using the
Molprobity web service (Davis et al., 2004)
2.1.5.4

Modelling of other terpene synthases

Predictions for the 3D structures for all other TPS enzymes were carried out using SWISSMODEL programme (Guex and Peitsch, 1997; Schwede et al., 2003; Arnold et al., 2006),
available on the Expasy website (http://www.expasy.org). The program was run using project
mode which allows the operator to choose the template structure and manually carry out initial
modelling and refinement (e.g. fixing side chains that are making clashes). The semi-refined
model was then sent to the SWISS-MODEL server for final refinement.
2.1.6

Viewing and manipulating 3D protein models and structures

Protein models were either visualised in the DeepView/Swiss-PdbViewer v3.7 (Guex and
Peitsch, 1997; Schwede et al., 2003; Arnold et al., 2006) (available at http://spdbv.vital-it.ch/) or
in the molecular graphics and modelling package Pymol (http://www.pymol.org/).
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2.2 Enzymes and Chemicals
All chemicals used were of molecular biology grade, typically purchased from companies
including Sigma-Aldrich (USA), BDH (United Kingdom), Invitrogen (USA), BioRad (USA) and
Roche (Germany). Restriction enzymes were purchased from New England Biolabs (USA).

2.3 DNA methods
2.3.1

Media and buffers

Luria-Bertani (LB) broth:

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
NaCl, pH 7.0

2YT media:

1% (w/v) tryptone, 0.5% (w/v) yeast extract, 0.5%
(w/v) NaCl, pH 7.0

LB plates

LB broth, 1.5% (w/v) bacto agar

SOC media

1.6% (w/v) tryptone, 1% (w/v) yeast extract, 0.5% (w/v) NaCl, 10
mM

MgCl2, 10 mM MgSO4, 20 mM glucose, pH 7.0

1 × TAE

40 mM Tris-acetate, 1 mM EDTA, pH 8.0

0.5 × TBE

45 mM Tris-base, 45 mM boric acid, 1 mM EDTA, pH 8.0

6 × DNA loading buffer

0.25% (w/v) bromophenol blue, 15% (w/v) Ficoll (type 400
dissolved in either TAE or TBE buffer

Transformation solution

100 mM CaCl2, 70 mM MnCl2, 40 mM sodium acetate

2.3.2

Antibiotic final concentrations

Ampicillin

100 mg l-1

Chloramphenicol

35 mg l-1

Kanamycin

50 mg l-1

27

Chapter 2: Materials and Methods
2.3.3

Bacterial strains

Various E. coli strains were used throughout this study. For routine cloning and plasmid
replication OneShot®TOP10 chemically competent cells (Invitrogen) were used interchangeably
with sub-cloning efficiency DH5α cells (Invitrogen). For transformation of mutagenic PCR
fragments that had been Dpn I digested, XL1-Blue® supercompetent cells (Stratagene) were
used. Bacterial expression from the pET-30 (Novagen) series vectors or pET200/D-TOPO®
(Invitrogen) exclusively relied on BL21-CodonPlus(RIL) cells (Stratagene). These cells contain
a plasmid that carries extra copies of three tRNA genes, argU, ileY, and leuW. The codons
recognized by these tRNAs (AGA and AGG (arginine), AUA (isoleucine) and CUA (leucine))
are rarely used in endogenous E. coli genes, and so the tRNAs themselves are also rare.
2.3.4

Bacterial genotypes

DH5α (subcloning efficiency, 1 × 106)
Genotype: F- φ80lacZ∆M15 ∆(lacZYA-argF)U169 recA1 endA1 hsdR17(rk-, mk+) phoA
supE44 thi-1 gyrA96 relA1 λDH5α (Maximum efficiency, 1 × 109)
Genotype: F- φ80lacZ∆M15 ∆(lacZYA-argF) U169 recA1 endA1 hsdR17 (rk-, mk+) phoA
supE44 λ- thi-1 gyrA96 relA1
BL21-CodonPlus(DE3)-RIL
Genotype: E. coli B F- ompT hsdS(rB- mB-) dcm+ Tetr gal λ(DE3) endA Hte (argU ileY leuW
Camr)
2.3.5

Storage of bacteria

Short-term storage of bacteria (i.e. for up to four weeks) was achieved by placing media plates
containing bacterial colonies at 4 °C. For long-term storage, glycerol stocks were made by
adding glycerol directly to the bacterial culture, to a final concentration of 15%, and storing at 80 °C.
2.3.6

Isolation of plasmid DNA

Plasmid DNA was isolated either using the Purlink™ Quick Plasmid Miniprep Kit (Invitrogen)
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or QIAprep Miniprep (Qiagen) from 2 ml cultures, grown overnight at 37 °C and 220 rpm, in LB
containing the appropriate antibiotics. Plasmid DNA preps were carried out in accordance with
the Purlink™ or QIAprep miniprep protocols. Purified plasmid DNA was stored at -20 °C. The
concentration of recovered DNA was estimated at 200 ng µl-1.
2.3.7

Agarose gel electrophoresis

DNA fragments were separated on 0.8-1.0% agarose gels made with 0.5 × TBE or 1× TAE (if
DNA was to be ligated). DNA samples were mixed with 1 × TAE or 0.5 × TBE loading buffer as
appropriate and electrophoresed at a constant voltage, typically 8-12 V/cm. Visualisation of
DNA bands utilised ethidium bromide, which was included in the agarose gel (approximately 0.5
µg/ml), with excitation using a UV transilluminator. Images were captured by the GelDoc 2000
(BioRad) digital camera systems, controlled by the Quantity One software package (BioRad).
Commercially available standards were electrophoresed alongside samples, to determine the size
of bands; the most commonly used standard was the 1 kb Plus DNA Ladder (Invitrogen), which
was loaded at 0.3-0.5 µg per lane.
2.3.8

DNA quantification

DNA concentrations were measured with a Qubit fluorimeter combined with either the Qubit
Quant-iT kit for dsDNA quantification (10 pg/µl -100 ng/µl,) or the broad range kit (100 pg/µl 1000 ng/µl,). Fluorescent reagent was diluted 200× in assay buffer and vortexed twice for 3
seconds. In thin-walled 0.5 ml PCR tubes, 190 µl of this mix was added to 10 µl of each
provided standard and 199 µl was added to 1 µl diluted sample. The tubes were vortexed twice
for 3 seconds and incubated at room temperature for 2 minutes prior to measurement.
2.3.9

DNA ligation

Ligation of insert DNA with linearised vector was performed using the Rapid DNA ligation Kit
(Roche), following the manufacturers’ specifications.
2.3.10

General cloning

General cloning procedures including restriction digestion, ligation and DNA purification were
carried out according to standard protocols (Sambrook et al., 1989).
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2.3.11

TOPO Cloning

Topoisomerase cloning was carried out using the Zero Blunt TOPO PCR cloning kit and the
pET200/D-TOPO expression vector (Invitrogen) according to the manufacturers’ specifications.
The Zero Blunt kit was used to clone the truncated MdAFS1∆R33 and DDXXD mutated
cDNAs, amplified using the primers listed in Table 2-1 and 2-5 respectively. The MdAFS1-TEV
and AcTPS2-TEV cDNAs, amplified using the primers listed in Table 2-1, were cloned directly
into the pET200/D-TOPO expression vector.
Table 2-1: Terpene synthase primers for Zero Blunt and pET-TOPO cloning.

Primer names

Sequence 5′′ to 3′′
CACCGAAAACCTGTATTTTCAGGGAATGG
MdAFS1TEV(F)
AATTCAGAGTTCACTTGCAAG
MdAFS1 R33(F) CATATGAGACGGTCTGCAAATTACAAGCC
MdAFS1Uni (R)
AcTPS2TEV(F)
AcTPS2 (R)

2.3.12

CTCGAGGAGTACTAGTTTACAAGAGGTTG
GAATAGTAAAGACAGGA
CACCGAAAACCTGTATTTTCAGGGAATTG
CGGAGCCTAGCCAAACC
TTAAAAAAGGGGAATGGGATTGATTAGTA
GTGACTTGACTCG

Comments
TEV site underlined
RRX8W truncation.
NdeI site underlined
XhoI site underlined
TEV site underlined

AcTPS1 cloning

2.3.12.1

pET-30 expression vector construction

An AcTPS1 PCR fragment possessing 5′ EcoRI and 3′ XhoI endonuclease sites was amplified by
PCR from a 1993 bp AcTPS1 cDNA, obtained from the Plant & Food Research in-house
sequencing facility (Andrew Gleave, personal communication), using the following primers:
Forward Primer:

5′-ATTGAATTCGCAACCGCCGCTGGTCC-3′

Reverse Primer:

5′-GGACTCGAGGGAATGCTTATAAAGAAG-3′

The amplified AcTPS1 product was then cloned directly into the pET-30a expression vector
(Novagen) as an EcoRI / XhoI fragment.
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2.3.12.2

TEV protease linker construction

PCR amplification of AcTPS1 DNA to introduce a tobacco etch virus protease (TEV) site was
unsuccessful, hence the AcTPS1 DNA was ligated with a TEV linker. Generation of a TEV
linker with EcoRI and NcoI site overhangs was performed in thin-walled 0.2 µl PCR and carried
out according to Tables 2-2 and 2-3 with the. The linker was then ligated (section 2.2.5 above)
with an AcTPS1 fragment excised from a pET-30 vector using the NcoI and EcoRI
endonucleases. Prior to ligation, the AcTPS1 fragment was dephosphorylated (section 2.2.8).
Table 2-2: TEV linker reaction components.

Components
TEVF Primer: CATGGCTGATATCGGATCCGAAAACCTGTATTTTCAGGGAG
TEVR Primer: AATTCTCCCTGAAAATACAGGTTTTCGGATCCGATATCAGC
10 x T4 kinase buffer (NEB)
NEB T4 kinase (NEB)
10 mM ATP
MQ-H2O

Amount
2.5 µl
2.5 µl
2.5 µl
2.0 µl
2.5 µl
13 µl

Table 2-3: TEV linker reaction conditions.

Temperature
37 °C
70 °C
94 °C
60 °C
20 °C

2.3.13

Minutes
30
10
5
5
1

Primer design

Nucleotide sequences for TPS genes of interest were either obtained from the Plant & Food
Research EST database or from GeneBank (http://www.ncbi.nlm.nih.gov/Genbank/). Custom
primers were designed by visually inspecting sequences in the VectorNTI™ (version10)
bioinformatics software package (available at www.invitrogen.com) and incorporating restriction
sites as necessary. Primers containing nucleotide substitutions used in the generation of the TPS
mutants were designed according to the specifications of the QuikChange™ mutagenesis
instruction manual (Stratagene) and were FPLC purified in all instances. Forward and reverse
primers were designed to have similar melting temperatures (Tm), which were calculated using
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the following formulae:
(1) Mutagenic primers:

TM = 81.5 + 0.41(%GC) - 675/ primer length - % mismatch

(2) Non-mutagenic primers:

TM = 81.5 + 0.41(%GC) - 675/ primer length

2.3.14

PCR amplification of DNA sequences

All PCR reactions were performed in thin-walled 0.2 ml PCR tubes using a Mastercycler
Gradient thermo cycler (Eppendorf). The PWO super yield polymerase (Roche), which has been
optimised for high fidelity PCR, was used for all non-mutagenic PCR reactions. Table 2-4
illustrates the typical set up for non-mutagenic PCR amplifications.
Table 2-4: Reaction component and conditions for non-mutagenic PCR amplifications.

Component
DNA Template (typically 25 ng/µl)
10 × PWO reaction buffer with Mg2+
Forward Primer (10 µM)
Reverse Primer (10 µM)
dNTPs (10 mM)
MQ-H2O
PWO polymerase

Per reaction

Cycle
Denature
Denature
Anneal
Extend
Final extension

Duration
30 seconds
30 seconds
30 seconds
2 minutes
10 minutes

2.3.15

Temperature
95 °C
95 °C
65 °C
72 °C
72 °C

2.0 µl
5.0 µl
1.5 µl
1.5 µl
1.0 µl
To a total of 50 µl
0.5 µl

× 30 cycles

QuikChange™ mutagenesis

The QuikChange mutagenesis system (Stratagene) was used in the generation of all TPS mutants
used in the course of this study. This system utilises supercoiled double-stranded DNA (dsDNA)
vectors harbouring the insert of interest and two synthetic complimentary oligonucleotide
primers, both containing the desired mutation. The primers are extended during temperature
cycling which results in the formation of mutated plasmid containing staggered nicks. Treatment
32

Chapter 2: Materials and Methods
of the mutated plasmid with DpnI, an endonuclease specific for methylated or hemimethylated
DNA (target sequence: 5'-Gm6ATC-3'), results in digestion of the parental DNA template and
hence selects for the mutation-containing synthesised DNA (Nelson et al., 1992). Mutagenic
primers used in the course of this study are listed in Tables 2-5, 2-6 and 2-7. Template DNA was
typically provided for by the pET200/D-TOPO (Invitrogen) and pET-30 (Novagen) expression
vectors, harbouring the TPS DNA of interest. However, the MdAFS1 DDXXD mutants were
amplified from a pBSKM vector (Stratagene) harbouring the MdAFS1 cDNA. The
pBSKM/MdAFS1 vector was obtained from the Plant & Food Research sequencing team
(Andrew Gleave, personal communication).
Table 2-5: MdAFS1 mutagenic primers.

Primer name

Sequence 5′′ to 3′′

D326A(F)
D326A(R)
D327A(F)
D327A(R)
D330A(F)
D330A(R)
D326D330A(F)
D326D330A(R)
D484A(F)
D484A(R)
S485A(F)
S485A(R)
S487A(F)
S487A(R)
S487K(F)
S487K(R)
S488A(F)
S488A(R)
S538A(F)
S538A(R)
S538K(F)
C298W(F)
C298W(R)
L402F(F)
L402F(R)
V467F(F)
V467F(R)

CAACTTAGTACTGATCATAGCCGACGTCTATG
CATAGACGTCGGCTATGATCAGTACTAAGTTG
CTGATCATAGACGCCGTCTATGATATTTATGGC
GCCATAAATATCATAGACGGCGTCTATGATCAG
GACGACGTCTATGCTATTTATGGCTCAGAGG
CCTCTGAGCCATAAATAGCATAGACGTCGTC
TACTGATCATAGCCGACGTCTATGCTATTTATGGCTCT
AGAGCCATAAATAGCATAGACGTCGGCTATGATCAGTA
CAAGAGAGAGGGGCTTCTCCTTCATCAATC
GATTGATGAAGGAGAAGCCCCTCTCTCTTG
CAAGAGAGAGGGGATGCTCCTTCATCAATC
GATTGATGAAGGAGCATCCCCTCTCTCTTG
GAGGGGATTCTCCTGCATCAATCGTATGTTAC
GTAACATACGATTGATGCAGGAGAATCCCCTC
GAGGGGATTCTCCTAAGTCAATCGTATGTTAC
GTAACATACGATTGACTTAGGAGAATCCCCTC
GGGGATTCTCCTTCAGCAATCGTATGTTACATG
CATGTAACATACGATTGCTGAAGGAGAATCCCC
CCGTGGAGAAGAAGCTGCTAGTATATCTTG
CAAGATATACTAGCAGCTTCTTCTCCACGG
CCGTGGAGAAGAAGCTAAGAGTATATCTTG
GTTGAATGTTTCTCATGGGCTGTGGGAGTAGC
GCTACTCCCACAGCCCATGAGAAACATTCAAC
GGCAGATTTTTGTAAAGCATTTTTGGTGGAGGCAG
CTGCCTCCACCAAAAATGCTTTACAAAAATCTGCC
CTCTCTCATCTTTCGCCTCAACAATGATTTGGG
CCCAAATCATTGTTGAGGCGAAAGATGAGAGAG

Comments
DDXXD mutagenesis
DDXXD mutagenesis
DDXXD mutagenesis
DDXXD mutagenesis
DDXXD mutagenesis
DDXXD mutagenesis
DDXXD mutagenesis
DDXXD mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
Evolution mutagenesis
Evolution mutagenesis
Evolution mutagenesis
Evolution mutagenesis
Evolution mutagenesis
Evolution mutagenesis
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Table 2-6: PsTPS2 mutagenic primers. Mutated and WT PsTPS2 DNA was amplified according to previous
methods (McKay et al., 2003).

Primer name
S538A (F)
S538A (R)
S538K (F)
S538K (R)

Sequence 5′′ to 3′′
CCGTGGAGAAGAAGCTGCTAGTATATCTTG
CAAGATATACTAGCAGCTTCTTCTCCACGG
CCGTGGAGAAGAAGCTAAGAGTATATCTTG
CAAGATATACTCTTAGCTTCTTCTCCACGG

Comments
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis

Table 2-7: AcTPS2 mutagenic primers.

Primer name
K514A(F)
K514A(R)
K514S(F)
K514S(R)

2.3.16

Sequence 5′′ to 3′′
GTGGCGATATTCCGGCAAGCATCCAGTGC
GCACTGGATGCTTGCCGGAATATCGCCAC
GTGGCGATATTCCGAGTAGCATCCAGTGC
GCACTGGATGCTACTCGGAATATCGCCAC

Comments
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis
H-α1 loop mutagenesis

PCR Product Purification

PCR products and other non-specific products were separated by gel electrophoresis on 0.8%
agarose 1 × TAE gels containing 0.5 µg/ml ethidium bromide. Product bands were excised from
the gels with a scalpel and purified using the High Pure PCR Product Purification Kit (Roche)
according to the manufacturers’ specifications.
2.3.17

Transformation of cells

Competent DH5α cells were either commercially sourced (Invitrogen) or received as
components of the QuikChange mutagenesis and TOPO vector Kits (section 2.2.1) and were
transformed in accordance with the manufacturers’ instructions. However, additional stocks of
competent BL21-CodonPlus(RIL) expression cells (Stratagene) were prepared as follows.
The BL21-CodonPlus(RIL) cells were grown in the presence of 50 µg/ml chloramphenicol to
maintain the RIL plasmid (section 2.2.1). A single colony of E. coli, which had been grown on
an LB plate, was used to inoculate 10 ml of LB media. The culture was incubated for 10 hours
with shaking at 140 rpm in a 30 °C incubator. Of this culture, 2 ml was used to inoculate 50 ml
of 2YT broth, which had been prewarmed to 30 °C, and shaken further at 30 °C until the A600
had reached 0.45-0.55 (approximately 3-4 hours). The cells were chilled on ice for 90 minutes,
then centrifuged (2500 × g for 10 minutes at 4 °C) and resuspended in 30 ml of ice-cold
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transformation solution (see section 2.2.1). After 45 minutes on ice, the cells were centrifuged
(1800 × g for 5 minutes, 4 °C) and resuspended in 5 ml of transformation solution. To this, 0.9
ml of glycerol was added (to give a final concentration of approximately 15% (v/v)) and the cells
were then dispensed into microfuge tubes. The cells were snap-frozen in a bath of isopropanol
and dry ice, and stored at -80 °C.
For transformation, 2-5 µl plasmid DNA or ligation reaction was added to 50 µl of thawed
competent cells in a 14 ml round-bottomed polypropylene snap cap tubes (Sarstedt), and mixed
by gently swirling the contents of the tube. The cells were then incubated on ice for 30 minutes
before heat-shock at 42 °C for 45 seconds in a water bath, followed by a further two minutes on
ice. A 0.9 ml aliquot of LB or SOC media was added to each tube, and the tubes transferred to a
37 °C incubator for 1 hour, with shaking at 220 rpm. Approximately 100 µl of the transformation
mixture was spread onto LB agar plates containing 35 µg/ml chloramphenicol and any additional
antibiotic required for plasmid selection.
2.3.18

Restriction analysis

Typically, 0.5-1 µg of purified plasmid DNA was digested with appropriate restriction
endonuclease(s) (sourced from New England BioLabs in all instances) according to Table 2-8.
The reactions were incubated for at least 1 hour at 37 °C. For gel purification or generating
cloning fragments, 1 µg of purified plasmid DNA was digested in a total volume of 50 µl.
Table 2-8: Restriction digest set-up.

Component
Appropriate NEB buffer
100 x BSA (if required)
Restriction endonuclease(s)
MQ-H2O

2.3.19

20 µl reaction
2
0.2
0.5
To 20

50 µl reaction
5
0.5
1.0
To 50

Dephosphorylation of DNA

Dephosphorylation of DNA ends was carried out by adding 1 µl of shrimp alkaline phosphatase
(SAP) (Roche) to the vector DNA digest in the final 15 minutes of the digest. The SAP was then
inactivated at 65 °C for 10 minutes.
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2.3.20

DNA sequencing

TPS clones were sequenced at the Allan Wilson Centre Massey Genome Service (AWCGS),
Massey University, Albany (http://awcmee.massey.ac.nz/genomeservice.htm). For sample
preparation, 300 ng DNA was mixed with 1 µl sequencing primer at 3.2 ng/µl and the volume
was adjusted to 15 µl with MQ-H2O. Sequencing results were downloaded from the AWCGS
server and imported into the VectorNTI module ContigExpress. Low quality ends of the
sequences

were

trimmed

and

ambiguous

nucleotides

were

base-called

from

the

electropherogram, if possible. Contigs which included the expected clone sequence were
assembled for comparison. After verifying the constructs for PCR errors and orientation, any
mismatches were translated to ensure that only silent mutants were present. Sequencing primers
are listed in Table 2-9. Sequencing of MdAFS1 and PsTPS2 clones also relied on the universal
T7 forward primer.
Table 2-9: Terpene synthase sequencing primers.

Primer name
MdAFs1Seq F1
MdAFS1Seq F2
PsTPS2Seq F1
PsTPS2Seq F2
AcTPS1SeqF1
AcTPS1SeqF2
AcTPS1SeqF3
T7

Sequence 5′′ to 3′′
GGCACATTAGAGAACCACCATTTCGCG
GGTGGAGGCAGAGTGGTATAATAAGAGCC
CAACCCATTCTGACGATGGACATCCC
CTGCCAAATATTTGGAAGAATCCCTGC
TTATATGCTAGCGAAAACCTGTATTTTCAGGGAGCAAC
CGCCGCTGGTCCTATT
TTATATCTCGAGTGTCAGTCCCACTTGTGTTGTTTTGGG
CAGGGGGTTGATGAGTTTGT
TAATACGACTCACTATAGGG

2.4 Protein methods
2.4.1

Production of recombinant proteins in E. coli: Autoinduction method

Recombinant proteins were expressed from either pET-30 (Novagen, USA) series, pET101/DTOPO or pET200/D-TOPO (Invitrogen, USA) plasmids in E. coli BL21-CodonPlus™-RIL cells
(Stratagene) using the autoinduction method (Studier, 2005). Cultures were grown in 2 L baffled
flasks at 16 °C for 48 -72 h with shaking at 300 rpm. Stocks used in the preparation of auto-
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induction media are listed below:
50 × 5052 solution:

0.5% (v/v) glycerol 0.05 % (w/v) glucose, 0.2% (w/v) α-lactose

20 × NPS solution:

500 mM (NH4)2SO4, 1 M KH2PO4, 1 M Na2HPO4. Measure the
pH (1/20 dilution), should be ~6.75.

1000 × metals mix:

20 µM CaCl2, 10 µM MnCl2.4H2O, 10 µM ZnSO4.7H2O, 2 µM
CoCl2.6H2O, 2 µM CuCl2.2H2O, 2 µM NiCl2.6H2O, 2 µM
Na2MoO4.5H2O, 2 µM Na2SeO3.5H2O, 2 µM H3BO3.
Autoclaved, then added to 50 µM FeCl3.6H2O dissolved in 1/100
volume of conc. HCl

ZY media:

10 g tryptone, 5g yeast extract, 928 ml MQ-H2O, autoclave.

2.4.2

Extraction of soluble proteins from E. coli cells

Cells from the expression cultures were pelleted by centrifugation at 2,500 × g for 10 minutes.
Cell pellets containing N-terminal His6-tagged proteins were resuspended in chilled (4 °C)
binding buffer (section 2.4.3.1) (20 ml per 500 ml of culture). Cell pellets containing non-tagged
MdAFS1 protein, were resuspended in ammonium sulphate solution (section 2.4.3.3). All buffers
contained one Complete Protease Inhibitor Tablet, EDTA Free (Roche) per 50 ml of buffer.
Bacterial cells were lysed by passing the whole cell suspension (typically 20-40 ml) twice
through a gas powered EmulsiFlex®-C15 high-pressure homogeniser (Avestin) at a pressure of
15000-20000 psi. The lysates were centrifuged at 15,000 × g for 30 minutes, and then passed
through a filter of 0.45 µm pore size. The resulting supernatant was termed the cleared bacterial
lysate.
2.4.3

Purification of recombinant terpene synthase proteins

All purifications were carried out at 4 °C and used filtered buffers (0.25 µm pore size) that had
been pre-chilled to 4 °C. With the exception of size exclusion chromatography which employed
an AKTA Explorer FPLC System (GE Healthcare), all remaining purification methods were
carried out with an AKTAprime™ Automated Liquid Chromatography system (GE Healthcare).
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2.4.3.1

Purification of His6-tagged recombinant proteins

Binding buffer:

20 mM sodium phosphate, 500 mM NaCl, 30 mM imidazole, pH 7.4

Charge buffer:

50 mM NiSO4.

Elution buffer A:

20 mM sodium phosphate, 500 mM NaCl, pH 7.4

Elution buffer B:

20 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole, pH 7.4

Immobilised metal affinity chromatography (IMAC) was used as the first purification step for Nterminal His6-tagged recombinant proteins. IMAC purification was carried out using 5 ml
HisTrap™ Ni2+ chelating columns (GE Healthcare). Cleared bacterial lysates were applied to a 5
ml HisTrap column (Pharmacia) pre-charged with charge buffer and equilibrated with binding
buffer. Bound proteins were washed with 25 ml binding buffer and eluted. Elution was
performed using a gradient of: 0-100% elution buffer B in 25 ml. Eluted proteins were monitored
by measuring their UV absorbance at 280 nm and collected into 2 ml fractions. Fractions
containing recombinant protein were typically concentrated to 1-2 ml in 30,000 MWCO
concentrators (Vivaspin).
2.4.3.2

Anion exchange chromatography

Buffer A:

20 mM Tris-HCl, 25 mM NaCl, pH 8.0.

Buffer B:

20 mM Tris-HCl, 500 mM NaCl, pH 8.0.

Anion exchange chromatography was used on some occasions following the IMAC purification
of recombinant His6-tagged TPS proteins. Concentrated purified extracts (typically 1-2 ml)
resulting from the initial IMAC purification step were diluted in a 20 × excess of buffer A and
applied to a 5 ml HiTrap DEAE Sepharose Fast Flow column (Amersham Biosciences). Bound
proteins were washed with 20 ml buffer A and proteins eluted with a gradient of 0-100% elution
buffer B in 25 ml. Eluted proteins were monitored by measuring their UV absorbance at 280 nm
and collected into 2 ml fractions.
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2.4.3.3

Ammonium sulphate precipitation

AS solution

Saturated (NH4)2SO4 in 50 mM Tris-HCl (pH 8.5)
The solution was left stirring at 4° C overnight. Excess solid (NH4)2SO4
was left in the vessel stored at 4° C.

Ammonium sulphate (AS) precipitation was used as the initial purification step for non-tagged
recombinant proteins used for crystallisation screening. To make a set volume of AS solution at a
desired percentage from its saturated stock solution the following formula was used:

X = ((Sf - Si) × Vi)/(100 - Sf)
Where Vi is the initial volume of protein solution, Si is the starting saturation percentage, Sf is
the desired saturation percentage and X is the volume in ml of 100% saturated (NH4)2SO4
required to bring a solution of saturation Si to the desired saturation (Sf).
The volume of cleared bacterial lysate to be precipitated was measured using an ice-cold
measuring cylinder and recorded. The lysate was then transferred to an ice cold 250 ml
centrifuge bottle. Using the above formula, the volume of 100% saturated (NH4)2SO4 required to
bring the lysate to 35% saturation was calculated and added drop-wise while the solution was
stirred continuously using a magnetic flea for 2 hours. The flea was removed and the lysate
centrifuged at 10,000 × g for 15 minutes at 4 °C. The supernatant was then decanted into a fresh
250 ml centrifuge bottle and the above procedure repeated, increasing the (NH4)2SO4 saturation
to 45%. The solution was then continuously stirred overnight at 4 °C. The next day the lysate
was re-centrifuged at 10,000 × g for 15 minutes, supernatant removed and precipitate stored at 80 °C until needed.
2.4.3.4

Hydrophobic interaction chromatography

Buffer A:

50 mM sodium phosphate, 1 M ammonium sulphate pH 7.0

Buffer B:

50 mM sodium phosphate pH 7.0

Hydrophobic interaction chromatography (HIC) was used as the second purification step
(following AS precipitation) for the non-tagged MdAFS1 protein. AS precipitates were removed
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from -80° C storage and thawed on ice. The precipitates were then gently resuspended in 40 ml
of chilled (4 °C) buffer A and applied to a 5 ml butyl sepharose HIC column (Pharmacia). Bound
proteins were eluted with a gradient comprising 0-100% elution buffer B in 50 ml. Eluted
proteins were monitored by measuring the UV absorbance at 280 nm and collected into 2 ml
fractions. Fractions containing recombinant proteins were typically pooled and concentrated in
30 MWCO concentrator (Vivaspin) to a final volume of 1 ml.
2.4.3.5

Size exclusion chromatography

Buffer A:

50 mM Bis-Tris-Propane (pH 7.4), 250 mM NaCl, 5 mM DTT

Minimal buffer:

20 mM Tris-HCl (pH 7.4)

Size exclusion chromatography (SEC) was employed as the final purification step for both
tagged and non-tagged recombinant TPS proteins. Concentrated protein samples (1 ml) were
loaded onto to a 1.6 × 40 cm G200 Superdex (prep. grade) gel filtration column pre-equilibrated
with an appropriate buffer. For proteins that were to be assayed, purification buffer A was used,
whereas the minimal buffer was used for crystallisation preparations. Proteins were eluted at a
flow rate of 1 ml/minute. Eluted proteins were monitored by measuring the UV absorbance at
280 nm and collected in 1 ml fractions.
Unless otherwise stated, the SEC protein fractions used for activity analysis of WT and mutated
TPS recombinant enzymes and also the fractions used for crystallisation screening experiments,
were selected on the basis of being monomeric. This was done to ensure that any activity
alterations observed between WT and mutated TPS enzymes was not due to the presence of
soluble protein aggregates and also, that a high degree of monodispersity was attained in the
protein samples used for crystallisation screening. Selection of monomeric protein fractions was
determined by comparison to SEC separations of a 1 mg/ml BSA protein standard run under
identical conditions to the recombinant TPS proteins. BSA was selected because its monomer
and dimer protein sizes of 66.4 and 132.8 kDa respectively are similar to the expected monomer
and dimer protein sizes of the mutated and non-mutated TPS enzymes used in this study.
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2.4.4

Protease treatment

Protease treatment of recombinant TPS proteins was carried out using AcTEV™ Protease
(Invitrogen) which is an enhanced form of Tobacco Etch Virus (TEV) protease containing an Nterminal His6 tag.
Optimisation for AcTEV cleavage was carried out according to the manufacturers’ specification.
For large scale optimised AcTEV protease cleavage, recombinant TPS proteins, as appropriate,
were digested with AcTEV protease (Invitrogen). Reactions were carried out in 5 ml volume in a
14 ml round-bottomed polypropylene snap cap tubes (Sarstedt) at 25 °C for 2 hours. Typically
10 mg of total protein from IMAC purification was cleaved with 100 units of AcTEV protease
(10 U/µl), in the buffer it was eluted in, and including 1 × TEV buffer (final concentration).
Removal of the AcTEV protease was carried by applying the cleaved protein extract to a 5 ml
IMAC column and collecting the unbound fraction which contained the cleaved TPS protein.
The bound proteins, including the AcTEV and any non-cleaved TPS protein, were eluted from
the column in a single step using 25 ml of elution buffer B (section 2.4.3.1) and discarded.
2.4.5

Storage of proteins

Protein fractions to be stored for longer than a week were adjusted to 15% (v/v) glycerol, snap
frozen in liquid N2 and maintained at -80 °C in 200 µl aliquots. For shorter term storage, proteins
were maintained at 4 °C.
2.4.6

Denaturing gel electrophoresis

4 × SDS loading buffer:

250 mM Tris-HCl (pH 6.8), 8% (w/v) SDS, 40% (v/v) glycerol,
10% 2-mercaptoethanol (v/v), 0.04% (w/v) bromophenol blue

Gel buffer:

3.0 M Tris-HCl pH 8.45, 0.3 % (w/v) SDS

Several different methods for denaturing gel electrophoresis were used. These included standard
SDS-PAGE techniques using both manually poured and commercially available pre-cast gels
and automated separation of proteins using microfluidic protein chips on the Experion™
automated electrophoresis system (BioRad).
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2.4.6.1

Sample preparation

Soluble protein samples were resuspended in 1 × SDS loading buffer and heated at 95 °C for 5
minutes. Insoluble protein samples were extracted from expression cell pellets. This procedure
involved transferring 1.5 ml of an expression culture to a microfuge tube and pelleting the cells
at 10,000 × g in a bench top microfuge for 5 minutes. The supernatant was removed and the cell
pellet resuspended in 200 µl of 1 × SDS loading buffer and heated at 95 °C for 5 minutes.
Samples were allowed to cool to room temperature, centrifuged at 10,000 × g for 5 minutes to
pellet cell debris and the supernatants taken for SDS-PAGE analysis.
2.4.6.2

SDS-PAGE materials

Crude extracts and various elution fractions were analysed by standard procedures on SDSPAGE gels. The gels were either sourced commercially from Invitrogen, or poured in-house
according to a recipe in Table 2-10 (as described in Schagger and von Jagow (1987)). A premixed 40% acrylamide, 29:1 acrylamide:bisacrylamide solution (BioRad) was used. Ammonium
persulfate and N,N,N',N'-Tetramethylethylenediamine (TEMED) were sourced from BioRad.
Gels were cast using the Mini-Protean 3 system (BioRad), with 1 mm spacer plates and combs.
The glycerol in the separating gel meant that the stacking gel could be poured immediately after
the separating gel, and no degassing was required. Gels were left to set for 45 minutes prior to
loading.
Table 2-10: Recipe for two 10% (w/v) separating, 4% (w/v) stacking SDS-PAGE gels

Component
40% acrylamide mix
Gel buffer
MQ-H2O
Glycerol
Ammonium persulphate (10%)
TEMED

2.4.6.3

Separating
3.0 ml
4.0 ml
3.72 ml
1.28 ml
60 µl
6 µl

Stacking
0.6 ml
1.55 ml
3.85 ml
75 µl
7.5 µl

Electrophoresis and staining

Anode buffer:

0.1 M Tris-HCl (pH 8.9)

Cathode buffer:

0.1 M Tris Base, 0.1 M Tricine, 0.1% SDS (no correction for pH)
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Colloidal Coomassie:

17% ammonium sulphate (w/v), 34% (v/v) methanol, 3% (v/v)
phosphoric acid, 0.1% (w/v) Coomassie G-250

Following loading, the gel was placed in a Mini-Protean 3 electrophoresis cell (BioRad). Up to
20 µl of sample (soluble or insoluble) was loaded into each well of an SDS-PAGE gel. Anode
and cathode buffers (described above) were used according to Schägger and von Jagow (1987).
Gels were electrophoresed at a constant voltage of 90 V for 1-2 hours. Following
electrophoresis, gels were either stained with Coomassie Brilliant Blue G250 protein stain
(Neuhof et al., 1988) or transferred to a PVDF membrane for Western blotting.
2.4.7

Western Blotting

TBS buffer:

20 mM Tris-HCl (pH 7.5), 500 mM NaCl,

Blocking buffer:

20 mM TBS, 5% (w/v) non-fat milk powder, 0.05% (v/v) Tween-20

Transfer buffer:

25 mM Tris-HCl. 192 mM glycine, 20% (v/v) methanol, 0.05% SDS

Antibody solution:

Desired antibody at the appropriate concentration in blocking buffer

Proteins were electroblotted onto Immobilon PVDF (Millipore) membranes at 20 V for 90
minutes or 5 V for 5 hours using the semi-dry transfer cell Trans-Blot SD (Bio-Rad). The
membrane was then soaked briefly in 100% methanol and incubated at 37 °C for 15 minutes on
filter paper. For immunodetection of His6-tagged proteins, a rapid protocol (i.e. without a
blocking step) was used (Millipore application note RP562). The blot was incubated with gentle
agitation in anti-His6 mouse monoclonal antibody, diluted 1:250 in blocking buffer. The blot was
washed three times for 30 seconds with TBS buffer to remove unbound antibodies and then
incubated in secondary antibody (anti-mouse IgG-AP; Sigma,), diluted 1:1000 with blocking
buffer. The meberane was then washed a further three times for 30 seconds with TBS buffer.
His6-tagged protein bands were visualised by incubating the blot in 5 ml 1-Step BCIP/NBT
alkaline phosphatase detection reagent (Sigma). The reaction was stopped by immersing the blot
into an excess quantity of MQ-H2O as soon as the bands had reached a satisfactory intensity.
2.4.8

Automated electrophoresis

Purified protein extracts were also analysed on microfluidic protein chips using the Experion™
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Automated Electrophoresis System (BioRad), following the manufacturers’ guidelines.
2.4.9

Protein quantification

Quantification was either carried out using the Qubit® fluorometer (Invitrogen) combined with
the Qubit Quant-iT kit for proteins according to the manufacturers’ specifications or directly
from the automated electrophoresis (Experion™) analysis.
2.4.10

Dynamic light scattering (DLS) analysis

The monodispersity of purified protein samples was measured prior to crystallisation screening
using a Protein Solutions DynaPro DLS instrument (Wyatt Technology). Protein samples were
diluted to approximately 1 mg/ml and then centrifuged at 13000 rpm for 10 minutes to pellet any
aggregated material. A DLS measurement was first done on a MQ-H2O blank to ensure correct
background reading (6-8 KCts/s-1 range). The cuvette was then cleaned with MQ-H2O and dried
using compressed air. Seventeen µl of the diluted protein solution was used for each
measurement. Ideally a 100-200 KCts/s-1 range was looked for with no major spiking. When the
KCts/s-1 reading was within acceptable limits sampling was initiated and continued for 25-30
readings.

2.5 Protein crystallisation
2.5.1

Crystallisation screening

The initial TPS crystallisation trials were performed at 18 °C using a Cartesian Honeybee robotic
dispensing system (Genomic Solutions) and the sitting-drop vapour-diffusion method. A custommade screen consisting of 480 different crystallisation conditions was used for all TPS screening
experiments. The conditions used were based on the well established Hampton Sparse Matrix I
and II, Top67, PEG and PEG/ion screens (Moreland et al., 2005). A multiprobe dispensing
system was used to dispense 85 µl of each screen solution into the reservoirs of a 96-well IntelliPlate (Hampton Research). The Intelli-Plate was then transferred to the Cartesian Honeybee
robotic system where 100 nl of the protein solution was dispensed onto a stage above the
reservoir followed by 100 nl of the reservoir solution onto the protein drop. Each of the five 96well Intelli-Plate robot screens (termed RS1 to RSV) were sealed with clear plastic film and
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stored at 18 °C. Over time the sitting drop equilibrates against the reservoir crystallisation agents
and provides a way to sample the crystallisation parameter space, as the conditions vary
continuously during the equilibration process (Chayen and Saridakis, 2008).
2.5.2

Crystal scoring

All crystallisation drops were monitored using a light microscope on a regular basis. Typically
the TPS screens were monitored every day for the first 3-4 days and then on a bi-weekly basis
over the course of the next three weeks. After this screens were monitored less frequently during
the next 2-3 months. Drops were scored on a scale of 0 to 12 according to the crystallisation
progress (Table 2-11).
Table 2-11: Crystallisation screen scoring.

Score
0
1
2
3
4
5
6
7
8
9
10
11
12

2.5.3

Appearance of drop
Clear drop
Glass, Fibre or dust, unknown contaminants
Precipitated or denatured protein (brown precipitation)
Heavy amorphous precipitate
Light amorphous precipitate
Non- amorphous precipitate
Gelatinous precipitate
Phase separation or oil
Spherulites
Microcrystals
Needles
Plates
Three-dimensional crystals

Optimisation of TPS crystals obtained from initial screens

Once successful crystallisation conditions from the initial RS1 to RSV screens (section 2.5.1)
had been identified these were further optimised to produce crystals that were amenable to X-ray
diffraction. This relied on the following methods:
2.5.3.1

Fine screening

Optimisation of the initial screens was conducted using a set of fine screens designed by altering
the concentrations of the various crystallisation components in the initial crystallisation solution.
Typically, pH was varied by ±0.4-0.6 units over a ±1.5 unit range from the original pH, MPD
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concentrations by ±5.0% from the original concentration, and buffer concentrations by ±0.05 M
over a 0.3 M range from the original molar concentration. Fine-screen experiments were carried
out using the sitting drop method in CrystalClear Strips (Hampton Research). Drop sizes were
1µl protein solution to 1 µl crystallisation solution in all cases.
2.5.3.2

Use of inhibitors

Monofluorinated prenyl diphosphate precursor analogues (F-GDP and F-FDP) were used as
crystallisation aids in a number of the screening experiments. Typically the analogue was added
to the protein sample in a 2:1 molar ratio of inhibitor to protein 1-2 hours before dispensing the
sitting drops.

2.6 Volatile collection
2.6.1

Solid phase microextraction (SPME)

SPME is a solvent-free extraction technology, which allows isolation of analytes from a sample
matrix. Volatile compounds are trapped onto a polymer-coated fibre, which is fastened into the
end of a fine stainless steel tube contained in a syringe-like device, and protected by an outer
stainless steel needle. The device’s plunger is depressed to expose the fibre to the headspace over
the sample matrix, retracted at the end of the sampling time, and then depressed again to expose
the fibre to a desorption interface for analysis.
SPME assays were typically carried out in 5 ml activity buffer with desired precursor(s) in 50 ml
glass tubes typically containing 50-100 µg purified recombinant TPS protein. Typical final
precursor concentrations used in the 5 ml SPME assays were: FDP (25 µM), GDP (50 µM) d2GDP (50 µM), d8-GDP (50 µM) and d2-IDP (50 µM). Assays were incubated in a 30 °C water
bath for 20 minutes to 19 hours depending on the experiment. Following incubation, headspace
volatiles were extracted for 5 minutes to 19 hours (depending on the experiment) using
preconditioned (typically for 30 minutes at 250 °C), 65 µm polydimethylsiloxane/divinylbenzene
(PDMS DVB) SPME fibres (Sigma). Fibres were tested for volatile contaminants prior to use
using GCMS (section 2-7). Before analysis by GCMS, the fibres were stored at ambient
temperature in septum-sealed glass vials.
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2.6.2

Solvent extractions

Solvent analysis was carried out as for the SPME analysis except that volatiles were extracted by
initially overlaying the activity buffer with 5 ml pentane:ether (1:1 ratio) during the course of the
incubation. The tubes were capped with glass stoppers to prevent evaporation of the solvent.
Following incubation a further 15 ml of pentane:ether was added to the test tube and the tube
vortexed vigorously for 30 seconds. These tubes were left on the bench until the aqueous and
solvent phases had separated. Following this, the solvent layer was carefully removed and
transferred to clean 20 ml glass scintillation vials with Teflon caps. These were stored at -20 ˚C
until required for GCMS analysis. The solvent samples (typically 18 ml) were dried using
MgSO4 and reduced in volume to 200 µl, under a stream of N2, prior to GC-MS analysis. The
racemic C10 linalyl diphosphate (LDP) precursor was also used at a final concentration of (50
µM) for the enantiomeric analysis of a kiwifruit TPS described in Chapter 8.

2.7 GCMS
2.7.1

SPME analysis (general)

Separation was typically effected using a 30 m × 0.25 mm internal diameter (i.d.) × 0.25 µm film
thickness DB-5 MS capillary GC column (J&W Scientific) in an Agilent HP6890 GC coupled to
a Pegasus III time of flight (TOF) mass spectrometer (Leco, USA). GC temperature programmes
were either 30 ˚C for 3 minutes, then 5 ˚C/minute to 220 ˚C (hold 10 minutes), or 60 ˚C for 3
minutes, then 8 ˚C/minute to 150 ˚C and then 3 ˚C/minute to 205 ˚C. Mass spectra (m/z 33–320)
were collected at an acquisition rate of 20 spectra/s. The transfer line was maintained at 240 ˚C.
Alternatively the separations were carried out on a 20 m × 0.18 mm i.d. × 0.18 µm film thickness
DB-Wax (Agilent) column at a helium flow of 1 ml/minute after a 1 µl, 1 minute splitless
injection at 220 ºC. The oven temperature ramp was 35 ºC for 1 minute, 5 ºC/minute to 240 ºC,
and hold for 1 minute. Volatiles were identified by comparison with NIST (NIST, 2002), Wiley
(McLafferty, 2003) and our own mass spectra libraries (Adam Matich, personal communication)
and confirmed by comparison of retention indices with those of authentic standards and the
literature values (Davies, 1990). For semiquntitiative GCMS sample peak area was measured
relative to an internal hexadecane (C16) standard.
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2.7.2

GCMS analysis for AcTPS1
2.7.2.1

Non-chiral analysis of the AcTPS1 products

GC-MS separations were carried out on an Agilent 6890N GC coupled to a Waters GC TOF
mass spectrometer. Chromatographic separations of 1 µl samples were on a 20 m × 0.18 mm i.d.
× 0.18 µm film thickness DB-Wax (Agilent) capillary column with a He flow of 1 ml minute-1
and an injection port temperature of 200 ºC. The oven temperature ramp was 1 minute at 35 ºC, 5
ºC min-1 to 240 ºC, and hold 15 minutes. The retention time and mass spectrum agreed with
those of the authentic compounds obtained commercially (Aldrich: linalool and nerolidol, and
Fluka: geranyllinalool), and synthesised in house (Adam Matich, personal communication).
2.7.2.2

Enantioselective GCMS

This was performed on the above GCMS system on a 30 m × 0.25 mm i.d. × 0.25 µm film
thickness β-Dex 325™ (Supelco) capillary column. Oven temperature ramps for the various
analyses are listed below:
linalool (from geranyl diphosphate) - 1 minute at 35 ºC, 5 ºC/minute to 120 ºC, 10 ºC/minute to
240 ºC, and hold for 10 minutes.
nerolidol - 1 minute at 50 ºC, 2 ºC/minute to 140 ºC, 8 ºC/minute to 230 ºC, and hold for 10
minutes.
2.7.3

LC MS/MS analysis of DDXXD mutants

LC-MS analysis was carried out by Janine Cooney at Plant & Food Research (Ruakura,
Hamilton). LC-MS employed an LTQ linear ion trap mass spectrometer fitted with an ESI
interface (ThermoQuest, Finnigan,) coupled to an Ettan™ MDLC (GE Healthcare). Separation
of GDP and FDP was achieved using a Zorbax Extend-C18 column (Agilent), 150 × 2.1 mm
maintained at 40 ºC. Solvents were (A) 25 mM ammonium bicarbonate and (B) acetonitrile and
the flow rate was 200 µl min-1. In the initial mobile phase, 20% (v/v) B was ramped linearly to
100% B at 10 minutes, and held for 5 minutes before resetting to the original conditions.
Retention times for GDP and FDP were 5.6 minutes and 7.2 minutes, respectively. MS data were
acquired in the negative mode using a selective reaction monitoring (SRM) method with two
segments for the identification of GDP and FDP individually. This method monitors the
distinctive daughter ions formed by fragmenting the precursor ions (M-H)- for GDP and FDP
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and maximises sensitivity by screening out any chemical noise from other compounds present.
The segments used were: (1) 1 to 6.4 minutes, for GDP: SRM m/z 313 > m/z 295, 1593 and (2)
6.4 to 20 minutes for FDP: SRM m/z 381 > m/z 363, 159. The ESI voltage, capillary temperature,
sheath gas pressure, sweep gas and auxiliary gas were set at: -9 V, 275º C, 35 psi, 5 psi, and 0
psi, respectively.

2.8 Radiometric enzyme assays
Scintillation analysis was carried out using a Tri-Carb 2900 TR liquid scintillation counter
(PerkinElmer). Samples comprised 500 µl of an organic scintillant (OCS) and 200 µl of an
extracted solvent containing the radioactive terpene products in 1.5 ml microfuge tubes. Samples
were counted for 2-10 minutes depending on the levels of activity. Scintillation activity data was
recorded in Becquerel (Bq).
2.8.1

FDP activity assays

FDP activity assays (50 µl) were based on the methods of Greenhagen et al (2006) and
conducted in quadruplicate. The assays typically contained 300 nM of recombinant protein in an
assay buffer containing 50 mM Bis-Tris propane (pH 7.5), 50 mM KCl (omitted as appropriate),
10 mM MgCl2, and 5 mM DTT. [C1-3H1]-FDP (25 µM) precursor was added to start the
reaction, and assays incubated for 5 minutes at 30 °C and stopped with the addition of 150 µl 0.1
M KOH/0.2 M EDTA solution. Assays were extracted with 0.5 ml hexane and a 200 µl aliquot
taken for scintillation analysis. Control assays using boiled enzymes were used to determine
background radioactive counts. Assays were linear with time and amount of enzyme in all cases.
TPS kinetic analysis was also carried out using the above assays with the exception that activities
were tested over a range of substrate (typically 1 to 100 µM) and KCl (typically 1 to 100 mM)
concentrations.

3

The LC MS/MS machine was set to look for GDP from 1 to 6-4 minutes using the SRM technique to identify ions
which start with m/z 313. The m/z 313 ions are then fragmented to masses at m/z 295 and 159 which is then
measured as being GDP
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2.8.2

GDP activity assays

The levels of mono-TPS activity observed in the TPS enzymes investigated during this study
were generally significantly lower than that observed for sesqui-TPS activity. To ensure
sufficient radioactive counts for quantitative analysis the GDP activity assays were scaled up.
Quadruplicate 1 ml assays for purified recombinant TPS enzymes were set up in 20 ml glass
scintillation vials using the buffer described above and 50 µM of [C1-3H1]-GDP. Assays were
overlaid with 5 ml hexane incubated at 30 °C for 20 minutes then extracted with vigorous
vortexing. The PsTPS2 assays were carried out using as above but using a previously described
PsTPS2 mono-TPS buffer (McKay et al., 2003).

50

Chapter 3: Bioinformatics

3

BIOINFORMATICS ANALYSES OF TERPENE
SYNTHASE GENES

3.1 Introduction
This bioinformatics chapter brings together the main body of TPS sequence analysis, which
underlies a significant proportion of this study. Specifically, it focuses on classifying all Plant &
Food Research TPS expressed sequence tag (EST) sequences, into putative TPS types and
establishing their placement within the broader TPS phylogeny. This is important because it
establishes a context for the structure-function relationships that are explored for an apple αfarnesene synthase and also provides a means for selecting other novel TPS genes for functional
and structural characterisation. This purely in silico analysis relied heavily on publicly accessible
and in-house databases which, along with their associated tools, are overviewed below.
Bioinformatics and computational biology refer to the development of algorithms, computational
and statistical techniques, and theory to solve formal and practical problems arising from the
management and analysis of biological data. The development of bioinformatics has enabled
biological scientists to make use of the vast amount of nucleotide and protein sequence data now
available from public databases such as GeneBank and the European Molecular Biology
Laboratory (EMBL). Initial identification of genes or gene families within these databases often
relies on a combination of basic text searching methods using keyword queries or comparisons
of nucleotide or protein sequences between the same or different organisms. For the
bioinformatics analysis of putative TPS sequences identified as present in the Plant & Food
Research EST database (section 3.1.1 below), the National Centre for Biotechnology
Information (NCBI) database was used extensively. The NCBI provides a web-based interface
(Entrez) for integrated searching of literature (PubMed), sequences (nucleotide and protein),
structure, and other databases (Wheeler et al., 2005). It also offers access to “tools” such as
BLAST or Basic Local Alignment Search Tool (Altschul et al., 1990) which has been developed
to enable direct comparisons of nucleotide or protein sequences against those present in
databases such as GeneBank. Nucleotide and protein sequence similarity searching for many
biological scientists is a useful first approach towards predicting gene function, establishing new
gene family members and inferring evolutionary relationships within gene families
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(phylogenetics). It is currently not possible to accurately predict the biochemical functions of
TPS enzymes based solely on sequence similarity, even in closely related enzymes, due to lack
of knowledge of the exact structural features that determine substrate specificity and product
profiles (Bohlmann and Croteau, 1999). Nevertheless, comparative analysis of putative TPS
sequences with known TPS proteins is still a useful starting point for identifying new TPS
enzymes. For example, the presence of a conserved TPS aspartate-rich DDXXD motif, on its
own, is often enough to demarcate whether a protein is likely to be a TPS. Similarly, additional
peptide motifs and/or the presence of plastid targeting regions can offer further clues as to
whether a putative TPS is more mono-, sesqui- or di-TPS-like. In this regard the ExPASy or
Expert Protein Analysis System server, which provides access to a variety of databases and
analytical tools dedicated to proteins and proteomics (Gasteiger et al., 2003), has been another
useful aid in the TPS bioinformatics. A variety of stand-alone programmes including ClustalX
(Thompson et al., 1997) for multiple sequence alignments and MEGA 4 (Tamura et al., 2007)
for molecular evolutionary genetic analysis have also been used extensively throughout this
study.
3.1.1

Plant & Food Research EST and compound databases

Most publicly accessible DNA sequence information can be broadly categorised into genomic or
mRNA sequences. The former are predominantly derived from directed whole genome
sequencing projects such as the Human genome or Arabidopsis sequencing projects, or from
cloned single genes. The latter represent only the expressed genes in a target organism and
include high throughput EST sequencing. Plant & Food Research has developed a proprietary
EST database, predominantly derived from apple (M. domestica) (Newcomb et al., 2006) and
kiwifruit (Actinidia species) (Crowhurst et al., 2008), but also includes a smaller subset of
sequences from blueberry (Vaccinium corymbosum) and avocado (Persea americana). Some
summary statistics of the EST database are given in Table 3-1 (correct as of August 2008 – Ross
Crowhurst, personal communication). Utilisation of the information within these databases has
been made possible through the use of various sequence analysis programs, which have either
been developed in-house (Bioview server interface, Ross Crowhurst, personal communication),
or integrated into the interface, such as BLAST analysis and EMBOSS (European Molecular
Biology Open Software Suite) (Rice et al., 2000).
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Table 3-1: Summary of Plant & Food Research EST databases.

Plant Species
Malus
Actinidia
Vaccinium
Persea

Total ESTs
350240
139576
16906
6807

Non-redundant sequences
94227
42107
8922
1617

Contigs
37907
18604
2614
972

In addition to the EST database, an in-house compound database has been developed at Plant &
Food Research (Crowhurst et al., 2008). This serves as a searchable repository of primarily
volatile compound data obtained through volatile screening of the apple, kiwifruit and blueberry
germplasm collections maintained at Plant & Food Research.
3.1.2

Summary of terpene synthase EST analysis carried out prior to this PhD study

During the three years prior to the start of this study, 40 partial and full-length cDNA sequences
coding for putative TPS enzymes had been identified as present in the Plant & Food Research
EST database (Lesley Beuning, personal communication). A summary of these sequences is
given in Table 3-2. Putative TPS sequence identification relied upon a homology-based gene
mining approach that specifically targeted cDNA libraries derived from tissues previously
screened for terpene volatiles. This strategy primarily used protein-protein BLAST (BLASTP)
(Altschul et al., 1990) and reciprocal BLAST (Gabaldon, 2008) searching against the NRDB90
database (Holm and Sander, 1998) using deduced peptide sequences derived from the putative
Plant & Food Research TPS cDNAs. Confirmation of these sequences as corresponding to TPS
genes at this stage depended purely on their deduced peptides aligning to known TPS sequences
following BLAST searching and on detection of the conserved TPS aspartate rich DDXXD motif
(Ashby and Edwards, 1990). Of the 40 sequences identified, 18 were predicted to encode fulllength open reading frames (ORFs) and one (EST 139345) appeared to be missing approximately
the first 36 residues at the N-terminus (Table 3-2). Of the full length sequences, however, ESTs
145816, 149683, and 299359 still had introns present, EST 30104 had a deletion which caused a
frame shift near the 3′ end of the gene, and although BLAST analysis matched it to other terpene
synthases sequences, EST 72838 was missing the DDXXD-containing exon (Lesley Beuning,
personal communication). These sequences were not considered for further analysis, leaving 15
of the initial 40 sequences identified as possible candidates for functional analysis. The first four
genes to be fully sequenced and confirmed to have putative ORFs containing the DDXXD motif
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were ESTs 54700, 75565, 21063 and 36941. Prior to this study, these were the only genes to
have been analysed in any detail (summarised in section 3.1.3 below).
Table 3-2: Plant & Food Research terpene synthases. EST accessions summary for the putative terpene synthase
genes mined from apple, kiwifruit and blueberry germplasm collections maintained at Plant & Food Research. F.L.
= full length, R.G.= Royal gala, DAFB = days after full bloom. Abbreviated species names are M = Malus, A=
Actinidia and V= Vaccinium.

EST
21063
30104
138081
154394
109436
145816
264043
57400
26710
29757
139345
6818
71298
170729
267696
149683

Species
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica
M. domestica

Length
F. L.
F. L.
F. L.
Partial
Partial
F. L.
Partial
F. L.
Partial
Partial
Partial
Partial
F.L.
Partial
F. L.
F. L.

Tissue/cultivar
Pinkie expanding leaf
Pinkie expanding leaf
M9 xylem
Buds from Pacific Rose trees
Royal Gala (R.G.) 10 DAFB fruit
R.G. 126 DAFB cortex
Braeburn cell culture
R.G. apple skin peel, 150 DAFB
Aotea expanding leaf
Pinkie expanding leaf
R.G. seeds from 59 DAFB fruit
R.G. young expanding leaf
R.G. early floral bud
R.G. 10 DAFB fruit
M9 root tips
M9 xylem

148395
75565
72838
80968
304951
75758
178186
285664
306038
316382
215372
303008
300744
323266
299359
310074
302265
121787
260798
298022
82293
36941
93089
109930

M. domestica
A. deliciosa
A. deliciosa
A. deliciosa
A. chinensis
A. deliciosa
A. arguta
A. polygama
A. chinensis
A. chinensis
A. arguta
A. chinensis
A. chinensis
A. chinensis
A. chinensis
A. chinensis
A. chinensis
A. deliciosa
A. chinensis
A. chinensis
V. corymbosum
V. corymbosum
V. corymbosum
V. corymbosum

Partial
F. L.
F. L.
F. L.
Partial
Partial
F.L.
F.L.
Partial
Partial
F.L.
F.L.
Partial
Partial
F.L.
F.L.
Partial
Partial
Partial
Partial
Partial
F.L.
Partial
F.L.

M9 xylem
Petal
Petal
Petal
Active meristems
Petal
Petal
Petal
Active meristems
Young leaf
Ripe fruit
Active meristems
Young leaf
Young fruit
Young leaf
Active meristems
Active meristems
Buds
Young leaf
Young leaf
Fruit
Flower
Fruit
Fruit

Notes
3′deletion. Similar to 21063
Similar to 21063
Similar to 21063
Similar to 21063
Intron present
Similar to 21063
Identical to EST 57400
Similar to 57400
N-terminal 34 residues missing
Bounded by introns
Similar to 170729
Similar to 71298
Similar to 149683
Intron present
Similar to 149683 & 267696
Absent DDXXD exon.
Possible allele of 75565
Similar to 75565

Similar to 178186
Similar to 178186
Similar to 178186
Similar to 215372
Similar to 215372
Similar to 215372
Contains 4 introns

Intron present
Intron present

Possible allele of EST 36941
Possibly R.G. 10 DAFB fruit
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3.1.3

Summary of terpene synthases analysed prior to this PhD study
3.1.3.1

EST 57400 (MdAFS1)

This is a 1926 bp cDNA (excluding the polyA tail) from Royal Gala apple skin which encoded
an open reading frame (ORF) of 576 amino acids with a putative start site 61 bp downstream
from the 5′ end. The native protein molecular mass of the EST 57400 ORF was predicted to
encode a 66 kDa protein. The highly conserved TPS DDXXD aspartate-rich metal binding motif
(DDVYD) was present. It was not predicted to contain a chloroplast targeting peptide (CTP)
which is typical of mono- and di-TPS enzymes but did possess an N-terminal RRX8W motif,
which is more commonly found in mono-TPS enzymes (section 1.5.1). On the basis of not
having a CTP region, EST 57400 was assumed to encode a sesqui-TPS enzyme. This was
confirmed in functional studies using a recombinant enzyme which produced the sesquiterpene
(E,E)-α-farnesene as the predominant product from FDP (Green et al., 2003a). Despite its
sesqui-TPS function the EST 57400 peptide aligned more closely to mono-TPS and hemi-TPS
(isoprene synthases) enzymes than sesqui-TPS enzymes. It most closely resembled a putative
(i.e. not experimentally verified by the depositors) mono-TPS from the evergreen camphor tree,
Cinnamomum tenuipile (GeneBank Accession: CAD29734), with 39.8% identity and 56%
similarity (Green et al., 2003a; Green et al., 2007).
3.1.3.2

EST 75565

This is a 1995 bp cDNA (excluding the poly A tail) from kiwifruit flowers which encoded an
ORF of 565 amino acids equating to a native protein molecular mass of 65 kDa. The EST 75565
ORF had a putative start site 82 bases downstream of the 5′ end, was not predicted to contain a
CTP region or a RRX8W motif but did possess the DDXXD metal binding motif (DDIYD). The
deduced EST 75565 peptide most closely resembled a delta-cadinene producing sesqui-TPS
(GeneBank Accession: AAD51718) from Asian cotton (Gossypium arboretum) (Tan et al.,
2000) with 52% identity and 69% similarity (Green et al., 2003b). Functional testing of a
recombinant 75565 enzyme confirmed that it was a sesqui-TPS that produced germacrene-D
(Green et al., 2003b).
3.1.3.3

EST 21063

This is a 1943 bp cDNA (excluding the poly A tail) from Pinkie apple leaves which encoded an
ORF of 567 amino acids equating to a native protein molecular mass of 64.6 kDa. The EST
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21063 ORF had a putative start site 32 bases downstream of the 5′ end and contained both a CTP
region and a DDXXD motif (DDIFD). The deduced EST 21063 polypeptide most closely
resembled a (E)-β-ocimene synthase (Dudareva et al., 2003) (GeneBank Accession: AAO42614)
from Snapdragon (Antirrhinum majus) flowers with 46% identity and 66% similarity (Sol Green,
unreported data). Functional testing of the recombinant EST 21063 enzyme indicated it was a
mono-TPS that produced the monoterpene alcohol linalool (Sol Green, unreported data).
3.1.3.4

EST 36941

This is a 1985 bp cDNA (excluding the poly A tail) from blueberry flowers which encoded an
ORF of 560 amino acids, equating to a native protein molecular mass of 64 kDa. The EST 36941
ORF had a putative start site 31 bases downstream of the 5′ end and was shown to contain both a
CTP region and a DDXXD motif (DDIFD). The deduced EST 36941 polypeptide most closely
resembled a myrcene synthase (Dudareva et al., 2003) (GeneBank Accession: AAO41726), also
from A. majus, with 46% identity and 65% similarity (Sol Green, unreported data). The
recombinant EST 36941 protein has not been functionally characterised as its expression from E.
coli gave only insoluble inclusion bodies (Sol Green, unreported data).

3.2 Terpene synthase bioinformatics
The bioinformatics analysis carried out in this PhD study for the initial classification of the
remaining uncharacterised genes (11 in total) and phylogenetic analysis of all 15 full-length TPS
genes is now described.
3.2.1

Shorthand naming convention for terpene synthase genes and enzymes

For simplicity, when referring to TPS genes or enzymes through out this thesis, the following
naming convention will be used. For any putative genes and enzymes the first two letters of the
species (or first three if the initials are identical between two species)4 will be used, followed by
‘TPS’ and a number to distinguish different TPS from the same species. Alternatively, if the
function of the gene or enzyme is known, ‘TPS’ will be substituted by a three letter code that
identifies its predominant catalytic product (e.g. AdGDS1 = the first Actinidia deliciosa
germacrene-D synthase). To distinguish between TPS genes (i.e. gDNA, cDNA or RNA
4

Aa, Actinidia arguta; Artemisia annua; Ara,
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sequences) and enzymes (i.e. protein or polypeptide sequences), gene names are italicised.
Shorthand names for the 15 putative TPS sequences are given in Table 3-3.
Table 3-3: Shorthand naming of Plant & Food Research terpene synthase ESTs.

3.2.2

EST

Species

Name

178186
215372
310074
303008
75565
75758
80968
285664

Actinidia arguta
Actinidia arguta
Actinidia chinensis
Actinidia chinensis
Actinidia deliciosa
Actinidia deliciosa
Actinidia deliciosa
Actinidia polygamma

AaTPS1
AaTPS2
AcTPS1
AcTPS2
AdGDS1
AdTPS2
AdTPS3
ApTPS1

57400
21063
139345
267696
71298
36941
109930

Malus domestica
Malus domestica
Malus domestica
Malus domestica
Malus domestica
Vaccinium corymbosum
Vaccinium corymbosum

MdAFS1
MdLIS1
MdTPS3
MdTPS4
MdTPS5
VcTPS1
VcTPS2

Sequence analysis of putative terpene synthase cDNAs

Multiple ClustalX alignments (Thompson et al., 1997) were carried out on the deduced TPS
polypeptides using the EMBOSS Transeq programme (Rice et al., 2000), to predict ORFs and
confirm the presence of the DDXXD and NSE/DTE divalent metal ion binding motifs (section
1.4.1). Categorisation of the predicted ORFs into putative mono- or sesqui-TPS types was then
made on the basis of ORF size, chloroplast targeting signal predictions, and the presence of two
additional peptide motifs. These motifs were the mono-TPS associated N-terminal RRX8W motif
(Bohlmann et al., 1998a) and the angiosperm sesqui-TPS associated GVYXEP motif (Cai et al.,
2002) (Figure 3-1). The initial classification of the above peptides into mono- or sesqui-TPS
types, based on the available sequence information (summarised in Table 3-4), was mostly in
agreement between the different criteria. The most notable exception to this was the putative
sesqui-TPS AdTPS2 which had an unusually large ORF.
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Figure 3-1: Amino acid alignment of Plant & Food Research terpene synthase sequences. This figure has been
divided into two sections (Figure 3-1A and 3-1B). The two conserved terpene synthase DDXXD (Fig. 3-1B) and
(L,V)(V,L,A)(N,D)D(L,I,V)X(S,T)X3E (abbreviated as NSE/DTE in Fig. 3-1B) divalent metal ion binding regions
are indicated. The monoterpene synthase associated RRX8W (Fig. 3-1A) and angiosperm sesquiterpene associated
GVYXEP (Fig. 3-1B) motifs are also shown.
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Figure 3-1A
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YKMLATSSFVGMGELATKEAFDWVSNDPLIVQAASVIGRLKDDIVGHKFEQKRGHVASAVECYSKQHG-TIEEEAIIELDKQVTHSWKDI
YPLLITTSFVGM-EEATIDSFDWLLTSPQAVKAASTVTRLMDDIADHKLEQEREHFASAVNCYMRKYG-ATEEEAIIELRRQVNNAWKDI
YTFLTTISLLGMGDVVTKEAFEWLFTDPKIVRAANTIFRLMDDIVSTDFEKERGHAASSVDCYMKQYG-VSVQETVDVFQKQIMDLWKDI
MHVVTVHMFFLLGGCFTEESVNLVDEHAGITSSIATILRLSDDLGSAKDEDQDGYDGSYLECYLKDHKGSSVENAREEVIRMISDAWKRL
MHVVTVHMFFLLGGCFTDESVNLVDEHAGITSSIATILRLSDDLGSAKDEDQDGYDGSYVEYYLKDHKGSSVENAREEVIRMISDAWKRL
VHVVLAHMFFLLGDGITQESVDLVDDYPGISTSIATILRLSDDLGSAKDEDQDGYDGSYIECYMKEHKGSSVDSAREEVIRMISEAWKCL
VHVVLVHMFFLLGHGITRESVNLVNDNPGIVTSTATILRLWDDLGSAKDEDQGGHDGSYIDCYMKDHKGSSVNRAREQVNRMISDAWKCL
VNVVMVHIFFLLGEGITNQSVEFLNGTPAIISSTAAILRLWDDLGSAKDENQDGDDGSYVKLYLNEHQGKTMEEAQEHVTNMISEEWKKL
SQLMTVPALCFLSPNVHPICKLEANHYQIITKLLMVSTRLLNDTQTYEKELKDGKR-NFVILHSKGSPQTGIEKSVAFVKEILDQIEKEF
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Figure 3-1B
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Table 3-4: Sequence characteristics and initial assignment of terpene synthase types.

Name
AaTPS1
AaTPS2
AcTPS1
AcTPS2
AdTPS2
AdTPS3
ApTPS1
MdTPS3
MdTPS4
MdTPS5
VcTPS2

3.2.3

ORF (bp)
574
604
573
603
768
565
574
548
560
553
606

ORF (kDa)
66
70
65
70
88
55
66
62
64
63
70

CTP
Yes
Yes
No
Yes
No
No
Yes
No
No
No
Yes

RRX8W
No
Yes
No
Yes
No
No
No
No
No
No
Yes

GVYXEP
No
No
No
No
No
Yes
No
No
Yes
No
No

Putative TPS
mono
mono
sesqui
mono
sesqui
sesqui
mono
sesqui
sesqui
sesqui
mono

Subgroup assignments of Plant & Food Research terpene synthases

To investigate the possible activities of the putative TPS enzymes they were first classified using
a phylogenetic approach. Classifying each enzyme on the basis of its placement within the
subgroups TPS-a to TPS-g (Bohlmann et al., 1997) (section 1.3.1) offered the possibility of
inference of function, at least in terms of mono-TPS or sesqui-TPS activity. To do this, a
multiple ClustalX protein alignment including the Plant & Food Research TPS sequences and
113 additional full-length TPS protein sequences, selected from GeneBank was generated. This
alignment was used to construct a Neighbour Joining (NJ) tree (Saitou and Nei, 1987) and hence
establish the phylogenetic placement of all 15 Plant & Food Research TPS proteins (Figure 3-2).
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TPS-f
TPS-d

TPS-b

TPS-g
TPS-a

Figure 3-2: Terpene synthase phylogenetics. Unrooted Neighbour-Joining (NJ) tree showing TPS subgroup
divisions (purple/yellow circles). Plant & Food Research sequences (green/orange circles) are indicated. GeneBank
and Plant & Food Research genome database EST accessions are indicated in brackets. Species abbreviations for the
plant TPS are given below. The name of the predominant terpene product for each TPS, as specified in the
GeneBank entry as of August 2008, follows the species abbreviation. Species abbreviations in alphabetical order
are: Aa, Actinidia arguta; Ara, Artemisia annua; Ac, Actinidia chinensis; Ad, Actinidia deliciosa; Ag, Abies grandis;
Am, Antirrhinum majus; Ap, Actinidia polygamma; Ar, Agastache rugosa; At, Arabidopsis thaliana; Ca, Capsicum
annuum: Cb, Clarkia breweri; Cc, Clarkia concinna; Ci, Cichorium intybus; Cj, Citrus junos; Cl, Citrus limon; Cs,
Citrus saneness; Cm, Cucurbit maxima; Cmi, Citrofortunella microcarpa; Co, Chamaecyparis obtuse; Cp, Citrus
paradise; Cs, Citrus saneness; Csa, Cucumis sativus; Cso, Crepidiastrum sonchifolium; Ct, Cinnamomum
tenuipilum; Cu, Citrus unshiu; Fa, Fragaria ananassa; Gh, Gossypium hirsutum; Id, Ixeris dentate; La, Lavandula
angustifolia; Lcj, Lotus corniculatus va., japonicus; Le, Lycopersicon esculentum; Lh, Lycopersicon hirsutum; Ls,
Lactuca sativa; Ma, Mentha aquatica; Md, Malus domestica; Mg Magnolia grandiflora; Mh, Mentha haplocalyx;
Ml, Mentha longifolia; Mp, Mentha x piperita; Ns, Nicotiana suaveolens; Nt, Nicotiana tabacum; Ob, Ocimum
basilicum; Pa, Picea abies; Pc, Perilla citriodora; Pca, Populus canescens; Pcb, Pogostemon cablin; Pf, Perilla
frutescens; Pl, Phaseolus lunatus; Psi, Picea sitchensis; Psm, Pseudotsuga menziesii; Pt, Pinus taeda; Ptr, Populus
tremuloides; Pyc, Pyrus communis; Qi, Quercus ilex; Rc, Ricinus communis; Sc, Solidago canadensis; Sf, Salvia
fruticosa; So, Salvia officinalis; Ss, Salvia stenophylla; St, Solanum tuberosum; Vv, Vitis vinifera; Zo, Zingiber
officinale.
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3.2.4

Sequence analysis and phylogenetics summary
3.2.4.1

New TPS-a and TPS- b members

In addition to AdGDS1 (section 3.2.1.2), AdTPS3, MdTPS4 and MdTPS5 aligned with the TPSa enzymes. The TPS-a subgroup is populated by angiosperm sesqui-TPS and hence the three
functionally non-characterised TPS enzymes above could also be predicted to generate
sesquiterpene products. The phylogenetic analysis also established a number of new TPS-b
enzymes (AaTPS2, AcTPS2, VcTPS2; Table 3-4), that were predicted to produce monoterpenes.
This analysis also reaffirmed MdAFS1 (section 3.2.1.1) as a TPS-b member (Martin et al., 2004;
Green et al., 2007) and, notably, indicated the presence of another potential TPS-b sesqui-TPS
(MdTPS3), this time from apple seeds. This is not only the first report of a putative seed TPS,
but also, given that α-farnesene is the predominant terpene volatile to be produced from apple
fruit (Matich et al., 1996; Bengtsson et al., 2001; Hern and Dorn, 2003), could be a second αfarnesene synthase in apple.
3.2.4.2

New TPS-g members

The predicted mono-TPS enzymes: AarTPS1, ApTPS1, and VcTPS1 as well as MdLIS1, all
clustered within the TPS-g subgroup (Figure 3-3) which is characterised by mono-TPS enzymes
that primarily synthesise acyclic monoterpenes. These enzymes, which were initially identified
in snap dragon (Antirrhinum majus) (Dudareva et al., 2003), lack the RRX8W motif (section
1.3.1.1) which is common to TPS-b and TPS-d mono-TPS enzymes and is considered essential
for cyclic monoterpene production (Savage et al., 1994). In addition to MdLIS1, which had
already been shown to produce the acyclic mono-TPS alcohol linalool (Sol Green, unpublished
data), the TPS-g clustering of AarTPS1, ApTPS1, and VcTPS1 (Figure 3-4), combined with the
fact they also lack an RRX8W motif (Table 3-4 above), suggests they are also likely to produce
acyclic mono-TPS products. A surprising observation from this analysis was the clustering of
AcTPS1 (a putative sesqui-TPS on the basis of CTP prediction) within the TPS-g subgroup.
Notably, a TPS (FaNES1) from cultivated strawberry (Fragaria ananassa), which produces both
linalool and the sesquiterpene alcohol nerolidol in vitro, also clusters in this subgroup (Aharoni
et al., 2004b). FaNES1 is thought to be responsible for the cytosolic production of both nerolidol
and linalool in strawberry (Aharoni et al., 2004b) and, is assumed to depend upon a small
cytosolic pool of GDP precursor rather that the more usual plastid GDP pool for its linalool
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synthesis. On the basis of these findings AcTPS1 could potentially fulfil a similar role in
kiwifruit. Establishing this, however, will depend upon both in vitro and in planta investigation.
Confirmation of the TPS-g placement for the above four Plant & Food Research TPS enzymes
was obtained using global amino acid alignment analysis (EMBOSS) which established that they
all fell within the 40% amino acid identity cut-off criterion used to demarcate the TPS subgroup
boundaries (Table 3-5).

TPS-g

TPS-d

Figure 3-3: TPS-g Neighbour Joining tree. Bootstrap values are represented as a percentage of 1000 replicates
and evolutionary distances are in number of amino acid substitutions per site. The tree was rooted with a TPS-d
linalool synthase from Norway spruce (Picea abies) (Martin et al., 2004). GeneBank and Plant & Food Research
EST accessions are also indicated. The F. ananassa nerolidol/linalool synthase is also termed FaNES1.

Table 3-5: Amino acid identity comparisons of selected TPS-g synthases. a The F. ananassa nerolidol synthase
(FaNES1) is also reported to produce linalool (Aharoni et al., 2004b).

AaTPS1 AcTPS1
AaTPS1
AcTPS1
Am myrcene1
Am ocimene
ApTPS1
FaNES1a
MdLIS1
VcTPS1

3.2.4.3

78.4
44.6
46.4
94.8
58.7
57.5
67.9

Am myrcene1

Am ocimene

ApTPS1

FaNES1a

MdLIS1

90.9
44.9
44.1
45.4
43.5

46.5
44.1
45.4
43.5

58
56.8
67.9

67.5
54.6

54.4

44.6
44.1
78.6
54.6
57
65

A novel TPS-f member

AdTPS2 clustered within the TPS-f subgroup (Table 3-6) which until now has been populated by
linalool synthases from the Clarkia genus (Dudareva et al., 1996) and an Arabidopsis protein

63

Chapter 3: Bioinformatics
(AtTPS04) of unknown function (Aubourg et al., 2002). Unlike other mono- and sesqui-TPS
enzymes, the TPS-f enzymes contain an N-terminal 200-residue domain of unknown function
(Bohlmann et al., 1998a) (section 1.3.1.2.). The previously noted unexpected size of AdTPS2
can now be accounted for by the presence of this domain (Figure 3-4).
Table 3-6: Amino acid sequence identity comparisons of TPS-f synthases. Global amino acid alignments
between AdTPS2 and the GeneBank TPS-f linalool synthases, confirmed that the 40% identity criterion for
placement of AdTPS2 within the TPS-f subgroup was met.

AdTPS2
Cb linalool
Cb linalool
Cc linalool

AdTPS2 (EST75758)

Cb linalool (AAC49395)

Cb linalool (AAD19840)

41.5
45.6
42.8

56.7
95.3

57.0

(EST75758)
(AAC49395)
(AAD19840)
(AAD19839)

Cc linalool (AAD19839) : MQPITKSSSTSSELEFLVDKVKRESLSSSSSDTQNLFLSASPYDTAWLALIPHPHHHHHHGPPMFEKCLQWILHNQTPQG :
Cb linalool (AAC49395) : MQLITNFSSSSSELQFLVDKVKRESLSSSSSNTQNLFLSTSPYDTAWLALIPHPHHHHHHGRPMFEKCLQWILHNQTPQG :
Cb linalool (AAD19840) : ----------MLSIQSHVDEIKRGSLWN-------LRLSPSAYDTAWLALIPDPDDPTRP---MFAKCMHWLVQNQSMEG :
AdTPS2
: ------MEPLLFSIQTLVHQVKQEIFSSTFDLYS--FVSPSAYDTAWLAMIPHPKQNSCP---KFKGCLDWILDNQKEAG :

80
80
60
69

Cc linalool (AAD19839) : FWTAAAGDNISDTDDDVTLDCLLSTLACLVALKRWQLAPDMIHKGLEFVHRNTERLVMKQ-KPSDVPRWFTIMFPAMLEL :
Cb linalool (AAC49395) : FWAAAG-DNISDTDDDVTLDCLLSTLACLVALKRWQLAPDMIHKGLEFVNRNTERLVMKQ-KPSDVPRWFTIMFPAMLEL :
Cb linalool (AAD19840) : FWAADD----DIDTEPVALDCLPATLACLIALKRWGAAPNNINKGLGFFERNVEELLLRKGKLSDVPRWFTVTFLAMLEL :
AdTPS2
: YWGECD------HDGLPTIDSLPATLACMVALKTWGVSEKHINKGLAFIHANSTTLLKEK--YDHLPRWFVIVFPAMVEV :

159
158
136
141

Cc linalool (AAD19839) : AGASGLRVDFSENLNRILVELTQNRDDILTREEVGEKKQYSPLLLFLEALPAQSYDSDVLKQIIDKKLSSDGSLFQSPSA :
Cb linalool (AAC49395) : AGASSLRVDFSENLNRILVELSQNRDDILTREEVDEKKQYSPLLLFLEALPAQSYDNDVLKQIIDKNLSNDGSLLQSPSA :
Cb linalool (AAD19840) : AIASGLKVAFPDNLIKVLDELFENRNTILLREELSDKTQYAPLLMFLEALPPSYVKLDDLNQYLERNLGNDGSLYQSPSA :
AdTPS2
: AQAAGLKVLFSNGLEEVVLNISLEREKILEREEFVDKYHYPPLASYLEALPPSYTID---RKDITMNLSGDGSCFQSPSA :

239
238
216
218

Cc linalool (AAD19839) : TARAYMITGNTRCLSYLHSLTNSCSNGGVPSFYPVDDDLHDLVMVNQLTRSGLTEHLIPEIDHLLLKVQKNYKYKKASP- :
Cb linalool (AAC49395) : TARAYMITGNTRCLSYLHSLTNSCSNGGVPSFYPVDDDLHDLVMVNQLTRSGLTEHLIPEIDHLLLKVQKNYKYKKASP- :
Cb linalool (AAD19840) : TARAYMATGNTKCLSYLKSLTNTYLDGGVPSLYCMDEELQQLVMVNQLVRPGLTEYFVPEIEQILLQVEQNYKCKRSPPP :
AdTPS2
: TACAFLATGNQKCMAYLESLVQKR-PGGVPTMYPMDGELVSLCLVNQIQRLGLAEHFTEEIEENLKLIYENYKNQESRE- :

318
317
296
296

Figure 3-4: N-terminal sequence alignments for TPS-f synthases. The A. deliciosa flower synthase AdTPS2 is
included with its conifer diterpene internal sequence (CDIS) domain underlined in blue.

3.3 Final conclusions
The above analysis has provided a useful starting point for the categorisation of all TPS genes
identified within the various horticultural germplasm collections maintained at Plant & Food
Research. It has enabled their initial assignment into putative mono- or sesqui-TPS enzymes,
defined their positions within the broader TPS phylogeny (summarised in Table 3-7). The
protein sequence and phylogenetic clustering analysis of the above putative TPS enzymes has
also highlighted two more unusual enzymes, namely the CDIS-domain containing AdTPS2
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enzyme and the putative sesqui-TPS AcTPS1 which clusters with angiosperm mono-TPS
enzymes. The phylogenetics also reaffirms the clustering of MdAFS1 within the angiosperm
mono-TPS dominated b-subgroup and again suggests that MdAFS1 has evolved differently to
other sesqui-TPS enzymes (Sharkey et al., 2005; Tholl, 2006). Taken together with its other
novel characteristics (i.e. potential for intrinsic prenyltransferase activity and dependence on
potassium for activity), MdAFS1 remains the standout TPS candidate for structure-function
studies. With respect to the broader work being carried out at Plant & Food Research on fruit and
floral TPS enzymes, the intention was for all the TPS genes to be cloned for bacterial expression
and functional analysis. For the purposes of this study however, AcTPS1 was selected as the sole
candidate to complete a detailed functional analysis and hence provide a basis for structurefunction investigation for the following reasons:
(i)

CTP prediction classed AcTPS1 as a sesqui-TPS yet it clustered in a well
supported manner within a mono-TPS subgroup (TPS-g).

(ii)

On the basis of the reported bifunctional activity of the FaNES1 enzyme in
strawberry fruit (i.e. produces both linalool and nerolidol), there is a possibility
that AcTPS1 could also possess both mono- and sesqui-TPS activity in kiwifruit.

Although AcTPS1 was preferentially selected, any of the remaining sequences shown to be
capable of generating soluble and active gene products throughout the course of this study,
would also be considered for structure-function analysis. Of these, AdTPS2 in particular is an
interesting candidate considering that no TPS-f synthase has been crystallised and hence it could
provide a unique opportunity for establishing the role of the CDIS domain in both mono- and diTPS enzymes.
The TPS bioinformatics presented in this chapter forms an integral part of this thesis. For
example, the MdAFS1 bioinformatics enables strategies to be developed for establishing how its
higher level structure might relate to a number of its more unusual functional and evolutionary
aspects. In addition to this, the kiwifruit enzyme AcTPS1, highlighted by the bioinformatics as a
potentially novel TPS, will be functionally characterised. Finally, the findings in this chapter will
be used to help develop approaches that will provide the best chance of crystallising and hence
solving the structure of at least one of the above enzymes.
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Table 3-7: Final subgroup classification of Plant & Food Research terpene synthase genes

Name
AdGDS1
AdTPS3
MdTPS4
MdTPS5
AaTPS2
AcTPS2
MdAFS1
MdTPS3
VcTPS2
AdTPS2
AaTPS1
AcTPS1
ApTPS1
MdLIS1
VcTPS1

Putative activity
sesquiterpene synthase
sesquiterpene synthase
sesquiterpene synthase
sesquiterpene synthase
monoterpene synthase
monoterpene synthase
sesquiterpene synthase
sesquiterpene synthase
monoterpene synthase
sesquiterpene synthase
monoterpene synthase
sesquiterpene synthase
monoterpene synthase
monoterpene synthase
monoterpene synthase

Subgroup
TPS-a
TPS-a
TPS-a
TPS-a
TPS-b
TPS-b
TPS-b
TPS-b
TPS-b
TPS-f
TPS-g
TPS-g
TPS-g
TPS-g
TPS-g

3.4 Summary
•

The eleven TPS cDNAs not previously categorised have been designated as putative
mono- or sesqui-TPS enzymes on the basis of chloroplast targeting predictions,
phylogenetic clustering and whether they possess indicative TPS amino acid motifs.

•

All full-length TPS sequences identified within the Plant & Food Research genomics
database were classified within the wider TPS phylogeny.

•

Several potential novel enzymes have been highlighted including the identification of the
first TPS-f subgroup enzyme (AdTPS2) from a species other than Clarkia and potentially
the first sesqui-TPS (AcTPS1) within the TPS-g subgroup.

•

A second potential apple α-farnesene synthase in apple (MdTPS3) has been identified,
which to date is also the only TPS to have been identified in seeds.

•

MdAFS1 remains the standout candidate for structure-function studies

•

AcTPS1 will provide the second candidate for structure- function relationship analysis.
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4

PRENYLTRANSFERASE ACTIVITY IN AN APPLE
α-FARNESENE SYNTHASE

4.1 Introduction
The focus of this chapter is to investigate how the apple α-farnesene synthase MdAFS1 produces
the sesquiterpene (E,E)-α-farnesene from the mono-TPS precursor GDP. This activity had never
been reported in a TPS before and thus offered the opportunity to identify a new activity in these
enzymes. A summary of information about α-farnesene synthases is now given along with the
previous functional characterisation of MdAFS1 that led to this unusual activity first being
observed.
(E,E)-α-Farnesene (3,7,11-trimethyldodeca-1,3E,6E,10-tetraene) is a sesquiterpene hydrocarbon
produced by many plant species in a range of tissues, in response to pathogens (Huang et al.,
2003) or to wounding by herbivores (Boeve et al., 1996; Pare and Tumlinson, 1999; Mercke et
al., 2004; van den Boom et al., 2004; Vuorinen et al., 2004). Production of α-farnesene is
thought to play a role in plant defence by attracting predators and parasitoids (Pare and
Tumlinson, 1998); however, α-farnesene is also an attractant to codling moth (Yana et al., 2003)
and a sex pheromone attractant in mice (Morgan et al., 2004). In plants (E,E)-α-farnesene is
often produced along with other sesquiterpenes (Kollner et al., 2004) and as a minor product
resulting from mutation of a fungal (Penicillium roquefort) epi-aristolochene synthase
(Deligeorgopoulou and Allemann, 2003). Gene sequences encoding α-farnesene synthases have
been deposited in GeneBank from angiosperms in the TBS-a and TPS-b subgroups and from the
gymnosperm TPS-b subgroup. The angiosperm synthases were isolated from pear (GeneBank
Accession No. AY566286) and cucumber (Mercke et al., 2004), while the gymnosperm
synthases were isolated from loblolly pine (Phillips et al., 2003), and spruce (Martin et al.,
2004). A cDNA encoding an α-farnesene synthase, essentially identical to MdAFS1 (sharing
574/576 amino acids), has also been isolated from ripe apple skin (Pechous and Whitaker, 2004).
The non-pipfruit α-farnesene synthase sequences however, share only 31-33% amino acid
sequence identity and 48-52% similarity to their pipfruit counterparts. In each case, (E,E)-αfarnesene is reported to be the main product when the enzyme is fed (E,E)-farnesyl diphosphate
(FDP). The cucumber enzyme also uses GDP to make the monoterpene (E)-β-ocimene. Various
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insects and mammals are also known to produce α-farnesene, although a corresponding synthase
has never been isolated.
4.1.1

Summary of MdAFS1 functional analysis carried out prior to this PhD study

Sequence analysis of MdAFS1 had shown it to be aligned more closely with mono- and hemiTPS protein sequences, despite its having sesqui-TPS activity (section 3.1.3.1.). Because of this,
recombinant MdAFS1 was also tested for activity separately using the hemi-TPS precursor
DMADP, its regioisomer IDP and the mono-TPS precursor GDP (Green et al., 2007). Despite
not showing activity against the 5-carbon DMADP and IDP precursors, it did show some activity
with GDP (Pechous and Whitaker, 2004; Green et al., 2007). Synthesis of monoterpenes from
GDP (100 µM) was at 18% of the Vmax observed for α-farnesene synthesis from FDP under
optimal conditions (i.e. 25 µM FDP, 10 mM MgCl2, 50 mM KCl). The acyclic compound (E)-βocimene accounted for 90% of total monoterpenes produced from GDP, with linalool, β-myrcene
and a small quantity of the sesquiterpene α-farnesene, also apparently from GDP, accounting for
the remaining 10%. The detection of α-farnesene from the GDP activity assays was surprising.
Initially, the α-farnesene was assumed to have been derived from FDP or sesquiterpene
contamination of the GDP precursor or the activity buffer used in the mono-TPS activity assays.
To test for this, GCMS analysis of assay buffers, precursor stocks and the alcohols from which
the diphosphate substrates were made, before and after acid hydrolysis, was carried out (Adam
Matich, personal communication). The GDP showed minor monoterpene contamination but no
sesquiterpene or FDP contaminants were identified (Table 4-1); the assay solutions were also
shown to be free from contaminating compounds (Adam Matich, personal communication).
These findings indicated that (E,E)-α-farnesene production from GDP was in some way
associated with the recombinant MdAFS1 enzyme. Determining the exact nature of this
association was the main focus of the work described in this chapter.
Table 4-1: Precursor and activity buffer terpene contamination.* 50mM bis-tris-propane, 50mM KCl, 10mM
MgCl2, 5mM DTT

GDP contaminants
limonene
linalool
geraniol
Activity buffer*:
Nil

%
0.002
0.00022
0.00005
%
Nil
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4.2 Biosynthesis of (E,E)-α
α-farnesene from GDP
A number of explanations, listed below, could account for the apparent ability of recombinant
MdAFS1 to synthesise (E,E)-α-farnesene from GDP:
1. MdAFS1 binds small quantities of bacterial FDP resulting in low level α-farnesene
production in the absence of fed FDP precursor.
2. MdAFS1 retains α-farnesene, synthesised in vivo from bacterial FDP, which is gradually
displaced from the enzyme.
3. Contamination by other endogenous prenyl diphosphates (specifically IDP) in
combination with co-purifying bacterial prenyltransferases (section 1.2.4) could provide
an alternative source of FDP for MdAFS1 via GDP/IDP condensation.
4. Although unlikely, GDP molecules were undergoing enzymatic C-C bond breaking and
recombining to produce FDP.
To determine which of the above was responsible for the seemingly GDP-derived α-farnesene,
several aspects needed to be addressed. The first of these was whether the α-farnesene was
derived from an enzymatic or non-enzymatic process. Secondly, if shown to be enzymatic, could
enzymes other than MdAFS1 be responsible for the α-farnesene (e.g. prenyltransferases – point
3 above). Finally, if this activity was attributable to MdAFS1 it would need to be significantly
affected in response to mutagenesis to show conclusively that it was intrinsic.
4.2.1

A potential prenyltransferase activity

Although MdAFS1 was shown to be incapable of using DMADP and IDP separately for
isoprene production (Green et al., 2003a), the possibility of its catalysing the head-to-tail
condensation of GDP and IDP to synthesise FDP (Figure 4-1), in a reaction analogous to that
performed by prenyltransferase enzymes (i.e. GDP, FDP and GGDP synthases: section 1.2.4),
had never been considered. Assays incorporating both GDP and IDP together were therefore
used to try to increase FDP levels. Increased FDP levels could be assumed if an increase in αfarnesene production was observed compared to that produced from GDP alone. For this
analysis, fresh recombinant MdAFS1 protein (Figure 4-2) was expressed in E. coli under
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autoinducable conditions (section 2.4.1) as a His6-tagged fusion protein and was purified using a
combination of immobilised metal affinity and size exclusion chromatographies (section 2.4.3.1
and 2.4.3.5 respectively). GC-MS analysis of headspace volatiles (sections 2.7.1) extracted from
GDP/IDP assays (Section 2.6.1) was then carried out.

Figure 4-1: Mechanism for farnesyl diphosphate
formation. The sesquiterpene precursor farnesyl
diphosphate (FDP) is formed through the head-totail addition of geranyl diphosphate (GDP) and
isopentenyl diphosphate (IDP) via the action of
short-chain prenyltransferases.

Figure 4-2: Purification of recombinant MdAFS1. SDS-PAGE analysis (A) of eluted protein fractions derived
from a size exclusion chromatography purification of an MdAFS1 extract that had been through an initial Ni2+
column IMAC purification step. Lanes in (A) show varying amounts of a protein expected to be recombinant
MdAFS1 (band at ~ 70 kDa) and also a number of co-purifying protein bands. Protein fractions corresponding to
lanes 1 to 3 (~6 ml) were pooled and concentrated to 1 ml using a 30 kDa cut-off (30MWCO) filter (Vivaspin).
Western analysis of the concentrated MdAFS1 extract using a primary His6-tag antibody (B) confirmed the presence
of a His6-tagged protein. The concentrated MdAFS1 sample was stored at -80° C prior to activity testing. Selected
sizes, in kDa, of a protein molecular weight marker are indicated.
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Surprisingly, the headspace volatiles showed a significant increase in α-farnesene synthesis when
GDP and IDP were present together, compared with that observed for GDP (Figure 4-3). This
suggested that FDP was either being formed via GDP/IDP condensation or that the presence of
both GDP and IDP precursors together were causing an increased displacement of passively
bound FDP or α-farnesene from the enzyme (section 4.2 above). One strategy for establishing
whether enzymatic involvement was responsible for the above observations was to use labelled
GDP and IDP substrates. Any equivalent labelling observed in the α-farnesene produced from
activity assays incorporating these labelled substrates would be indicative of enzymatic
involvement.
Figure 4-3: α-farnesene production from MdAFS1
activity assays with GDP and IDP precursors.
Overlaid GC-MS traces for (E,E)-α-farnesene peaks
derived from headspace volatiles extracted from MdAFS1
activity assays incorporating GDP alone (Blue line) and
GDP and IDP together (Black line). Assays were in a total
volume of 5 ml and substrate concentrations used were 50
µM.

4.2.1.1

MdAFS1 activity analysis using deuterated precursors

To test the assumption that GDP and IDP were being enzymatically coupled to produce FDP, the
non-labelled substrates used in the initial analysis were substituted by, d2-IDP, d2-GDP and d8GDP deuterated substrates (Fig 4-4). The deuterated substrates were synthesised in-house and
confirmed to be free of terpene and FDP contaminants (Adam Matich, personal communication).
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Figure 4-4: Deuterated precursor chemical structures. Hydrogen atoms replaced by deuterium are denoted by a
capital ‘D’.

When GDP and d2-IDP were used together as substrates for the α-farnesene synthase, the αfarnesene produced was deuterated (Fig. 4-5A). The diagnostic GCMS ions, m/z 93 5 (d0-αfarnesene) and m/z 95 (d2-α-farnesene), showed sufficient differences in retention times to
indicate clearly the presence of both d0- and d2-α-farnesenes. When d2-GDP and d2-IDP, both
deuterated at C-1 next to the diphosphate group, were used together as substrates, d4-α-farnesene
was observed in the GCMS traces (Fig. 4-5B). When d8-GDP and d2-IDP were used together as
substrates, d10-α-farnesene was correspondingly produced (Fig. 4-5C), providing additional
evidence that the synthesis of α-farnesene from these labelled precursors was occurring
enzymatically. The rate of α-farnesene produced from GDP and IDP was calculated by semiquantitative GC-MS to be ~1% of the rate observed for α-farnesene produced from FDP under
optimal conditions (Ellen Friel, personal communication). Semi-quantitative GC-MS relies upon
comparing the peak areas within an MS trace (or traces from separate experiments), relative to
the peak area of a known amount of a reference compound (e.g. hexadecane) added to the
sample at the start of the experiment(s).

5

The chromatograms were searched for terpenes using m/z 93, which is a common, intense ion, diagnostic of the
terpenes under study here (Maleknia et al., 2007)
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Figure 4-5: GCMS profiles of deuterated and non-deuterated α-farnesene products. Purified α-farnesene
synthase was incubated with either (A) d0-GDP and d2-IDP, (B) d2-GDP and d2-IDP and (C) d8-GDP and d2-IDP.
Mass spectra of (D) d0-α-farnesene, (E) d2-α-farnesene, (F) d4-α-farnesene, and (G) d10-α-farnesene and
characteristic ions for d0-α-farnesene, m/z 93 [C7H9]+, d2-α-farnesene, m/z 95 [C7H7D2]+, d4-α-farnesene, m/z 97
[C7H5D4]+; and d10-α-farnesene, m/z 75 [C5H3D6]+ are also indicated. To separate the non-deuterated 93 m/z ion
from the deuterated 97 and 75 m/z ions in (C), the GC oven temperature ramp-rate was decreased (section 2.7.1).

4.2.1.2

MdAFS1 passively carries FDP or α-farnesene

A complication in the above experiments was the persistence of d0-α-farnesene when using
labelled precursors. As all sources, other than the purified recombinant protein, were found to be
free of both FDP and α-farnesene, the presence of d0-α-farnesene must be due to either enzymebound FDP or α-farnesene. Passive binding of FDP or α-farnesene to the enzyme was confirmed
from headspace assays which were devoid of any substrates (Figure 4-6). Release of α-farnesene
from the enzyme, in the absence of substrates, peaked within the first four hours then declined
over 19 hours. To ensure that the reduction in α-farnesene activity was not due to loss of enzyme
activity, d8-GDP was added both at the beginning and again at the end of the time course
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experiment. This confirmed that MdAFS1 was still fully active during the time course
experiment.

Figure 4-6: Release with time of α-farnesene from purified MdAFS1 in the absence of FDP precursor. Assays
were carried out under optimised conditions and hexadecane standard was added to each sample prior to SPME
headspace sampling at each time point. Panels show GCMS peaks for α-farnesene (m/z 93) at an approximate
retention time of 1360 seconds and hexadecane standard (m/z 226) at an approximate retention time of 1525
seconds. The ratios of peak areas at four time points during a 19.5 hour experiment are also indicated. Addition of
GDP to assays at the beginning and end of the experiment demonstrated that the enzyme retained full activity
throughout the experiment.

4.2.2

Labelled precursor analysis conclusions

The correspondence between the location of the deuteration labelling of the α-farnesene products
and the deuteration labelling of the two GDP and IDP precursor compounds proves enzymatic
involvement. However, these results do not conclusively indicate that MdAFS1 is responsible.
Co-purifying short-chain prenyltransferases (i.e. GDP FDP and GGDP synthases) or
phosphatases (EC 3.1.3) could also offer plausible explanations for the production of αfarnesene via GDP and IDP coupling, phosphatase hydrolysis of FDP or non-enzymatic FDP
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solvolysis, (Chayet et al., 1984; Colby et al., 1998; Mercke et al., 1999). To test for bacterial
prenyltransferase and/or phosphatase contamination, peptide analysis of the MdAFS1 protein
extracts used in the activity assays was undertaken.

4.3 Peptide analysis of MdAFS1
To rule out obvious contamination of the purified MdAFS1 recombinant protein extracts by E
coli prenyltransferases or phosphatases, the MdAFS1 purified protein preparation used in the
above activity assays (section 4.2.1.1 above) was analysed by Dr Dave Greenwood (University
of Auckland) using LC MS/MS to identify which peptides were present. Prior to the LC MS/MS
analysis a purified MdAFS1 preparation that had been previously analysed by SDS-PAGE
(Figure 4-2 above) had various regions of the gel excised for tryptic digestion. Six gel fragments
were excised in total, encompassing the recombinant MdAFS1 enzyme (~65 kDa), the 35-50
kDa regions on the gel (the expected location of any prenyltransferases, as judged by the amino
acid sequence), and other dominant co-purifying proteins seen on the gel. The MS-MS spectra
generated from peptides derived from these fragments were searched against the latest version of
the public non-redundant protein database (NRPD) of the NCBI and the sub-data base of E. coli
proteins from NRPD.
Protein matches from the peptide analysis (summarised in Table 4-2) confirmed the presence of
recombinant MdAFS1 (Figure 4-7) and various additional co-purifying E. coli proteins.
Importantly however, there were no matches to previously identified E. coli prenyltransferase or
phosphatase enzymes.
Table 4-2: Peptide matches to M. domestica α-farnesene synthase and known E. coli proteins. The MdAFS1
fragment identified in the 10-30 kDa gel slice was assumed to be a degradation product of the full-length
recombinant MdAFS1 protein.

1
2

Size range
(kDa)
30-35
90-92

3

75-90

4
5

65-75
92-100

6

10-30

Gel slice

Protein fragments identified
(in order of abundance)
outer membrane pore protein 1a
catalase
UDP-D-glucuronate dehydrogenase, L-glutamine:D-fructose-6-phosphate
aminotransferase, catalase
MdAFS1, UDP-D-glucuronate dehydrogenase
Hsp70, outer membrane pore protein 1a
Protein SF1441, thioredoxin, 30S ribosomal protein, MdAFS1, NADH
dehydrogenase, putative transport protein
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*
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*
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*
80
MEFRVHLQADNEQKIFQNQMKPEPEASYLINQRRSANYKPNIWKNDFLDQSLISKYDGDEYRKLSEKLIEEVKIYISAETMDLVA :

85

*
100
*
120
*
140
*
160
*
KLELIDSVRKLGLANLFEKKIKEALDSIAAIESDNLGTRDDLYGAALHFKILRQHGYKVSQDIFGRFMDEKGTLENHHFAHLKGM : 170

180
*
200
*
220
*
240
*
LELFEASNLGFEGEDILDEAKASLTLALRDSGHICYPDSNLSRDVVHSLELPSHRRVQWFDVKWQINAYEKDICRVNATLLELAK : 255
260
*
280
*
300
*
320
*
340
LNFNVVQAQLQKNLREASRWWANLGFADNLKFARDGLVECFSCAVGVAFEPEHSSFRICLTKVINLVLIIDDVYDIYGSEEELKH : 340
*
360
*
380
*
400
*
420
FTNAVDRWDSRETEQLPECMKMCFQVLYNTTCEIAREIEEENGWNQVLPQLTKVWADFCKALLVEAEWYNKSHIPTLEEYLRNGC : 425

*
440
*
460
*
480
*
500
*
ISSSVSVLLVHSFFSITHEGTKEMADFLHKNEDLLYNISLIVRLNNDLGTSAAEQERGDSPSSIVCYMREVNASEETARKNIKGM : 510
520
*
540
*
560
*
IDNAWKKVNGKCFTTNQVPFLSSFMNNATNMARVAHSLYKDGDGFGDQEKGPRTHILSLLFQPLVN : 576

Figure 4-7: MdAFS1 peptide fragments identified by LC MS/MS analysis. The MdAFS1 open reading frame
(ORF) is shown. Areas of orange shading indicate MdAFS1 peptide fragments identified by LC MS/MS analysis of
SDS-PAGE gel slice number 4 above. The peptide fragment encompassing amino acids 320 to 340 also possess the
DDXXD divalent metal ion binding motif (DDVYD in MdAFS1).

Although the above findings discount an obvious contaminant being responsible for the synthesis
of α-farnesene, it was still possible that a minor contaminant had been missed. To address this
concern, an alternative approach was to look at sesquiterpene production in response to GDP and
IDP in at least one other enzyme. Providing that the sesqui-TPS enzyme to be tested was purified
under the same conditions used for MdAFS1, a lack of observable sesquiterpene activity when
using GDP and IDP together as a substrates would support the contention that bacterial
contamination was not a factor in the GDP/IDP activity assays. If sesquiterpenes were identified,
however, it could support both the argument for contamination or alternatively, that
prenyltransferase activity is also present.
4.3.1

Testing for prenyltransferase activity in a germacrene-D synthase

The kiwifruit sesqui-TPS (AdGDS1: section 3.1.3.2) was the only other sesqui-TPS available at
this time to investigate sesquiterpene production from non-FDP precursors. AdGDS1 produces
the (+)-germacrene-D enantiomer from FDP (Figure 4-8) but, unlike MdAFS1, is unable to
synthesise monoterpenes from GDP. For this analysis recombinant AdGDS1 was expressed in E.
coli from a previously cloned pET-30a/AdGDS1 expression construct (Green et al., 2003b) and
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was tested for activity in the presence of GDP and IDP as was MdAFS1 (section 2.6.1).
AdGDS1 was shown to be incapable of GDP/ IDP condensation, by the absence of any
germacrene-D peak in the GC-MS spectra (Figure 4-9). This finding provides additional
evidence to support the contention that the GDP/IDP activity assays are not contaminated by
bacterial prenyltransferases.

Figure 4-8: Germacrene-D enantiomers produced from FDP

Figure 4-9: Chiral GCMS analysis of the A. deliciosa germacrene-D synthase AdGDS1. Panel (A) shows
absence of sesquiterpene peaks following incubation of AdGDS1 with GDP and IDP precursors. Panel (B) shows
the peak representing (+) germacrene-d enantiomer production by AdGDS1 from FDP and (C) shows the profile for
germacrene-D (+)- and (-)- enantiomers present in a Golden Rod (Solidago canadensis) extract.
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4.4 Mutagenesis analysis of MdAFS1
The preceding analysis provides strong circumstantial evidence that MdAFS1 has an intrinsic
prenyltransferase activity. To obtain direct evidence of this, however, mutagenesis of MdAFS1
which could be shown to cause loss of prenyltransferase activity was required.
Activity in TPS enzymes is associated with a conserved DDXXD motif which is required for
divalent metal ion binding. Two topologically identical aspartate-rich motifs are also present in
FDP synthases from Homo sapiens, Rattus rattus, Saccharomyces cerevisiae and E. coli and in
other related prenyltransferases, including hexaprenyl (S. cerevisiae) and GGDP (Neurospora
crassa) synthases (Ashby and Edwards, 1990). Mutation of the first aspartate residue in one
DDXXD region of a R. rattus FDP synthase to glutamate resulted in a 90% reduction in enzyme
activity (Marrero et al., 1992). Structural studies of Fusarium sporotrichioides sesqui-TPS
(trichiodiene) DDXXD mutants also showed that significant decreases in the enzymatic
efficiency (kcat/Km) were attributable to mutation of the first aspartate to glutamate (Rynkiewicz
et al., 2002). The presence of these identical structural elements in both TPS and
prenyltransferase enzymes strongly supports the assumption that the condensation and catalysis
of allylic diphosphate precursors in MdAFS1 would require the same DDXXD residues.
Mutagenesis of MdAFS1 was therefore directed at the DDXXD region, with the intention of
abolishing TPS activity and determining the concomitant effects on prenyltransferase activity. If
prenyltransferase activity was also abolished it would provide conclusive evidence that MdAFS1
was able to synthesise FDP from GDP and IDP.
4.4.1

Mutagenesis strategy

Mutations in MdAFS1 were targeted to convert either the first aspartate (Asp326), or both the first
and the last aspartate residues (Asp326 and Asp330) of the DDVYD motif to alanines. Alanines
were selected to ensure complete removal of side chain carboxyl moieties from this region of the
active site. The two mutations should abolish, or at the very least, significantly reduce the
capacity for Mg2+-dependent substrate binding by MdAFS1 and consequently, on the assumption
that the DDXXD region is required for both the prenyltransferase and TPS activities, should
similarly reduce or abolish both activities.
A number of mutagenesis approaches were examined for generating the DDXXD mutants, and
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in particular splicing by overlap extension PCR (SOE-PCR) (Warrens et al., 1997); however the
QuikChange™ Site-directed Mutagenesis System (Stratagene) was chosen for the following
reasons:
•

It had been successfully used in previous mutagenesis studies involving TPS genes
(Felicetti and Cane, 2004; Kollner et al., 2006).

•

•

It would require significantly less optimisation in terms of PCR conditions
It would negate the need for the multiple PCR amplification steps that SOE-PCR and
other related methods require (Katoh et al., 2004; An et al., 2005; Nabavi and Nazar,
2005).

An overview of the QuikChange site-directed mutagenesis system is given in section 2.3.15.
4.4.2

Production of DDXXD mutant enzymes

A pBluescript SK(-) vector harbouring the MdAFS1 cDNA provided the template for generating
the DDXXD mutants. Mutated cDNAs, confirmed by sequencing, were directionally cloned into
the pET-30a expression vector to produce the pET-30a/D326A and D326A/D330A mutants.
Soluble recombinant protein was expressed from E. coli BL21 (RIL) cells and the resulting His6tagged fusion proteins were purified using a combination of Ni2+ affinity chromatography
(section 2.4.3.1) and size exclusion chromatography (section 2.4.3.5). Recombinant proteins of
the expected size (72 kDa) were confirmed by SDS-PAGE and western analysis (Figure 4-10).
The presence of soluble proteins indicted that the DDXXD mutations had not adversely affected
protein stability and therefore also indicated that the integrity of protein folding had been
maintained. One notable feature associated with the expression of the DDXXD mutants was a
significant increase in cell density (OD600 typically 9-12) compared to that observed in the
equivalent expression of the non-mutated (WT) enzyme (OD600 typically 4-7).
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Figure 4-10: Purification of MdAFS1 DDXXD mutant enzymes. SDS-PAGE analysis of protein fractions
resulting from the Ni2+ affinity purification (A) and size exclusion chromatography (SEC) purification (B) of the
D326A (upper panels) and D326A/D330A (lower panels) proteins. The presence of the D326A and D326A/D330A
recombinant proteins was confirmed by Western blot analysis (C) of the SEC protein fractions using a monoclonal
antibody (Roche) raised against the hexa-histidine (His6) tag. Selected sizes (in kDa) of a protein molecular weight
marker are also indicated.

4.4.3

Terpene synthase activity associated with DDXXD mutations

To test whether the D326A and D326A/D330A MdFS1 mutants were still capable of any TPS
activity, their ability to convert tritiated FDP and GDP precursors to pentane-soluble products,
measurable by scintillation counting or by SPME headspace GCMS analysis, was analysed.
Both sesqui- and mono-TPS activities were abolished in the D326A and D326AD330A mutants.
This was demonstrated both by the failure of the mutant enzymes to convert FDP and GDP to
pentane-soluble products (Figure 4-11) and by the lack of α-farnesene and monoterpene
headspace volatiles detected in the GCMS analysis following FDP and GDP feeding experiments
(Figure 4-12). Detection limits for this analysis were 0.05 - 0.07% of the MdAFS1 (WT) activity.
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Figure 4-11: Relative activities of non-mutated (WT) and DDXXD mutant MdAFS1 enzymes. Synthesis of
sesquiterpenes and monoterpenes measured using [C1-3H1]-FDP and [C1-3H1]-GDP respectively in a solvent
extraction assay. Background subtracted data is represented as relative velocity (Vrel) percentages based on the WT
activity with FDP. Data represents mean ± SEM. N=3.
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Figure 4-12: Headspace GCMS analysis of the different MdAFS1 recombinant enzymes. Selective 93 m/z
traces for headspace volatiles extracted from purified recombinant non-mutated MdAFS1 (WT) and DDXXD
mutant proteins incubated with (A) FDP; or (B) GDP precursors. Sesquiterpene peaks in (A) were identified by
comparison to authentic standards or by comparison with mass spectra from the NIST (National Institute of
Standards and Technology) MS library, and are (1) (E,E)-α-farnesene, (2) (E,Z)-α-farnesene, (3) (Z,E)-α-farnesene
(4) (Z,Z)-α-farnesene, and (5) β-farnesene. Peaks (6 & 7) were non-terpene contaminants derived from thermal
breakdown of the SPME fibres. The ocimene peak in (B) was determined by comparison with mass spectra from the
NIST MS library (NIST, 2002).
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4.4.4

Prenytransferase activity in response to DDXXD mutations

The proposed MdAFS1 prenyltransferase activity would result in the formation of the nonvolatile prenyl diphosphate precursor FDP. Confirming the absence of FDP was therefore crucial
to establishing whether MdAFS1 was capable of prenyltransferase activity. The non-volatility of
prenyl diphosphates means that, unlike the terpenes derived from them, they cannot be separated
by gas chromatography (GC). Identification of FDP would therefore have to rely on either
indirect detection of a volatile derivative using GCMS methods or direct measurement of FDP
itself by liquid chromatography (LC) techniques. For experimental robustness, both indirect and
direct approaches for FDP detection were used.
Hydrolysis of FDP with HCl results in the formation of its tertiary alcohol derivative farnesol
(Figure 4-13), which will not only partition into the headspace, enabling SPME analysis, but can
also be detected using GCMS. Similar hydrolysis by the D326A and D326A/D330A mutant
enzymes when incubated with GDP and IDP would also be expected to release detectable
farnesol if FDP was being formed. Hydrolysis assays for the DDXXD mutated enzymes were
therefore set up according to the methods of Brodelius et al., (2002). Headspace analysis by
GCMS (Figure 4-14) failed to identify extractable farnesol from the hydrolysis assays, indicating
that no free FDP had been formed.

Figure 4-13: Hydrolysis of FDP to farnesol.
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Figure 4-14: Acidic hydrolysis of the GDP/IDP activity assays for the DDXXD mutants. Selected ion (m/z 93)
SPME headspace GCMS profiles following acid hydrolysis showing loss of prenyltransferase activity after GDP
plus IDP feeding. Profiles are for (A) D326D/D330A mutant and (B) D326A mutant α-farnesene synthases, together
with (C) an authentic α-farnesene and farnesol standard.

For final confirmation that MdAFS1 possessed intrinsic prenyltransferase activity, the D326A
and D326AD330A mutants were analysed for the accumulation of FDP using electrospray
ionisation (ESI) LCMS/MS. Prenyltransferase activity in MdAFS1 was previously determined
by semiquantitative GC-MS analysis to be approximately 1% of its activity with FDP (Ellen
Friel, personal communication). Given this low level of activity, it was essential that the levels of
FDP likely to be formed were within the LC-MS/MS detection limits. To ensure this, the specific
MdAFS1 (WT) activity with FDP under optimal conditions (i.e. 25 µM FDP, 10 µM MgCl2 and
50 mM KCl at 30 °C) was determined. Assuming that the rate of FDP formation in the WT
enzyme would occur at no more than 0.5% of the activity with FDP, the approximate specific
prenyltransferase activity could then also be determined. The MdAFS1 specific activity with
FDP was calculated to be approximately 1.6 µmol.mg-1.h-1.
No FDP was detected in either of the mutants (Figure: 4-14). Assuming a specific
prenyltransferase activity of 8 nmol of FDP formed per mg of MdAFS1 protein per hour (0.5%
of the specific activity for α-farnesene synthase) some 0.8 nmol of FDP should have been
83

Chapter 4: Prenyl Transferase Activity
produced in the assay. Analysis of an assay mixture spiked with 0.08 nmol FDP gave a clearly
detectable signal (Figure 4-15D), and from this it was concluded that no significant
concentration of free FDP was produced by the mutant enzymes. This finding provides strong
evidence that MdAFS1 has an intrinsic prenyltransferase (specifically FDP synthase) activity and
that the same active site DDXXD Asp residues are required for TPS and prenyltransferase Mg2+assisted catalysis.
The above analysis also reaffirmed the crucial importance of the DDXXD region in TPS activity
and in particular of Asp326 in MdAFS1 activity. The first and last residues for the DDXXD motif
in crystal structures of a Salvia officinalis bornyl diphosphate synthase (BPPS) (Whittington et
al., 2002), and a Nicotiana tabacum 5-epi-aristolochene synthase (5EAS) (Starks et al., 1997)
were shown to directly coordinate the essential Mg2+ ion. The absence of TPS and
prenyltransferase activity seen in the DDXXD mutant enzymes would also indicate this is the
case in MdAFS1.
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Figure 4-15: Analysis of FDP production from MdAFS1 mutants. LC-ESI-MS/MS analysis for farnesyl
diphosphate (FDP) produced during the conversion of GDP and IDP to α-farnesene by MdAFS1 using selective
reaction monitoring (SRM) in negative ion mode. SRM plots for GDP and FDP were generated by monitoring the
distinctive daughter ions formed by fragmenting the precursor ions (M-H)- for both target compounds (GDP: SRM
m/z 313 > m/z 295, 159 and FDP: SRM m/z 381 > m/z 363, 159) (A) standard of GDP (0.6 nmoles) and FDP (0.5
nmoles); (B) D326A only, (C) D326A + GDP/IDP; (D) D326A + GDP/IDP spiked with 0.08 nmoles of FDP.
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4.4.5

Investigation of the importance of the second DDXXD aspartate in MdAFS1

Although no direct metal coordination role has yet been reported for the second aspartate residue
in the DDXXD motif, it does appear to be important for the activity of a number of TPS
enzymes. For example, in the BPPS crystal structure the second DDXXD Asp residue, Asp352,
forms a salt bridge with an arginine residue (Arg314) which is located within an irregular (i.e. no
secondary structure) region called the A-C loop and, which, following substrate binding, is also
hydrogen bonded to the diphosphate anion. This A-C loop in BPPS helps to cap the active site
once substrate is bound. This is crucial in TPS catalysis because it partitions the highly reactive
carbocationic species from the exterior solvent, thereby preventing premature quenching.
Mutagenesis to glutamate of an equivalent aspartate (Asp101) in a fungal trichodiene synthase
resulted in a significant decrease in the rate of substrate consumption (Cane et al., 1996).
Subsequently, Asp101 was shown in the trichodiene synthase crystal structure (Rynkiewicz et al.,
2002) to form a new salt bridge with an A-C loop arginine (Arg304) upon substrate binding. The
A-C loop is again integral to active site closure following substrate binding in this enzyme. To
determine whether the second aspartate (Asp327) in the DDXXD motif of MdAFS1 was also
necessary for activity, a D327A mutant was constructed and the resulting recombinant enzyme
tested for activity with non-labelled FDP precursor. Analysis of headspace volatiles extracted
from FDP activity assays, as with the previous DDXXD mutants, resulted in sesqui-TPS function
also being abolished in the D327A mutant (Figure 4-16). The absence of TPS activity in the
D327A mutant points to an essential role for this Asp in MdAFS1, perhaps in providing a
linkage between the DDXXD and A-C loop regions as in the trichodiene synthase.

Figure 4-16: Loss of sesquiterpene activity in the
D327A mutant. Sesquiterpene peaks in the WT GCMS trace are equivalent to those identified in Figure
4-12A above.
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4.5 Discussion
An intriguing feature of the apple α-farnesene synthase MdAFS1 is its ability to use GDP plus
IDP, in addition to FDP, to produce α-farnesene. This activity is normally associated with the
final coupling reaction of FDP synthases which carry out the sequential head-to-tail
condensations of DMADP and IDP and GDP and IDP to form FDP. As there is no report of such
an activity in other sesqui-TPS enzymes it is difficult to identify whether this signifies a rarely
occurring phenomenon in these enzymes or whether it has simply never been investigated until
now. In MdAFS1, detection of the low level prenyltransferase activity may have been possible
because of its inefficient ability to convert GDP into ocimene (Green et al., 2007). Future studies
aimed at identifying prenyltransferase activity in other dual-functioning sesqui-TPS will almost
certainly depend upon the efficiency of their GDP turnover, as this could mask the observation
of any potential prenyltransferase activity.
4.5.1

Bacterial contamination and retention of substrate or product

Initially there was justifiable concern that the production of α-farnesene from GDP and IDP in
MdAFS1 could be due to contamination by bacterial enzymes as a result of MdAFS1 expression
in E. coli. However, the LC/MS peptide analysis results (Table 4-2), together with the lack of
prenyltransferase activity observed in the AdGDS1 GDP/IDP assays (Figure 4-9), provided clear
evidence that the α-farnesene production was not an artefact of bacterial contamination. It also
established that, providing similar purification techniques are employed in the future, bacterial
contamination is unlikely to be a factor if prenyltransferase activity is observed in future TPS
studies.
MdAFS1 was also found to bind either FDP or α-farnesene in a passive manner. This was
demonstrated by the slow release of α-farnesene from MdAFS1 over a 19 hour period from
assays that had no added FDP (Figure 4-6). However, the presence of both deuterated and nondeuterated α-farnesene in the labelled GDP/IDP activity assays (Figure 4-5) discounts the
possibility of passively bound contaminant being solely responsible for the α-farnesene
produced after GDP/IDP feeding. Whether it was FDP or α-farnesene that was retained, or
indeed how it was retained, was not determined. The persistence of this α-farnesene indicates
that if it was due to endogenous FDP, it must be either covalently bound or deeply buried
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somewhere in the active site cleft that does not involve interaction with catalytic residues such as
those present in the DDXXD motif. This is consistent with the very slow FDP turnover rate, in
which the α-farnesene is still being produced after 19 hours in the absence of added FDP (Figure
4-6). Alternatively, hydrophobic α-farnesene derived from endogenous FDP could also be
retained within the same active site cleft, from where it could slowly diffuse into the polar
environment of bulk solvent.
4.5.2

DDXXD mutagenesis

Mutagenesis of the MdAFS1 DDXXD Asp residues provided the most conclusive evidence that
the apple TPS possessed low level prenyltransferase activity. This was seen in the lack of
detectable FDP or its derivative farnesol in both the D326A and D326A/D330A mutants, in any
of the analyses (Figures 4-14 and 4-15). The DDXXD mutant activity analysis also confirmed
that α-farnesene production, following GDP/IDP addition, was not due to co-purifying bacterial
enzymes, the presence of endogenous FDP substrate or α-farnesene derived from endogenous
FDP. The lack of any farnesol detected in the D326A and D326A/D330A GDP/IDP activity
assays following hydrolysis with HCl also suggests that MdAFS1 is passively binding αfarnesene rather than FDP. Firstly, passively bound FDP should have been detected as farnesol
after the hydrolysis experiments. Secondly, the absence of any farnesene, which should have also
been released following the hydrolysis, indicates that its absence is due to the inability of the
DDXXD mutant enzymes to act on FDP. The conclusion is that when active MdAFS1 protein is
expressed in E. coli it can catalyse the conversion of host cell FDP pools to α-farnesene, and that
a small proportion of this can then be retained by the enzyme. This is not observed in the mutants
because their catalytic activity has been abolished. Finally, the mutagenesis also confirmed that
both TPS and prenyltransferase activities in MdAFS1 occur in the same active site, as shown by
their respective reliance upon the DDXXD Asp residues for catalysis.
4.5.3

A common ancestral origin of TPS-b enzymes and prenyltransferases

The shared ability of MdAFS1 and prenyltransferases to use 5-carbon prenyl diphosphate
precursors potentially offers further clues to the common ancestral origin proposed for
isoprenoid biosynthetic enzymes. The evidence for and against such a common evolutionary
path, in the context of the MdAFS1 results presented in this chapter, are now discussed from a
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comparative structural and functional perspective.
4.5.3.1

Structure-function similarities in Class I isoprenoid biosynthetic enzymes

Isoprenoid biosynthetic enzymes are classified on the basis of the initial catalytic step as Class I
or Class II (Wendt and Schulz, 1998). Class I enzymes, which include the mono-, sesqui-, and
many di-TPS as well as prenyltransferases, generate allylic carbocation intermediates by the
release of diphosphate. Class II enzymes generate carbocation intermediates via protonation of a
substrate π-bond or epoxide ring and include triterpene (C30) and tetraterpene (C40) cyclases
involved the respective biosynthesis of cholesterol and carotenoids (Wendt et al., 2000).
Despite the lack of significant amino acid sequence identity, crystal structures of various monoand sesqui-TPS (Starks et al., 1997; Rynkiewicz et al., 2001; Whittington et al., 2002; Shishova
et al., 2007), have revealed that their C-terminal catalytic domains share a common α-bundle
fold that is structurally homologous with the FDP synthase fold (Tarshis et al., 1994). Specific
active site features that are shared between TPS enzymes and prenyltransferases include the Dhelix aspartate-rich DDXXD motif which is also required for prenyltransferase Mg2+-assisted
catalysis (Liang et al., 2002). A second DDXXD motif in prenyltransferases, located on Helix H,
has, however, diverged in TPS enzymes to a (L,V)(VLA)(N,D)D(L,I,V)X(S,T)XXXE consensus
sequence - also referred to as the NSE/DTE motif because of the role of the boldfaced residues
as Mg2+ ligands (Cane and Kang, 2000).
The structural homology between enzymes which synthesise and use GDP, FDP and GGDP is
indicative of divergence from a primordial ancestor early in the evolution of terpene biosynthesis
(Chen et al., 1994; Christianson, 2006b) and is also in agreement with suggestions that enzymes
that catalyse successive steps in biosynthetic pathways may share common evolutionary origins
(Reardon and Farber, 1995). In the protonation-dependent Class II terpenoid cyclases a
topologically unrelated variation of the α-bundle, termed the α-barrel fold, is found. Given the
conservation of this fold in the functionally disparate Class I and II enzymes, it has been also
suggested that the derivation of structural templates for isoprenoid coupling and cyclisation
reactions have occurred by facile evolution (Christianson, 2006a, 2008). It is interesting to note
however, that the two most recent crystal structures of Class I TPS enzymes, a limonene
synthase (mono-TPS) from M. spicata (Hyatt et al., 2007) and aristolochene (sesqui-TPS)
synthase from A. terreus (Shishova et al., 2007), revealed a common plant cyclase two-domain
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architecture (Starks et al., 1997; Whittington et al., 2002) in which their N- and C-terminal
domains adopt the respective Class I and II terpenoid folds. Although the N-terminal domains of
plant TPS are not reported to have any catalytic function (Starks et al., 1997; Whittington et al.,
2002; Christianson, 2006b), the two-domain architecture does suggest evolution from an
ancestral enzyme in which both domains were catalytically functional, as found in the di-TPS
abietadiene synthase from A. grandis (Peters et al., 2000).
4.5.3.2

Substrate specificity in MdAFS1 and other Class I isoprenoid enzymes

The ability of MdAFS1 to use IDP as a substrate is interesting considering its phylogenetic
placement, along with a small group of isoprene (hemiterpene) synthases, in the mono-TPS
dominated b-subgroup (Section 3.2.3, Figure 3-2). Isoprene synthases utilise the IDP regioisomer
dimethylallyl diphosphate (DMADP) as substrate, and hence appear to show a functional link to
MdAFS1 in their respective capacities to utilise 5-carbon allylic diphosphate precursors. The
isoprene synthase (Miller, 2001) that most closely resembles the apple enzyme has been shown
to produce not only isoprene from DMADP, but also the monoterpene limonene from GDP,
again demonstrating some flexibility both in the binding and processing of allylic diphosphate
substrates. The only real mechanistic difference between MdAFS1 and the isoprene TPS
activities and the coupling of prenyl diphosphates in the Class I prenyltransferases, is that the
former reaction is terminated by regioselective proton abstraction utilising a nucleophile such as
a water molecule or basic amino acid residue whereas the latter employs the IDP C2-C3 π-bond
as the nucleophilic species (Wang and Ohnuma, 2000).
The capacity of MdAFS1 for prenyltransferase function would appear to offer new evidence in
support of the common evolutionary origin of Class I isoprenoid biosynthetic enzymes.
However, the condensation of GDP and IDP in MdAFS1 may not be a directed process requiring
the separate binding of two allylic precursors analogous to that reported for an avian FDP
synthase (FDPS) structure (Tarshis et al., 1996). The avian FDPS acts through the association of
two identical subunits which orientate their respective DDXXD regions and consequently bind
substrates in a manner that allows for condensative chain elongation to occur. Although Class I
TPS enzymes and prenyltransferases have two distinct domains for binding their M2+-complexed
substrates, in TPS enzymes the equivalent regions would appear only to be favourable for
binding the diphosphate moiety of a single substrate. For example the tobacco 5-epiaristolochene synthase (5EAS) crystal structure, when compared to the avian FDPS crystal
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structure, indicates that the positioning of the Mg2+ binding regions would be unlikely to allow
for simultaneous binding of two substrates - there is simply not enough space (Figure 4-17).
Overall active site topology conservation in TPS enzymes and the fact that substrate diphosphate
moieties are bound in a similar manner (Whittington et al., 2002) suggests that MdAFS1 would
also be unable to bind GDP and IDP simultaneously. This is consistent with the low rate of
GDP/IDP condensation in MdAFS1 (~ 1% of activity with FDP). It is more probable that this
condensation in MdAFS1 relies upon the initial binding of GDP to the DDXXD region via Mg2+,
followed by the transient association of IDP molecules in such a way that their C2-C3 π-bond is
favourably positioned for nucleophilic capture of the GDP cationic species.
Although there is significant structural and functional evidence to support the notion that Class I
isoprenoid biosynthetic enzymes have evolved from a common ancestor, FDP synthesis in
MdAFS1 may not provide any new functional evidence in support of this.

Figure 4-17: Active site comparisons between a tobacco epi-aristolochene and an avian FDP synthase.
Residues (purple) involved in Mg2+-complexed substrate binding for (A) the avian FDP synthase (PDB accession
1FPS) and (B) the 5-epi-aristolochene synthase (5EAS) from tobacco (PDB accession 5EAT) are shown. In FDPS
these residues form part of two topologically identical DDXXD regions whereas in 5EAS, one DDXXD (upper
residues) and a divergent NSE/DTE region (lower residues) are present. Positioning of an FDP substrate analogue
(orange and light blue sticks represent the respective diphosphate and prenyl side chain moieties) and bound Mg2+
atom (green spheres) in the 5EAS structure are also shown in (C).

4.5.3.3

Covalent attachment of FDP in MdAFS1

Covalent attachment of FDP in MdAFS1, however unlikely, is an interesting idea because it
provides a potential functional link to another family of Class II prenyltransferase enzymes,
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namely the eukaryotic protein prenyltransferases (Liang et al., 2002; Maurer-Stroh et al., 2003).
Protein prenyltransferases, which also share structural homology to TPS enzymes, catalyse the
Zn2+-assisted attachment of the FDP and GGDP carbon side chains to the carboxyl terminal of
various proteins, often mediated through a CaaX recognition sequence (C = Cysteine, a =
aliphatic residue, X= any amino acid). However, no such C-terminal CaaX was identified in the
MdAFS1 polypeptide.
More than twenty years ago, evidence was presented, using a liver FDP synthase (Saito and
Rilling, 1981; Davisson et al., 1985), that a prenyltransferase could, with suitable substrates,
carry out a cyclisation reaction to produce monoterpene-like products. An equivalent activity
demonstrated in other prenyltransferases will perhaps provide more informative links to the
evolution of isoprenoid biosynthetic enzymes. Nevertheless, whether GDP/IDP coupling in
MdAFS1 is a catalytic process involving simultaneous binding of the two allylic diphosphates or
a fortuitous interaction between bound GDP and free IDP, this work still represents the first
report of a TPS with prenyltransferase functionality. It also reaffirms the functional plasticity of
TPS enzymes and their catalytic commonality with their precursor synthesising relatives.

4.6 Summary
•

Biochemical analysis and site-directed mutagenesis have identified an apple farnesene
synthase (MdAFS1) with intrinsic prenyltransferase activity.

•

Bacterial contamination cannot account for the observed GDP/IDP coupling in MdAFS1.

•

There is evidence that MdAFS1 passively carries α-farnesene (but not FDP) within its
active site cleft.

•

The ability of MdAFS1 to produce FDP via GDP/IDP condensation is more likely to be
due to an interaction between bound GDP and transiently associated IDP, rather than
interaction between simultaneously bound GDP and IDP.
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5

DEFINING THE POTASSIUM BINDING DOMAIN IN
AN APPLE α-FARNESENE SYNTHASE

5.1 Introduction
More than five decades of kinetic investigation has lead to a wealth of literature on the
specificity of enzymes which require monovalent cations (M+) for normal activity. More
recently, structural data on a growing list of these enzymes has provided a much clearer picture
of the mechanisms involved in M+-assisted catalysis. Although two reports on TPS M+ activation
are included in this literature (McKay et al., 2003; Green et al., 2007), as yet there is no
published information defining a TPS M+ binding region. The primary aim of this chapter was to
obtain direct evidence of an M+ binding region in a TPS. This investigation initially focused on
the K+ dependent apple α-farnesene synthase MdAFS1 and used a combination of protein
homology modelling to predict groups that may be involved and site-directed mutagenesis to
modify those groups to determine their importance. Subsequent site-directed mutagenesis was
also used to investigate the K+ binding region in a phylogenetically and functionally divergent
conifer mono-TPS enzyme.
Metal complexation is a key mediator or modifier of enzyme structure and function. Divalent
metal ions (M2+), for example, are essential for many enzyme catalysed reactions, including the
Mg2+-assisted cleavage of the prenyl diphosphate precursor in TPS enzymes. However, the
monovalent group IA metals Na+ and K+ also play important and specific roles in the function of
enzymes and other biological macromolecules (Page and Di Cera, 2006). In enzyme reactions
M+ is not a causative agent of catalysis but instead is associated with rate enhancement or
allosteric regulation 6 either by stabilizing catalytic intermediates and enzyme structure or by
facilitating substrate binding (Page and Di Cera, 2006). The inability of M+ to direct catalysis,
unlike divalent metal ions (e.g. Mg2+ in TPS enzymes), results from insufficient charge density,
due to the spread of a single charge over a large volume. This situation prevents M+ from
stabilising and hence increasing the efficacy of negatively charged leaving groups which is an
essential element for many enzyme catalysed reactions.

6

Allostery is defined as the binding of a ligand at one site causing a change in the affinity or catalytic efficiency of a
more distant site (Neurath, 1984)
92

Chapter 5: MdAFS1 potassium binding
Numerous enzymes in plants and animals are now known to be activated by M+ (Evans and
Sorger, 1966; Suelter, 1970). Crystal structure analyses have established that the M+ acts either
in a cofactor-like or in an allosteric-like manner (Page and Di Cera, 2006). Enzymes exhibiting
the cofactor-like response are categorised as Type I. They are absolutely dependent upon M+,
which is required either for substrate binding (Type Ia) or substrate hydrolysis (Type Ib).
Enzymes exhibiting the allosteric-like response are categorised as Type II. Although their
activity is not absolutely dependent upon M+, it is enhanced through conformational changes
triggered by M+ binding to a site which does not involve direct contact with substrate. M+
binding in enzymes also often occurs in tandem with that of a divalent cation such as Mg2+.
However, unequivocal classification as Type I or Type II for any enzyme dependent on M+ for
normal function is not possible without high resolution structural data because of the fact that
Type I enzymes can exhibit Type II kinetics and vice versa (Page and Di Cera, 2006).
5.1.1

Terpene synthase monovalent cation dependency

The dependence of TPS enzymes upon M+ (specifically K+) was first identified in conifer monoTPS (Savage et al., 1994) and more recently in MdAFS1 (Green et al., 2007). MdAFS1 has a
specific dependence on K+ for normal function, and has a reported affinity constant (Ka) of ~ 3
mM for K+. Although this is higher than the reported Ka of ~ 0.7 mM for Mg2+, it is well below
the generally accepted 100-200 mM K+ concentration known to exist in plants (Beilby and Blatt,
1986). Mechanistically, however, TPS reactions, which are initiated by electrophilic assistance to
the C-O cleavage of diphosphate esters (Croteau, 1987; Cane, 1990), contrast with other M+dependent enzymes which are predominantly associated with phosphoryl transfer reactions and
catalyse the P-O bond cleavage of phosphate esters via nucleophilic displacement (Evans and
Sorger, 1966; Suelter, 1970). A number of TPS crystal structures have been solved (Lesburg et
al., 1997; Starks et al., 1997; Caruthers et al., 2000; Rynkiewicz et al., 2002; Whittington et al.,
2002; Hyatt et al., 2007; Shishova et al., 2007). There are, however, no structures available for a
K+ dependent enzyme, and hence there are no reports specifically indicating which groups may
be important for M+ binding. Although the tight in vivo regulation of M+ levels (Page and Di
Cera, 2006) specifies that M+ would not be a physiologically relevant regulator of TPS activity
because the enzyme active site would always be charged with M+, structural insight into TPS K+
binding is still important for several reasons. Firstly it could provide clues to the bifurcation of
K+ dependence in the TPS-b subgroup and hence establish more clearly the role of K+ in TPS
catalysis. Secondly it could provide clues to the whereabouts of K+ binding regions in other TPS
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enzymes. Finally, given the role of M+ to stabilise catalytic intermediates and enzyme structure
or facilitate optimal substrate binding, knowledge of the structural elements that confer K+
activation in TPS enzymes raises the possibility to engineer de novo a mechanism for increasing
the catalytic efficiency of K+- independent TPS enzymes.

5.2 MdAFS1 protein homology modelling
Knowledge of the three-dimensional structure of MdAFS1 is a prerequisite for the rational
design of site-directed mutations aimed at elucidating how and where K+ is bound in this
enzyme. In the absence of experimentally derived structural data (e.g. from X-ray
crystallography or NMR), model-building on the basis of the known structure of a homologous
protein is at present the method of choice to obtain three dimensional structural information
(Bordoli et al., 2008). Protein homology modeling, also known as comparative modeling, is a
method for constructing an atomic-resolution model of a protein from its amino acid sequence
(the “target sequence”). The homology modeling procedure can be broken down into four
sequential steps: template selection, target-template alignment, model construction, and model
assessment (Marti-Renom et al., 2000). Selection of an appropriate template relies upon proteins
of known structure (e.g. those determined from crystallographic or NMR data) which exhibit
sufficient sequence identity with the target protein. A safe threshold for automated modeling is
35% identity between target and template amino acid sequences (Rhodes, 2006). As a general
rule, if the template and target sequences share 30-50% identity the root mean squared (rms)
deviation of alpha carbons between the model and template structure should not differ by more
than 1.5Å (Rhodes, 2006). Because models are not based on experimental observations, normal
validation criteria (e.g. R-factors) cannot be used to judge their quality. Despite this, other
validation criteria such Ramchandran analysis can be used to assess the incorrectness of a
homology model. Validation of a homology model will ultimately be borne out in the
experimental results.
An MdAFS1 homology model (section 2.1.5.1) was used to identify regions that might be
associated with K+ binding. The model (Figure 5-1) was generated by threading the MdAFS1
amino acid sequence on to the three-dimensional structure of its closest structural homologue, a
bornyl diphosphate synthase (BPPS) structure complexed with a non-active GDP analogue
(Whittington et al., 2002). Template and target structures shared 39% identity and 58%
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similarity over residues 33-576 (MdAFS1 numbering), which correspond to the complete
enzyme structure following the RRX8W motif. This motif defines the approximate truncation site
of the mono-TPS preprotein plastid (e.g. chloroplast or leucoplast) targeting peptide which
typically only shares 23-28% similarity between TPS enzymes (Williams et al., 1998). Amino
acid sequence identity between BPPS and MdAFS1 downstream of this motif was less than 5%.
Molprobity (Davis et al., 2004) indicated that 91.7% of the residues in the Ramachandran plot
(Appendix 10.1) for the MdAFS1 model were in favoured positions and 98.9% were in allowed
positions. Six outliers were also identified, each of which was located to various loop regions in
the model.

Figure 5-1: MdAFS1 homology model. The homology model was constructed using Modeller (Marti-Renom et
al., 2000) by threading the MdAFS1 peptide sequence into the 3D coordinates of the bornyl diphosphate synthase
(BPPS) structure (PDB accession 1N20). The catalytic C-terminal domain helices (purple cylinders) are labelled
according to the BPPS structure. The N-terminal domain (grey) and the two conserved terpene synthase M2+ binding
motifs (DDXXD and NSE/DTE) are also shown. A space-filling model of docked FDP (carbon atoms = light blue,
oxygen atoms = red), as determined by Gold docking analysis is situated between the H2 and D helices.

5.2.1

The H-α
α1 loop is identified as a probable K+ binding region

The association of M+ activation with divalent cations such as Mg2+, taken together with the
observation that M+ binding sites frequently occur within surface-exposed loops (Harding,
2004), pointed to a potential K+ binding region in MdAFS1. Several loop regions in TPS,
including the A-C, H-α1 and J-K loops, are reported to be important for catalysis (Starks et al.,
1997; Rynkiewicz et al., 2002; Whittington et al., 2002; Shishova et al., 2007). Of these, the
MdAFS1 H-α1 loop (Arg483-Ser488) (Figure 5-2A) in particular exhibited many of the criteria
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expected in a K+ binding region. This surface-exposed loop, which lies within 4-6 Å of the
conserved Mg2+ binding DDXXD motif and the diphosphate moiety of the bound substrate,
provides a number of backbone or side chain oxygen atoms that could fulfil the average 2.8 Å
distance requirement for K-O bonding (Harding, 2002). The loop helps enclose a small cavity,
approximately 200 Å3 in volume (Figure 5-2B), into which project potential K+ ligands,
including the side chains of Asp484 and Ser487, together with the main chain carbonyl oxygen of
Ser485.

A

B

Figure 5-2: The H-α
α1 loop region in MdAFS1. The H-α1 loop (yellow sticks) in the MdAFS1 homology model is
shown in (A). A close up of the H-α1 loop region (B) which largely defines the boundary of an approximately 200
Å3 cavity (represented by the 3D yellow surface). Residues (purple) within the DDXXD (lower) and H helix
NSE/DTE motifs with their associated bound magnesium atoms (green) and the diphosphate moiety of FDP
precursor are also shown. Positions of the magnesium atoms in the MdAFS1 model are based on the equivalent
atoms in the BPPS crystal structure.
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5.3 MdAFS1 H-α
α1 loop Mutagenesis
Site-directed mutagenesis is widely used in the study of protein function and hence is also a
useful technique for assessing the validity of protein structure-function hypotheses. In this
chapter site-directed mutagenesis was primarily used to establish a connection between the H-α1
loop and K+ dependence in MdAFS1. It was also used to identify the importance of this
conserved loop in the function of other K+-dependent and independent TPS enzymes.
5.3.1

Generation of mutant recombinant enzymes

The H-α1 loop in MdAFS1 is predicted to comprise seven residues in total (i.e. Arg-Gly-AspSer-Pro-Ser-Ser - spanning residues 482 to 488). The obvious targets for mutagenesis, based on
the homology modelling, were the aspartate residue (Asp484) and the two serine residues (Ser485,
Ser487). The third serine residue (Ser488) was also selected even though in the homology model its
side chain hydroxyl oxygen pointed away from the proposed K+ binding cavity. The reason for
this selection was that one of the alternative Ser488 conformations (rotamers) has the side chain
pointing back towards this cavity in the MdAFS1 homology model (data not shown). The
arginine (Arg482), glycine (Gly483) and proline (Pro486) residues were not selected as targets
because their side chains cannot act as K+ ligands. Pro486 is also likely to confer some rigidity to
the MdAFS1 H-α1 loop and hence be important for the overall structural integrity of this region.
Mutagenic primers were designed to substitute the target residues by alanine in the pET30a/MdAFS1 (WT) template DNA and culminated in the D484A, S485A, S487A and S488A
site-specific mutants. Mutant proteins were expressed in E. coli under auto-inducible conditions
(section 2.4.1) and in all cases soluble His6-tagged proteins were obtained (Figure 5-3). These
were purified to 95% homogeneity according to Experion™ (BioRad) protein microfluidic chip
analysis (section 2.4.8).
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Figure 5-3: Production of MdAFS1
H-α
α1 loop mutant recombinant
enzymes. SDS-PAGE analysis of
protein fractions resulting from size
exclusion
chromatography
of
MdAFS1 mutant protein extracts that
had been initially purified from Ni2+
affinity columns.

5.3.2

D484 and S487 residues are crucial for MdAFS1 activity

The four MdAFS1 H-α1 loop mutant enzymes were tested for their ability to convert [C1-3H1]FDP into solvent-extractable products, either in the presence or absence of 50 mM KCl (Figure
5-4) according to the methods in section 2.8.1. They were also analysed for activity with GDP in
the presence of KCl (section 2.8.2.). Full activity comparisons between the MdAFS1 WT and Hα-1 loop mutants in the presence of K+ are summarised in Table 5-1. The results show an overall
95% decrease in sesqui-TPS activity in the S487A mutant and an 85% loss of activity in the
D484A mutant compared with WT enzyme, when K+ is present, with little change in K+independent activity. The S485A mutant exhibited marginally increased sesqui-TPS activities,
and surprisingly an approximate two-fold increase in mono-TPS activity compared with the WT
enzyme (Table 5-1). The increase in mono-TPS activity did not appear to be artefactual as it was
observed in several separate scintillation analyses and was also confirmed semi-quantitatively
using GC-MS (Figure 5-5). The S488A mutant showed decreases in both sesqui- and mono-TPS
activities, compared with the WT enzyme, with mono-TPS activity being reduced more than
sesqui-TPS activity. GC-MS analysis also established that the mono-TPS ((E)-β-ocimene and βmyrcene) (Figure 5-5) and sesqui-TPS (α-farnesene) products produced by the mutated and WT
enzymes were identical and that there were no significant alterations in the ratios of the αfarnesene isomers produced (Table 5-2).
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Figure 5-4: Potassium responses for WT and H-α
α1 loop mutated MdAFS1.Background subtracted scintillation
activity data were obtained from hexane extractions of 50-µl assays containing 300 nM of recombinant enzyme and
25 µM of [C1-3H1]-FDP, either in the presence or absence of 50 mM KCl. All experiments were carried out at least
twice. Data are presented as mean ± SEM, N=4.

Enzyme
WT
D484A
S485A
S487A
S488A

FDP activity
kcat(s-1)a
5.53 × 10-2 ± 3.0 × 10-4
8.60 × 10-3 ± 1.0 × 10-4
6.13 × 10-2 ± 6.0 × 10-4
2.60 × 10-3 ± 3.0 × 10-4
3.90 × 10-2 ± 3.0 × 10-4

Vrel (%)
100
15
110
4.7
72

GDP activity
kcat(s-1)b
2.81 × 10-4 ± 1.0 × 10-5
3.40 × 10-5 ± 2.0 × 10-5
5.88 × 10-4 ± 2.0 × 10-5
5.00 × 10-6 ± 1.0 × 10-5
5.20 × 10-5 ± 2.0 × 10-5

Vrel (%)
100
12
209
1.8
18

GDP/FDP
(%)
0.51
0.40
0.96
0.20
0.13

Table 5-1: Terpene synthase activities of MdAFS1 WT and H-α
α1 loop mutant enzymes. Relative activity (Vrel)
percentages are based on non-mutated (WT) MdAFS1 activities. kcat (turnover number of enzyme) values represent
mean ± SEM, N = 4. a At 25 µM [C1-3H1]-FDP, 10 mM MgCl2, 50 mM KCl. b At 50 µM [C1-3H1]-GDP, 10 mM
MgCl2, 50 mM KCl.

Compound
(Z)-β-farnesene
(E)-β-farnesene
(Z,Z)-α-farnesene
(E,Z)-α-farnesene
(Z,E)-α-farnesene
(E,E)-α-farnesene

Retention Time (min)
16.95
17.65
18.33
18.84
18.98
19.45

WT
25
75
11
29
19
41

D484A
N/A
N/A
11
32
19
38

S485A
27
73
14
31
18
37

S488A
N/A
N/A
9
22
23
46

Table 5-2: Farnesene isomer composition from MdAFS1 WT and H-α
α1 loop mutant enzymes. Retention times
(RT) and farnesene isomer percentages are given. Authentic standards used were (E)-β-farnesene, (Z,E)- and (E,E)α farnesene. (E,Z)- and (Z,Z)-α farnesene and (Z)-β-farnesene were identified based on MS and relative retention
times.
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Figure 5-5: Monoterpene volatile
analysis of H-α
α1 loop mutants.
GCMS analysis showing selected
ion (m/z 93) traces for headspace
volatiles produced from MdAFS1
(WT) and H-α1 loop mutant
recombinant enzymes incubated
with GDP. Equal amounts of protein
(50 µg) were used, and incubation
was for 30 min at 30°C prior to
extraction of headspace volatiles
using solid phase microextraction
(SPME).

5.3.3

Kinetic analysis of the MdAFS1 potassium response

To identify whether MdAFS1 behaved kinetically as a type I or type II K+-dependent enzyme,
solvent extraction assays (section 2.8.1) were used to determine enzyme turnover (kcat) constants
for the WT enzyme in response to K+ concentrations ranging from 0 to 100 mM (Figure 5-6).
According to the kinetics of M+ activation, as stated by Page et al (2006), the above analysis
confirmed that MdAFS1 exhibited a Type II response (i.e. kcat changes with [M+] but does not
reach zero when [M+] = 0). It also re-affirmed the low mM (3-5 mM in this instance) affinity
constant (ka) previously reported for K+ in MdAFS1 (Green et al., 2007). The above observations
indicate that MdAFS1 is a type II K+ activated enzyme and also highlight the importance of
specific H-α1 loop residues in MdAFS1 activity and offer intriguing clues to possible roles in K+
coordination. The construction of additional MdAFS1 mutants was now required to better
determine the role of the H-α1 loop in K+ binding. To do this the conservation of H-α1 loop
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residues in other TPS enzymes was investigated to identify differences that could account for the
division of K+ dependency in these enzymes.

Figure 5-6: Kinetic evaluation of
MdAFS1 potassium dependence.
MdAFS1 exhibits a typical type II
kinetic response to K+ where activity
is present when [K+] = 0 and enzyme
turnover (kcat) increases with [K+] to a
finite value. kcat constants were
determined
from
quadruplicate
solvent extraction assays containing
FDP at saturating concentrations and
experiments were carried out at least
twice. Data is presented as mean ±
SEM.

5.3.4

H-α
α1 loop residue conservation in TPS-b enzymes

Previous phylogenetic comparisons of MdAFS1 (Martin et al., 2004; Green et al., 2007)
indicated that it clustered with the TPS-b synthases, a subgroup dominated by angiosperm monoTPS enzymes which are not reported to have any M+ dependence. To look at the H-α1 loop
residue conservation in the TPS-b enzymes a ClustalX alignment of 47 polypeptides was carried
out (Figure 5-7A). The alignment included 45 sequences from GeneBank with assigned TPS
activities and the two Plant & Food Research TPS-b enzymes MdAFS1 and AcTPS2. By crosscomparing the MdAFS1 homology model with two mono-TPS crystal structures and homology
models constructed for nine different mono-TPS enzymes (Appendix 10.2.), the H-α1 loop
regions in MdAFS1 and the TPS-b mono-TPS enzymes were shown to be topologically
identical. A highly conserved H-α1 loop Lys residue was identified within the TPS-b subgroup
members that utilised GDP as a substrate (Figure 5-7B), suggesting that in these synthases this
Lys side chain might provide a positive charge analogous to that of M+ cations. The MdAFS1
residue corresponding to this Lys residue is Ser487, already implicated by mutagenesis in K+
binding (section 5.3.2 above). To test the possible functional equivalence of these features within
the TPS-b synthases, an additional MdAFS1 mutant (S487K) was constructed and the
recombinant protein was tested for sesqui-TPS activity in the presence and absence of K+.
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Figure 5-7: Phylogenetic and sequence analysis of TPS-b subgroup enzymes. The unrooted Neighbour Joining
(NJ) tree (A) indicates division of enzymes according to the production of monoterpenes (from GDP) sesquiterpenes
(from FDP) and isoprene from the 5-carbon dimethylallyl diphosphate (DMADP). The apple α-farnesene synthase
and kiwifruit myrcene synthase are represented as MdAFS1 and AcTPS2, respectively. Bootstrap values and
GeneBank accessions are also given. (B) shows corresponding amino acid alignment of the approximate H-α1 loop
and NSE/DTE magnesium binding regions in the TPS-b synthases and the conserved lysine (down arrow)
equivalent to Ser487 in MdAFS1.

5.3.5

Introduction of a conserved TPS-b lysine into MdAFS1.

The S487K mutant was generated, expressed and purified as for the previous H-α1 loop mutants
(section 5.3.1). Soluble recombinant S487K protein was analysed on a microfluidic gel chip,
using the Experion™ automated electrophoresis system (BioRad, USA) (Figure 5-8) and was
determined to be more than 95% pure.
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Figure 5-8: S487K mutant Experion™ analysis. (A) A virtual representation of the microfluidic gel chip analysis
of both Pro260 ladder (MW) and purified S487K protein samples. The Pro260 ladder masses are in kDa and the
S487K protein band is situated between the 75 and 50 kDa standards. Experion system peaks (SP) are always
present as are the lower alignment (1.2) and upper alignment markers (260). (B) Corresponding electropherogram of
the S487K sample separation. The upper and lower alignment peaks along with the system peaks are indicated.

Activity analysis for the S487K mutant showed that it had 35-45% of the WT activity with FDP
(Figure 5-9), with no significant alterations in the α-farnesene isomer ratios produced (Table 53). Kinetic evaluation of the S487K (Figure 5-10) FDP response indicated a Km of 1.65 µM ±
0.45 which was slightly lower than the previously reported 3 µM for the WT enzyme. There was
also a small decrease in the catalytic efficiency of the S487K mutant compared to the WT
enzyme (kcat/Km) with respective values of 13.3 mM-1.s-1 and 17.5 mM-1.s-1 (Table 5-4). More
significantly, and in contrast to the WT enzyme, sesqui-TPS activity in the S487K mutant was
independent of K+, with the S487K activity 3-4 times higher than the WT without K+ (kcat = 0.022
s-1 and 0.0062 s-1, respectively). This finding provides clear evidence that the introduced Lys
largely replaces the requirement for K+, and hence strongly supports a role in M+ coordination
for Ser487 in MdAFS1.
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Figure 5-9: Introduced H-α
α1 loop lysine effects on the activation of MdAFS1 by potassium. Sesquiterpene
synthase activities for WT and S487K mutant MdAFS1 recombinant enzymes were derived from experiments using
[C1-3H1]-FDP in the same solvent extraction assay employed for the previous H-α1 loop mutants. The included
S487A mutant activity data were taken directly from the analysis presented in Figure 5-4 above for comparison.
Data are presented as mean ± SEM, N=4.

Table 5-3: Farnesene isomer composition for WT and S487K MdAFS1 enzymes. Retention times (RT) are
indicated and farnesene isomer percentages are given. Product identification was done according to that in Table 5-2
above).

Compound
(Z)-β-farnesene
(E)-β-farnesene
(Z,Z)-α-farnesene
(E,Z)-α-farnesene
(Z,E)-α-farnesene
(E,E)-α-farnesene

Retention Time (min)
16.95
17.65
18.33
18.84
18.98
19.45

WT
25
75
11
29
19
41

S487K
30
70
9
31
20
40
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Figure 5-10: MdAFS1-S487K mutant FDP kinetics. This shows the response curve for the S487K mutant in the
presence of varying [C1-3H1]-FDP concentrations. The Michaelis constant (Km) and maximal velocity (Vmax) data
(inset) were calculated from scintillation (dpm) data by non-linear regression of the Michaelis–Menten equation
using the Origin 7.5 graphics package (Microcal Software Inc). Data points for replicated assays at each substrate
concentration are indicated by circles. Assays were set up according to the methods of Green et al (2007) and
experiments were carried out at least twice.

Table 5-4: Kinetics summary for WT and S487K mutated MdAFS1 recombinant enzymes. Data are presented
as mean ± SEM, N=4. Activity assays contained 25 µM [C1-3H1]-FDP, 10 mM MgCl2, 50 mM KCl and were
carried out according to the methods of Green et al (2007).

Enzyme
WT
S487K

5.3.6

Km (µ
µM)
3.03 ± 0.05
1.65 ± 0.46

kcat (s-1)
0.053 ± 0.001
0.022 ± 0.001

kcat / Km (mM-1.s-1)
17.5
13.3

Predicted coordination of potassium in MdAFS1

To construct a hypothetical model for how K+ is bound in MdAFS1 (Figure 5-11), various
factors, including coordination geometry and K-O bond distances, were to be taken into
consideration. Site-directed mutagenesis had already specifically implicated the H-α1 loop
residues Asp485 and Ser487 as K+ ligands (section 5.3.2) and hence this loop was assumed to
largely define the boundary of the K+ binding pocket. Reported binding geometries for K+
complexation generally include from four to eight ligands, although six ligands in an octahedral
arrangement is most commonly observed (Harding, 2002) and hence this arrangement was
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considered most likely for MdAFS1. Further to this, K-O bonds were constrained to fulfil, as
close as possible, the average 2.8 Å distance (Harding, 2002). Potential K+ ligands provided by
the MdAFS1 H-α1 loop already included the side chains of Asp484 and Ser487, together with the
main chain carbonyl oxygen of Ser485 (Figure 5-2 above). Examination of the proposed K+binding pocket also revealed that the side chain oxygen of the H helix NSE/DTE Mg2+-binding
glutamate (Glu479) residue (Cane and Kang, 2000; Rynkiewicz et al., 2001) was also favourably
placed. No other obvious ligands were provided by polypeptide regions bordering the proposed
K+-binding pocket, although there was ample solvent space to accommodate two water
molecules that could complete the favoured K+ octahedral binding arrangement. To illustrate the
approximate positioning of the conserved TPS-b Lys residue in the MdAFS1 S487K mutant, the
corresponding Lys (Lys512) from the known structure of BPPS (Whittington et al., 2002) was
also superimposed onto the model.

Figure 5-11: Stereoview showing proposed octahedral coordination of K+ in MdAFS1. The MdAFS1 H-α1
loop region has overlaid on it the BPPS lysine residue (Lys512, in blue) which is highly conserved in TPS-b
enzymes. Three ligands are provided by H-α1 loop atoms, namely the side chain oxygens of Asp484 and Ser487 and
main chain carbonyl oxygen of Ser485. The octahedral arrangement is completed by two water molecules (red) and
the side chain carboxyl oxygen atom of a glutamate (Glu479) residue. Glu479 forms part of the H helix NSE/DTE
Mg2+ binding motif and hence is also likely to be involved in direct Mg2+ coordination. Positioning of K+ is based on
fulfilling the average 2.8 Å distance requirement for K-O bonds and constraining the coordination geometry to that
most commonly observed in M+ metal dependent enzymes.
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5.3.7

Mutagenesis of H-α
α1 loop residues in other terpene synthases

The above mutagenesis analysis established the importance of the H-α1 loop in the MdAFS1 K+
response and provided one explanation for the bifurcation of K+-dependent and K+-independent
activities in the TPS-b enzymes. There are no reports indicating that any of the mono-TPS
enzymes, which form the majority of the TPS-b subgroup, have any dependence upon K+; a
lysine residue in the H-α1 loop of the K+-independent enzymes instead provides a positive
charge that obviates the need for K+ binding. Mutagenesis of H-α1 loop residues in other TPS
enzymes was now required to establish whether these residues were also important for the
activity of these enzymes. The remainder of this chapter now describes the investigation into the
importance of the H-α1 loop in the activity of other TPS-b K+ independent and TPS-d K+
dependent mono-TPS enzymes.
5.3.7.1

H-α1 loop mutagenesis in the potassium-independent TPS-b enzymes

The H-α1 loop Lys identified in the TPS-b subfamily was an obvious target for site-directed
mutagenesis to test its importance for activity. Therefore, a M+-independent TPS-b kiwifruit
myrcene synthase (AcTPS2) (Niels Nieuwenhuizen, personal communication) was selected to
test the effect of converting its equivalent lysine (Lys514) to alanine (Figure 5-7B). An AcTPS2K514S mutant would also be generated to attempt engineering K+ dependence into this enzyme.
5.3.7.2

The role of the H-α1 loop in the potassium-dependent TPS-d enzymes

The TPS-d subgroup is dominated by angiosperm mono-TPS enzymes (section 1.3.1) of which
those analysed are dependent on K+ for activity (McKay et al., 2003). Although the H-α1 loop
largely defined the K+ binding region in MdAFS1, it was not clear whether this region played a
similar role in the TPS-d K+-dependent mono-TPS enzymes. To identify potential mutagenesis
targets in a TPS-d enzyme that would provide insight into the function of the H-α1 loop in these
enzymes, the conservation of H-α1 loop residues between MdAFS1 and 24 TPS-d protein
sequences with experimentally verified functions were compared. Interestingly, a ClustalX
alignment of the above sequences revealed a completely conserved Ser residue in the TPS-d
subgroup, equivalent to Ser487 in MdAFS1 (Figure 5-12). A Norway spruce (Picea abies) pinene
and myrcene synthase (PaTPS-Pin and PaTPS-Myr respectively) (Martin et al., 2004) and a
Sitka spruce (Picea sitchensis) pinene synthase (PsTPS2) (McKay et al., 2003) were selected
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from this group for mutagenesis to establish whether their H-α1 loop Ser residues were
necessary for enzymatic activity. Lysine mutants were also generated to try to engineer K+
independence (as with the MdAFS1 S487K mutant) into these synthases.

Figure 5-12: TPS-d enzyme H-α
α1 loop region. Amino acid sequence alignment of the TPS-d subgroup and
MdAFS1 enzymes illustrating the conserved H-α1 loop serine (down arrow) proposed to be involved in potassium
binding. The Sitka spruce pinene synthase (Accession AAP72020) is denoted by its previously published PsTPS2
notation (Savage et al., 1994).

5.3.8

Construction of the TPS-b and TPS-d mutants

The AcTPS2 cDNA had been previously cloned into the pET200/D-TOPO expression vector
(Invitrogen) by Niels Nieuwenhuizen of Plant & Food Research. The soluble 65.9 kDa
recombinant His6-tagged AcTPS2 fusion protein expressed from this in E. coli was analysed for
TPS activity and determined by GCMS analysis to be a mono-TPS enzyme that produced
myrcene as the major product from GDP (Niels Nieuwenhuizen, personal communication). This
enzyme was now selected as the candidate TPS-b synthase for H-α1 loop residue mutagenesis. A
pET200/AcTPS2 expression construct provided the template DNA for construction of both
K514A and K514S mutants (section 2.3.11). Production of the mutated and WT AcTPS2
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enzymes again relied on autoinducable expression methods (section 2.4.1). Soluble proteins were
obtained in all cases and purified using a combination of IMAC and gel filtration
chromatographies (Figure 5-13).

Figure 5-13: SDS-PAGE analysis of recombinant
AcTPS2 proteins. AcTPS1 proteins were purified from E.
coli using IMAC and SEC methods and are: AcTPS2 WT
(lane 1); K514A (lane 2); and K514S (lane 3). Protein
standards (MW) are in kDa.

Plasmid DNA for the three conifer TPS-d monoterpene synthases (i.e. PaTPS-Pin, PaTPS-Myr
and PsTPS2) were donated by Dr Jörg Bohlmann’s laboratory (University of British Columbia).
Prior to constructing the mutants, plasmid DNA for all three TPS-d synthases was sent for
sequence verification. Although the PsTPS2 sequence was confirmed as correct, the two Norway
spruce clones could not be sequenced despite several attempts. Several attempts to amplify these
cDNAs also failed to generate any product. Because of this it was decided that the TPS-d H-α1
loop mutagenesis would focus solely on PsTPS2.
The PsTPS2 cDNA had been previously expressed as a truncated protein in which the predicted
plastid (chloroplast) targeting peptide had been removed (McKay et al., 2003). The truncated,
"pseudomature" protein was engineered to introduce a Met immediately before the RRX8Wmotif tandem Arg residues which define the approximate truncation site of the plastid target
sequence (Williams et al., 1998). Cleared E. coli lysates containing the recombinant PsTPS2
protein (expressed from the pET200/D-TOPO vector) were reported to produce (-)-α-pinene and
(-)-β-pinene monoterpenes from GDP in a ratio of approximately 35:10 (McKay et al., 2003).
This analysis was carried out using cleared bacterial lysates containing the recombinant pinene
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synthase rather than using purified protein samples.
Mutagenesis (QuickChange) was carried out on the pET200/PsTPS2 (WT) expression construct
to convert the PsTPS2 H-α1 loop Ser residue (Ser538) to both Ala and Lys. To enable the
purification and analysis of N-terminally His6-tagged PsTPS2 proteins rather than using crude
lysates as previously described (McKay et al., 2003), the WT and mutated PsTPS2 cDNAs were
re-amplified from pET101/D-TOPO vector (which does not provide for any affinity tag) using
identical forward and reverse primers to McKay et al (2003) and cloned into the pET200/DTOPO expression vector. Recombinant N-terminally His6-tagged WT and mutated proteins were
expressed in E. coli under autoinducable conditions and purified by IMAC (section 2.4.3.1).
Although size exclusion chromatography (section 2.4.3.5) was generally used as a secondary
TPS purification step this was not carried out for the PsTPS2 enzymes. The reason for this was
that the high expression levels achieved for all three proteins translated into obtaining greater
than 95% purity in at least one of the eluted IMAC fractions for each enzyme (Figure 5-14).

Figure 5-14: PsTPS2 protein Experion™
analysis. Microfluidic gel chip separation of
the three purified PsTPS2 proteins indicated
levels of purity in excess of 95% in all
cases. The Pro260 ladder masses are in kDa
and the PsTPS2 protein bands are situated
between the 75 and 50 kDa standards.
Experion system peaks (SP) and the 1.2 kDa
lower alignment and 260 kDa upper
alignment markers (pink arrows) are always
present

5.3.9

Activity analysis for TPS-b and TPS-d monoterpene synthase mutants

Monoterpene synthase activity assays, carried out in the presence and absence of KCl for the
PaTPS2 and AcTPS2 mutants, were compared with their WT counterparts (Figure 5-15). The
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WT activity assays confirmed the dependence of PsTPS2 on K+ for activity, and conversely, that
AcTPS2 had no such reliance on this cation for proper function. In fact the WT AcTPS2 enzyme
was significantly more active when KCl was absent from the activity buffer (Vrel ~137%).
Crucially, the results also demonstrated that the PsTPS2-S538K mutant is not dependent on K+
for its mono-TPS activity (Figure 5-15A). The almost identical activities observed for this
mutant (kcat 0.0112s-1 and 0.0117s-1) whether K+ was present or not, mirrored the previous
findings for the equivalent MdAFS1 mutant (Figure 5-9). The activity observed when Ser538 in
PsTPS2 was mutated to Lys equated to approximately 40% of the WT activity when K+ was
present, or an eight-fold increase over the WT enzyme when K+ was absent. This again shows
that the introduction of a Lys into the H-α1 loop of a K+-dependent TPS can largely reverse the
requirement for K+. Notably, the importance of an equivalent Lys residue in AcTPS2 function
was highlighted by the fact that when this Lys was mutated to Ala, in the K514A mutant of
AcTPS2, a 90% reduction in its mono-TPS activity resulted (Figure 5-15B). The PsTPS2-S538A
mutant resulted in an approximately 30% decrease in mono-TPS activity compared to the WT
enzyme (i.e. kcat 0.0202 s-1 compared with 0.0284 s-1). Although the S538A mutation was less
detrimental to its activity than the equivalent S487A mutation was to MdAFS1 activity, this most
likely reflects how well the remaining coordinating ligands in the two enzymes are still able to
bind K+. GC-MS analysis confirmed the production of α- and β-pinenes from the two PsTPS2
mutants (Figure 5-16) and β-myrcene from AcTPS2-K514A (Figure 5-17), and low levels of βmyrcene from AcTPS2-K514A mutant.
The K+-independent activity observed in both the MdAFS1 and PsTPS2 Ser→Lys mutants
clearly demonstrates the importance of the H-α1 loop for provision of a positive charge in this
region close to the active site, either through K+ coordination or through a Lys residue. The
similar involvement of this region in two functionally and phylogenetically divergent TPS
indicates that it is also likely to be integral to the activity of other M+ dependent TPS enzymes.
The above analyses also highlight the requirement for the positive charge donated by the H-α1
loop Lys in the K+ independent AcTPS2. Given the conservation of this Lys in TPS-b synthases,
it is plausible that its associated positive charge is also necessary for activity in the other K+
independent mono-TPS enzymes.
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Figure 5-15: Potassium responses for wild-type and mutated PsTPS2 and AcTPS2 enzymes. Activity data for
the PsTPS2 and AcTPS2 recombinant enzymes were obtained from hexane extractions of 1 ml assays containing
300 nM of each enzyme and 50 µM of [C1-3H1]-GDP, either in the presence or absence of KCl. Divalent metal ions
used were 10 mM MgCl2 for AcTPS2 and 10 mM MnCl2 for PsTPS2 as specified by McKay et al (2003). All
experiments were carried out at least twice and corrected for background precursor hydrolysis. Data are presented as
mean ± SEM, N = 4.

Figure 5-16: PsTPS2 volatile analysis.
Selected ion (m/z 93) GCMS traces for
monoterpenes derived from the Sitka
spruce
pinene
synthase
enzymes
following GDP feeding. Retention times
for α- and β-pinenes produced from (A)
PsTPS2, (B) PsTPS2-S538K and (C)
PsTPS2-S538A were determined by
comparison to a mixture of authentic αpinene and β-pinene standards (D) and an
authentic α-pinene standard (E). The
purpose of the separate standard analyses
was to ensure the correct identification of
the β-pinene peak on the GCMS trace.
Additional peaks identified by MS include
the
monoterpene
carene
and
a
contaminant identified as toluene.
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Figure
5-17:
AcTPS2
volatile
analysis. Selected ion (m/z 93) GCMS
traces for (A) AcTPS2 (WT) and (B)
AcTPS2-K514A mono-TPS activities.
Retention times for the predominant
mono-TPS product (β-myrcene) was
confirmed by comparison to an
authentic β-myrcene standard (C).

5.4 Discussion
The association of monovalent cations with enzymatic activity was first described by Boyer et al
(1942), and in the intervening decades detailed kinetic investigation has led to a wealth of
knowledge regarding M+ dependence. It has not been until the availability of high resolution
crystal structures for M+-activated enzymes, however, that a more complete picture, combining
kinetic and mechanistic features, has materialised.
The dependence of terpene synthase activity on K+ was first identified in TPS-d gymnosperm
mono-TPS enzymes (McKay et al., 2003) and later established for a sesqui-TPS from apple
(MdAFS1) (Green et al., 2007). The TPS-d mono-TPS enzymes that include PsTPS2 have been
reported to show an absolute dependency on K+ whereas MdAFS1 in the above analyses (Figure.
5-9) still retains 12% of its activity in the absence of K+. Although these findings re-affirm that
MdAFS1 is not absolutely dependent upon M+ (Green et al., 2007), its unequivocal classification
as Type I or Type II activated, or similar classification of any other TPS for that matter, will not
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be possible without high resolution structural data (Page and Di Cera, 2006). In the absence of a
crystal structure for a K+ dependent TPS, homology modelling was used to identify regions
within MdAFS1 that exhibited the potential for K+ binding. This led to the identification of the
surface-exposed H-α1 loop in MdAFS1 as one such region. This loop has been previously noted
as functionally important in other TPS including the sage bornyl diphosphate synthase (BPPS),
where it was shown that binding of the GDP diphosphate moiety triggers ordering of a number
of polypeptide regions, including the H-α1 loop, which act to cap the active site pocket
(Whittington et al., 2002). This partitioning from the exterior solvent prevents premature
quenching of the highly reactive allylic carbocation intermediate.
The observation of the importance of Ser487 in MdAFS1 K+ binding, shown by Figure 5-9, now
suggests a new role for the H-α1 loop in TPS catalysis. Mutagenesis also highlighted the relative
importance of other H-αl loop residues in MdAFS1 function, with effects ranging from relatively
minor (S488A) to significant changes (D484A and S485A) in activities, while always
maintaining product fidelity. The decrease in sesquiterpene synthase activity observed when
Asp484 was converted to Ala, combined with favourable positioning of its side chain carboxyl
oxygen (Figure 5-11), strongly points to its involvement as a second potential K+ ligand.
Further ligands are likely to be provided by the main chain carbonyl oxygen of Ser485 and the
side chain carboxyl oxygen of Glu479, which is located within the H helix NSE/DTE motif
(Figure 5-11). Both groups are directed towards the putative K+ binding site. It is frequently the
case that metal binding sites in proteins are formed by small loops in the polypeptide that
provide a set of 3-4 ligands and thus define the site (Harding, 2004). The H-α1 loop in this K+dependent TPS enzyme appears to be another such example.
The large increase (~100%) in GDP activity and small (~10%) increase in FDP activity observed
in the S485A mutant over the WT enzyme do not appear to be artefactual, as replicated
experiments consistently confirmed these activities. The proximity of the H-α1 loop to the
NSE/DTE sequence motif that forms a second TPS Mg2+ binding site (Cane and Kang, 2000;
Rynkiewicz et al., 2001), perhaps offers some insight into these observations. Substitution of
Ser485 by Ala may free up space into which Arg482 could move, with some rearrangement of the
backbone. This would bring the Arg482 guanidinium moiety closer to where Mg2+ would
normally be bound in the MdAFS1 active site (Figure 5-18). Consequently, the position of bound
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FDP or GDP may be altered in such a manner as to provide more favourable interactions with
active site aromatic residues implicated in carbocation stabilisation (Whittington et al., 2002)
such as Tyr549 and Phe555 in MdAFS1, or basic residues (Arg289) potentially poised for substrate
diphosphate interaction.

H-α
α1loop

H-α
α1loop

Y549

S485
R482

Y549

S485
R482

R289

F555

R289

F555

Figure 5-18: Stereoview of the MdAFS1 substrate binding pocket.Residues that may play a role in the increased
FDP and GDP catalysis observed in the S485A mutant are indicated. Mg2+ (green spheres), and FDP precursor
positions are equivalent to those presented in Figure 5-11.

In addition to a probable role in capping the active site following substrate binding (Whittington
et al., 2002; Shishova et al., 2007), the MdAFS1 H-α1 loop, in tandem with K+, appears to
facilitate substrate binding. It does not, however, appear to have any direct role in determining
product outcome as the terpenes produced from the WT and mutant MdAFS1 enzymes were
essentially the same.
5.4.1

AcTPS2 and PsTPS2 H-α
α1 loop residue analysis

A summary of the activity analyses presented in this chapter for the K+ responses of the MdAFS1
WT and S487K mutant, and of the equivalent AcTPS2 (K+-independent) and PsTSP2 (K+dependent) enzymes is given in Table 5-5.
The PsTPS2 mutagenesis, which focused on a conserved TPS-d Ser residue (equivalent to Ser487
in MdAFS1), provided confirmatory evidence of the role of the H-α1 loop Ser487 in binding K+.
As with the MdAFS1 analysis, this was demonstrated both by loss of activity when this Ser was
mutated to Ala, and by the development of K+-independent activity in the PsTPS2-S538K
mutant (Figure 5-15A). One notable difference between MdAFS1 and PsTPS2 was seen when
their equivalent Ser residues were mutated to Ala. While activity was almost completely
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abolished in the MdAFS1 S487A mutant (Table 5-1), 70% of the PsTPS2 WT activity was
retained in the S538A mutant (Figure 5-16A). These activity effects are likely to relate to the
ability of other ligands present in the two enzymes to contribute to the coordination of K+.
Although these proposed ligands were not modelled in PsTPS2, a conserved TPS-d glutamate
residue three residues prior to the conserved serine (Glu535 in PsTPS2), would be one obvious
candidate. Mutagenesis of the equivalent Asp484 residue in MdAFS1 to Ala resulted in 85%
reduction in activity. Given the dependence of TPS-d synthases on K+, the diphosphate moiety of
GDP could potentially provide a third ligand. However, as with MdAFS1, confirmation of this
and hence the correct classification of PsTPS2 as a Type I or Type II K+ activated enzyme
remains to be established.
Table 5-5: Summary of MdAFS1, AcTPS2 and PsTPS2 enzyme responses to potassium. Activities (kcat) are
given for non-mutated (WT) and mutated enzymes. Enzyme abbreviations are MdAFS1; Malus domestica αfarnesene synthase, AcTPS2; Actinidia chinensis myrcene synthase, PsTPS2; Picea sitchensis pinene synthase.

MdAFS1
WT
S487A
S487K
AcTPS2
WT
S514A
S514S
PsTPS2
WT
S538A
S538K

Activity with 50 mM KCl
kcat(s-1)
0.0530
0.0026
0.0220
kcat(s-1)
0.0037
<0.0001
<0.0001
kcat(s-1)
0.0284
0.0202
0.0112

Activity with KCl absent
kcat(s-1)
0.0062
<0.0001
0.0215
kcat(s-1)
0.0050
<0.0001
<0.0001
kcat(s-1)
0.0015
0.0008
0.0117

The H-α1 loop in the TPS-b K+-independent mono-TPS enzymes also appears to supply crucial
positive charge by an alternative mechanism, involving the side chain of a conserved lysine. The
almost complete loss of activity following its removal in AcTPS2 (Figure 5-15B), combined
with the capacity of the S487K and S538K mutations to confer K+ independent activity upon
MdAFS1 (Figure 5-9) and PsTPS2 (Figure 5-15A) is evidence of this. The H-α1 loop lysine
residue (Lys512) is observed to be hydrogen bonded to the diphosphate anion in the BPPS crystal
structure (Figure 5-11), and the ε-amino group of an equivalent Lys in a limonene synthase
structure is similarly positioned (Hyatt et al., 2007). Although a definitive role for the H-α1 loop
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lysine residues remains unclear, the interaction with diphosphate in BPPS suggests that it may be
important for proper substrate binding. It was inferred that similar interactions are also possible
in MdAFS1 and PsTPS2, this time utilising a K+ ion that makes either direct or indirect contact
with the substrate diphosphate moiety. The conservation of the Lys in the K+-independent TPS-b
enzymes also provides a structural explanation for the bifurcation of K+ dependence within this
subgroup.
A definitive determination of the position of K+ in both MdAFS1 and PsTPS2 and confirmation
of the additional coordinating atoms will ultimately depend upon the availability of high
resolution crystal structures. Despite this, the proposed model for K+ coordination in MdAFS1
(Figure 5-11) is strongly supported by the Type II kinetics of the WT enzyme (Figure 5-6) and
the H-α1 loop residue mutant biochemical data. It is likely that water molecules will prove to be
involved in the completion of the K+ coordination, especially considering that six ligands in an
octahedral configuration is the most commonly observed geometry for M+ coordination (Page
and Di Cera, 2006). Satisfying an equivalent geometry in MdAFS1 would require two water
molecules to be present. Although the MdAFS1 K+ binding model (Figure 5-11) does not include
a direct interaction between K+ and the substrate diphosphate moiety, this cannot be completely
ruled out especially when considering the inherent flexibility of protein loop regions and the
apparent fluidity in the kinetics of enzymatic K+ activation (Page and Di Cera, 2006). Regardless
of the exact architectural nature of this region it is likely that the positive charge donated by K+
in the K+ dependent TPS and the conserved H-α1 loop Lys in the K+-independent TPS-b
enzymes in each case acts to help stabilise the H-α1 loop region for optimal substrate binding.
Whatever future structural studies may elucidate about the architecture of TPS K+ binding
domains, a new role for the H-α1 loop in TPS catalysis has been identified as well as the
importance of specific residues within this region for K+ coordination in MdAFS1 and PsTPS2.
A conserved H-α1 loop Lys residue crucial to the function of a K+ independent TPS-b monoTPS has also been identified and has thus offered an explanation for the bifurcation of K+
dependence within the TPS-b subgroup. This study not only provides the first direct evidence of
a TPS M+ binding site but also a basis for future analysis of terpene synthase M+ activation and
insight into the wider role of the H-α1 loop in terpene synthase catalysis.
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5.5 Summary
•

Homology modelling identified the H-α1 loop region as the most probable K+ binding
region in MdAFS1

•

Kinetic evaluation of WT MdAFS1 suggested that it is a type II K+-activated enzyme.

•

Site-directed mutagenesis and biochemical analysis strongly implicated several H-α1 loop
residues (Asp485 and Ser487) as K+ ligands.

•

Site-directed mutagenesis of an equivalent Ser in a phylogenetically divergent conifer
mono-TPS (PsTPS2) also directly implicated the H-α1 loops involvement in its K+dependent activity.

•

A conserved H-α1 loop lysine residue present in the TPS-b monoterpene-producing
enzymes was shown to be is crucial to the function of a kiwifruit myrcene synthase
(AcTPS2) and can potentially explain the bifurcation of K+ dependence and independence
in TBS-b enzymes.

•

A conserved H-α1 loop Ser residue present in the K+-dependent TPS-d synthases,
equivalent to Ser487 in MdAFS1, is crucial for the K+-dependent activity of a conifer pinene
synthase (PsTPS2) and is likely to be a K+ ligand in TPS-d enzymes.

•

This work provides the first direct evidence of a M+ binding domain in TPS and specifies a
new role for the H-α1 loop in K+ dependent TPS enzymes.
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6

EVOLUTION OF FDP SPECIFICITY IN AN APPLE
α-FARNESENE SYNTHASE

6.1 Introduction
Amongst the unusual features exhibited by the apple α-farnesene synthase MdAFS1 is its
proposed evolution from a mono-TPS ancestor. The initial focus of this chapter is to investigate
the structural basis for this evolution using a contact mapping strategy. This involved comparing
active site residues in MdAFS1 and a TPS-b mono-TPS crystal structure to highlight amino acid
sequence alterations that could provide clues to their differences in substrate specificity and
hence provide a possible explanation for the bifurcation of monoterpene and sesquiterpene
activities in the TPS-b subgroup. Site-directed mutagenesis targeting the active site residues in
MdAFS1 was then used to test whether it was possible to reverse FDP substrate specificity. The
latter part of this chapter describes how similar strategies were used to further investigate the
parental lineage of MdAFS1 and the evolution of FDP acceptance in a phylogenetically
divergent α-farnesene synthase which is also proposed to have evolved from a mono-TPS.
Many TPS enzymes of different plant species form subfamilies (TPS-a to TPS-g) within the
angiosperm or gymnosperm clades (Martin et al., 2004). However, rapid divergent evolution of
TPS genes has also established species-specific paralogous TPS gene clusters. This is perhaps
most clearly demonstrated in Arabidopsis where more than 10 sesqui- and putative di-TPS
enzymes are more closely related to each other than to equivalent synthases in angiosperms
(Aubourg et al., 2002; Tholl et al., 2005). Convergent evolution of TPS gene function has also
been observed and appears to be particularly associated with TPS enzymes that form simple
acyclic products. For example, functional and sequence analysis of angiosperm and gymnosperm
mono-TPS enzymes highlighted a cluster of sesquiterpene and hemiterpene or isoprene synthases
(hemi-TPS), situated within the mono-TPS dominated TPS-b and TPS-d subgroups. The sesquiTPS enzymes included α-farnesene synthases in both the TPS-b and TPS-d subgroups, while the
hemi-TPS all clustered within the TPS-b subgroup. On the basis of these findings both the αfarnesene synthases (which include MdAFS1) and the hemi-TPS enzymes are thought to have
evolved independently from mono-TPS enzymes in angiosperms and gymnosperms (Martin et
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al., 2004; Sharkey et al., 2005).
The exclusion of GDP from the hemi-TPS active site, on the basis of protein modelling data
(Sharkey et al., 2005), was attributed to an active site Phe residue specific to these enzymes. The
presence of this Phe is proposed to have precluded the acceptance of prenyl diphosphate
substrates larger than the 5-carbon dimethylallyl diphosphate (DMADP) (Sharkey et al., 2005).
Like the hemi-TPS enzymes, a route to α-farnesene production from an ancestral mono-TPS
would have depended upon events that altered its substrate specificity. However, the shift from
GDP to FDP acceptance in the ancestral MdAFS1 enzyme would have more than likely required
an increase in active site size to accommodate the additional 5-carbon prenyl side chain of FDP.
Unlike the hemi-TPS enzymes which rely on chloroplast-derived DMADP for activity, to target
the MdAFS1 ancestral enzyme to the cytosolic FDP pool, loss of exon 1, which encodes the
plastid targeting signal (Trapp and Croteau, 2001), must have also happened.
The elimination of the plastid targeting peptide, combined with enlargement of the active site,
could also account for the first appearance of a sesqui-TPS in the TPS-d subgroup. The advent of
sesqui-TPS enzymes within the conifer TPS family is not thought to have resulted via an
extension of GDP substrate specificity, as none of the extant sesqui-TPS enzymes possess any
mono-TPS activity (Martin et al., 2004). Contrastingly, MdAFS1 retains some ability to use
GDP, as shown by the production of (E)-β-ocimene in the presence of this substrate (Pechous
and Whitaker, 2004; Green et al., 2007). The capacity for MdAFS1 to use GDP as a substrate
offers a functional link to its proposed ancestor and indicates that sesqui-TPS function in the
TPS-b subgroup could have resulted from an extension of GDP substrate specificity. The
bifunctional nature of MdAFS1 also offers a unique opportunity to investigate the molecular
basis of convergent evolution in TPS enzymes.

6.2 Contact mapping
6.2.1

Overview of contact mapping

Contact mapping was developed as a systematic means of identifying amino acid residues that
could account for changes in activity during the divergent evolution of two phylogenetically
related TPS enzymes (Greenhagen et al., 2006). The two TPS concerned were a Nicotiana

120

Chapter 6: MdAFS1 evolution
tabacum 5-epiaristolochene synthase (TEAS) (Starks et al., 1997) and Hyoscyamus muticus
premnaspirodiene synthase (HPS) (Greenhagen et al., 2006). These two solanaceous sesqui-TPS
share 72% amino acid identity and mechanistically are only separated by a methyl migration step
in TEAS and a methylene migration step in HPS. Greenhagen et al (2006) used the atomic
coordinates of a TEAS structure complexed with a non-reactive FDP substrate analogue to
identify concentric “tiers” of amino acid contacts radiating out from each carbon atom of the
non-reactive FDP analogue, farnesyl hydroxyl-phosphonate (FHP) (Starks et al., 1997). Residues
within van der Waals contact distance (approximately 3.5Å) of the FHP carbon atoms defined
the first tier. They then generated a homology model for a related TPS using the TEAS structure
as the template so that the identities of residues at each position could be compared. Mutational
replacement of TEAS second-tier (i.e. within 3.5 Å of the first-tier residues) and third-tier
residues (within 12.5 Å of the catalytic centre) to the corresponding residues in HPS were
performed and the molecular basis of product specificity in the two enzymes was largely
elucidated.
6.2.2

MdAFS1 contact mapping

To investigate how MdAFS1 might have evolved, a variation of this approach was used to
highlight mutational events that could account for how the ancestral enzyme attained the ability
to accommodate FDP and hence develop an activity more associated with angiosperm sesquiTPS enzymes in the TPS-a subgroup (section 1.3.1.1). Unlike the previous contact mapping
which involved comparing two sesqui-TPS, the closest structural homologue to MdAFS1 was a
mono-TPS. To account for the differences in the sizes of the GDP and FDP prenyl side chains
and hence an expected increase in the circumference of the MdAFS1 first-tier contact shell, two
contact maps were generated. The first map used the TPS-b bornyl diphosphate structure (PDB
accession: 1N20) complexed with a non-reactive GDP substrate analogue (Whittington et al.,
2002), whereas the second map used the MdAFS1 homology model with docked FDP (section
5.2). By cross-comparing both maps, 24 active site residues were identified which either were
positioned for possible substrate interaction or defined the surface topology of the MdAFS1
active site. Of these 24 residues, 12 were unique to MdAFS1 (summarised in Table 6-1).
The two most notable first-tier differences between MdAFS1 and BPPS were cysteine (Cys298)
and serine (Ser487) residues in MdAFS1 which were present as tryptophan (Trp323) and lysine
(Lys512) in BPPS. Notably, Trp323 in the BPPS had been implicated in stabilising the carbocation
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intermediate formed after GDP ionisation, and mutagenesis of an equivalent Trp (Trp315) in a
highly promiscuous conifer γ-humulene synthase (Steele, 1998; Little and Croteau, 2002) was
shown to significantly affect TPS catalysis (Yoshikuni et al., 2006). Moreover, in the research
described here, a highly conserved Lys in the H-α1 loop region of TPS-b synthases, equivalent
to Lys512 in BPPS, was also shown by site-directed mutagenesis to be crucial for the K+independent activity of the myrcene synthase AcTPS2 (section 5.3.9) while the corresponding
Ser487 in MdAFS1 was identified as a K+ coordinating ligand essential to its K+ dependent
activity (section 5.3.2).
Table 6-1: Active site residue comparisons for BPPS and MdAFS1. Residue numbers for both BPPS and
MdAFS1 are shown. Residues involved in Mg2+ binding (DDXXD and NSE/DTE) are also indicated. Unique
MdAFS1 residues not known to be associated with catalysis or metal binding were considered as potential targets
for mutagenesis. The NSE/DTE residue Asn 471 was not considered, given its likely involvement in binding Mg2+.
Similarly the H-α1 loop Ser (487) was not targeted for mutagenesis given its likely role in K+ binding.

BPPS (first-tier)
Arg
Trp
Ile
Ala
Thr
Asp (DDXXD)
Asp (DDXXD)
Tyr
Ser
Val
Ala
Ile
Leu
Arg
Asp (NSE/DTE)
Thr (NSE/DTE)
Glu (NSE/DTE)
Asp
Lys (H-α1)
Ile
Val
Ile
Tyr
Phe

No.
314
323
344
347
348
351
355
426
451
452
453
457
492
493
496
500
504
509
512
564
567
571
572
578

MdAFS1 (first-tier)
Arg
Cys
Ile
Val
Leu
Asp (DDXXD)
Asp (DDXXD)
Leu
Ser
Ser
Ser
Leu
Val
Arg
Asn (NSE/DTE)
Thr (NSE/DTE)
Glu (NSE/DTE)
Asp
Ser (H-α1)
Met
Val
Leu
Tyr
Phe

No.
289
298
319
322
323
326
330
402
427
428
429
433
467
468
471
475
479
484
487
541
544
548
549
555

Differences














To compare the approximate active site positioning of these two residues and hence determine
whether the Trp→Cys alteration in MdAFS1 could contribute to its ability to accept FDP, the
active site first-tier residues identified in the BPPS structure and the MdAFS1 homology model
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were overlaid (Figure 6-1). This revealed that the indole ring of a Trp residue, if transferred to
the MdAFS1 active site, would be likely to perturb FDP substrate binding. To investigate any
further significance of the active site Trp/Cys residue alteration between BPPS and MdAFS1, the
conservation of these residues within the wider TPS-b subgroup was also investigated.

Figure 6-1: MdAFS1 active site model with docked FDP substrate. Representation of the MdAFS1 active site
pocket as predicted from a protein homology model (Green et al., 2009) based on the structure of a bornyl
diphosphate synthase (BPPS) structure (PDB code 1N20). The substrate binding pocket (grey surface) was defined
by the 24 residues identified in the MdAFS1 contact map. Positioning of magnesium atoms (green spheres) is based
on the equivalent atoms in the BPPS crystal structure. The two most notable residue differences are between the
BPPS residues Trp323 and Lys512 residues (yellow) and the corresponding MdAFS1 residues Cys298 and Ser487 (blue).
Although Cys298 has no reported catalytic role in MdAFS1, the BPPS Trp323 is thought to play a role in GDP
carbocation stabilisation. However, Ser487 in MdAFS1, which forms part of the H-αl loop, is strongly implicated in
MdAFS1 K+ binding (Chapter 5) whereas Lys512 in the BPPS structure (also in the H-αl loop) makes hydrogenbonding contact with the GDP substrate (Whittington et al., 2002). Both Lys512 and Ser487 (via bound K+) are
predicted to stabilise the H-αl loop region and hence facilitate optimal substrate binding in BPPS and MdAFS1
enzymes (Chapter 5).

6.2.3

The active site Trp in BPPS is highly conserved in TPS-b synthases

A ClustalX alignment of 48 TPS-b protein sequences (Figure 6-2) identified a Trp residue
equivalent to Trp323 in BPPS, in 47 of these TPS-b sequences. A Pyrus communis α-farnesene
synthase (Accession AAT7037), which shares 95% amino acid identity with MdAFS1, was the
only exception, and possessed an equivalent Cys residue. Intriguingly, the replacement of this
Trp by Cys in both MdAFS1 and its pear orthologue could have resulted from single
nonsynonymous nucleotide substitutions, converting an ancestral TGG codon to the extant TGT
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codon. It is therefore reasonable to hypothesise that a single point mutation in the ancestral
MdAFS1 gene could have resulted in the initial acceptance of FDP and hence the possibility of
sesqui-TPS function in the TPS-b subgroup. To test this hypothesis, C298 in MdAFS1 was
converted to Trp using site-directed mutagenesis, and the resulting C298W mutant expressed
(section 2.4.1) and purified according to the methods in sections 2.4.3.1 and 2.4.3.5. Following
purification, the C298W mutant (Figure 6-3) was tested for sesqui- and mono-TPS activity using
a combination of solvent extraction assays (section 2.8) and GC-MS analysis (section 2.7.1) of
extracted headspace volatiles (section 2.6.1).

Figure 6-2: Conservation of a TPS-b active site tryptophan. ClustalX amino acid sequence alignment of the
divalent metal ion motif (DDXXD) region and flanking residues from TPS-b mono-, sesqui- and hemi-TPS
sequences obtained from GeneBank. The conserved TPS-b tryptophan and corresponding α-farnesene synthase
cysteine (Cys298 in MdAFS1) are indicated by arrows. The DDXXD region is underlined.
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Figure 6-3: Purification of the recombinant C298W MdAFS1 enzyme.(A) Fractions from both IMAC
purification (1) and size exclusion chromatography (2 to 7) of a His6-tagged C298W MdAFS1 mutant. (B) Western
Blot confirmation of the recombinant C298W protein from the fractions in (1) and (4) respectively. The 75 kDa and
50 kDa bands of a protein molecular weight marker are indicated on both the SDS-PAGE gel and corresponding
Western blot.

6.2.4

C298W mutagenesis in MdAFS1 supports the proposed emergence of FDP
catalysis in TPS-b synthases

Analysis of the C298W solvent extraction assays by scintillation counting showed negligible
sesqui-TPS activity compared to the WT enzyme in the presence of [C1-3H1]-FDP. However
mono-TPS activity following addition of [C1-3H1]-GDP was still evident (Figure 6-4) although
decreased to 55-65% of that observed in the WT enzyme. GC-MS analysis of headspace volatiles
produced from the C298W mutant, following the addition of non-tritiated FDP and GDP
precursors, showed an almost complete absence of α-farnesene (Figure 6-5A) but identified (E)β-ocimene as the predominant monoterpene (Figure 6-5B). The fact that the Cys→Trp alteration
in MdAFS1 primarily affected sesqui-TPS activity was an important finding because it
demonstrated that the mutagenesis had not resulted in a wider destabilisation of its active site. It
also showed that the introduced Trp had no impact on the mono-TPS product specificity of
MdAFS1 and thus hinted that the ancestral mono-TPS could have been an (E)-β-ocimene
synthase. The above analysis provides the first evidence that a point mutation in an ancestral
MdAFS1 gene could have resulted in an enzyme that was able to accommodate FDP as a
substrate and catalyse its conversion to sesquiterpene products.
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Figure 6-4: Comparative activity analysis for WT and C298W mutant enzymes. Activities were determined
from solvent extraction assays following incubation with (A) [C1-3H1]-FDP and (B) [C1-3H1]-GDP precursors in the
presence of 10 mM MgCl2 and 50 mM KCl. All data represent mean ± SEM, N=4.

Figure 6-5: Non-quantitative activity analyses of MdAFS1 (WT) and C298W enzymes. GCMS traces (m/z 93)
for (A) (E,E)-α-farnesene resulting from FDP in the presence of (1) WT and (2) C298W mutant MdAFS1.
Identification of (E,E)-α-farnesene was based on MS analysis and by comparison to (E,E)-α-farnesene standard (3).
Corresponding GCMS traces in (B) are for (E)-β-ocimene produced from GDP in the presence of (4) WT and (5)
C298W mutant MdAFS1 enzymes. (E)-β-ocimene was identified on the basis of MS analysis and by comparison to
an (E)-β-ocimene standard (6). The small peak observed in (2) was tentatively assigned as (E,E)-α-farnesene and is
assumed to have been derived from FDP solvolysis. However from retention time comparison the (E,E)-α-farnesene
isomer designation of this peak appears to be incorrect.
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6.2.5

Loss of monoterpene synthase activity in the MdAFS1 ancestor

The loss of an active site Trp residue, in addition to enabling FDP acceptance in the MdAFS1
ancestral enzyme, may have also contributed to a concomitant reduction in its mono-TPS
activity. Active site aromatic residues in TPS have been implicated in carbocation stabilisation
through cation-π interactions (Starks et al., 1997; Lesburg et al., 1998). In the BPPS structure,
Trp323 (Figure 6-1) is proposed to act in a concerted fashion with Phe578 (Phe555 in MdAFS1) to
stabilise the GDP cationic species. Further to this, the equivalent Trp (Trp273) in the 5-epiaristolochene synthase (5EAS) structure was postulated to act as a Lewis base (Starks et al.,
1997). Given the proposed role for this active site Trp in BPPS and 5EAS, the MdAFS1 C298W
mutation might have been expected to increase its mono-TPS activity by way of an equivalent
W298/F555 interaction or its potential for carbocation proton abstraction. However, no such
increase in mono-TPS activity was observed, suggesting that a corresponding Trp residue did not
play a catalytic role in the ancestral enzyme, or alternatively that it acted in concert with other
residues now absent from the MdAFS1 active site. The focus of the research into the evolution of
FDP substrate specificity in MdAFS1 now shifted to identifying additional active site alterations
that could provide further clues to its parental lineage.
On the premise that the conversion of GDP to (E)-β-ocimene in MdAFS1 was a vestige of an
ancestral activity, a protein engineering strategy was employed to alter its active site towards a
mono-TPS favouring architecture. To do this, phylogenetic evidence was sought for the
repositioning or loss of active site residues that could potentially modulate mono-TPS activity.
Reversing these alterations using minimal combinations of mutable targets was then used to try
and find solutions for the evolution of product specificity in the parental MdAFS1 enzyme.
6.2.5.1

Final considerations for the MdAFS1 protein engineering

Although phylogenetic analysis partially guided the rational design of MdAFS1 mutants, the
final selection of mutational targets was carried out in the context of the mechanistic chemistry
that underlies the synthesis of monoterpenes and sesquiterpenes from MdAFS1. The relatively
simple acyclic products (E,E,)-α-farnesene and (E)-β-ocimene are formed via correspondingly
simple and analogous reaction pathways, as illustrated for (E)-β-ocimene in Figure 6-6. Amino
acids in the DDXXD and NSE/DTE M2+ binding motif were excluded as mutable targets from
the outset because of their universal involvement in TPS catalysis (Croteau, 1987; Cane, 1990)
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and the detrimental effects that mutagenesis of these residues has on the activity of TPS enzymes
(Marrero et al., 1992; Rynkiewicz et al., 2002; Green et al., 2007). This narrowed the focus to
aromatic residues that could potentially fulfil carbocation stabilisation or basic amino acids
positioned for possible carbocation proton abstraction.

Figure 6-6: Catalytic scheme for ocimene formation from GDP.GDP undergoes M2+ assisted ionisation to form a
highly reactive carbocation intermediate. Stabilisation of the carbocation charge on C2 is assumed to occur via
aromatic π-cation interactions (Starks et al., 1997). Stereoselective proton abstraction on C4 by a basic residue or
other nucleophile then leads to the (E) isomer of β-ocimene being formed.

The identification of suitable aromatic and basic residue mutation targets initially relied on
identifying the closest mono-TPS homologue to MdAFS1, so that residues in the mono-TPS
could be matched to those previously identified in the MdAFS1 contact mapping exercise (Table
6-1 above). Reciprocal protein-protein BLAST (BLASTP) searches identified a L. corniculatus
var. japonicus (E)-β-ocimene synthase (LjEβOS) (Arimura et al., 2004) as the best-matched
mono-TPS to MdAFS1, sharing 42% identity and 57% similarity. This was also reflected in the
close clustering of these enzymes in a TPS-b phylogenetic tree (Figure 6-7). Given that MdAFS1
also makes (E)-β-ocimene, LjEβOS appeared to be an ideal candidate on which to base a
strategy for the MdAFS1 protein engineering.
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Figure 6-7: TPS-b phylogenetics. Unrooted Neighbour-Joining (NJ) tree showing TPS-b enzyme divisions. Boot
strap values are shown as a percentage of 1000 replicates. MdAFS1 and LjEβOS are indicated by arrows. The name
of the predominant terpene product for each TPS, as specified in the GeneBank entry as of August 2008, is given.
GeneBank accessions are shown in brackets. Species abbreviations in alphabetical order are: Aa, Actinidia arguta;
Ac, Actinidia chinensis; Ad, Actinidia deliciosa; Ar, Agastache rugosa; At, Arabidopsis thaliana; Cja, Citrus
jambhiri; Cl, Citrus lemon; Cst, Cannabis sativa; Cu, Citrus unshiu; La, Lavandula angustifolia; Lcj, Lotus
corniculatus var. japonicus; Ma, Mentha aquatica; Md, Malus domestica; Mh, Mentha haplocalyx; Ml, Mentha
longifolia; Ms, menthe spicata; Ns, Nicotiana suaveolens; Ob, Ocimum basilicum; Pc, Perilla citriodora; Pca,
Populus canescens; Pf, Perilla frutescens; Pml Pueraria Montana var. lobata, Pn, Populus nigra; Ptr, Populus
tremuloides; Pyc, Pyrus communis; Qi, Quercus ilex; Ro Rosmarinus officinalis; Sf, Salvia fruticosa; So, Salvia
officinalis; Ss, Salvia stenophylla; Ste, Schizonepeta tenufolia.
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6.2.6

MdAFS1 active site aromatic and basic residue comparisons to LjEβ
βOS

The 24 contact map residues previously identified in MdAFS1 (Table 6-1) were matched to
LjEβOS residues (summarised in Table 6-2) using the ClustalX alignment generated for the
TPS-b protein comparisons (section 6.2.3). In addition to the conserved TPS-b active site Trp
residue (Trp315 in LjEβOS) (section 6.2.2), the other most notable differences were two active
site phenylalanines and a histidine (Phe418, Phe483 and His569) in LjEβOS that were absent in
MdAFS1. The respective residues in MdAFS1 were Leu402, Val467 and Phe555. As with the
Cys→Trp alteration, Phe residues equivalent to Phe418 and Phe483 in LjEβOS could have been
eliminated by single nonsynonymous nucleotide substitutions in the ancestral MdAFS1 gene. The
interconversion of His569 in LjEβOS and Phe555 in MdAFS1 would have required a two-base
change, suggesting possible intermediary Leu or Tyr residues in a common ancestor.

Table 6-2 LjEβ
βOS amino acid matches to the MdAFS1 contact map amino acid residues. Residues in the
LjEβOS polypeptide were matched in a ClustalX alignment to the 24 MdAFS1 contact map residues identified
previously (Table 6.1). Residues present in the Mg2+ binding motifs are indicted by the DDXXD and NSE/DTE
notations.

MdAFS1 residue:
Arg
Cys
Ile
Val
Leu
Asp (DDXXD)
Asp (DDXXD)
Leu
Ser
Ser
Ser
Leu
Val
Arg
Asn (NSE/DTE)
Thr (NSE/DTE)
Glu (NSE/DTE)
Asp
Ser (H-α1)
Met
Val
Leu
Tyr
Phe

No.
289
298
319
322
323
326
330
402
427
428
429
433
467
468
471
475
479
484
487
541
544
548
549
555

LjEβ
βOS residue:
Arg
Trp
Thr
Ile
Thr
Asp (DDXXD)
Asp (DDXXD)
Phe
Ser
Val
Ser
Ile
Phe
Arg
Asn (NSE/DTE)
Thr (NSE/DTE)
Glu (NSE/DTE)
Glu
Asn
Leu
Ile
Thr
Tyr
His

No.
306
315
336
339
340
343
347
418
443
444
445
449
483
484
487
491
495
500
503
555
558
562
563
569

Differences
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6.2.7

LjEβ
βOS homology modelling

A homology model was constructed for LjEβOS (section 2.1.5.3), using the atomic coordinates
of a limonene synthase (LS) crystal structure (Hyatt et al., 2007), to determine the approximate
positions of active site aromatic and basic residues and how they compared to those in the
MdAFS1 homology model (Figure 6-7).
6.2.7.1

Aromatic residue differences between MdAFS1 and LjEβOS

The placement of Trp315 in the LjEβOS homology model was similar to that of the corresponding
Trp residues in both the LS (PDB accession code: 2ONH, data not shown) and BPPS structures
(Figure 6-1 above). This highly conserved TPS-b residue is also likely to be similarly placed in
the other mono-TPS enzymes. Interestingly, the positioning of Phe483 in the LjEβOS model
highlighted another residue difference that could have directed the ancestral MdAFS1 enzyme
towards becoming a sesqui-TPS. Incorporation of an equivalent Phe residue in MdAFS1, on the
evidence of the modelling data at least, would almost certainly perturb FDP binding (Figure 68B). The position of Phe418 in LjEβOS (Figure 6-8A) indicated that it could potentially interact
with the diphosphate moiety of a bound GDP molecule. However, as the binding conformation
of GDP in LjEβOS is unknown, it was difficult to be sure of this or even whether such a contact
could be catalytically important. In the BPPS structure, the corresponding Tyr426 residue is
hydrogen bonded to a water molecule (#110) which donates a hydrogen bond to the diphosphate
moiety of GDP and therefore may act as a diphosphate-assisted general base in the generation of
the BPPS cyclic monoterpene co-products (Whittington et al., 2002). However, the
corresponding residues in the structures of two cyclic-monoterpene producing enzymes, namely
Tyr427 in LS (Hyatt et al., 2007) and Tyr376 in the 5-epi-aristolochene synthase (5EAS) from
tobacco (Starks et al., 1997), are not mentioned, either in terms of interactions with substrate
atoms or as having potential catalytic roles. Although the modelling and structural data presented
above, for the role of TPS active site aromatic residues do not provide concrete evidence for how
their transmutation into MdAFS1 might affect its activity, they did highlight possible ancestral
residue/substrate interactions that could now be used to modulate mono-TPS catalysis in
MdAFS1.
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Figure 6-8: Active site aromatic residue comparisons between MdAFS1 and LjEβ
βOS. MdAFS1 residues
(purple) and LjEβOS residues (orange) are labelled correspondingly in (A). MdAFS1-docked FDP is shown in (B).
Placement of active site residues was determined from the superposition of homology models of the two enzymes.

6.2.7.2

Differences in basic residues between MdAFS1 and LjEβOS

Apart from a completely conserved TPS-b synthase arginine residue (Arg289 in MdAFS1) (Table
6-1 above), no other basic residues were present in the MdAFS1 first-tier contact residues
(illustrated in Figure 5-18; section 5.4). However, it would be very unlikely that this Arg could
participate in any proton abstraction role given its side chain pK of 12.5. In contrast, LjEβOS has
an active site His residue (His569) that is favourably placed for possible substrate interaction
(Figure 6-9). An equivalent His is also present in the LS structure (Figure 6-9). Although no role
for this His in the LS structure was reported by Hyatt et al, 2007, both the LjEβOS and LS His
residues could potentially act as bases in the final deprotonation step leading to the formation of
(E)-β-ocimene and limonene respectively.
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LjEβ
βOS
F418

F483

F418

F483

T563

T563

W315

W315

R306

R306
H569

H569

LS
L492
Y427

F-GDP

L492
T563

Y427

F-GDP

W324

W324

H579
R315

T563

H579
R315

Figure 6-9: Active site aromatic and basic residue configurations in the L. corniculatus (E)-β
β-ocimene
(LjEβ
βOS) homology model and the M. spicata limonene (LS) structure. Stereo plots of the LS and LjEβOS
active sites show the comparative distribution of basic and aromatic amino acids within them. Both enzymes contain
a conserved His residue which could potentially act as a general base in the final proton abstraction step leading to
the formation of their respective monoterpenes. The non-active 2-fluoroGDP (F-GDP) analogue in the LS structure
is also indicated.

6.2.7.3

Conservation of active site aromatic and basic residues in TPS-b synthases

The above analysis provided a good first step in highlighting potential MdAFS1 residues for
mutagenesis. To look further into the potential catalytic relevance of these residue differences in
MdAFS1 and LjEβOS, the wider conservation of active site aromatic and basic residues in the
TPS-b enzymes was investigated. This used the previous ClustalX alignment of 48 TPS-b
proteins (section 6.2.3) and highlighted the presence of another highly conserved TPS-b aromatic
residue (present in 45/48 sequences analysed) equivalent to Phe418 in LjEβOS (Figure 6-9). As
noted above, Leu402 replaces this Phe in MdAFS1. The P. communis α-farnesene synthase
(GeneBank Accession AAT70237) also has a Leu at this position while a His residue in
Cannabis sativa limonene synthase (GeneBank Accession ABI21837) accounted for the only
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other non-aromatic residue. The second Phe (Phe483 in LjEβOS) was much less conserved, being
present only in the isoprene synthases, a pinene and linalool synthase from Artemisia annua
(GeneBank Accessions AAF13356 and AAK58723 respectively) and the kiwifruit (Actinidia
chinensis) myrcene synthase AcTPS2 (section 5.3.7.1). The majority of TPS-b synthases
analysed had either Val or Leu present at this position.
Investigation into the conservation of basic residues in the TPS-b enzymes, not including the
previously identified Arg, revealed that the His equivalent to His569 in LjEβOS is conserved in
33 of the 48 sequences analysed. This is substituted by Phe in nine of the remaining TPS-b
enzymes including MdAFS1 (Phe555), BPPS (Phe578), two cineole synthases (GeneBank
Accessions ABI20515 and ABH07677) and a fenchol synthase (GeneBank Accession
AAV63790). This is of interest because, apart from MdAFS1, none of these enzymes would be
expected to be reliant upon basic residues for catalysis. The final step in the production of bornyl
diphosphate by BPPS and the monoterpene alcohols by the remaining enzymes occurs via
carbocation quenching rather than deprotonation. This quenching occurs via the diphosphate
anion derived from the initial ionisation of GDP in BPPS and active site water molecules in the
monoterpene alcohol synthases. Also of note is the fact that none of the TPS-b linalool synthases
analysed contains the conserved His, as it is substituted by an Asn in four of these synthases and
by Asp in the fifth. Linalool, being another monoterpene alcohol, is also formed via quenching
of the carbocation intermediate by a water molecule.
In summary, of the 48 TPS-b polypeptides examined for an active site His equivalent to that in
LjEβOS, 41 enzymes either possessed this residue or appeared not to require it. Contrastingly,
MdAFS1 has no active site basic residues that could perform the final deprotonation step
necessary for α-farnesene to be produced. As terpenoid carbocation intermediates do not require
especially potent bases, since they are highly acidic (estimated pKa values in the range of -10)
(Lowry and Richardsen, 1976), enzyme-bound water molecules in MdAFS1 could provide the
requisite basic groups, given that the pKa of the conjugate acid H3O+ is -1 to -4 (Lowry and
Richardsen, 1976). Furthermore, the fact that a small quantity of linalool is observed as a
MdAFS1 monoterpene side product (Green et al., 2007), indicates that quenching of the GDP
cationic species is occurring and hence, that an active site water molecule is present in MdAFS1.
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6.2.8

Final selection of mutable residue targets

The modelling and sequence analysis above, combined with the fact that single nonsynonymous
nucleotide substitutions could account for their absence in MdAFS1, identified the two Phe
residues as mutational candidates for Leu402 and Val467 in MdAFS1. Similarly, the replacement
of Phe555 in MdAFS1 by the highly conserved TPS-b His could also be tested to try to modulate
the activity of MdAFS1 towards being more mono-TPS-like. Including the conserved TPS-b Trp
(section 6.2.3) the total number of mutable targets to consider was four (i.e. 1 × Trp, 2 × Phe and
1 × His). To construct a gene library that encompassed all permutations of these four amino acid
substitutions would have entailed generating and analysing 16 mutants (24 = 16 combinations).
This would have been a significant undertaking, and hence the MdAFS1mutagenesis focused
solely on substitutions involving the two Phe residues. The rationale for the Phe substitutions
was that this analysis would form a logical extension of the previous C298W mutant analysis and
that Phe residues equivalent to those mapped to the LjEβOS active site could have been
eliminated via single nonsynonymous nucleotide substitutions in the ancestral MdAFS1 gene.
6.2.9

Construction and analysis of the MdAFS1 aromatic mutants

To test what effects the LjEβOS active site Phe residues might have on MdAFS1 activity,
sequential mutants of MdAFS1 incorporating these and the Trp identified previously (section
6.2.2), were generated (section 2.3.15). This resulted in preparation of the L402F, V467F,
C298W/L402F, C298W/V467F, L402F/V467F and 3M (C298W/L402F/V467F) mutants. The
single C298W mutant (section 6.2.4) was not analysed further in this study.
Auto-induced expression of the MdAFS1 aromatic mutants in E. coli was much less successful
than for any of the previous MdAFS1 mutants expressed so far. Western blot analysis of purified
mutant protein extracts failed to detect any soluble protein for the V467F mutant while only low
levels were detected for the C298W/V467F mutant (Figure 6-10A). Although higher expression
levels were observed for the remaining mutant proteins, the appearance of multiple His6-tagged
protein fragments on the blot suggested they were unstable (Figure 6-10B). Additionally,
Western analysis of protein extracts derived from the corresponding emulsified cell debris
indicated significant inclusion body formation and fragments thereof for all recombinant mutant
proteins Figure 6-10B).
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Figure 6-10: Western blot analysis of MdAFS1 active site aromatic residue mutants. Shows Western blots for
soluble protein samples eluted from the size exclusion chromatography purification step. Blots were probed with a
primary His6-tag antibody and revealed His6-tagged expression products for V467F (lane 1) C298W/V467F (lane 2),
L402F (lane 3), C298W/L402F (lane 4) L402F/V467F (lane 5), 3M (lane 6) and a MdAFS1 WT control extract
(WT). Multiple bands were assumed to have been derived from the breakdown of the mutated recombinant proteins.
In (B) inclusion body formation was detected in a separate Western blot of protein extracts derived from the
emulsified expression culture cell debris. Lanes were loaded as for 1 to 6 in (A).

Despite this obvious instability of the mutant recombinant proteins, solvent extraction assays
(Section 2.8.1 and 2.8.2) were carried out to see whether any quantitative differences in monoand sesqui-TPS activities between these and the WT could be measured. The results showed that
no sesqui-TPS activity in the presence of [C1-3H1]-FDP could be detected in any of the mutants,
and no mono-TPS activity in the presence of [C1-3H1]-GDP was detectable except for very low
levels in the C298W/V467F (Table 6-3). Given the likely production of inclusion bodies during
the expression of these mutants in E. coli and the apparent recombinant protein breakdown
products (Figure 6-10B), protein instability due to incorrect folding was the most obvious
explanation for lack of TPS activity observed in the mutant enzymes. GC-MS analysis of
headspace volatiles extracted from separate assays containing the above mutated enzymes with
GDP or FDP also failed to identify any terpene compounds. This reiterated the scintillation
analysis and confirmed that none of the mutants had detectable TPS activity.
Although this was a disappointing outcome, it was somewhat surprising that substitution of
either Leu402 or Val467 by a Phe had such a marked effect on the ability to generate active
proteins especially considering there was no such issue with the C298W alteration. It is difficult
to say whether the above observations reflect unlikely mutations during the evolution of
MdAFS1 or whether equivalent alterations in the parental enzyme occurred in a specific
sequence involving other residues more distant to the active site. Given that a considerable
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amount of additional work and time would have been required to complete the investigation into
the parental lineage of MdAFS1, this area of study was brought to a close
Table 6-3: Relative activities of MdAFS1 active site aromatic residue mutants.Relative activities were based on
WT kcat values of 0.0482 s-1 (± 0.003) for FDP, and 0.00026 s-1 (± 0.0001) for GDP. The kcat values, which
represented the mean ± SEM of quadruplicate scintillation assays, were converted to percentages. Experiments were
carried out twice.

Mutant
L402F
V467F
C298W/L402F
C298W/V467F
L402F/V467F
3M

Activity relative to WT (%)
FDP
GDP
<0.5
<0.5
N/A
N/A
<0.5
<0.5
<0.5
5-10
<0.5
<0.5
<0.5
<0.5

6.3 Evolution of FDP specificity in the TPS-d subgroup
The remaining focus of this part of the project was to investigate how FDP specificity might
have evolved within the mono-TPS dominated TBS-d subgroup. Among the four sesquiterpene
producing enzymes are two α-farnesene synthases, one from Norway spruce (Picea abies)
(Martin et al., 2004) and the other from loblolly pine (Pinus taeda) (Phillips et al., 2003). As
with MdAFS1, these conifer homologues are thought to have evolved from an ancestral monoTPS enzyme (section 6.1).
Investigation into how FDP specificity may have evolved within the TPS-d enzymes again relied
on mapping active site differences that could account for the acceptance of FDP over GDP. This
investigation specifically targeted the eight TPS-d representatives from P. abies (Table 6-4) and
in particular set out to extend the protein modelling work previously reported in a paper
describing the functional characterisation of nine TPS genes from this species (Martin et al.,
2004). The P. abies TPS enzymes were selected over the other TPS-d enzymes because of the
wide range of characterised TPS types and activities present within a single plant species (Figure
6-11).
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Figure 6-11: Major terpene products from terpene synthases in Norway spruce. Structures are shown for the
monoterpenes produced from (a) pine synthase (PaTPS-Pin), (b) carene synthase (PaTPS-Car), (c) myrcene synthase
(PaTPS-Myr), (d) limonene synthase (PaTPS-Lim,) and (e) linalool synthase (PaTPS-Lin). Structures are also
shown for the sesquiterpenes produced from (f) bisabolene synthase (PaTPS-Bis), (g) α-farnesene synthase (PaTPSFar) and (h) longifolene synthase (PaTPS-Lon). Adapted from Martin et al, (2004)

6.3.1

Norway spruce terpene synthase contact mapping

Contact maps were generated for all P. abies mono and sesqui-TPS enzymes except the
bisabolene synthase (PaTPS-Bis). This enzyme is more akin to a di-TPS on account of its
retention of an approximately 200-residue N-terminal sequence (CDIS domain) which is highly
conserved in di-TPS enzymes but as yet has no known function (section 1.3.1.2). In addition to
this, no di-TPS has been crystallised and hence no suitable crystal structures were available to
provide a template for PaTPS-Bis homology model construction. Homology models for the
remaining TPS were based on the BPPS template (PDB code 1N20) used for the MdAFS1
homology modelling and were generated in the SWISS-MODEL programme available on the
Expasy website (http://www.expasy.org) (section 2.1.5.4). First-tier contact residues were
defined as being within 4 Å of the BPPS non-reactive GDP substrate analogue in the 1N20
structure and were compared using a ClustalX alignment of the TPS-d proteins. As the PaTPS-
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Bis was not modelled, its first-tier residues were assumed solely on the basis of the alignment
with the other P. abies synthases. Twenty one first-tier residues were mapped for each of the
eight P. abies synthases (Table 6-4). The contact maps showed a high degree of conservation of
the first-tier residues amongst these enzymes, the most extreme example of this being seen in the
cyclic monoterpene producing carene and pinene synthases (PaTPS-Car and PaTPS-Pin
respectively) and the myrcene (acyclic) and limonene (cyclic) synthases ( PaTPS-Myr and
PaTPS-Lim respectively), which only had single differences in their first-tier residues. In
contrast to the previous MdAFS1 contact mapping, which identified an obvious Cys→Trp active
site alteration between the respective sesqui- and mono-TPS members of the TPS-b subgroup
(sections 6.2.2 and 6.2.3), this analysis showed no such difference in the TPS-d enzymes. This
seeming lack of an active site residue that could explain the bifurcation of mono- and sesqui-TPS
activity in the P. abies enzymes led to the following conclusions: (1) The unique active site
residues for any given P. abies TPS (e.g. three for PaTPS-Far) are likely to be largely
responsible for the differences in both product and substrate specificity in these enzymes. (2)
Subtle variations in the positioning of contact residues in the P. abies mono-TPS enzymes may
have led to the evolution of an active site topology that supports sesqui-TPS activity. (3) A
combination of (1) and (2) has directed the evolution of mono-TPS product specificity,
eventually culminating in the advent of FDP acceptance in one of the parental lineages.
6.3.2

Contribution of mapped P. abies residues to active site topology

To investigate how the mapped residues presented in Table 6-4 might relate to topological
features that could prevent FDP binding, the BPPS GDP substrate analogue (Whittington et al.,
2002) was docked into the modelled actives sites of selected P. abies TPS homology models.
This was not done to give an accurate interpretation of how GDP might be bound in these
enzymes but instead to provide a “yardstick” for comparing obvious differences with PaTPS-Far
in terms of active site volumes. The models used for this analysis were the cyclic monoterpene
producing PaTPS-Car and PaTPS-Pin enzymes, the acyclic monoterpene producing PaTPS-Myr,
and the acyclic terpene alcohol producing PaTPS-Lin.
This analysis highlighted potential topological differences that could account for cyclic and
acyclic mono-TPS formation, and that could possibly differentiate GDP and FDP substrate
specificity (Figure 6-12). The PaTPS-Pin and PaTPS-Car substrate binding pockets appeared to
be slightly more constrictive than the PaTPS-Far or the acyclic mono-TPS PaTPS-Myr and
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PaTPS-Lin enzymes, particularly around the GDP prenyl side chain carbon atoms 1-5. This
topological feature could potentially force the substrate head to tail interactions necessary for
cyclic terpene production and also preclude the acceptance of FDP in these enzymes.
Correspondingly the less constricted nature of the PaTPS-Far, PaTPS-Myr and PaTPS-Lin active
sites suggests a topology more amenable to acyclic terpene product formation and conceivably
the ability to accept FDP. The residues that form this region of the active site, in the modelled
TPS-b enzymes at least, highlight the potential importance of an Ile→Gly or Ile→Val
substitution between the cyclic monoterpene producing enzymes (PaTPS-Pin and PaTPS-Car)
and the remaining acyclic terpene producing enzymes that may have played a role in the
acceptance of FDP (Figure 6-13). The increased side chain length of the Ile residues in PaTPSPin and PaTPS-Car (Ile368 and Ile374 respectively), if present in PaTPS-Far, could potentially
exclude FDP.
Table 6-4: Norway spruce terpene synthase contact map residue comparisons. Amino acid
conservation amongst first-tier contact residues in eight P. abies terpene synthase proteins is indicated by
background colour. Completely conserved (dark grey), highly conserved (light grey), present in only two synthases
(green), and unique residues (gold). PaTPS product abbreviations are: Far, α-farnesene; Lo, longifolene; Myr,
myrcene; Lin, linalool; Car, carene, Pin, pinene; Lim, limonene, Bis, bisabolene.
PaTPS-Far
AA No
Arg 294
Leu 303
Phe 320
Cys 324
Gly 327
Ile
328
Asp 331
Asp 335
Phe 406
Ser 431
Phe 432
Tyr 434
Leu 471
Arg 472
Gly 479
Tyr 480
Arg 486
Leu 552
Tyr 553
Asp 557
Phe 559

PaTPS-Lon
AA No
Arg 294
Trp 303
Phe 320
Ser
324
Met 327
Thr 327
Asp 331
Asp 335
Tyr 406
Ser
431
Ser
432
Met 434
Ala 471
Arg 472
Asp 479
Phe 480
Gly 486
Ile
551
Tyr 552
Asp 556
Phe 558

PaTPS-Myr
AA No
Arg 347
Leu 356
Phe 373
Cys 377
Val 380
Thr 381
Asp 384
Asp 388
Tyr 459
Ser 484
Ser 485
Tyr 487
Leu 524
Arg 525
Cys 532
Tyr 533
Arg 539
Leu 605
Tyr 606
Asp 610
Phe 612

PaTPS-Lin
AA
No
Arg 337
Leu 346
Phe 363
Ala
367
Gly 370
Thr
371
Asp 374
Asp 378
Tyr
449
Ser
474
Phe 475
Tyr
477
Leu 514
Arg 515
Ser
522
Tyr
523
Arg 529
Leu 595
Tyr
596
Asp 600
Phe 602

PaTPS-Car
AA No
Arg 341
Leu 350
Phe 367
Cys 371
Ile
374
Thr 375
Asp 378
Asp 382
Tyr 453
Ser 478
Ser 479
His 481
Leu 518
Arg 519
Cys 526
Tyr 527
Arg 533
Phe 599
Tyr 600
Asp 604
Tyr 606

PaTPS-Pin
AA No
Arg 335
Leu 344
Phe 361
Cys 365
Ile
368
Thr 369
Asp 372
Asp 376
Tyr 447
Ser 472
Ser 473
His 475
Leu 512
Arg 513
Cys 520
Tyr 521
Arg
527
Gly 593
Tyr 594
Asp 598
Tyr 600

PaTPS-Lim
AA No
Arg 348
Leu 357
Phe 374
Cys 378
Asn 381
Thr 382
Asp 385
Asp 389
Tyr 460
Ser 485
Ser 486
Tyr 488
Leu 525
Arg 526
Cys 533
Tyr 534
Arg 540
Leu 606
Tyr 607
Asp 611
Phe 613

PaTPS-Bis
AA No
Arg 519
Leu 528
Phe 545
Ala 549
Gln 552
Thr 553
Asp 556
Asp 560
Tyr 631
Ser 656
Ile
657
Gln 659
Ser 699
Arg 700
Thr 707
Tyr 708
Arg 714
Ile
779
Phe 780
Asp 784
Phe 786
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Figure 6-12: Active site modelling in TPS-d enzymes. Surface diagrams illustrating lateral and longitudinal active
site views for (A) PaTPS-Far, (B) PaTPS-Myr, (C) PaTPS-Lin (D) PaTPS-Pin and (E) PaTPS-Car with a GDP
substrate analogue. The predominant terpene product for each of the P. abies enzymes is also shown. The substrate
analogue was transferred from the bornyl diphosphate synthase (BPPS) structure (Whittington et al., 2002) to the
modelled TPS active sites. This was done to highlight topological features that could differentiate between GDP and
FDP precursor specificities in the P. abies enzymes rather than provide an accurate representation of how GDP
might be bound in these enzymes. The active site surface boundaries were determined from residues identified in the
P. abies TPS contact maps (Table 6-4). Protein homology models in all cases were generated in the DeepView
(Swiss-PdbViewer v3.7) programme (http://www.expasy.org/spdbv/) using the BPPS structure as the template.

141

Chapter 6: MdAFS1 evolution

Figure 6-13: Amino acid basis for the differences in P. abies terpene synthase active site topologies.
Stereoviews of the distribution of residues that help define the active site surface topologies of the five terpene
synthases shown in Figure 6-12. The BPPS GDP analogue has also been included.
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6.3.3

PaTPS-Far mutagenesis strategy

Although the presence of Gly327 in PaTPS-Far could potentially account for its ability to
accommodate FDP and conversely that the equivalent Ile residues in PaTPS-Pin and PaTPS-car
could exclude anything larger than GDP, constructing a PaTPS-Far G327I mutation in isolation
was not an ideal option. The reason for this was that PaTPS-Far is only reported to use FDP
(Martin et al., 2004) and hence, although the sesqui-TPS activity might be abolished in the
Gly327 mutant, it was unlikely that the Gly→Ile mutation would result in PaTPS-Far being able
to produce monoterpenes. Because of this it was decided to again attempt to engineer mono-TPS
activity back into PaTPS-Far. Selecting the mono-TPS on which to base the PaTPS-Far
engineering depended on amino acid sequence comparisons with other P. abies enzymes and on
determination of the least number of amino acid substitutions required to achieve a more monoTPS active site architecture.
Global alignments of the P. abies mono- and sesqui-TPS sequences, implemented using the
Needleman-Wunsch algorithm (Needleman and Wunsch, 1970), identified PaTPS-Lin as the
closest match to PaTPS-Far (Table 6-5) with PaTPS-Lim and PaTPS-Pin the next most closely
related. The PaTPS-Lon and PaTPS-Bis enzymes showed the least identity and were discounted
as templates for the PaTPS-Far mono-TPS engineering. Comparative codon analysis of the
remaining five TPS first-tier contact residues (except those that were completely conserved) was
carried out to identify minimum evolutionary mutational routes that could provide solutions to
the parental lineage of PaTPS-Far (Table 6-6).
Table 6-5: Pairwise sequence comparisons of PaTPS-Far with other P. abies terpene synthases. Sequences
were aligned using the EMBOSS program Needle which is an implementation of the Needleman-Wunsch algorithm
for global alignment (Needleman and Wunsch, 1970).

PaTPS-Lin
PaTPS-Lim
PaTPS-Pin
PaTPS-Myr
PaTPS-Car
PaTPS-Lon
PaTPS-Bis

Identity %
66.2
63.4
64.0
64.1
62.4
41.7
32.5

Similarity %
77.5
75.5
77.8
75.4
73.2
60.7
46.9

Gaps
8.4
9.4
7.2
8.4
8.7
4.7
28.3
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Table 6-6: Codon analysis of selected first-tier contact residues in P. abies terpene synthases. Codons that are
identical to those in PaTPS-Far for any given amino acid are indicated with a dark grey background. Single
nucleotide nonsynonymous substitutions are shown with a green background and two or more nucleotide
nonsynonymous substitutions with a gold background.

PaTPS-Far
AA
codon
324
Cys
TGT
Gly327 GGA
Ile328 ATA
Phe406 TTT
Phe432 TTT
Tyr434 TAT
Gly479 GGC
Leu552 CTC
Phe559 TTC

PaTPS-Lin
AA
codon
367
Ala
GCT
Gly370 GGC
Thr371 ACT
Tyr449 TAC
Phe475 TTT
Tyr477 TAT
Ser522 AGC
Leu595 CTC
Phe602 TTC

PaTPS-Lim
AA
codon
378
Cys
TGT
Asn381 AAC
Thr382 ACG
Tyr460 TAT
Ser486 TCT
Tyr488 TAT
Cys533 TGC
Leu606 CTC
Phe613 TTC

PaTPS-Pin
AA
codon
365
Cys
TGT
Ile368 ATC
Thr369 ACG
Tyr447 TAT
Ser473 TCT
His475 CAT
Cys520 TGC
Gly593 GGG
Tyr600 TAC

PaTPS-Myr
AA
codon
377
Cys
TGT
Val380 GTC
Thr381 ACG
Tyr459 TAT
Ser485 TCT
Tyr487 TAT
Cys532 TGC
Leu605 CTC
Phe612 TTC

PaTPS-Car
AA
codon
371
Cys
TGT
Ile374 ATC
Thr375 ACG
Tyr453 TAC
Ser479 TCA
His481 CAT
Cys526 TGT
Phe599 TTC
Tyr606 TAC

The codon analysis for the remaining contact map residues identified the P. abies linalool and
limonene synthases as the most appropriate templates for a minimum evolution approach to
engineering mono-TPS activity into PaTPS-Far. The intention now was to re-engineer the
PaTPS-Far active site to reflect both PaTPS-Lin and PaTPS-Lim active sites by substituting in
the first-tier residues unique to the two mono-TPS enzymes (Table 6-7). The PaTPS-Far mutants
were designated as PaTPS-Far4M and PaTPS-Far5M because of the number of mutations
required for first-tier contact residue interconversions with the respective PaTPS-Lin and PaTPSLim enzymes.
Because of time pressure it was decided that the PaTPS-Far4M and PaTPS-Far5M mutants
would be constructed at the GENEART facility in Germany (www.geneart.com/). This would
circumvent the multiple rounds of site-directed mutagenesis steps that would otherwise have
been required to generate the PaTPS-Far mutants. However, because of the significant cost and
the fact that the only functional information available for PaTPS-Far was a GCMS trace
identifying a small α-farnesene peak (Martin et al., 2004), the PaTPS-Far clone was requested
from Dr Jörg Bohlmann’s laboratory at the University of British Columbia so that a more
detailed functional characterisation of this TPS could be carried out prior to having the PaTPSFar mutants constructed.
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Table 6-7: Minimal mutational routes to monoterpene synthase first-tier architecture. PaTPS-Lin and PaTPSLim, in addition to having the highest amino acid sequence identity with PaTPS-Far (Table 6-5), also provided the
path of least resistance for engineering a more mono-TPS architecture into PaTPS-Far.

PaTPS-Far
AA
No
324
Cys
Gly
327
Ile
328
Phe
406
Phe
432
Tyr
434
Gly
479
Leu
552
Phe
559

PaTPS-Lin
AA
No
Ala
367
Gly
370
Thr
371
Tyr
449
Phe
475
Tyr
477
Ser
522
Leu
595
Phe
602

PaTPS-Lim
AA
No
Cys
378
Asn
381
Thr
382
Tyr
460
Ser
486
Tyr
488
Cys
533
Leu
606
Phe
613

Conversion to
PaTPS-Lin
C324A
N/A
I328T
F406Y
N/A
N/A
G479S
N/A
N/A

Conversion to
PaTPS-Lim
N/A
G327N
I328T
F406Y
F432S
N/A
G479C
N/A
N/A

The PaTPS-Far expression construct that was received from Dr Jörg Bohlmann’s laboratory was
transformed (section 2.3.17) into BL21 expression cells (section 2.3.3) and used to generate
recombinant protein under autoinduction. As yet, however, it has not been possible to generate
any expression product at all for this α-farnesene synthase. Sequencing of the pET200/D-TOPO
cloned PaTPS-Far cDNA confirmed its fidelity and in-frame cloning for protein expression and
therefore eliminated two obvious possible reasons for the failure of this TPS to express.
However, comparative rare codon analysis of the PsTPS-Far and MdAFS1 cDNAs (Appendix
10.3) did present one possible explanation even though the expression of this TPS was conducted
in the BL21(RIL) strain of E. coli (section 2.3.3) which compensates for rare E. coli Arg, Ile and
Leu codons. The PaTPS-Far cDNA not only had more rare codons overall than MdAFS1 (i.e. 27
compared to 14) but also had nearly twice as many codons that are not compensated for by the
BL21(RIL) cells (i.e. 27 compared to 14). Although it would have been possible to have the
PaTPS-Far mutants synthesised as codon-optimised cDNAs for E. coli expression, a decision
was made at this point to discontinue the investigation into the evolution of FDP specificity
within the TPS-d subgroup. The main reason for this was the additional cost associated with now
having to synthesise a WT PaTPS-Far cDNA to allow comparative analysis with the two
mutants.
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6.4 Discussion
Numerous structural and biochemical analyses have pointed to the ability of a protein to evolve
novel activities or altered functions via a small number of amino acid alterations (plasticity)
(Bone et al., 1989; Aharoni et al., 2005; Gerlt et al., 2005; Khersonsky et al., 2006). Residues
that have been specifically associated with directing enzyme specificity have now been termed
plasticity residues (Yoshikuni et al., 2006) and these are often more prevalent in or around
enzyme active sites (Bone et al., 1989; van den Heuvel et al., 2000; Aharoni et al., 2004a;
Aharoni et al., 2005). It is also generally accepted that proteins that exhibit promiscuous
functions acquire higher specificity and activity through divergent evolution (Jensen, 1976;
Copley, 2003; James and Tawfik, 2003) and that this process is highly dependent upon plasticity
(Aharoni et al., 2005). A unique aspect of terpene synthases is that most of these enzymes show
promiscuous function (Yoshikuni and Keasling, 2007) despite having a highly conserved active
site scaffold composed largely of inert residues (Lesburg et al., 1997; Starks et al., 1997;
Rynkiewicz et al., 2001). Catalytic specificity in TPS enzymes appears to be governed by the
positioning of the polypeptide backbone and amino acid side chains on the active site surface,
with supporting layers of surrounding residues, which generate a particular active site contour
and dynamics (Greenhagen et al., 2006). For this reason TPS enzymes have been ideal
candidates to investigate how ‘plasticity’ residues contribute to divergent molecular evolution.
Yoshikuni et al (2006) reported one strategy for assessing the plasticity of active site residues in
a promiscuous sesqui-TPS (Steele, 1998) that is known to produce 52 different sesquiterpenes.
Their approach did not take into consideration any TPS phylogenetic or evolutionary
relationships but instead employed saturation mutagenesis of the active site surface followed by
development of an algorithm to refine additional rounds of mutagenesis. Although Yoshikuni et
al (2006) argued that the difficulty in elucidating phylogenetic relationships in closely related
TPS makes functional design based on phylogenetic assessment nearly impossible, others have
successfully demonstrated that subtle phylogenetic variations in second-tier active site residues
are crucial to the divergence of reaction pathways in closely related TPS enzymes (Greenhagen
et al., 2006; O'Maille et al., 2008). Further to this, phylogenetic information has been an integral
element in the development of mutagenesis experiments leading to the successful
interconversion of TPS substrate (Kampranis et al., 2007) and product specificities (Kollner et
al., 2004; Greenhagen et al., 2006; Kampranis et al., 2007).
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As phylogenetic guidance had been successfully applied in the rational design of mutants to
investigate the molecular basis of TPS divergent evolution (Kollner et al., 2004; Greenhagen et
al., 2006; Kampranis et al., 2007; O'Maille et al., 2008), it was conceivable that this could also
be applied in the development of experimental strategies to investigate how convergent evolution
has led to the existence of α-farnesene synthases in both gymnosperms and angiosperms. A
combination of contact mapping and site-directed mutagenesis was therefore used to investigate
how FDP specificity might have evolved in MdAFS1 and a phylogenetically divergent conifer
α-farnesene synthase. Although the independent evolution of these enzymes from an ancestral
mono-TPS would have required the loss of the plastid targeting signal, the work presented in this
chapter focused entirely on their respective active site regions and the possible roles of residues
therein on the evolution of sesqui-TPS activity in the TPS-b and TPS-d subgroups.
6.4.1

Evolution of FDP catalysis in the TPS-b synthases

The MdAFS1 contact mapping analysis highlighted a point mutation that could have eliminated
a highly conserved TPS-b active site Trp from an ancestral mono-TPS. It was hypothesised that
the replacement of this in MdAFS1 by a smaller Cys residue could have resulted in an
enlargement of the active site and consequently the ability to accommodate FDP. The inability of
the MdAFS1-C298W mutant to utilise FDP while still retaining its ability to produce the
monoterpene (E)-β-ocimene from GDP (Figure 6-5) supported this hypothesis and hence
identified a possible key structural determinant in the first emergence of sesqui-TPS activity in
the TPS-b subgroup. The fact that the mono-TPS activity was largely retained in the C298W
mutant indicated not only that the loss of sesqui-TPS activity was not due to a general
destabilisation of the MdAFS1 active site, but also that a simple extension of GDP substrate
specificity could have been largely responsible the emergence of MdAFS1. The argument for
this is strengthened both by the fact that Trp did not alter product specificity in the C298W
mutant and by the similarity in the acyclic sesqui- and mono-TPS products synthesised by
MdAFS1. Apart from the additional size of the prenyl side chain, the two major MdAFS1
products (E)-β-ocimene and (E,E)-α-farnesene are structurally homologous compounds derived
via identical reaction mechanisms. It seems entirely plausible that the (E)-β-ocimene activity
reflects the probable nature of the MdAFS1 ancestor because the interconversion of (E)-βocimene production to (E,E)-α-farnesene production would not have required the evolution of an
alternative reaction mechanism.
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Unlike the divergent evolution of TPS enzymes with highly promiscuous functions to more
specific, active and hence complex functionality, the proposed convergent evolution of TPS gene
function in both angiosperms and gymnosperms (Martin et al., 2004; Sharkey et al., 2005)
appears to reflect the relative simplicity of the catalytic mechanism. This notion is supported by
Martin et al (2005) who highlighted multiple clusters of TPS enzymes with identical functions in
the gymnosperm and angiosperm TPS gene families. With the exception of the TPS-b and TPS-d
limonene synthases the remaining enzymes all produced simple acyclic products (specifically
myrcene and linalool). Interestingly, the production of limonene reflects the mechanistically
simplest of all monoterpene cyclisations, in that the reaction cycle is completed by methyl group
deprotonation in the α-terpinyl cation (section 1.5.1) leading directly to this monoterpene product
(Hyatt et al., 2007). However, the “evolution via GDP substrate specificity extension” argument
for MdAFS1 does not appear to hold true for the TPS-d α-farnesene synthases, at least according
to Martin et al (2004). This interpretation was based on the fact that the gymnosperm sesqui-TPS
have lost all capacity for monoterpene catalysis. However, an alternative interpretation could be
that MdAFS1 has evolved more recently than its two conifer homologues and hence has had less
time to succumb to genetic alterations that could have eliminated its mono-TPS activity.
6.4.2

Implications for a conserved tryptophan on TPS-b mono synthase activity

The loss of the conserved TPS-b Trp in the ancestral MdAFS1 enzyme, in addition to enabling
the acceptance of FDP, could have caused a concomitant reduction in its capacity to synthesise
monoterpenes. The most likely reason for this is the loss of a potential source of delocalised πelectron density from the active site. In the BPPS structure, Trp323 (equivalent to Cys298 in
MdAFS1) is thought to stabilise the positive charge on C8 of GDP in a concerted action with
Phe575 (Whittington et al., 2002). A Phe equivalent to the latter is also highly conserved in other
TPS-b enzymes, including Phe555 in MdAFS1. An alternative role for this Trp as the active site
base in the epi-aristolochene synthase has also been proposed (Starks et al., 1997). The indole
ring is postulated by Starks et al (1997) to accept an acidic proton from the C8 atom of FDP
leading to the formation of a positive arenium ion (TrpH+).
The reintroduction of the Trp residue into MdAFS1 might have been expected to enhance its
mono-TPS activity via a similar Trp/Phe interaction, or possibly by the replacement of a basic
group analogous to that postulated by Starks et al (1997) in the epi-aristolochene synthase.
However, this was not born out in the experimental results which showed decreased mono-TPS
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activity in the C298W mutant (section 6.2.4). The inability of the introduced Trp to increase
MdAFS1 mono-TPS activity is assumed to reflect differences in its active site placement in
MdAFS1 compared to the equivalent Trp in other TPS enzymes (e.g. BPPS) and/or the
involvement of other as yet undefined active site residues.
6.4.3

Modulating monoterpene synthase activity in MdAFS1 by protein engineering

On the assumption that the ancestral MdAFS1 mono-TPS activity would have been higher than
that observed in the current enzyme (kcat ~0.000281 s-1 at 25 µM GDP)7 a protein engineering
strategy was employed to demonstrate a logical route back to an enzyme with characteristics of
the ancestral form. This relied on a combination of phylogenetic and mechanistic guidance to
identify mutable targets that could engineer greater mono-TPS efficiency into MdAFS1. The
closest mono-TPS match to MdAFS1, namely a (E)-β-ocimene synthase (LjEβOS) (Arimura et
al., 2004), was used to guide the rational design of MdAFS1 mutants that could contribute to
either more effective GDP carbocation stabilisation and/or deprotonation.
In addition to the previously identified TPS-b Trp, contact mapping identified two active site Phe
residues and a single His in LjEβOS (section 6.2.6), which could potentially fulfil respective
carbocation stabilisation and deprotonation roles and hence, modulate MdAFS1 activity if
incorporated into its active site. Because of the time it would take to construct a gene library of
the 16 possible permutations of the four residue substitutions the protein engineering strategy
was only partially implemented. The substitution of Leu402 and Val467 by the two LjEβOS Phe
residues was carried out first as it formed a logical extension to the MdAFS1-C298W analysis
and was more facile from a minimum evolutionary perspective than the Phe555→His substitution.
Interestingly, the intermediary residues of a Phe→His substitution are Leu and Tyr residues and
this pointed to the possible existence of another source of delocalised π-electrons in the active
site of a common ancestor.
Although soluble expression products were obtained for four out of the five MdAFS1 aromatic
mutants, significant inclusion body formation and protein instability was observed (section
6.2.9). This was assumed to account for the lack of any TPS activity in the mutants. However, it
could also reflect the potential importance of the substituted Leu402 and Val467 residues for
7

MdAFS1 mono-TPS activity in the WT was previously optimised at 100 µM GDP which equated to ~18% of the
sesqui-TPS activity observed with 25 µM FDP. The equivalent mono-TPS activity at 25 µM GDP only equates to ~
0.6 % of the of the sesqui-TPS activity observed with 25 µM FDP.
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MdAFS1 function. The absence of activity, for whatever reason, was somewhat surprising given
the success other groups have had in constructing multiple TPS mutants that retain sufficient
activity for quantitative assessment (Little and Croteau, 2002; Yoshikuni et al., 2006; Kampranis
et al., 2007). The most extreme example of this was the recent generation of 418/432 (~97%
success rate) active TPS mutants by O’Maille et al (2008). The success rate in generating active
proteins from the aromatic mutations in MdAFS1 was by comparison very disappointing
especially considering that the C298W mutant was successfully expressed (section 6.2.3) and
retained quantifiable mono-TPS activity (section 6.2.4). The difference in protein stability
between the C298W and Phe mutants could reflect an active site architecture in MdAFS1 still
partially modelled around this highly conserved TPS-b Trp. It might also indicate that the Phe
residues never contributed to the active-site topology of ancestral mono-TPS. However, despite
the assumption that an extension of GDP substrate specificity in the ancestral mono-TPS has
been instrumental in the evolution of MdAFS1, the Trp→Cys alteration is unlikely to account for
this on its own. Unless the ancestral mono-TPS was highly inefficient at converting GDP to
monoterpenes, other active site alterations are likely to have occurred; these could yet prove to
be the conserved TPS-b His residues identified above or a possible Tyr that existed in the
ancestral TPS common to MdAFS1 and LjEβOS.
6.4.4

Evolution of FDP specificity in the TPS-d subgroup

Contact mapping was also used to investigate the evolution of FDP specificity in the TPS-d
enzymes and specifically focused on the P. abies enzymes. The range of TPS types in P. abies
established it as an excellent model system to begin investigating the evolution of product
diversity and substrate specificity within a single plant species.
Unlike the TPS-b contact mapping which identified a causative Trp→Cys alteration, the amino
acid differences between the conifer mono and sesqui-TPS could not easily account for
differences in substrate specificities. Topological differences in protein homology models of
selected TPS-d members did, however, offer one possible explanation. There appeared to be a
correlation between how constricted the active site region that accommodates the precursor
prenyl side chain was, and the production of sesquiterpenes, acyclic monoterpenes and cyclic
monoterpenes (section 6.3.2). Analysis of the residues that define this region of the active site
pocket indicated an Ile→Gly/Val difference between the cyclic monoterpene producing enzymes
(e.g. PaTPS-Pin and PaTPS-Car) and those that produce acyclic terpenes that might have
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contributed to the acceptance of FDP (Figure 6-13). Given that the P. abies TPS are specific for
either FDP or GDP (Martin et al., 2004), the size of their respective active site is likely to be
only one component that has allowed sesquiterpene activity. A protein engineering strategy for
PaTPS-Far therefore, based on determining the least number of amino acid substitutions required
to remodel its active site architecture to reflect a TPS-d mono-TPS enzyme, was used to find
mutable targets that could invoke mono-TPS activity in PaTPS-Far. This analysis showed that
the closest matches to PaTPS-Far are PaTPS-Lin, which produces the acyclic monoterpene
alcohol linalool, and PaTPS-Lim, which produces the cyclic monoterpene limonene. These two
mono-TPS enzymes also represented the closest P. abies enzymes to PaTPS in terms of their
active site residues and hence were used to select mutational targets. Given time constraints, it
was decided to have the PaTPS-Far4M and 5M mutants (section 6.3.3) constructed off-site.
However due to the lack of success in obtaining any expression product for the WT enzyme and
hence the ability to confirm its function, any further analysis of these TPS-d enzymes was put on
hold.
In conclusion, it has been possible to experimentally demonstrate one evolutionary scenario that
can explain a route to FDP acceptance and catalysis in an ancestral TBS-b synthase.
Furthermore, the driving force behind the evolution of MdAFS1 appears to be a simple extension
of GDP substrate specificity. Many questions still remain unanswered, however, especially
concerning the nature of evolutionary intermediates in the MdAFS1 parental lineage. The role of
a conserved active site His residue in the TPS-b enzymes, although untested, may prove to be
important in future analyses. Similarly, spreading the contact mapping net to encompass
additional tiers of residues surrounding the active site may identify future targets.
A number of targets were also identified for the design of mutants in a phylogenetically distant
α-farnesene synthase that could provide clues to its evolution. However, the validity of these
targets has still to be established. Despite this, future analysis into the evolution of product
diversity and substrate specificity in TPS enzymes form the conifer P. abies, offers a unique and
challenging opportunity to map the catalytic geography that defines the evolution of TPS
catalysis in a single plant species.
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6.5 Summary
•

MdAFS1 contact mapping identified a single point mutation that could have
accounted for the acceptance of FDP in an ancestral TPS-b mono-TPS via an active
site Trp→Cys alteration.

•

The evolution of α-farnesene synthase activity appears to have been largely driven by
an extension of GDP substrate specificity, possibly in an ancestral (E)-β-ocimene
synthase

•

Contact mapping and phylogenetic analysis has highlighted additional conserved
TPS-b aromatic and basic active site amino acids that are absent in MdAFS1 but
could have been present in the parental mono-TPS.

•

A partial implementation of a MdAFS1 protein engineering strategy to modulate
mono-TPS catalysis in MdAFS1and hence offer insights into to its parental nature has
not been successful.

•

Further evidence for the parental lineage of MdAFS1 will require generating a series
of additional minimal mutant combinations incorporating previously identified, but as
yet untested, active site residue targets and additional targets selected from a wider
MdAFS1 contact mapping survey.

•

Investigation into the evolution of α-farnesene synthase activity in a phylogenetically
divergent group of TPS enzymes from P. abies highlighted topological differences
that could account for the acceptance of FDP.

•

The P. abies TPS enzymes offer a unique future opportunity to look at the evolution
of TPS substrate and product specificity in a single plant species.
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7

PURIFICATION AND CRYSTALLISATION OF AN
APPLE α-FARNESENE SYNTHASE

7.1 Introduction
Solving a TPS structure by protein crystallography was another goal of this PhD study.
Crystallisation screening focussed primarily on the apple α-farnesene synthase MdAFS1 and the
kiwifruit synthase AcTPS1 (Chapter 8). However, initial screening was also carried out on the
kiwifruit flower germacrene-D synthase AdGDS1 (Chapter 3) and a myrcene synthase (AcTPS2:
Chapter 3) also from kiwifruit. Although no crystal structure was solved for any of the TPS,
promising crystals were eventually obtained for the MdAFS1 enzyme during the final stages of
this PhD study. The aim of this chapter is to provide a brief overview of the different strategies
used to generate diffraction-quality MdAFS1 protein crystals. The following chapter briefly
summarises both the functional work and crystallisation screening for AcTPS1
7.1.1

Terpene synthase crystallography

The most powerful experimental method for obtaining a detailed model of protein structure at
the atomic level is that of X-ray crystallography. This involves interpreting the diffraction
patterns obtained when a protein crystal, which consists of an ordered array of identical
molecules, is placed in the path of an X-ray beam. By the end of 2008 the total number of X-ray
structures deposited into the Protein Databank (www.rcsb.org/pdb/) had reached 47,130
including nine TPS structures (Table 7-1). Despite the small number of TPS crystal structures
relative to the biochemically characterised TPS enzymes, these structures have been instrumental
in a growing understanding of the structural basis of TPS catalytic specificity, not just in these
nine enzymes (see references in Table 7-1), but for TPS enzymes in general (Greenhagen and
Chappell, 2001; Greenhagen et al., 2006; Kollner et al., 2006; Yoshikuni et al., 2006; Yoshikuni
and Keasling, 2007; O'Maille et al., 2008).
Apart from the need for more TPS structures in order to better understand their functional
diversity, solving the MdAFS1 structure was desirable for two additional reasons. Firstly it could
potentially validate a number of hypotheses made during the course of this study. These included
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conclusively identifying whether MdAFS1 passively carries FDP or α-farnesene (Chapter 3) and
further validating the location and architecture of its K+ binding region, and confirming the
classification of MdAFS1 as a Type I or Type II K+ activated enzyme (Chapter 5). Secondly it
would provide a more accurate representation of the active site positioning of contact mapping
residues and variations in their side chain conformations which so far have only been estimated
using homology modelling approaches. This in turn could potentially enable the design of more
informative mutants in terms of understanding how MdAFS1 might have evolved from a monoTPS enzyme (Chapter 6).
Table 7-1: Summary of terpene synthase crystal structures. Various additional structures for a number of the
terpene synthases listed below have also been deposited in the PDB database and include 1 structures with substrate
analogues, 2a native and mutated structures of the same enzyme or 2b structures of mutated proteins only. PDB codes
for the native enzyme where possible are given. Phasing method abbreviations are: multiple isomorphous
replacement with anomalous scattering (MIRAS), multiple isomorphous replacement (MIR), multiwavelength
anomalous diffraction (MAD) and molecular replacement (MR). Phasing for the aristolochene synthase (PDB code
1DI1) was not specified.

Terpene synthase name
5-epi-aristolochene synthase 1
pentalenene synthase
aristolochene synthase 2a
trichodiene synthase 2a
bornyl diphosphate synthase 1
pentalenene synthase 2b
aristolochene synthase 1
1,8-cineole synthase
limonene synthase 1

Type
mono
sesqui
sesqui
sesqui
mono
mono
mono
mono
mono

PDB
code
5EAS
1PS1
1DI1
1JFA
1N1B
1HM7
2E4O
2J5C
2ONH

Phasing

Resolution

Reference

(Å)

MIRAS
MIR
n/a
MIRAS
MAD
MR
MR
MR
MR

2.25
2.6
2.5
2.5
2.0
3.47
2.2
1.95
2.7

Starks et al., 1997
Lesburg et al, 1997
Caruthers et al, 2000
Rynkiewicz et al, 2001
Whittington et al, 2002
Seemann et al, 2002
Shishova et al, 2007
Kampranis et al, 2007
Hyatt et al, 2007

7.2 Production of MdAFS1 for crystallisation
Production of recombinant MdAFS1 protein for crystallisation screening trials relied on the
autoinduction method described in section 2.4.1. Typically 4 × 500 ml MdAFS1 expression
cultures were grown at 16 °C for 72 hours. Recombinant MdAFS1 protein for the initial
crystallisation screening experiments was expressed as an N-terminal His6-tag fusion protein
from the pET-30 (Novagen) E. coli expression vector. Later crystallisation screening
experiments were carried out using a truncated non-tagged version of MdAFS1. The purification
and crystallisation screening for the N-terminal His6-tagged and the truncated non-tagged
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MdAFS1 recombinant proteins are now described in turn.
7.2.1

Purification of His6-tagged MdAFS1 protein for crystallisation

Purification of the N-terminal His6-tag MdAFS1 fusion protein relied on a combination of
IMAC, anion exchange and SEC purification methods (sections 2.4.3.1, 2.4.3.2 and 2.4.3.5
respectively). The initial IMAC purification step (Figure 7-1) typically showed a
chromatographic elution profile comprising of two peaks (Figure 7-1A). Activity analysis with
[C1-3H1]-FDP (section 2.7.1) was carried, out in this instance, on samples taken from the pooled
and concentrated (final volume 1 ml) wash fractions (0-24 ml) and fractions 32 and 36. Fractions
32 and 36 were selected as they corresponded to the approximate apex of the elution peaks 1 and
2 respectively. The scintillation analysis indicated that sesqui-TPS activity was predominantly
associated with the second peak (Figure 7-1B). SDS-PAGE analysis of samples taken from the
corresponding second peak fractions also showed the presence of a protein band of the expected
size (71.5 kDa) for the His6-tagged MdAFS1 (Figure 7-2).

Figure 7-1: IMAC Purification of His6-Tagged MdAFS1. (A) The two peaks from the IMAC elution profile are
indicated, as is the course of the wash step and imidazole gradient (blue line). The first peak was assumed to account
for non-specifically bound bacterial proteins. (B) Shows sesqui-TPS activity, as determined by scintillation analysis
with [C1-3H1]-FDP, for the pooled and concentrated (1 ml final volume) wash fraction and fractions 32 and 36 (both
1 ml in volume), which correspond to the apex of the peak 1 and peak 2 on the IMAC elution profile.
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Figure 7-2: SDS-PAGE analysis of His6-tagged MdAFS1 IMAC fractions. The lanes 32-39 indicated on the
SDS-PAGE gel correspond to the eluted 1 ml fractions in Figure 7-1A above. Specifically, lanes 32-34 correspond
to the peak 1 fractions while 35-39 correspond to peak 2 fractions. Molecular weights of a protein standard are
indicated in kDa.

7.2.2

His6-tagged MdAFS1 anion exchange chromatography

Anion exchange chromatography was used as the intermediary purification step for obtaining a
homogenous His6-tagged MdAFS1 protein preparation for the crystallisation screening trials.
Typically, fractions 35-38 from the initial IMAC purification step (Figure 7-2) were pooled and
concentrated to 1 ml in a 30 MWCO concentrator (Vivaspin). The concentrated IMAC sample
was diluted in a 20-fold excess of an anion exchange buffer (buffer A, section 2.4.3.2) and
purified using a 5 ml HiTrap DEAE Sepharose column (Amersham Biosciences) (section
2.4.3.2.). The anion exchange chromatographic elution profile for the His6-tagged MdAFS1
typically showed two peaks (Figure 7-3), the first of which corresponded to fractions exhibiting
sesqui-TPS activity, according to scintillation analysis. On the basis of this activity analysis
alone, fractions corresponding to the first peak (31-35 in this instance), were pooled and
concentrated to a final volume of 1 ml prior to the final SEC purification step.
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Figure 7-3: Anion exchange purification of His6-tagged MdAFS1. The NaCl gradient (blue line) and activities of
the various peak fractions in the presence of [C1-3H1]-FDP (green circles with green dotted drop-down lines) are
indicated.

7.2.3

Final purification of the His6-tagged MdAFS1 by SEC

The final purification step for the His6-tagged MdAFS1 was carried out on a G200 gel filtration
column (section 2.4.3.5). One ml of a protein standard mix containing 1 mg/ml BSA and
cytochrome C was also run on the same G200 column, following the MdAFS1 protein
purification, to determine whether MdAFS1 was eluting as a monomer or dimer. BSA was
specifically selected as a protein standard because its monomeric and dimeric protein sizes of
66.4 and 132.8 kDa respectively, closely matched the expected sizes for monomeric or dimeric
MdAFS1 (71.5 kDa and 143 kDa respectively). The SEC purification profile showed two major
peaks and a smaller peak (Figure 7-4). The first peak (Peak 1 in Figure 7-4), is mostly likely due
to the presence of aggregated protein material while the second peak (Peak 2 in Figure 7-4), on
the basis of the elution profile for the BSA protein standard, was expected to contain monomeric
His6-tagged MdAFS1 protein. SDS-PAGE analysis of the second peak fractions (82-92)
confirmed the presence of a protein band that equated to the approximate expected 70 kDa size
for His6-tagged MdAFS1 (Figure 7-5).
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Figure 7-4: Final purification of His6-tagged MdAFS1 for crystallisation screening. Peak (1) is assumed to
result from the elution of aggregated protein material. Peak (2) was expected to account for the elution of
monomeric His6-tagged MdAFS1. Peaks (3) and (4) indicate the respective elution of the dimeric (132.8 kDa) and
monomeric (66.4 kDa) BSA proteins. Peak (5) indicates the elution of the 12 kDa cytochrome C protein standard.

Figure 7-5: SDS-PAGE analysis of His6-tagged MdAFS1 SEC fractions. Lanes 82-92 correspond to the second
peak fractions in Figure7-4. The positions of the 75 kDa and 50 kDa bands of a protein standard (M) are indicated
on the left hand-side of the gel. The (HT) lane shows the comparative level of MdAFS1 purity in the pooled IMAC
fractions (35-38) shown in Figure 7-2. The cleanest fractions, 84-86 in this instance, were typically pooled and
concentrated to 8-10 mg/ml for the crystallisation screening trials.

7.2.4

His6-tagged MdAFS1 crystallisation screening

Four separate MdAFS1 preparations were carried out, following the protocols presented in
sections 7.2.1-7.2.3, for four separate His6-tagged MdAFS1 crystallisation screening trials. The
level of purity, based on SDS-PAGE analysis (e.g. Figure 7-5), was determined to be in excess
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of 90%. Dynamic light scattering (DLS) (section 2.4.10) was also used to investigate the
aggregation state (monodispersity) and molecular size of the purified MdAFS1 protein prior to
crystallisation screening. The monodispersity (represented as CP/RH) of each of the MdAFS1
protein preparations was determined using dynamic light scattering (DLS) analysis. Table 7.2
summarises the final conditions and DLS analyses for each of the four protein preparations used
in the His6-tagged MdAFS1 crystal screening trials. The first two protein preparations were used
for both TPS activity analysis and crystallisation screening trials and hence had various
constituents in the buffer that were later removed. As a general rule, all subsequent
crystallisation trials used protein that was maintained in a final storage buffer comprising 20 mM
Tris-HCl (pH 7.4). Low buffer concentrations were used to ensure that the constituents did not
interfere with the various pH and precipitant conditions present in the crystallisation screens.
Table 7-2: Initial MdAFS1 crystal screens. Buffer conditions, MdAFS1 protein concentrations and DLS analysis
(CP/RH) results for four separate His6-tagged MdAFS1 preparations used in the initial crystallisation screening are
summarised. BTP = Bis-tris propane, βME = β-mercaptoethanol

MdAFS1
Preparation 1
Preparation 2
Preparation 3
Preparation 4

Final buffer composition
50 mM BTP (pH7.4), 0.5 M NaCl
5 mM βME, 10% glycerol
50 mM BTP (pH7.4), 0.5M NaCl
5 mM βME, 10mM MgCl2
20 mM Tris-HCl (pH7.4)
20 mM Tris-HCl (pH7.4)

Concentration
6.5 mg/ml

CP/RH (%)

8.0 mg/ml

30

8.0 mg/ml
10.0 mg/ml

27
26

27

Although various degrees of protein precipitation were observed in the MdAFS1 preparation 1-4
crystallisation screens no crystals were observed at any stage over the 14-week monitoring
period. The lack of crystal formation in any of the MdAFS1 trials could be due to any number of
reasons. Perhaps the most obvious of these was the presence of the His6-tag extension in the
recombinant protein. The MdAFS1 construct was cloned as an EcoRI and XhoI fragment into the
pET-30a expression vector multiple cloning site. Including the six His residues, expression of the
MdAFS1 cDNA from the pET-30a vector results in the presence of an additional 50 N-terminal
non-native residues in the MdAFS1 recombinant protein. This large N-terminal addition was
unlikely to form any ordered structure and thus could have been a significant hurdle in attempts
to grow protein crystals, because of its likely flexibility and disorder.
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7.2.5

Removal of the His6-tag region

To remove the His6-tag and other extraneous non-native amino acids, the MdAFS1 cDNA was
re-cloned into the pET200/D-TOPO vector (Invitrogen). The MdAFS1 cDNA was also
engineered to incorporate a highly specific Tobacco Etch Virus (TEV) protease site (Glu-AsnLeu-Tyr-Phe-Gln-Gly) immediately upstream of the ATG start codon.
The MdAFS1 cDNA was re-amplified by PCR from its original pBSKM vector and the sequence
verified product cloned into the pET200/D-TOPO vector (section 2.3.11). Auto-induced E. coli
expression of the pET200/D-TOPO/MdAFS1 construct resulted in the production of soluble
recombinant MdAFS1 protein. However, several attempt to remove the His6-tag region using a
commercially available (Invitrogen) recombinant TEV protease (rTEV) proved to be
unsuccessful. To rule out the possibility that the rTEV protease was being adversely affected by
the 200-250 mM imidazole concentration in the IMAC-purified protein extract, even though this
was within acceptable limits according to the Invitrogen guidelines, a new batch of recombinant
protein was expressed and purified to homogeneity. However this also proved resistant to
cleavage despite a 24-hour incubation at 25 ˚C using two different batches of rTEV. The most
likely explanation for this was that the TEV cleavage site had been internalised into the MdAFS1
structure and was inaccessible to the protease.
The failure to remove the non-native amino acids from the recombinant MdAFS1 protein
required a new strategy for obtaining non-tagged protein for crystal screening. Engineering
alternative protease cleavage sites was dismissed as a strategy, given that there was no reason to
believe that this would be any more successful than the TEV strategy. The best option available
was therefore taken as expression and purification of a non-tagged version of MdAFS1.
7.2.6

Strategy for obtaining a crystallisation-optimal MdAFS1 protein

Removing the His6-tag from MdAFS1 could have been performed in a single cloning step;
however, expression of a full-length MdAFS1 native polypeptide was not necessarily the best
option. The reasons for this included the following. MdAFS1 possesses a RRX8W motif which is
thought to define the approximate cleavage site of the plastid targeting signal in mono-TPS
enzymes (Williams et al., 1998). The absence of ordered residues N-terminal to this motif in any
of the reported mono-TPS crystal structures not only suggests that they are superfluous to
enzymatic activity, but perhaps more importantly, that they are unlikely to form any secondary
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structure or other ordered structure. In MdAFS1 the tandem Arg pair is located 33 residues after
the initiating Met. Given that MdAFS1 is thought to have evolved from a mono-TPS ancestor
(Chapter 6) these residues are likely to be evolutionary remnants of a plastid targeting signal and
consequently are also unlikely to be important for its activity.
Additionally, this region in MdAFS1 has a number of amino acids with flexible polar side chains
(i.e. Gln, Lys and Glu) which could potentially increase the surface entropy of MdAFS1.
7.2.6.1

Surface entropy in proteins

Surface entropy is a property which is thought to hinder crystal lattice formation in proteins
(Derewenda, 2004). Lysines and glutamates are of particular importance, since statistical
analyses show that both types of residues are localised predominantly on the surface of proteins
(Baud and Karlin, 1999) and are disfavoured at protein-protein interfaces (Conte et al., 1999).
Derewenda surmised that the selective replacement of these residues with those that have small,
low-entropy side chains (e.g. Ala) could overcome a so called “entropy shield” proposed to
prevent crystal lattice formation. This was demonstrated experimentally by production of X-ray
quality crystals of proteins that had otherwise remained recalcitrant to crystallisation.
7.2.6.2

A surface entropy reduction approach for MdAFS1 crystallisation

The surface entropy prediction server (available at http://nihserver.mbi.ucla.edu/SER/), identifies
candidate residues whose mutation is likely to enhance a protein's crystallisability, through the
generation of stable crystal contacts by the surface entropy reduction (SER) approach. To
identify possible “entropy shielding” in MdAFS1, its full protein sequence was uploaded into
SERp server. The SERp output (summarised in Appendix 10.4.) highlighted three areas that
could be impeding MdAFS1 crystal lattice formation, the most prominent of which was located
N-terminal of the RRX8W motif (Figure 7-6A). However, rather than carrying out the suggested
N-terminal E12A, Q13A and K14A mutations, a truncated version of MdAFS1 (∆R33) was
constructed to remove this N-terminal region altogether (Figure 7-6B).
The chosen MdAFS1∆R33 fragment was generated by PCR using a forward primer that included
the NdeI (CATATG) restriction site and a universal MdAFS1 reverse primer containing a XhoI
restriction site. This would enable the truncated MdAFS1 DNA to be cloned immediately
upstream of the His6-tag region in the pET-30 expression vector, with an in-frame Met, and
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hence would afford expression of a non-tagged recombinant protein which only incorporated a
single non-native His residue. The ∆R33 PCR product was initially cloned into the Zero Blunt
TOPO vector (section 2.3.11), and sequenced to

confirm removal of all residues N-

terminal to the RRX8W motif. An NdeI / XhoI fragment was then excised from TOPO vector and
cloned into the pET-30 expression vector from which the recombinant ∆R33 protein was
expressed in auto-induced E. coli cultures. Cleared bacterial lysates obtained from the MdAFS1
∆R33 expression cultures were shown by GCMS analysis to be capable of generating αfarnesene (data not shown). A summary of the purification strategies used to generate
homogeneous ∆R33 protein preparations for crystal screening are described below.

Figure 7-6: Strategy to reduce entropy shielding in MdAFS1. (A) Representation of the SERp results (Appendix
10.4) for the MdAFS1 polypeptide sequence, showing surface patches containing residues with high entropy (green
background) proposed for mutagenesis. Additional high entropy residues are also indicated (blue background). The
region N-terminal to the RRX8W motif (bold text) had the highest SERp score (5.74) and consequently was
identified as the most appropriate region on which to focus for reducing surface entropy. However, because this Nterminal region is unlikely to be important for TPS activity or likely to form any secondary structure, an alternative
entropy reduction strategy was used. This is illustrated in (B). PCR was used to introduce a Met (M) residue as part
of a NdeI restriction endonuclease site (i.e. CATATG) immediately N-terminal to the tandem Arg pair. This would
allow for the expression of a non-tagged recombinant MdAFS1 enzyme (MdAFS1∆R33) which no longer possessed
any highly entropic N-terminal residues.
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7.2.7

Purification optimisation for recombinant ∆R33 protein

The absence of an affinity tag meant that purifying this protein to homogeneity was significantly
more challenging than with the previously His6-tagged recombinant TPS proteins.
Although IMAC purification of TPS proteins during this study resulted in the co-purification of
E. coli proteins it still provided an excellent means of enriching the recombinant protein. To
enrich for the non-tagged ∆R33 protein, ammonium sulphate (AS) precipitation was used as an
alternative initial step (section 2.4.3.3). To determine the most effective AS concentration for
this, precipitation of a cleared bacterial lysate (i.e. centrifuged to remove the cell debris),
containing soluble ∆R33 protein was carried out by increasing the AS concentration from 20% to
50% in 10% AS increments, followed by a final precipitation at 70% AS. All AS precipitates
were dissolved in 10 ml of 50 mM bis-tris propane pH 7.5, and an aliquot of each was taken for
activity analysis (Figure 7-7). This showed that the ∆R33 protein was retaining activity in the
presence of AS, and that the activity was largely associated with the 40-50% AS precipitate. A
fresh batch of recombinant ∆R33 was then expressed to obtain a 40-50% AS precipitate. This
was also confirmed to have significant TPS activity (data not shown).
Ammonium sulphate precipitation was used as a first step in all subsequent purifications of the
∆R33 protein. Although numerous combinations of purification techniques were trialled for the
remaining steps, towards to an optimal ∆R33 purification strategy, these are not discussed;
instead the optimised sequence of purification steps is now described.

Figure 7-7: Activity results for
MdAFS1
∆R33
ammonium
sulphate precipitation fractions.
Activities were determined from 1 ml
solvent
extraction
assays
incorporating a 50 µl aliquot of each
dissolved AS pellet in 10 ml of 50
mM BTP, 10 mM MgCl2, 50 mM
KCl, 5 mM DTT and 25 µM [C13
H1]-FDP precursor. Non-protein
control assays were used to determine
background radioactivity counts due
to 3H1-FDP precursor solvolysis.
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7.2.7.1

Hydrophobic interaction chromatography (HIC)

The initial enrichment of ∆R33 using AS precipitation meant that HIC chromatography, using a
reverse AS concentration gradient, was a good second stage purification option. This could be
simply carried out by dissolving the 35%-50% AS precipitate in a buffer containing 1M AS and
directly loading this onto a 5 ml butylsepharose HIC column (GE Bioscience) without the need
for prior desalting or concentration steps.
The ∆R33 HIC purification showed a typical absorbance profile at 280 nm comprising two peaks
(Figure 7-8). The first of these was very broad (~ 20 ml) and corresponded to the elution of
bound proteins over an approximate 95-5% range of a reverse AS gradient (100% = 1M). The
second peak (~10 ml) eluted at the end of the AS gradient. Scintillation analysis indicated that
TPS activity was mostly associated with the first peak (Figure 7-3) while SDS-PAGE indentified
a protein band in first peak fractions that was of the expected size (i.e. approximately 66 kDa) for
the recombinant ∆R33 protein (Figure 7-9).

Figure 7-8: Elution profile and activity analysis of HIC purified ∆R33 protein. Absorbance trace at A280 nm of
bound proteins eluted from a 5 ml butyl sepharose (HIC) column (black line). Activities in Bq for every second
fraction (beginning at 17 ml) are shown (green circles with dotted drop down lines). The fractions with most TPS
activity correspond to proteins eluted in the first peak using a reverse 1 M to 0 M ammonium sulphate gradient (blue
line).

164

Chapter 7: MdAFS1 crystallisation

Figure 7-9: SDS-Page analysis of peak 1 HIC eluted protein fractions. Lanes 19 to 33, which correspond to the
HIC fractions used for the TPS activity analysis (Figure 7-8 above), show varying amounts of an approximately 66
kDa band which is assumed to be the ∆R33 recombinant protein. Fractions 21 to 29 were pooled and concentrated to
1 ml using a 30 MWCO filter (Vivaspin) prior to further purification.

7.2.7.2

Size exclusion chromatography (SEC)

The most effective means for purifying the ∆R33 protein to homogeneity after the HIC step was
to carry out multiple size exclusion chromatography (SEC) steps using a G200 gel filtration
column. Figure 7-10 below illustrates the results typically observed for the three sequential G200
purifications required to obtain a sample of sufficient purity for the crystallisation screens.
Although the ∆R33 protein appeared to be largely monomeric, SEC was used at each stage to
ensure that monomeric ∆R33 fractions were selected for the subsequent purification and
crystallisation screening steps. Following each G200 separation the monomeric ∆R33 fractions
were pooled and concentrated.
Activity of the ∆R33 protein preparations, following the final SEC step, was comparable to the
SEC purified non-truncated MdAFS1 protein with kcat values of 0.05 to 0.06 s-1 in the presence
of FDP and 0.0002 to 0.0003 s-1 in the presence of GDP. This suggested that the N-terminal
deletion had not adversely affected the integrity of the protein.
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Figure 7-10: Final purification steps for ∆R33 crystallisation screening preparations. (A) to (C) show typical
purification profiles for the sequential size exclusion chromatography steps and the SDS-PAGE analyses of their
associated eluted ∆R33 protein fractions (between 75-95 ml). Scintillation activity analysis in the presence of [C13
H1]-FDP is also indicated in (A) and shows that sesqui-TPS activity is associated with the proteins eluted in the
second peak. Monomer and dimer peaks from a BSA standard are indicated by down arrows. Various concentrations
of the final pooled ∆R33 protein fractions (between 80-90 ml) are shown in (D). Approximate concentrations for
these are: 0.05 mg/ml for lane (1), 2 mg/ml for lane (2) and 8 mg/ml for lane (3). Lane (3) represents the typical
concentration and purity of the ∆R33 used in the crystallisation screening.
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7.2.8

Purity and monodispersity of the MdAFS1∆
∆R33 preparations

Microfluidic Chip analysis using the Experion™ automated electrophoresis system (BioRad)
showed that the purity of the ∆R33 protein preparations was typically between 80-90%. This was
approximately 5-10% less pure than the equivalent His6-tagged MdAFS1 preparations. Another
feature of the His6-tagged and truncated recombinant MdAFS1 proteins, was that their CP/RH
values from the dynamic light scattering (DLS) were never observed to be lower than 21%.
Although this indicated acceptable levels of monodispersity (Heather Baker, personal
communication) there was some evidence to suggest that the MdAFS1 proteins molecules were
dimerising. This was noted by the fact that in a number of preparations the molecular weights
predicted by the DLS were in the 120-140 kDa range compared to the expected 66 kDa weight
for the monomeric enzyme. Although SEC indicated that the purified MdAFS1 proteins were
predominantly monomeric (Figure 7-10 above), protein dimerisation could not be ruled out.
7.2.9

Initial MdAFS1∆
∆R33 crystallisation screening

Extremely fine needles were observed within approximately 72 hours of the screening being
carried out. These appeared in conditions comprising 0.2 M ammonium acetate, 0.1 M sodium
citrate pH 5.6, 30% MPD, and were approximately 0.02 mm in length. However, when the
crystallisation trays were re-examined 48 hours later the needles were no longer evident. To try
to obtain more robust crystals, ∆R33 protein fine screens, based around the initial buffer
condition in which crystals were first detected (Appendix 10.4), were carried out using ∆R33
protein concentrations of 8 mg/ml and 12 mg/ml. The 26 different conditions used for this are
summarised in Appendix 10.5. Control screens without protein were also set up, as were six
scaled-up (i.e. 1 µl protein drops) of the buffer condition in which crystals were first detected,
with and without ∆R33 protein.
7.2.10

Fine crystallisation screening results for ∆R33

The ∆R33 fine screens and the scaled-up repeat screens, along with the controls, were monitored
weekly over a three month period. Precipitation was observed in all of the fine screen conditions
whereas the scaled up repeat screens remained clear. Crystals remained absent from all the above
screens and precipitation was absent in all of the control conditions suggesting the needles
observed in the initial screen were unlikely to be salt-derived.
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7.2.11

Further attempts to crystallise MdAFS1∆
∆R33

7.2.11.1

Crystallisation in the presence of a substrate analogue

Of the seven TPS enzymes crystallised to date, three were crystallised in the presence of nonactive (Starks et al., 1997; Whittington et al., 2002) or highly inert (Hyatt et al., 2007) substrate
analogues. Given that there are a number of disordered loop regions in TPS enzymes, and that
these become more structured upon substrate binding (Starks et al., 1997; Rynkiewicz et al.,
2001; Rynkiewicz et al., 2002; Whittington et al., 2002; Shishova et al., 2007), the addition of an
FDP analogue to the ∆R33 extract prior to crystallisation screens offered the possibility of a
more compact and hence more crystallisable form of the recombinant enzyme.
Prior investigations have concluded that the replacement of the C2 vinyl hydrogen with fluorine
in prenyl diphosphate precursors significantly suppresses ionization of the corresponding
fluoroprenyl diphosphate in both prenyltransferase (Poulter and Satterwhite, 1977; Poulter et al.,
1981) and TPS (Croteau, 1986) catalysis. This is due to the strong electron withdrawing power
of the fluorine atom, causing a depletion of the electron density in the allylic moiety of the
substrate analogue. Singly-substituted fluorine substrate analogues also appear to be well suited
as crystallisation aids because binding at the active site is assured, the fluorine substituent causes
only minor steric and geometric perturbation in the hydrocarbon chain (O'Hagan and Rzepa,
1997) and the Ki values are relatively low (Karp et al., 2007). In view of these observations, a 2fluoro-farnesyldiphosphate (F-FDP) analogue was synthesised in-house (Adam Matich, personal
communication) to aid in the crystallisation of MdAFS1. To ensure that F-FDP was capable of
inhibiting MdAFS1 sesqui-TPS activity at an appropriate Ki (i.e. comparable to the ~3 µM Km
for FDP); inhibition kinetic studies were carried out prior to using the analogue in the crystal
screens.
The F-FDP kinetics (Figure 7-11) confirmed that it inhibited MdAFS1∆R33 sesqui-TPS activity
and that the MdAFS1∆R33 active site had a high affinity for the substrate analogue; as indicated
by an inhibition constant (Ki) of ~1 µM.
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Figure 7-11: MdAFS1∆
∆R33 F-FDP inhibition kinetics. The inhibition response curve was generated from
scintillation assays containing 300 nM of the purified ∆R33 protein, 3 µM FDP (i.e. ~ Km concentration) with
varying F-FDP substrate concentrations. The inhibition constant (Ki) value (inset) was calculated by non-linear
regression of a competitive inhibitor model. All data represents mean ± SEM, N=3.

Initial crystallisation screens and fine screens, set up around the buffer condition in which
crystals were first detected (i.e. 0.2 M NH4Ac, 0.1M sodium citrate pH 5.6, 30% MPD), were
both repeated using a fresh batch of ∆R33 purified protein, in the presence of the F-FDP
substrate analogue. The F-FDP was added to the protein preparation in a 2:1 molar ratio of FFDP to ∆R33 protein 1-2 hours before the screens were set up. DLS measurements for the ∆R33
protein/F-FDP sample indicated A CP/RH of ~26%. However, the addition of F-FDP also failed
to generate ∆R33 protein crystals.
7.2.11.2

Crystallisation results for MdAFS1∆R33 appear to be largely batch dependent

To address the possibility that ∆R33 crystallisation could be batch dependent a number of
additional ∆R33 protein preparations were screened. The protein concentration used was
typically 8 -10 mg/ml and DLS analysis of these ∆R33 protein preparations gave CP/RH values in
the 25-30% range. Stable crystals were eventually observed in conditions of 3.2 M ammonium
sulphate pH 5.0 and not including F-FDP, in the final stages of this PhD study. These crystals
appeared as very thin plates approximately 48 hours following the setting up of the drop, and
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were of approximate dimensions 0.1 mm × 0.06 mm. The apparent appearance of ∆R33 crystals
under conditions that had not previously yielded crystals appears to support the notion that ∆R33
crystal lattice formation may be dependent on variations in the purity of the recombinant
enzyme. Due to time constraints no additional screening condition optimisation was carried out
for crystallisation of the ∆R33 protein. Future crystallisation attempts will, however, use the
crystals in this AS screen either for either micro- or macro seeding experiments.

7.3 Final conclusions and future directions
The failure of attempts to crystallise His6-tagged MdAFS1 and other TPS proteins including
AcTPS1 (Chapter 8) and the kiwifruit enzymes AdGDS1 and AcTPS2 (data not shown)
suggested that the 50 extraneous amino acids associated with the His6-tag region in all of the
corresponding recombinant proteins could be adversely effecting crystallisation. The presence of
an additional 33 N-terminal amino acids in MdAFS1, which were unlikely to possess any
secondary structure or functional significance (section 7.2.6), was considered likely to further
contribute to the inability of the recombinant protein to crystallise. Entropy shielding, caused by
highly flexible surface Gln, Glu and Lys residues in this region, together with the likely
flexibility of the polypeptide backbone for this region, was identified as a further factor. The first
appearance of micro crystals from a non-tagged truncated MdAFS1 (∆R33) protein preparation
supported the assumption that the His6-tag and N-terminal region present in the initial MdAFS1
screening trials may have been inhibiting crystal lattice formation. However, the absence of
crystals from fine screens based on the initial successful condition, various failed repeats with
different batches of the ∆R33 protein and finally the appearance of crystals when a further ∆R33
preparation was used, indicated that crystal formation was at least partially batch dependent.
The substrate inhibition analysis of F-FDP indicated that it had a high affinity for MdAFS1 (Ki =
~ 1 µM) and hence could expect to impart a more ordered enzyme structure. However the
presence of F-FDP did not appear to have any positive effect on the crystallisability of the ∆R33
protein. It is difficult to interpret whether this indicates that substrate binding to the truncated
MdAFS1 enzyme has no bearing on its ability to form crystals, or whether the effects of addition
of F-FDP are negated by other factors. The most obvious of these would appear to be variations
in the purity and/or monodispersity of the different preparations.
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Future attempts at crystallising MdAFS1 will initially rely on micro- or macro-seeding
experiments in the presence and absence of F-FDP. Further efforts will also be made to reduce
the surface entropy of MdAFS1 by mutagenesis. This will focus on mutations of the seven
remaining residues identified in the surface entropy prediction analysis (Figure 7-6A).
Crystallisation of one or more of the MdAFS1 active site mutants would also be a possibility.
However a strategy for any of these MdAFS1 mutants is complicated by the fact that they all
retain the His6-tag and N-terminal amino acids that were removed during the generation of the
pET-30/MdAFS1∆R33 expression construct.
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8

CHARACTERISATION OF A NOVEL KIWIFRUIT
TERPENE SYNTHASE

8.1 Introduction
The fruit of many Actinidia species contain a variety of interesting flavour and aroma
compounds including novel esters, terpenes and aldehydes (Gilbert et al., 1996; Jordan et al.,
2002). Similarly, the flowers of many Actinidia species, such as A. arguta are rich in volatile
compounds including terpenes, sulphur esters and unusual ketones (Matich et al., 2003).
Characterisation of the enzymes that are key to the biosynthesis of these volatile compounds,
including terpene synthases, alcohol acyl transferases, methyl transferases, lipoxygenases and
dehydrogenases, will further our understanding of their functionality in general and, more
specifically, of the biosynthetic pathways to flavour and fragrance formation in horticultural
crops. Although the primary goal of this research at Plant & Food Research is to generate genetic
markers for flavour and fragrance and ultimately develop new fruit cultivars, the more
immediate challenge is to understand the role of enzymes that are integral to flavour and aroma
production in apple and kiwifruit and how their chemical diversity has evolved in horticultural
crop plants.
A putative kiwifruit (A. chinensis) sesqui-TPS (AcTPS1) was identified as a candidate for
structure-function analysis (Chapter 3). AcTPS1 clustered within the TPS-g subgroup which is
largely populated by mono-TPS that lack an RRX8W motif (section 3.2.4.2). The fact that
AcTPS1 was not predicted to possess a plastid targeting peptide (section 3.2.2) and hence would
be targeted to the cytosol, indicated that it was more likely to be a sesqui-TPS. The recent
identification of two nearly identical enzymes in Antirrhinum majus flowers that synthesised
nerolidol and linalool from FDP and GDP respectively but were compartmentally segregated
(Nagegowda et al., 2008) perhaps offers additional insight into the function of AcTPS1 in
kiwifruit. The two bifunctional synthases reported by Nagegowda et al (2008), were shown to
account for the separate production of nerolidol from cytoplasmic FDP pools and linalool from
plastid (specifically leucoplast) GDP pools in A. majus flowers. These findings suggest that
AcTPS1 may also function as a nerolidol synthase in kiwifruit and that an A. chinensis linalool
synthase remains to be discovered. However, the presence of the TPS-g subgroup strawberry
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enzyme FaNES1 (Aharoni et al., 2004b), which was also targeted to the cytosol, yet assumed to
synthesise both sesqui- and monoterpenes (nerolidol and linalool respectively) in cultivated
strawberry fruit, suggested that AcTPS1 might also be capable of both mono-TPS and sesquiTPS activity in kiwifruit.
Although a survey (data not shown) of the Plant & Food compound database (Crowhurst et al.,
2008) showed that nerolidol and linalool were both present in the fruit, flowers and leaves of A.
chinensis, TPS enzymes that could account for the production of these two compounds have not
been characterised. This chapter focuses on the functional characterisation of AcTPS1, carried
out to establish whether this single TPS enzyme could be responsible for mono- and
sesquiterpene production in A. chinensis and also, to provide a functional context for the X-ray
crystallographic analysis intended for this enzyme. A brief summary of the attempts to crystallise
AcTPS1 is presented in the latter part of this chapter.

8.2 Functional characterisation of AcTPS1
8.2.1

Expression and purification of recombinant AcTPS1

For expression in E. coli and subsequent functional analysis, an AcTPS1 cDNA obtained from
the Plant & Food sequencing team (Andrew Gleave, personal communication), was cloned into
the pET-30 (Novagen) expression vector according to the methods in section 2.3.12.
Recombinant His6-tagged AcTPS1 protein was expressed from a 500 ml auto-induction culture
(section 2.4.1) and the protein was initially purified using a 5 ml HisTrap Ni2+ affinity column
(Invitrogen) by IMAC. The IMAC elution profile (Figure 8-1) showed a narrow first peak
(fractions 29 and 30) comprising non-specifically bound E. coli proteins (data not shown),
immediately followed by a broader second peak (fractions 31-38). SDS-PAGE analysis of
fractions 31-38 indicated the presence of a highly expressed soluble protein in the expected 70
kDa size range for the recombinant AcTPS1 protein (Figure 8-2A). The presence of a His6tagged recombinant protein was confirmed by western analysis (Figure 8-2B).
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Figure 8-1: IMAC elution profile for recombinant AcTPS1. The region of the chromatogram corresponding to
the elution of unbound proteins is indicated, as is the imidazole gradient (blue line) used to elute proteins bound to
the Ni2+ affinity column.
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Figure 8-2: IMAC purification of His6-tagged AcTPS1. (A) SDS-PAGE analysis of soluble bound proteins eluted
from a 5 ml Ni2+ column using a 0-250 mM imidazole gradient. Lanes labelled 31 to 38 represent the fractions from
the IMAC elution (Figure 8-1). (B) Western blot analysis of fraction 33 using a His-tag antibody was used to
confirm the presence of the recombinant His6-tagged AcTPS1 protein.

Prior to carrying out functional analysis studies on the AcTPS1 recombinant protein, fractions 33
and 34 (4 ml total volume) from the IMAC purification (Figure 8-2) were pooled and
concentrated to 1 ml in a 30 MWCO concentrator (Vivaspin). The concentrated protein sample
was then separated on a G200 gel filtration column (section 2.4.3.5). One ml of a 1 mg/ml BSA
protein standard was also run on the same G200 column, following the AcTPS1 protein
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purification, to determine whether AcTPS1 was eluting as a monomer or dimer. BSA was
selected as the protein standard because its monomeric and dimeric protein sizes of 66.4 and
132.8 kDa respectively, closely matched the expected size for monomeric or dimeric AcTPS1.
The SEC elution profile (Figure 8-3) showed two peaks, the second of which eluted at an
equivalent point to the monomeric (66.4 kDa) BSA protein standard (Figure 8-3). Samples taken
from fractions 79-93 for SDS-PAGE analysis (Figure 8-4) confirmed the presence of
recombinant AcTPS1 protein. Fractions 83-90 (Figure 8.4A) were pooled and concentrated to
approximately 2 ml. This concentrated AcTPS1 protein sample (Figure 8.4B) was then adjusted
to 15% glycerol and aliquoted into 200 µl samples which were then snap frozen in liquid
nitrogen and stored at -80 ° until required for functional analysis studies. Fractions 81 to 83 were
also pooled and concentrated to approximately 7 mg/ml (Figure 8.4B) and used for the initial
AcTPS1 crystallisation screening, described in more detail in the later part of this chapter.

Figure 8-3: Semi-quantitative size exclusion chromatography for AcTPS1. Elution profiles for AcTPS1 (Black
line) and a BSA protein standard (Blue dotted line) are shown. Sesqui-TPS activity was indicated in the second peak
by scintillation analysis (data not shown). This peak also correlated with the BSA monomer peak (66.4 kDa) and
hence indicated that AcTPS1 was predominantly monomeric.
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Figure 8-4: SDS-PAGE analysis of AcTPS1 size exclusion chromatography purification fractions. (A) Shows
AcTPS1 protein bands in all the SDS-PAGE samples analysed from size exclusion chromatography. Lanes 79 to 89
correspond to the 1 ml fractions indicated along the X-axis of Figure 8-3. (B) Shows the two pooled and
concentrated protein samples used for functional studies (lane FS) and crystallisation studies (Lane CS).

8.2.2

AcTPS1 headspace volatile analysis

Prior to carrying out volatile headspace analysis, a 200 µl aliquot of purified AcTPS1 protein
was removed from -80 °C storage and allowed to thaw on ice. The sample was then centrifuged
at 12000 rpm in a bench top microfuge to pellet any aggregated material and an aliquot of the
supernatant taken for Qbit (Invitrogen) protein quantification (section 2.3.8).
AcTPS1 protein (100 µg) was analysed separately by SPME (section 2.6.1) for activity with
GDP and FDP in a standardised TPS activity buffer (i.e. 50 mM bis-tris propane, 50 mM KCl 10
mM MgCl2 and 5 mM DTT). As no kinetic evaluation had yet been carried out on AcTPS1, the
FDP and GDP precursor concentration used for this analysis was 25 µM. This concentration was
estimated to be near to or at saturating substrate levels based on the fact that Michaelis constants
(Km) for these precursors are normally in the low µM range (Cane, 1990). The volatiles extracted
from the headspace of GDP and FDP activity assays (section 2.6.1) were analysed by GCMS
(section 2.7.1).
The SPME analysis showed that AcTPS1 was capable of using both FDP and GDP to produce a
number of sesquiterpene (Figure 8-5) and monoterpene products (Figure 8-6). Linalool appeared
to be the predominant monoterpene product whereas (Z,E)-α-farnesene accounted for the major
sesquiterpene product.

176

Chapter 8: AcTPS1 characterisation

Figure 8-5:AcTPS1 headspace volatiles from FDP. GCMS spectra (93 m/z) of headspace volatiles extracted from
AcTPS1 activity assays incorporating FDP. Sesquiterpene peaks are numbered and initial product assignments were
as follows: (1) bergamotene; (2) (Z)-β-farnesene; (3) (E)-β-farnesene; (4) curcumene; (5) (E,Z)-α-farnesene; (6)
(Z,E)-α-farnesene; (7) bisabolene; (8) (E,E)-α-farnesene; (8) trans-bisabolene; (9) sesquiphellandrene; (10) cisbisabolene; (11) (Z)-nerolidyl acetate; (12) (E)-nerolidyl acetate; (13) (Z)-nerolidol and (14) (E)-nerolidol.
Identification of peaks was determined by comparison with mass spectra from the NIST MS library (NIST, 2002).

Figure 8-6: AcTPS1 headspace volatiles from GDP. GCMS spectra (93 m/z) of headspace volatiles extracted
from AcTPS1 activity assays incorporating GDP. Monoterpene peaks are numbered and initial product assignments
were as follows: (1) cis-ocimene; (2) trans-ocimene; (3) unknown C10 compound; (4) linalool. Identification of
peaks was determined by comparison with mass spectra from the NIST MS library (NIST, 2002).
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The above GCMS analysis results clearly demonstrated a capacity for mono- and sesqui-TPS
activity in AcTPS1. However, the product profiles that were identified for AcTPS1 appeared to
be catalytically ambiguous for several reasons. These included the presence of the sesquiterpene
alcohols (Z)-nerolidol and (E)-nerolidol and their (Z)-nerolidol acetate and (E)-nerolidol acetate
derivatives in combination with non-hydroxylated sesquiterpenes (peaks 1-10 in Figure 8-5). In
addition to this, linalool, which is a monoterpene alcohol, was the predominant monoterpene
product. Terpene alcohols are formed by the premature quenching of GDP and FDP
carbocationic species by active site water molecules. The AcTPPS1 volatile profiles suggested
that enzyme-bound water molecules could be present in AcTPS1 and hence brought into
question how the non-terpene alcohol products arose.
8.2.3

AcTPS1 product artefacts

Both monoterpenes and sesquiterpenes are susceptible to thermal rearrangement (McGraw et al.,
1999; Bulow and Konig, 2000; Stolle et al., 2006) and hence the non-hydroxylated terpenes
observed from the AcTPS1 headspace analysis could potentially be artefacts caused by the
thermal dehydration of linalool and nerolidol in the hot GCMS injection port. To test for this
possibility, GCMS spectra for a liquid injection of nerolidol and that thermally desorbed from a
SPME fibre were compared (Figure 8-7). The injection of solvent-extracted terpenes does not
necessitate the high initial GC oven temperatures (typically 220-250 °C) required to thermally
desorb terpene compounds from the SPME fibre. The GC oven temperature used for solventextracted AcTPS1 terpenes was 200 °C (section 2.7.2). The GC-MS analysis of SPME-extracted
nerolidol standard showed a number of sesquiterpenes in addition to nerolidol, including a
number of the same sesquiterpenes (particularly α- and β-farnesene and bisabolene) that were
observed from the initial AcTPS1 SPME analysis (Figure 8-5 above). This indicated that the
nerolidol identified in the above AcTPS1 GCMS analysis (peaks 13 and 14 in Figure 8-5) was
thermally rearranging to produce the non-hydroxylated terpene products (peaks 1 to 10 in Figure
8-5) and hence, that AcTPS1 was in fact producing nerolidol as the predominant terpene from
FDP.
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Figure 8-7: Thermal rearrangement of nerolidol. Comparative GC-MS analysis of SPME and solvent-extracted
nerolidol indicates the presence (upper panel) and absence (lower panel) of non-hydroxylated terpene artefacts.
These artefacts are assumed to have derived from the thermal rearrangement of nerolidol following its thermal
desorption from the SPME fibre in the hot GC injection port.

8.2.4

Confirmation of the AcTPS1 terpene profile

To confirm whether AcTPS1 was a dual nerolidol/linalool synthase, separate solvent extraction
assays were carried out on purified AcTPS1 recombinant protein in the presence of FDP and
GDP. Linalool and nerolidol standards were also run under the same conditions to compare
retention times and confirm product identification. GCMS analysis of the various solvent
extracts (Figure 8-8) showed that AcTPS1 produced linalool as the sole product from GDP, and
both (E)-nerolidol (Z)-nerolidol isomers from FDP (Figures 8-8A and 8-8C respectively).
The absence of ocimene from the solvent extractions indicated that the ocimene detected in the
initial SPME analysis (Figure 8-4 above) was likely to be a thermal dehydration product of
linalool. The FDP solvent extract profile was also significantly cleaner than its SPME
counterpart although a small butyrated hydroxytoluene (BHT) peak, most likely derived from the
ether used in the solvent extraction, was observed. BHT is an additive used to prevent oxidation
of ether. A small peak relating to the nerolidol ester derivative, nerolidyl acetate, was also
observed, indicating that some of the nerolidol was still undergoing rearrangement. This analysis
confirmed that AcTPS1 was a bifunctional TPS capable of producing the tertiary terpene
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alcohols linalool and nerolidol from the respective GDP and FDP substrates. It also confirmed
that AcTPS1 was in vitro functionally analogous to FaNES1 (section 3.2.4.2), a TPS isolated
from strawberry (Fragaria ananassa) and reported to have dual mono- and sesqui-TPS activity
in planta (Aharoni et al., 2004b).

Figure 8-8: AcTPS1 Terpene synthase analysis. (A) GCMS analysis results of pentane/ether samples extracted
from assays containing purified recombinant AcTPS1 in the presence of FDP. Retention times for authentic (Z)- and
(E)-nerolidol standards are shown in (B). GCMS traces for linalool produced by AcTPS1 from GDP or from an
authentic linalool standard are shown in (C) and (D) respectively. The BHT contaminant seen in (A) is derived from
the ether used in the terpene volatile extraction.

8.2.5

Enantiomeric analysis of AcTPS1

Enantioselective GCMS analysis for AcTPS1 (section 2.7.2.2) was carried out on solvent
extracted GDP, LDP and FDP activity assays (section 2.6.2) to identify which enantiomers of
linalool and nerolidol were being formed. This analysis identified (S)-(E)-nerolidol (Figure 8-9)
from FDP and (S)-linalool (Figure 8-10) from GDP as the predominant enantiomers.
Interestingly, AcTPS1 was also able to synthesise (R)-linalool (Figure 8-10B) from the racemic
LDP substrate, albeit at lower levels.
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Figure 8-9: Enantioselective GCMS analysis of AcTPS1 sesquiterpene synthase activity. (A) GCMS profile
(m/z 93) for AcTPS1 activity in the presence of FDP. (B) Profile (m/z 93) for a neroli (i.e. a mix of (R)-(E) and (S)(E)-nerolidol) standard showing (R)-(E)-nerolidol and (S)-(E)-nerolidol peaks. (C) Total ion current (TIC) GCMS
profile for nerolidol standard (Aldrich) showing (Z)-nerolidol and (E)-nerolidol peaks.

Figure 8-10: Enantioselective GCMS analysis of AcTPS1 monoterpene synthase activity. GCMS traces (m/z
93) for AcTPS1 with (A) GDP and (B) racemic LDP. (C) Shows a control GCMS trace (m/z 93) for a racemic and
(R)-linalool standard.
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8.2.6

AcTPS1 kinetics

To identify what was the preferred substrate for AcTPS1 a preliminary kinetic analysis with both
GDP and FDP substrates was carried out. The substrate kinetics (Figure 8-11) indicated that
AcTPS1 had a very small increase in its affinity for GDP over FDP (Km = 3.113 µM ± 0.769 and
4.702 µM ± 0.822 respectively) and a slight increase in its catalytic efficiency (kcat/Km) with
GDP over FDP (54.3 mM-1.s-1 and 48.9 mM-1.s-1 respectively). Although this indicates a slight
preference for GDP, the similarity in activities with GDP and FDP does not give a clear idea of
the favoured substrate in planta.

Figure 8-11: AcTPS1 substrate kinetics. Vmax (mMol-1.s-1.mMol-1) and Km (µM) values (inset) were determined by
non-linear regression analysis of the Michaelis-Menten equation. All data represents mean ± SEM, N=3.

8.3 Final conclusions for AcTPS1 functional analysis
GCMS analysis showed that, in vitro, AcTPS1, like the strawberry TPS FaNES1, was a dual
nerolidol/linalool synthase. However, the function of AcTPS1 in A. chinensis is still unclear.
Kinetic analysis of AcTPS1 did not reveal any clear preference for GDP or FDP as substrate
(section 8.2.5) and hence made it difficult to infer its physiological activity on the basis of
substrate specificity. The apparent similarities in AcTPS1 mono-TPS and sesqui-TPS activities
suggests that the function of this A. chinensis TPS enzyme will be governed by its accessibility
to FDP and GDP precursor pools. Given that AcTPS1 was not predicted to have any plastid
targeting sequence it seems most likely that it would be located to the cytosol where FDP
precursor predominates, and hence catalyse the conversion of FDP to nerolidol. However, on the
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evidence that the nerolidol/linalool synthase FaNES1 uses cytosolic GDP pools to produce
linalool in addition to nerolidol (Aharoni et al., 2004b), however, it is also possible that AcTPS1
could utilise cytosolic GDP pools in A. chinensis to synthesise small quantities of linalool. At
this stage a more definitive answer to the physiological role of AcTPS1 will require significant in
planta analysis, including determining exactly where AcTPS1 is targeted within the cell, and the
concentration of cytosolic GDP in A. chinensis.
In terms of AcTPS1 evolution, the presence of this kiwifruit nerolidol/linalool synthase along
with FaNES1 and the two recently identified snapdragon nerolidol/linalool synthases
(AnNES/LIS1 and AnNES/LIS2) (Nagegowda et al., 2008), appears to represent another
example of the convergence of sesqui-TPS activity from mono-TPS enzymes. Given that all of
these TPS-g enzymes characterised to date synthesise simple acyclic products (i.e. myrcene,
ocimene, geraniol, linalool and nerolidol) the evolution of product specificity in AcTPS1 and
FaNES1 again supports the assumption that convergence of TPS gene function is more
associated with enzymes that produce simple acyclic products via comparatively simple reaction
mechanisms (Sharkey et al., 2005).

8.4 Crystallisation of AcTPS1
The ability of AcTPS1 to use both FDP and GDP as substrates, with similar efficiencies, not
only established it as a novel target amongst TPS enzymes for X-ray crystallography, but
suggested that the structure of this kiwifruit enzyme could also provide a clearer understanding
of how FDP substrate specificity evolved in the TPS-g subgroup. A summary of the attempts to
crystallise AcTPS1 are presented below.
The initial attempts to crystallise AcTPS1, as with MdAFS1 (Chapter 7), were carried out on
His6-tagged recombinant protein (Figure 8-4B above). As for MdAFS1, however, the AcTPS1
recombinant protein failed to crystallise, again most likely because of the presence of the
approximate 50 N-terminal non-native residues incorporated into the recombinant protein when
expressed from the pET-30 vector (section 7.2.1 above).
8.4.1

Removal of the His6-tag from AcTPS1

Following the approach used in the MdAFS1 crystallisation attempts, the intention was to re183
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clone the AcTPS1 DNA into the pET200/D-TOPO vector (Invitrogen) incorporating a Tobacco
Etch Virus (TEV) protease site C-terminal to the His6-tag coding region8. This would enable
removal of the majority of extraneous amino acids from the resulting recombinant protein prior
to crystallisation screening. Inexplicably, however, it was not possible to ligate the AcTPS1
TEV-site containing DNA fragment into the pET200 expression vector. An alternative cloning
strategy was therefore used to generate a pET-30 expression construct containing a TEVcleavable linker as described in section 2.3.12.2. The re-engineered AcTPS1 expression
construct was termed AcTPS1-TEV.
To test whether the His6-tag could be removed from the AcTPS1-TEV, a 500 ml autoinduction
culture for AcTPS1 was set up and the resulting expressed protein purified by IMAC. An aliquot
of this purified protein was then incubated with recombinant TEV protease (Invitrogen) over a
six hour time course (section 2.3.4). This analysis showed that the majority of the His6-tagged
AcTPS1-TEV protein had been cleaved within the first hour of the TEV protease being added to
the sample (Figure 8-10).

Figure 8-12: Removal of AcTPS1-TEV His6-Tag. Tobacco Etch
Virus (TEV) protease was used to successfully remove the His6Tag region from the recombinant AcTPS1 protein. The lanes on
the SDS-PAGE gel show IMAC-purified but non-cleaved AcTPS
1 protein (NC) and, TEV- treated AcTPS1 over a six hour
incubation period at 25 °C. Molecular weights in kDa of a protein
standard are also shown.

8.4.2

Preparation of cleaved AcTPS1-TEV protein for crystallisation screening

For crystallisation screening, recombinant AcTPS1-TEV protein was expressed from 4 × 500 ml
autoinduction cultures and initially purified by IMAC as previously described (Figure 8-13).
Fractions 21 to 25 were pooled and concentrated to 2 ml in a 30 MWCO concentrator (Vivaspin)
and incubated with TEV protease (section 2.4.4) for two hours at 30 °C. The TEV-treated
AcTPS1-TEV protein sample was then adjusted to 20 ml with His-binding buffer (section
2.4.3.1) and reapplied to a to a Ni2+ chelating column. The cleaved AcTPS1-TEV protein was
8

Although it was not possible to cleave the TEV site-containing MdAFS1 recombinant protein (section 7.2.2), the
cloning to introduce a TEV site into the AcTPS1 expression construct was done without the benefit of hindsight as
both the MdAFS1 and AcTPS1 TEV containing expression constructs were cloned concurrently.
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expected to remain in the unbound fraction while the uncleaved protein, non-specifically bound
proteins in the initial IMAC step and also the His6-tagged TEV protease, were expected to bind
to the Ni2+ column. (Figure 8-13). SDS-PAGE analysis of the unbound and bound fractions
resulting from in the second IMAC step (Figure 8-14), indicated that the His6-tagged AcTPS1TEV had been predominantly cleaved, and that this cleaved protein now largely resided in the
unbound IMAC fraction.

Figure 8-13: IMAC purification elution chromatograph for the recombinant AcTPS1-TEV protein. Fractions
21 to 25 were pooled and concentrated prior to incubation with TEV protease. An additional peak following the
AcTPS1-TEV peak was noted in the IMAC elution profile, but scintillation analysis of fraction 29 did not indicate
any activity in the presence of either FDP or GDP precursor (data not shown).
kDa

Figure 8-14: SDS-PAGE analysis of cleaved AcTPS1-TEV following the second IMAC step. Lanes are (NC)
non-cleaved AcTPS1 protein, (C) TEV-cleaved AcTPS 1 protein, (17-22) fractions eluted from a 5 ml IMAC
column using a 0-500 mM imidazole gradient, and (UB) the unbound IMAC fraction containing the cleaved
AcTPS1-TEV protein. The bound His6-tagged TEV protease is indicated in fractions 19-21.

The cleaved AcTPS1 protein fraction was purified further using two successive SEC steps
employing a G200 gel filtration column (Figure 8-15). The chromatograph for the penultimate
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purification (Figure 8-15A) suggested the likely presence of both monomeric and dimeric
AcTPS1-TEV, as indicated by the two peaks corresponding to the elution of the monomeric
(66.4 kDa) and dimeric (132.8 kDa) fractions of a BSA protein standard. To ensure a
monodispersed AcTPS1-TEV protein sample for the crystallisation screening experiments,
fractions 80 to 90 in the penultimate SEC step were selected for the final SEC step (Figure 815B). The chromatograph for the final purification step showed a relatively tight single peak
with that was assumed to indicate the persistence of a small amount of dimerised AcTPS1-TEV.
To check purity, SDS-PAGE analysis was carried out on fractions 88 to 92 (Figure 8-16).

Figure 8-15: Final purifications for AcTPS1-TEV protein. The SEC elution profiles for the penultimate (A) and
final (B) purification steps of the cleaved AcTPS-TEV protein are shown. The down arrows indicate the elution
points for the monomeric (66.4 kDa) and dimeric (132.8 kDa) fractions of a BSA protein standard.

Figure 8-16: SDS-PAGE analysis of the final non-tagged AcTPS1 purification step. gel shows the purity of
protein fractions resulting for the final SEC purification step for the non-tagged AcTPS1 protein. The cleanest
fractions (CS) were selected for crystallisation screening.
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8.4.3

Non-tagged AcTPS1 crystallisation screening

Crystallisation screening was carried out on protein samples containing the non-tagged AcTPS1
protein at a concentration of 8-10 mg/ml in the presence and absence of the monofluoronated
substrate analogue F-FDP (section 7.2.11.1). DLS analysis of the AcTPS1 and AcTPS1/F-FDP
protein samples gave CP/RH values in the 20-25% range. Notably, as with the MdAFS1 DLS
analysis (section 7.2.4) there was some suggestion from the molecular weight readings (typically
113 kDa) that AcTPS1 protein dimerisation was occurring.
Initially crystals were noted within 72 hours in two of the 480 screen conditions containing
AcTPS1 protein but no F-FDP. These appeared either as a single short flat rod-shaped crystal in
the 0.2M potassium acetate and 20% PEG 3350 condition or as a small clump of needles in the
0.2M di-ammonium hydrogen phosphate, 40% MPD conditions (Figure 8-17).

Figure 8-17: Crystals seen in the initial AcTPS1
screens. (A) 0.2 M potassium acetate and 20% PEG
3350. (B) 0.2 M di-ammonium hydrogen phosphate, 40%
MPD.

These crystals did not alter in size or shape over the following four weeks. Prior to setting up
fine-screening matrix for AcTPS1, the crystals from the initial screen were tested for their ability
to diffract X-rays, in order to determine whether they were protein crystals (Figure 8-18). This
preliminary X-ray analysis indicated that the initial crystals were not protein, however, but salt
crystals. Protein crystals would have been expected to give a closely spaced diffraction pattern
showing many more spots (Cyril Hamiaux, personal communication). The appearance of salt
crystals was somewhat surprising, given that 20 mM Tris-HCl was the sole buffer constituent in
the final AcTPS1 sample. The only sources of contamination that could possibly be responsible
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for salt crystal formation in the screens was either from the NaCl used in the initial IMAC
purification buffers or the presence of Ni2+ that had leached from the Ni2+-chelating IMAC
columns.

Figure 8-18: X-ray diffraction patterns for the initial AcTPS1 screening crystals. (A) From the single crystal
identified in the buffer containing 0.2M potassium acetate and 20% PEG 3350. (B) From the crystals identified in
the buffer containing 0.2 M di-ammonium hydrogen phosphate and 40% MPD. The small rotation images were
generated from 1° oscillations conducted at 200 mm and 1.452 Å wavelength.

One further screening trial was carried out for AcTPS1 in the presence and absence of the
substrate analogue F-FDP. Although two short flat rod-shaped crystals were observed in the 0.4
M ammonium dihydrogen phosphate screen for the AcTPS1/F-FDP protein preparation, these
were also shown to be non-protein crystals on the basis of their X-ray diffraction pattern (data
not shown).
8.4.4

Future strategies for crystallising AcTPS1

Although no further attempts to crystallise AcTPS1 were undertaken as part of the PhD study,
additional in silico analysis was carried out for the kiwifruit enzyme to try to identify possible
reasons for its failure to crystallise. This focussed on identifying whether AcTPS1 surface
entropy (section 7.2.6.1) could be contributing to its failure to crystallise. Surface entropy
prediction results for AcTPS1 (Figure 8-19) indicated two areas that could be preventing crystal
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contact formation. Any future attempt to crystallise AcTPS1 will involve mutating the eight high
entropy residues, indicated in Figure 8-19, to alanines.

MATAAGPIATNNSPQNSNAYRTPIAPSVPITHKWSIAEDLTCISNPSKHNNPQTGYRSFSDELYVK
YEEKLEDVRKALREVEENPLEGLVMIDALQRLGIDYHFRGEIGAFLQKQQIISSTPDGYPEHGLYE
VSTLFRFLRQEGHNVTADVFNNFKDKEGRFRSELSTDIRGLMSLYEASQLRIEGEDILDQAADFSS
QLLGRWTKDPNHHEARLVSNTLTHPYHKSLATFMGQKLSYMNCKGPNWDGVDNLQELAKMDLTIVQ
SIHQKEVFQVSQWWKDTGLANELKLARNQPLKWYMWPMAALTDPRFSEERVELTKPISFIYIIDDI
FDVYGTIEELTLFTDAVNRWELSAVEQLPDYMKVCFKALYDVTNEIAYKIYKKHGQNPIDSLQKTW
ASLCNAFLVEAKWFASGHLPNAEEYLKNGIISSGVHVVLAHMFFLLGDGITQESVDLVDDYPGIST
SIATILRLSDDLGSAKDEDQDGYDGSYIECYMKEHKGSSVDSAREEVIRMISEAWKCLNKECLSPN
PFSESFRIGSLNMARMIPMMYSYDDNHNLPILEEHMKAMIYNTSL

Figure 8-19: AcTPS1 surface entropy prediction analysis. Representation of the surface entropy prediction server
SERp (http://nihserver.mbi.ucla.edu/SER/) results for the AcTPS1 polypeptide showing surface patches containing
residues with high entropy (green background) proposed for mutagenesis. Residues that have lower entropy but are
still disordered are indicated (blue background).

8.5 Final conclusions regarding AcTPS1 crystallisation
The failure to grow crystals for AcTPS1, as with MdAFS1, was initially put down to the
presence of the long His6-tag region. However, the addition of a TEV protease site and the
subsequent removal of the His6-tag region did not appear to improve the ability of AcTPS1 to
crystallise (section 8.4.1). Similarly, the addition of the F-FDP substrate analogue to the AcTPS1
protein sample prior to screening did not appear to help crystal formation.
Surface entropy predication of AcTPS1 (section 8.4.4) offered a potential explanation for the
failure of AcTPS1 to crystallise. Two surface patches containing highly flexible residues that
could be inhibiting crystal contact formation were identified. Future attempts at crystallising
AcTPS1 will, therefore, be carried out on a synthesised AcTPS1 expression construct in which
all eight of the flexible surface residues (Figure 8-19) have been substituted for alanines.
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9

CONCLUDING DISCUSSION

9.1 Introduction
Within the last five decades an extensive body of literature concerning terpenoids and the TPS
enzymes that are responsible for their synthesis has been generated. This has come from the
research of numerous groups throughout the world, investigating areas such as the roles and
distribution of terpenoid compounds in nature, their importance to agronomically important
crops and their utilisation in the food, cosmetic and pharmaceutical industries. There has also
been considerable focus on the mechanistic chemistry that governs terpenoid formation and how,
in turn, this chemistry is governed by TPS enzyme structure. In plants, research into the more
esoteric aspects of TPS enzymes has also led to a growing understanding of how these enzymes
may have evolved, how they can manipulated for commercial benefit and the broader benefit to
medicine and the primary production sectors. However, there is still much to learn about the
evolution of the TPS enzyme family, the intricacies of TPS function and the mechanisms by
which terpenoid production from these enzymes is controlled.
This final chapter identifies the scientific contributions the research presented in this thesis has
made to the understanding of terpene synthase biochemistry and evolution. Hypotheses based on
the evidence presented are also offered and future prospects for further development of this
research discussed.

9.2 MdAFS1 prenyltransferase activity
The experimental results presented in Chapter 4 provided definitive proof that the apple TPS
MdAFS1 possessed an intrinsic low-level prenyltransferase activity that enabled it to synthesise
FDP from the smaller GDP and IDP precursors. This analysis also confirmed that both the TPS
and prenyltransferase activities were reliant upon the MdAFS1 active site DDXXD Mg2+ binding
motif, since both TPS and prenyltransferase activities were abolished from MdAFS1 mutants in
which the first and last DDXXD Asp residues had been replaced with alanines (section 4.4.4).
These findings represented the first description of a TPS synthase with prenyltransferase
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function.
The investigation into the MdAFS1 prenyltransferase function also reaffirmed the importance of
the second Asp residue in the DDXXD motif for TPS activity (section 4.4.5). Although there is
no reported role for this Asp in Mg2+-binding, it is still important for the activity of various TPS
enzymes (Cane et al., 1996; Starks et al., 1997; Whittington et al., 2002). Whittington et al
(2002) reported that the equivalent Asp352 residue in the BPPS structure formed a salt bridge
with the residue Arg314 located in the A-C loop, a region implicated in the shielding of the bound
carbocationic species in BPPS from exterior solvent. Although the role of the DDXXD/A-C loop
interaction in BPPS is not expanded upon by Whittington et al (2002), it is conceivable that the
observed ordering of the A-C loop in BPPS following substrate binding is, at least in part, due to
the presence of this salt bridge. In MdAFS1, an interaction between Asp327 and Arg289, which are
equivalent to the Asp and Arg residues that form the salt bridge in BPPS, is also conceivable.
Furthermore, the conservation of this Arg residue in the TPS-b subgroup of enzymes could
denote an active site residue that is integral to the A-C loop’s active site capping role, not just in
BPPS and MdAFS1, but in other TPS-b enzymes as well. Validation of this will ultimately
depend on additional crystal structures for non-mutated and DDXXD mutated TPS-b enzymes
being determined.
The identification of prenyltransferase activity in MdAFS1 also potentially offered additional
evidence in support of a common ancestral origin for TPS and the prenyltransferase enzymes
(section 4.5.3). The argument for the divergence of these Class I isoprenoid biosynthetic
enzymes from a primordial ancestor (Chen et al., 1994; Christianson, 2006b) is largely based on
the conservation of their three-dimensional structures. This is clearly evident in the α-bundle
folds (Tarshis et al., 1994) that define the C-terminal catalytic domains of both TPS and
prenyltransferase enzymes. However, the identification of a TPS with intrinsic prenyltransferase
activity potentially identifies a TPS that bridges the evolutionary gap in Class I isoprenoid
enzymes. Alternatively, it could be argued that this activity in MdAFS1 is a catalytic “fluke”
rather than the reflection of its ancestral form. For example, the comparative geometries of the
Mg2+ binding motifs in the tobacco 5-epi-aristolochene synthase (5EAS) (Starks et al., 1997) and
the avian FDP synthase (Tarshis et al., 1994) suggests that equivalent simultaneous GDP and
IDP binding in the tobacco TPS would be unlikely (Figure 4.17; page 86). Although the tobacco
enzyme could conceivably accommodate both the C10 and C5 substrates together, given that it
binds the C15 FDP precursor, the effective binding of two diphosphate moieties by the
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respective DDXXD and NSE/DTE regions in this and other sesqui-TPS enzymes, is likely to be
sterically hindered. Thus the prenyltransferase activity in MdAFs1 could simply be the result of a
chance encounter between an unbound IDP molecule and a bound GDP carbocation
intermediate. The very low efficiency of GDP and IDP condensation in MdAFS1 (approximately
1% of the activity with FDP (Green et al., 2007)) supports this conclusion.
The lack of reports on prenyltransferase activity being observed in other TPS enzymes makes it
difficult to ascertain whether this dual functionality is a rarely occurring phenomenon in TPS
enzymes or whether it simply has never been investigated until now. The analysis carried out on
a kiwifruit flower germacrene-D synthase (AdGDS1) (section 4.3.1) perhaps offers some clues.
AdGDS1, which is both phylogenetically and functionally divergent in relation to MdAFS1, was
used to test whether bacterial prenyltransferases could be co-purifying with the E. coli-expressed
recombinant MdAFS1 enzyme and hence provide an explanation for the prenyltransferase
activity associated with the apple enzyme. AdGDS1 assays which incorporated both GDP and
IDP precursors, in addition to showing the absence of bacterial prenyltransferases, showed no
AdGDS1 prenyltransferase activity and hence suggested that prenyltransferase activity in TPS
enzymes may not be that common. Given the fact that AdGDS1 is unable to use GDP, the
AdGDS1 analysis also suggested that the prenyltransferase activity in MdAFS1 was not simply
the result of an increased probability that bound GDP is available for condensation with IDP,
because of its inefficient mono-TPS activity. At the very least, the MdAFS1 active site appears
to be more amenable to prenyltransferase function than AdGDS1 and perhaps other TPS
enzymes as well.
A clearer picture of the implications of the MdAFS1 prenyltransferase analysis presented in this
thesis for the broader understanding of TPS catalysis, and the evolution of Class I isoprenoid
biosynthetic enzymes, will remain elusive until additional TPS enzymes with prenyltransferase
activity are identified, and the three-dimensional crystal structure of MdAFS1 is determined.

9.3 Potassium binding
The experimental results presented in Chapter 5 provide strong evidence to support the first
demonstration of a K+ binding site in two phylogenetically-divergent TPS enzymes. The
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investigation into how and where K+ is bound in MdAFS1 and in the conifer pinene synthase
PsTPS2 represents a significant new finding in TPS research.
The role of potassium in enzymatic catalysis has been a focus of scientific investigation over the
past 70 years (Page and Di Cera, 2006). More recently, K+ has been identified as an essential
element for gymnosperm mono-TPS enzyme catalysis (McKay et al., 2003), as well as being
crucial to the activity of MdAFS1 (this work). Although numerous crystal structures for M+requiring
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RCSB

Protein
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Bank
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(http://www.rcsb.org/pdb/home/home.do), there are no structures for M -dependent TPS
enzymes and thus no data to identify the groups involved in M+ binding. In the absence of an
MdAFS1 crystal structure, the identification of its K+ binding site relied on a strategy combining
protein homology modelling and site-directed mutagenesis. The rationale behind this approach
was that the geometry and location of M+-binding sites in non-TPS enzymes should provide
clues to the nature of this site in MdAFS1. Mutagenesis could be then used to probe the role of
individual residues within the proposed binding site and determine their importance for K+
coordination.
Using this strategy, the K+-binding site in MdAFS1 was shown to be largely defined by the H-αl
loop region (Figure 9-1). Mutagenesis specifically implicated Ser487 and Asp484 as K+ ligands
(sections 5.3.2. and 5.3.5.) and identified a further H-αl loop serine residue (Ser485) and the
NSE/DTE motif residue Glu479, which is also likely to be involved in Mg2+ binding (Cane and
Kang, 2000; Rynkiewicz et al., 2001), as additional ligands (section 5.3.6). The common
association of K+ binding with Mg2+ coordination observed in non-TPS M+-activated enzymes
(Page and Di Cera, 2006), would also appear to hold true for the K+-dependent TPS enzymes,
given this likely dual role for Glu479 in MdAFS1 for both Mg2+ and K+ binding. Although the
identification of the role of the H-αl loop in K+ activation of MdAFS1 was a significant
discovery in its own right, it also provided a platform for investigating the wider role of this loop
in K+-dependent and K+-independent TPS enzymes. This significantly increased the scope of the
initial investigation.
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D472

H-α
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Figure 9-1: MdAFS1 K+ and Mg2+ binding regions. The topological relationship between the proposed K+ and
Mg2+ binding regions and the diphosphate moiety of bound FDP substrate in MdAFS1 is drawn from previous
modelling and mutagenesis analysis (Chapters 4 and 5). Three K+ ligands are provided by H-α1 loop atoms, namely
the side chain oxygens of Asp484 and Ser487 and main chain carbonyl oxygen of Ser485. The octahedral arrangement
is completed by two water molecules (red) and the side chain carboxyl oxygen atom of a glutamate (Glu479) residue.
Glu479 forms part of the H helix NSE/DTE Mg2+ binding motif and hence is also likely to be involved in direct Mg2+
(green) coordination. Additional Mg2+ ligands are assumed to be the NSE/DTE motif Asp472 and Thr475 residues and
the D Helix DDXXD motif Asp326 and Asp330 residues. Positioning of magnesium ions is based on the equivalent
atoms in the tobacco bornyl diphosphate synthases (BPPS) crystal structure (Whittington et al., 2002).

9.3.1

The H-α
αl loop in terpene synthase catalysis

The H-αl loop, in concert with a number of other flexible regions (e.g. the A-C loop), has been
implicated in TPS active site closure following substrate binding, and now also in M+ cation
coordination (this work). The role of M+ cations in enzymatic catalysis is thought to be in
assisting optimal substrate binding (Page and Di Cera, 2006), and this could also be argued for
MdAFS1. The alterations in the kcat values for both mono- and sesqui-TPS activities in response
to the different H-αl loop amino acid mutations (section 5.3.2), while product specificity
remained unchanged, is evidence of this. However, the two seemingly separate roles of the H-αl
loop in K+ binding and active site capping, could also be linked. The interaction between bound
substrate and a lysine residue from the H-αl loop, Lys512 in the BPPS crystal structure
(Whittington et al., 2002), highlights another potential function for K+ in MdAFS1 and/or other
K+-dependent TPS enzymes. Although the significance of the Lys/substrate interaction in the
BPPS structure is not expanded upon by Whittington et al (2002), it could be hypothesised that
Lys512 not only helps stabilise the BPPS H-αl loop, but also anchors the position of this loop
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over the substrate binding pocket. Lys512 from BPPS is equivalent to Ser487, implicated as a K+
ligand in MdAFS1. The coordination of K+ in K+-dependent TPS enzymes may therefore provide
an alternative mechanism for a linkage between bound substrate and the H-αl loop region, either
directly or indirectly. Although biochemical and structural analysis of BPPS H-αl mutants would
be required to validate this hypothesis, the kiwifruit mono-TPS enzyme AcTPS2 (section 5.3.9),
has an equivalent lysine (Lys 514) in its H-αl loop, and mutation of this residue to alanine resulted
in >95% decrease in the TPS activity of AcTPS2.
The conservation of an H-αl loop lysine residue, equivalent to Lys512 in BPPS, in all of the TPSb enzymes except MdAFS1 and its orthologue from pear (section 5.3.4), also offered an
explanation for the bifurcation of K+-dependence in the TPS-b enzymes. The conserved TPS-b
H-αl loop Lys appears to provide an alternative mechanism for placing a topologically
equivalent positive charge within the active site of K+-independent enzymes, and thus offers an
explanation for their non-reliance upon K+ for activity.
9.3.2

The H-α
αl loop in K+-dependent TPS-d enzymes

The role of the H-αl loop in the K+-dependent TPS-d enzymes was also demonstrated following
the identification of a conserved H-αl loop serine residue, equivalent to Ser487 in MdAFS1.
Mutagenesis analysis of a P. sitchensis pinene synthase (PsTPS2) (section 5.3.9) provided strong
evidence that its equivalent serine residue was also directly involved in K+ binding. The
discovery of the K+ binding role for the H-αl loop in two phylogenetically divergent TPS
enzymes provides the first direct evidence for the K+ binding domain in wider superfamily of
TPS enzymes.
In the future it would be interesting to extend the comparison with MdAFS1 K+ activation by
determining more clearly the role of K+ in TPS-d sesqui-TPS catalysis, especially considering
that these enzymes also possess an H-αl loop serine equivalent to that already shown to be
involved in K+ binding in the TPS-d enzyme PsTPS2. Apart from the Abies grandis bisabolene
synthase (ag1) (Bohlmann et al., 1998b), which has a reported 2-fold increase for GDP activity
but no effect at all on FDP activity (Table 9-1), it is hard to gauge exactly what effect K+ has on
the TPS-d sesquiterpene producing enzymes. The fact that K+ was not added to the sesqui-TPS
activity buffers used by Martin et al (2004) and Huber et al (2005) in their analyses (Table 9-1)
might indicate that these sesqui-TPS enzymes are not reliant upon K+ for activity. However, this
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assumption is complicated by the fact that, in all cases, cell-free extracts containing the
recombinant TPS were used for the functional characterisation studies. Since the free
intracellular potassium concentration in E. coli is in the range of 0.1 - 0.2 M (Meury and Kepes,
2005), it is probable that significant K+ concentrations were still present in the sesqui-TPS
activity assays. To investigate in the future whether K+ is important for the activity of these TPSd sesqui-TPS enzymes, a K+ response analysis would need to be carried out on recombinant
forms of these enzymes that are sufficiently purified to remove all traces of contaminating K+
ions.
Table 9-1: Summary of TPS-d sesquiterpene synthase potassium responses. The activity analysis of the conifer
sesquiterpene synthases was carried out on non-purified protein (cell-free) extracts.

Synthase
PtTPS-Far
PtTPS-Bis
PtTPS-Lon
PmeTPS3
PmeTPS4
Pt5
ag1

9.3.3

Accession
AAS47697
AAS47689
AAS47695
AAX07266
AAX07265
AAO61226
AAC24192

K+ added
No
No
No
No
No
50 mM
100 mM

K+ response
unspecified
unspecified
unspecified
unspecified
unspecified
unspecified
2-fold inc. with GDP

Reference
Martin et al, (2004)
Martin et al, (2004)
Martin et al, (2004)
Huber et al, (2005)
Huber et al, (2005)
Phillips et al, (2003)
Bohlman et al, (1998b)

Proposed geometry for K+ coordination in MdAFS1

The octahedral binding geometry proposed for K+ in MdAFS1 (Figure 5-12, section 5.3.6) was
based, in part, on the fact that this configuration is that most commonly observed for M+dependent enzymes (Page and Di Cera, 2006). However, this also fits well with the MdAFS1
homology modelling and kinetic analysis. Firstly, the model closely satisfies the average 2.8 Å
distance requirement for K-O bonds (Harding, 2002) for all four of the proposed amino acid
ligands (i.e. Glu479, and Asp484, Ser485, and Ser487). Secondly, the Type II K+ kinetics shown by
MdAFS1 (section 5.3.3) support the fact that the proposed K+-binding model does not allow for
direct interaction between K+ and the FDP substrate diphosphate moiety (i.e. the prerequisite of
Type I activation). That said, however, determination of the exact coordination geometry for K+
in MdAFS1 or any other K+-dependent TPS enzymes and hence the correct designation as a
Type I or Type II activated enzyme, can only be finally confirmed by a high-resolution crystal
structure.
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9.4 Evolution of FDP specificity in MdAFS1
The primary focus of the MdAFS1 evolution chapter (Chapter 6) was to find structural solutions
to how sesqui-TPS activity might have evolved in MdAFS1. Another significant experimental
finding to come out of this research was the identification of a single synonymous nucleotide
substitution that could account for the first acceptance of FDP in a TPS-b enzyme through an
active-site Trp→Cys alteration (sections 6.2.2 - 6.2.4).
On the basis of the Trp→Cys alteration in MdAFS1, given that Trp is conserved in all the
remaining TPS-b enzymes (section 6.2.3), and MdAFS1 has been observed to synthesise both
acyclic sesqui- and monoterpenes via a homologous reaction mechanism (section 6.2.5.1), it was
hypothesised that the evolution of sesqui-TPS activity in the TPS-b subgroup was largely driven
by an extension of an original GDP substrate specificity due to an active site enlargement.
Although this is contrary to current ideas as to how conifer α-farnesene synthase enzymes may
have evolved (Martin et al., 2004), it is plausible that the capacity for (E)-β-ocimene synthase
activity in MdAFS1 reflects the nature of the parental enzyme. Furthermore, a Trp→Cys
alteration in the ancestral mono-TPS enzyme from which MdAFS1 is derived could have been
concomitantly detrimental to its monoterpene activity, as it would have removed a source of
active site π-electrons implicated in carbocation stabilisation (Whittington et al., 2002). This
suggests that the ancestral mono-TPS activity is likely to have been higher relative to the monoTPS activity observed in MdAFS1. To test this idea, a protein engineering approach was taken to
identify possible intermediary enzymatic forms in the MdAFS1 parental lineage (section 6.2.5).
The rationale for this was largely based on the initial success of Greenhagen et al (2006) in a
designed divergent evolutionary strategy for looking at product specificities in two
phylogenetically similar TPS enzymes. Various mutational targets were identified that could
potentially re-model the MdAFS1 first-tier residue shell (i.e. within ~3.5 Å of bound substrate)
towards that observed in a phylogenetically similar (E)-β-ocimene synthase (LjEβOS) (Arimura
et al., 2004). Of the residues identified, two Phe residues were preferentially selected to test their
capacity for modulating (E)-β-ocimene synthesis in MdAFS1. However, the incorporation of the
two phenylalanine residues into the MdAFS1 active site resulted in significant recombinant
enzyme instability and the abolition of all TPS activity, probably as a result of this instability.
Whether the MdAFS1 Phe mutants signified unlikely intermediaries in the evolution of MdAFS1
is unclear. Although this is one possibility, it could also indicate that residues more distant from
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the active site but still positioned to interact with the first-tier residues need to be considered in
future MdAFS1 protein engineering. These longer-range interactions have been clearly
demonstrated in other TPS enzymes (Greenhagen et al., 2006; O'Maille et al., 2008). Future
engineering attempts to alter mono-TPS activity in MdAFS1 will also include substituting its
active site Phe555 residue (section 6.2.6) for a His residue, such as is conserved in the active sites
of many TPS-b enzymes, potentially placed for the final deprotonation step in monoterpene
synthesis in these enzymes (sections 6.2.7.2 and 6.2.7.3).

9.5 Evolution of FDP catalysis in the TPS-d subgroup
A similar contact mapping exercise to that used in the MdAFS1 evolution analysis was also used
to identify possible structural scenarios for the evolution of FDP specificity in the TPS-d
subgroup sesqui-TPS enzymes (section 6.3). Although a number of sesqui-TPS enzymes have
been identified in this mono-TPS dominated subgroup, including two α-farnesene synthases, this
investigation specifically targeted the eight P. abies enzymes previously reported by Martin et al,
(2004). The P. abies TPS enzymes not only offered a unique opportunity to identify a structural
basis for the evolution of FDP substrate acceptance in a group of enzymes from the same plant
species, but also the possibility of mapping active site residues that could more broadly define
the evolution of substrate and product specificities in the P. abies enzymes.
Although no immediately obvious active site residues differences could be found that could
account for the division of mono-TPS and sesqui-TPS enzyme activities in P. abies, closer
examination of first-tier resides revealed an Ile → Gly/Val alteration that offered not only clues
to the bifurcation of acyclic and cyclic monoterpene production but also a potential explanation
as to how the P. abies α-farnesene synthase (PaTPS-Far) might have evolved (section 6.3.2).
However, the inability of PaTPS-Far to produce monoterpenes (Martin et al., 2004), suggested
that the Ile → Gly difference, in this instance, was not sufficient on its own to explain the advent
of α-farnesene synthase activity in PaTPS-Far. A minimal-evolution protein engineering strategy
for PaTPS-Far was therefore devised to remodel the PaTPS-Far active site towards a more
mono-TPS architecture (section 6.3.3). The purpose of this was to attempt to engineer mono-TPS
activity back into PaTPS-Far and thus highlight possible evolutionary routes to PaTPS-Far from
the parental enzyme. Although two PaTPS-Far mutants have been designed based on the firsttier configurations of the P. abies linalool and limonene synthases (PaTPS-Lin and PaTPS-Lim
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respectively) (Table 6-7, section 6.3.3), they have yet to be tested. However, the PaTPS-Far
mutants will be used in the future to further investigate how α-farnesene synthase activity
evolved in these TPS-d enzymes.
A significantly more challenging and potentially interesting prospect for the future would be to
identify which amino acid substitutions are responsible for the interconversion of product
specificity in the eight P. abies mono-TPS and sesqui-TPS enzymes. The quantitative
exploration of product specificity in two divergent plant sesqui-TPS enzymes (O'Maille et al.,
2008) suggests that it may be possible. Although a similar exploration of product specificities in
the P. abies TPS enzymes is further complicated by the fact that eight TPS enzyme active site
architectures have to be considered, the first tier contact residues of these paralogous TPS
enzymes (Table 6-4, section 6.3.1), at least provide a starting point for this analysis

9.6 MdAFS1 crystallisation
Attempts at terpene synthase crystallisation were the least successful and most frustrating aspect
of this PhD study. Although a significant amount of work was carried out to generate
recombinant TPS enzymes that would be favourable to crystallisation, no TPS crystal structure
was obtained. Crystallisation was attempted for a number of different TPS enzymes (section
7.1), although attempts primarily focused on MdAFS1 (Chapter 7) and the kiwifruit
neroliodol/linalool synthase AcTPS1 (Chapter 8).
MdAFS1 was intended as crystallisation candidate from the outset of this PhD study because Xray crystallography was seen as a powerful tool for investigating the unusual functional and
evolutionary aspects of this enzyme. Although the MdAFS1 structure-function relationships
explored in this thesis have now been entirely carried out in the absence of an MdAFS1 crystal
structure, crystallisation of MdAFS1 remains a priority for the future because it offers an
opportunity to further clarify various aspects of the experimental analysis presented in this thesis.
For example, it should enable a more accurate assessment of the structural differences between
MdAFS1 and the prenyltransferase enzymes (section 4.5.3), which, in turn, could offer further
insight into the relevance of the demonstrated MdAFS1 prenyltransferase activity to the
evolution of Class I isoprenoid biosynthetic enzymes. An MdAFS1 crystal structure could also
potentially validate the octahedral coordination geometry proposed for the K+ binding site
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(section 5.3.6) and enable the unequivocal classification of this TPS as a Class I or Class II K+activated enzyme. Furthermore, it could clarify how MdAFS1 achieves the final deprotonation of
the FDP carbocation in the apparent absence of active site basic residues. Finally, an MdAFS1
crystal structure will ultimately validate the protein modelling that has formed the basis of
various hypotheses put forward in this thesis and also been used to design experimental
strategies for the future investigation of structure-function relationships in MdAFS1.

9.7 Characterisation of AcTPS1
A number of potentially interesting TPS candidates were identified as a result of the
bioinformatics analysis presented in chapter 3 of this thesis, but AcTPS1 in particular stood out
as an interesting candidate for functional and structural characterisation. AcTPS1, like MdAFS1,
is a predicted sesqui-TPS, but was found to cluster in the TPS-g enzyme subgroup which
comprises of mono-TPS enzymes and bifunctional nerolidol/linalool synthases (section 3.2.4.2).
Furthermore, the presence of a TPS-g enzyme (FaNES1) from strawberry (Aharoni et al.,
2004b), which is reported to synthesise both linalool and nerolidol in vivo, suggested that the
kiwifruit enzyme could also possess both mono-TPS and sesqui-TPS activities, and may on its
own produce both monoterpenes and sesquiterpenes in Actinidia chinensis. This suggestion was
strengthened after in vitro functional characterisation of AcTPS1 showed that it also produced
linalool and nerolidol with similar efficiencies (section 8.2.6). Although this analysis did not
clarify the exact role of AcTPS1 in A. chinensis, it did not preclude the possibility that AcTPS1
could function as both a mono-TPS and sesqui-TPS in A. chinensis. However, it seems more
likely that the in planta activity of AcTPS1 is analogous to the AmNES/LIS1 enzyme
(Nagegowda et al., 2008), which is responsible for floral nerolidol production in snapdragon (A.
majus). The assumption that AcTPS1 is a nerolidol synthase in A. chinensis implies that a closely
related linalool synthase is also present. Locating this putative linalool synthase provides one
obvious avenue for further investigation into terpene volatile production in A. chinensis.
On the basis of a recent finding that AcTPS1 mRNA expression is highest in A. chinensis flowers
(Niels Nieuwenhuizen, unreported data), an interesting extension of the AcTPS1 work presented
in this thesis would be to investigate where the FDP precursor is derived from in A. chinensis
flower petals. Investigation into the regulation of floral scent in snapdragon (Dudareva et al.,
2005) using MVA and MEP pathway (sections 1.2.2 and 1.2.3) inhibitors and stable isotope200
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labelled precursors, showed that the plastid-located MEP pathway was the major source of IDP
precursor for the production of both floral mono- and sesquiterpenes.
Although no AcTPS1 structure was solved during the course of this PhD study, attempts to
crystallise AcTPS1 will continue into the future. This not only offers the opportunity to solve the
first crystal structure of a TPS-g enzyme that can function either as a mono-TPS or sesqui-TPS,
but will also provide additional insight into the catalytic basis of product specificity in AcTPS1
and other TPS enzymes.

9.8 Future work
Although future investigations into the function and evolution TPS enzymes will undoubtedly
rely on biochemical and mutagenesis analysis, it is increasingly apparent that this analysis will
need to be carried out in the context of relevant structural data. Protein modelling has proved
very useful for establishing structure-function hypotheses, but cannot match the potential X-ray
crystallography has for understanding TPS enzyme function at the atomic level. On the basis of
this, and the fact that relatively few TPS enzymes structures have been reported, the continuation
of the work presented in this thesis needs to focus more strongly on obtaining one or more TPS
crystal structures. This will be aided by the fact that the pool of TPS crystallisation candidates
has substantially increased. This is mostly due to the generation of multiple TPS mutants during
the course of this PhD study, and the successful expression of additional TPS enzymes, using E.
coli, by fellow Plant & Food Research scientists. These now provide an untapped resource that
will hopefully provide future success in TPS crystallisation and ultimately, a deeper
understanding of how the three dimensional structures of these enzymes governs their chemistry.
9.8.1

MdAFS1 crystallisation

Attempts to solve the structure of MdAFS1 using X-ray crystallography will continue as this
provides the best means for validating the proposed K+ binding geometry in MdAFS1 and hence
whether MdAFS1 is a type I of type II K+-activated enzyme. It also will enable a more accurate
assessment of the structural similarities between MdAFS1 and prenyltransferase enzymes and
hence potentially further validate a proposed common evolutionary path for MdAFS1, the TPS-b
hemi-TPS enzymes and prenyltransferases. Attempts to crystallise MdAFS1 will initially focus
on seeding experiments using the crystals that that were obtained towards the end of the PhD
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study. New cloning strategies to re-incorporate TEV protease recognition and His6-tag regions
into the MdAFS1 recombinant protein will also be investigated as this still offers the most
simplified means of obtaining recombinant protein of maximal purity for crystallisation
screening. Similar cloning strategies will also be investigated for the various MdAFS1 mutants
generated during the course of this PhD study.
9.8.2

Crystallisation of other fruit and flower terpene synthases

Although crystallisation of kiwifruit nerolidol/linalool synthase (AcTPS1) will continue, the
potential to uncover the role of an N-terminal (CDIS) domain commonly found in di-TPS
enzymes but also common to the TPS-f linalool synthases and now AdTPS2, highlights AdTPS2
as a prime candidate for future structure-function analysis. Work will also continue to assess the
potential of the remaining TPS enzymes derived from the Plant & Food germplasm repositories
for structure-function studies
9.8.3

MdAFS1 evolution

Completing the investigation for how MdAFS1 might have evolved from an ancestral mono-TPS
enzyme will also continue into the future. Although evidence for a single non-synonymous
nucleotide substitution in MdAFS1 was identified as being a possible key factor in the shift from
GDP to FDP substrate specificity in the ancestral enzyme, the probable nature of this enzyme in
terms of its product specificity remains unclear. Addressing this will initially rely on
constructing and analysing gene libraries incorporating mutational targets already identified but
not yet tested in MdAFS1. It is also likely that additional mutational targets, this time more
distant to the MdAFS1 active site, need to be identified and incorporated into the evolutionary
analysis. However, construction and analysis of gene libraries that incorporate all possible
permutations of any additional mutable residues with those already identified will require
alternative experimental strategies to be sought. One avenue yet to be explored is how structurebased combinatorial protein engineering (SCOPE) (O'Maille et al., 2002), which utilises protein
structure information to design oligonucleotides that code for crossovers between genes
encoding structurally related proteins, could be adapted for this research.
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Chapter 9: Concluding discussion

9.9 Significance of this research
The primary goal of this thesis was to investigate various novel and/or unusual aspects of an
apple α-farnesene synthase MdAFS1. The work presented in this thesis has established, for the
first time, a TPS with intrinsic prenyltransferase activity and defined K+ binding sites in two
phylogenetically and functionally divergent TPS enzymes. It has also provided one explanation
of how an ancestral TPS gene may have been altered to allow for the accommodation of FDP and
consequently the first appearance of sesqui-TPS activity within the TPS-b subgroup. In broader
terms, the analysis of TPS structure-function relationships presented in this thesis provides a
significant contribution to the understanding of TPS function and evolution.
In terms of future TPS research, this work provides a platform from which to progress our
understanding of the structural basis for substrate and product specificity in fruit TPS enzymes. It
also provides a starting point to better understand the evolution and control of flavour and
fragrance diversity in horticultural crops and ultimately, how ecological fitness drives the
catalytic landscapes that underpin chemical diversity in plants.
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11 APPENDICES

11.1

MdAFS1 Ramachandran analysis
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11.2

TPS-b enzyme H-α
α1 loop modelling

(A) Amino acid alignment showing the topological positioning of the H-α1 loop in nine TPS-b enzymes. These
sequences were selected on the basis that they account for all possible variations of amino acids in the H-α1 loop of
24 TPS-d protein sequences (section 5.3.7). (CS) denotes TPS-d enzymes that have had their structures determined
by X-ray crystallography. (B) Homology models of the nine TPS-b enzymes from (A). The positioning of the H-α1
loop for each enzyme and the flanking helices are indicated by the various coloured regions. In each case the H-α1
loop residues indicated in (A) mapped exactly to the H-α1 loop in (B).

A

B
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11.3

Rare codon analysis for PaTPS-Far and MdAFS1

Amino Acid

Arginine

Glycine

11.4

Rare Codon

PaTPS-Far
Frequency of
Occurrence

MdAFS1
Frequency of
Occurrence

BL21(RIL)
compensated

CGA

9

1



CGG

2

3



AGG

5

7



AGA

9

12



GGA

9

8

x

GGG

9

3

x

Isoleucine

AUA

6

8



Leucine

CUA

1

7



Proline

CCC

3

1

x

Threonine

ACG

6

2

x

MdAFS1 surface entropy prediction

This summary shows 3 cluster candidate(s) that contain residues suitable for mutation designed to confer enhanced
crystallisability. Select one cluster from this list and introduce all proposed mutations into the target. Typically only
one cluster is used per construct. Cluster candidates are presented in order of predicted success (best candidates with
higher scores are shown first). Ideal mutation candidates are non-conserved, high entropy residues that lie in
surface-exposed, entropy-rich regions of the protein. Good candidates for mutation typically have clusters scores of
3.0 and above.

Cluster #1:

Residues 12 - 14: QADNEQKIFQNQMKPEPEA

• E 12 => A
• Q 13 => A
• K 14 => A

SERp Score: 5.74

Cluster #2:

Residues 379 - 381: AREIEEE

• E 379 => A
• E 380 => A SERp Score: 5.35
• E 381 => A
Cluster #3:

Residues 558 - 560: QEK

• Q 558 => A
• E 559 => A SERp Score: 5.3
• K 560 => A

• Residues proposed for mutation are shaded dark green
• Other mutable high entropy residues (KEQ) are shaded blue
• Low entropy residues (A) shaded yellow
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11.5

MdAFS1∆
∆R33 crystallisation cube

The crystallisation cube is a representation of the “crystallisation space” around a buffer condition in which crystals
were observed (the orange sphere). This is used to design fine screen buffer conditions that include all permutations
within a specified range of precipitant and salt concentrations and pH units.

E

A

B

(M

)

30

G

0.5

4

H

Ac

H

N

MPD %

35

F

0.2

25

0.15

D
5.0

C
5.6

6.0

pH

= 0.2 M NH4Ac
0.1M sodium citrate pH 5.6
30% MPD
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11.6

MdAFS1∆
∆R33 fine crystallisation screen matrix
Screen
A
B
C
D
E
F
G
H
I
J
K
L
M

MPD %
35
35
25
25
35
35
25
25
30
35
30
25
30

pH
5.0
6.0
6.0
5.0
5.0
6.0
6.0
5.0
5.6
5.6
5.6
5.6
6.0

NH4Ac (M)
0.15
0.15
0.15
0.15
0.5
0.5
0.5
0.5
0.15
0.2
0.5
0.2
0.2

Screen
N
A/B
B/C
D/C
A/D
E/F
F/G
G/H
E/H
A/E
B/F
C/G
D/H

MPD %
30
35
30
25
30
35
30
25
30
35
35
25
25

pH
5.0
5.6
6.0
5.6
5.0
5.6
6.0
5.6
5.0
5.0
6.0
6.0
5.0

NH4Ac (M)
0.2
0.15
0.15
0.15
0.15
0.5
0.5
0.5
0.5
0.2
0.2
0.2
0.2

Conditions were determined using the “crystallisation cube” illustrated in Appendix 10-5.
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