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ABSTRACT 

 Plant-specialized metabolites have long been utilized as medicines, cosmetics, 

flavours, and industrial raw materials.  To explore the biosynthesis of a specialized metabolite 

in a non-model system and utilize the biosynthetic genes for future application, genomics-

informed research typically flows through three phases: i) development of genomic or 

transcriptomic resources, ii) discovery and characterization of biosynthetic genes, and iii) 

application of the genes and enzymes for improved production of the specialized metabolite.  

This thesis describes hypothesis-driven research along these three phases in two different plant 

species and two different metabolic systems. 

  My research with Crocosmia x crocosmiiflora focused on resource development and 

discovery of biosynthetic genes of a specialized metabolite of interest, montbretin A (MbA).  

I developed new resources for this system including metabolite-profiles and transcriptome 

sequences and annotations. This work resulted in insight into the spatial and temporal patterns 

of MbA accumulation in C. x crocosmiiflora and a first reference transcriptome with 

annotation for this species.  Using these resources, I functionally characterized four UDP-

xylose synthases and five UDP-rhamnose synthases. I discuss the application of these genes 

for possible use in an improved MbA production system and provide a proof of concept for 

using these genes to enable characterization of downstream MbA biosynthetic genes.  I also 

identified 14 UDP-glycosyltransferases as candidate MbA biosynthetic genes through a guilt-

by-association analysis; however, their functional characterization did not support a role in 

MbA biosynthesis.   

In the second biological system, Sitka spruce (Picea sitchensis), I performed a detailed 

characterization of a set of monoterpene synthases involved in the biosynthesis of the (+)-3-

carene.  Using domain swapping and site-directed mutagenesis, I demonstrated the catalytic 

plasticity of monoterpene synthases across a family of (+)-3-carene synthase-like genes 

associated with P. sitchensis resistance against the white pine weevil (Pissodes strobi).  This 

work identified a single amino acid as most critical in determining both product profile and 

enzyme kinetics. Furthermore, I described mechanisms by which this amino acid directs 

product profiles through differential stabilization of the reaction intermediate.  The work 

presented highlights the inherent plasticity and potential for evolution of alternative product 

profiles of these monoterpene synthases of conifer defense against pests. 
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LAY SUMMARY  

 Plant-specialized metabolites are valuable resources employed by humans.  This thesis 

explores metabolites in two plant species, showcasing the research pipeline used to explore 

such systems.  Research on Crocosmia x crocosmiiflora focused on identifying the genes 

involved in biosynthesis of montbretin A (MbA), a specialized metabolite of interest.  This 

thesis established the first ever set of biological resources for C. x crocosmiiflora.  Building 

off these resources, members of the UDP-xylose synthase and UDP-rhamnose synthase gene 

families were functionally characterized.  While attempts to identify UDP-glycosyltransferases 

involved in biosynthesis were unsuccessful, results provided useful insight for future attempts.  

Research on Sitka spruce focused on exploring the plasticity of a family of (+)-3-carene 

synthase-like genes.  Results showed the effect a single amino acid can have on altering the 

functioning of an enzyme.  This work highlights the inherent plasticity and potential for 

evolution of these monoterpene synthases of conifer defense against pests. 
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Figure 1.8: Proposed in planta biosynthesis of montbretin A.  Within proposed pathway, 

sections A, B, and C correspond to the ñEarly Biosynthetic Pathwayò while section D 

corresponds to the ñLate Biosynthetic Pathwaysòéééééé.é.é.éééééééé 16 

 

Figure 1.9: Basic UDP-glycosyltransferase catalytic mechanism for family 1 

glycosyltransferases.  Family 1 Glycosyltransferases (GT1 UGTs) follow a classic SN2-like 

mechanism resulting in a inversion of anomeric stereochemistry upon glycosylation.  An 

oxocarbenium-ion transition state (square brackets) forms with the help of a catalytic base 

usually provided by an active-site amino acid side chain.  This base abstracts a proton from the 

hydroxyl group of the acceptor, facilitating nucleophilic attack at the sugar anomeric C1 

carbon, forming a glyosidic bond between the sugar donor and the acceptor.  The resulting 

negative charge on the phosphate group is typically stabilized by a positive amino acid side 

chain or helix dipole.  ñBò represents the catalytic base within the GT1 UGT while the ñ+ò 

represents the positive amino acid side chain or helix dipole.éééééééééééé. 19 

 

Figure 1.10: UDP-xylose synthase catalytic mechanism.  UDP-xylose synthase 

decarboxylates UDP-GlcA in the presence of NAD+ to produce the UDP-4-keto-pentose 



xiv 

 

intermediate and NADH.  UDP-4-keto-pentose in the presence of NADH is then converted to 

UDP-xylose and NAD+.ééééééééééééééééééééééé.ééé.. 21 

 

Figure 1.11: UDP-rhamnose synthase catalytic mechanism.  In the N-terminus of RHM and 
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Figure 1.12: The MVA and MEP pathways. (A) The MVA Pathway.  Abbreviations: AACT, 

acetyl-CoA acetyltransferase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR, 

hydroxymethylglutaryl-CoA reductase; MK, mevalonate kinase; PMK, phosphomevalonate 

kinase; PMD, phosphomevalonate decarboxylase; IDI, isopentenyl diphosphate isomerase. (B) 

The MEP Pathway.  Abbreviations: DXS, 1-deoxyxylulose-5-phosphate synthase; DXR, 1-

deoxy-D-xylulose-5-phosphate reductoisomerase; CMS, 4-diphosphocytidyl-2-C-methyl-D-
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Figure 1.13: Biosynthesis of terpene precursors.  Abbreviations: GPPS, geranyl diphosphate 
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Figure 1.14: Monoterpene Synthase Catalytic Mechanism.  The reaction mechanisms of all 

monoterpene synthases start with the ionization of the geranyl diphosphate substrate (green 

box).  The resulting carbocation can undergo a range of cyclizations, hydride shifts and 

rearrangements before reaction is terminated by deprotonation or water capture.  The formation 

of acyclic monoterpenes can proceed either through the geranyl cation or the linalyl cation.  

The formation of cyclic monoterpenes requires the preliminary isomerization of the geranyl 

cation to a linalyl intermediate capable of cyclization.  The production of the initial cyclic 

species, the Ŭ-terpinyl cation, can then undergo further interactions between the monoterpene 

synthase and additional substrates, such as H2O, to result in a series of hydride shifts, 

cyclizations, and/or hydroxylations to form the suite of potential products..é.ééééé 28 
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Figure 2.1: Temporal analysis of montbretin A accumulation within C. x crocosmiiflora.  

Pictures below the x-axis are of one of the biological replicates harvested at the corresponding 

time.  White bar in each picture represents 30 cm. Larger versions of plant pictures can be seen 

in Supplemental Fig. S2.2.  Results are shown as the average of three biological replicates.  

Error bars represent standard error.  ñ*ò denotes organ was not available for sampling at this 

time point.  P-value and F-value were calculated using a single factor ANOVA in data analysis 

function of Excel.  F-values reported were based on an Ŭ = 0.05.  ñTotal dfò = total degrees of 

freedom.éééééééééé.éé.éééééééééééé.ééééééé... 41 
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Figure 2.2: Anatomy of C. x crocosmiiflora corm.  (a) Underground C. x crocosmiiflora 

organs including stolon (arrow), root (arrowhead), and corm (asterisk).  Scale bar = 3 cm.  (b) 

Individual corm stripped of stem, stolon, and root tissue.  Leaf scars (arrows) and stolon 

outgrowth nodes (arrowhead) can be seen.  Scale bar = 1 cm.  (c) Unstained transverse section 

of corm.  The areas encompassed within the white boxes correspond to areas visualized in this 

figure: box ñ1ò corresponds to figure e, box ñ2ò corresponds to figure f, box ñ3ò corresponds 

to figure g, and box ñ4ò corresponds to figure h.  Scale bar = 1 cm.  (d)  Phloroglucinol-

HCl/toluidine blue stained transverse section of corm oriented at the central vascular cylinder.  

Lignified elements are stained pink and nucleic acids dark blue.  The circular endoderm can be 

seen unstained (arrow).  Scale bar = 500 ɛM.  (e-g) Transverse sections of corm stained with 

berberine/aniline blue identify lignin and suberin.  Samples are examined under ultraviolet 

light with epifluorescence optics.  (e) Outermost layers of the cortex.  Exterior to the compactly 

arranged hypodermis (hy) with little intercellular space and the single cell layer epidermis (ep), 

the cuticle is revealed by staining (arrow).  Scale bar = 50 ɛM.  (f) Innermost layers of the 

cortex.  Staining reveals the presence of the single cell layer endodermis (arrow) with typical 

thickened cell wall through lignification.  Within the central vascular cylinder, staining 

highlights horizontally oriented lignified xylem elements (x) in the axial concentric amphivasal 

vascular bundles where a ring of xylem surrounds the phloem (ph).  Scale bar = 250 ɛM.  (g) 

Close-up view of xylem (x) and phloem (ph) elements within a vascular cylinder.   Scale-bar 

= 50 ɛM.  (h) Transverse section of corm stained with Lugol solution.  Dark staining indicates 

the presence of starch in the storage parenchyma cells of the cortex (co) and the central vascular 

cylinder (cvc).  The epidermis (arrowhead) and endodermis (arrow) can be seen unstained.  

Scale bar = 2 mm.éééééééééééééé............................................................. 43 

 
Figure 2.3: MALDI imaging of montbretin A accumulation patterns within corm 

segments.  C. x crocosmiiflora corms were cut along the transverse and longitudinal planes 

into segments.  Segments were analyzed by MALDI-FT-ICR.  MALDI images were 

reconstructed from extracted ion chromatogram (XIC) at m/z 1227.32 corresponding to 

negative ionization of MbA.  (a-b) optical images of transverse and longitudinal corm 

segments, respectively.  Central vascular cylinder is indicated by the black arrow.  (c-d) 

MALDI images of transverse and longitudinal corm segments respectively.  White bars in 

pictures represent 3 cmééééééééééééééééééé.ééé...éééé 44 

 
Figure 2.4: In -depth spatial analysis of montbretin A accumulation within corm 

segments.  Corms were cut along the transverse plane into individual segments(i).  Segments 

were then cut into seven sections with cork borers(ii).  The picture just below x-axis of 

histogram show examples of sections used for analysis.  White bars in pictures represent 3 cm.  

Results are shown as the average of eight biological replicates.  Error bars represent standard 

error.  P-value and F-value were calculated using a single factor ANOVA in data analysis 

function of Excelééééééééééééééééééé.ééé.éééééé... 45 
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Figure 2.7: Gene Ontology classification of unigenes.  Results are grouped into three high-

level categories: cellular process, molecular function, and biological process.éééé...é 49 

 

Figure 2.8: KOG functional classification of unigene dataset.  All unigenes were aligned to 

KOGs database at NCBI to predict and categorize possible functions.ééé..ééé.éé 50 

 

Figure 2.9: Identified and cloned putative genes likely involved in the montbretin A Early 

Biosynthetic Pathway.éééééé.éé.ééé.ééé.éééé.éééé.é.éé 53 

 

Figure 3.1: Biosynthesis of UDP-xylose from UDP-glucuronic acid.  In the presence of 

NAD+, UDP-GlcA is oxidized to UDP-4K-GlcA and NADH, followed by a decarboxylation 

to form UDP-4KP.  After subsequent C-5 protonation, the still bound NADH is used to 

protonate the C-4 keto to form UDP-Xyl and regenerate 

NAD+éééééé.ééééééééééééééééééé.éééééééé. 62 

 

Figure 3.2: Biosynthesis of UDP-rhamnose from UDP-glucose.  In the presence of NAD+, 

UDP-Glc is oxidized to UDP-4K6DG.  UDP-4K6DG then leaves the N-terminal active site 

and enters the C-terminal site.  After subsequent isomerization of UDP-4K6DG, NADPH is 

used to reduce the C-4 keto to form UDP-

Rhaéééééééé.ééééé.éééééééééééééééé.ééé..é. 63 

 

Figure 3.3: Amino acid sequence alignment of the C. x crocosmiiflora UXSs.  The 

alignment includes protein sequences of the CxcUXS family as well as AtUXS2 and AtUXS3 

(Harper and Bar-Peled, 2002).  Amino acids highlighted with blue background are those 

identified as different from the consensus.  The conserved GXXGXXG motif, YXXXK motif, 

and catalytic serine are identified by the green, blue, and orange boxes, respectivelyééé 70 

 

Figure 3.4: Phylogenetic analysis of C. x crocosmiiflora UDP-xylose synthases. The 

maximum-likelihood tree was produced with the CxcUXS family as well as characterized and 

putative plant UXS obtained from the NCBI nr database using the MEGA 7.0 program 

(bootstrap value set at 1,000).  Bootstrap values over 50% are indicated at the nodes.  The black 

bar represents 0.1 amino acid substitutions per site.  Sequences and alignment used in 

production of this tree can be found in Table S3.2 and Fig. S3.2, respectivelyéééé..é 71 

 

Figure 3.5: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUXS2 ï CxcUXS5 enzyme assays.  (a) Purified protein 

derived from E. coli expressing a control vector, CxcUXS2(ȹ1ï89), CxcUXS2(ȹ1ï98), 

CxcUXS3, CxcUXS4, and CxcUXS5 were incubated overnight with 1 mM UDP-glucose and 

1 mM NAD+.  Orange and blue traces represent extracted ion chromatograms for m/z of 579.0 

[M-H](superscript -) and 535.0 [M-H](superscript -), respectively.  Based on comparison of 

retention times and mass spectra against analytical standards, the peaks identified in orange 

and blue traces were confirmed to be UDP-glucuronic acid and UDP-xylose, respectively.  (b) 

Mass spectra of enzyme assay products.  The spectra presented in ñ1ò and ñ2ò are the 

background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucuronic acid and UDP-xylose (theoretical molecular weight of each is 579.28 and 535.28), 
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respectively.  Within reach spectra, the ion with m/z of 403.0 [M-H](superscript -) corresponds 

to UDPéé..ééééé.éééééé.éééééééééééééé..é.éé.é. 73 

 

Figure 3.6: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUXS1 enzyme assays.  (a) Purified protein derived from 

E. coli expressing a control vector, CxcUXS1(ȹ1ï69), and CxcUXS1(ȹ1ï69; E252G) were 

incubated overnight with 1 mM UDP-glucuronic acid and 1 mM NAD+.  Orange, red, and blue 

traces represent extracted ion chromatograms for m/z of 579.0 [M-H](superscript -), 551.0 [M-

H](superscript -), and 535.0 [M-H](superscript -), respectively.  Based on comparison of 

retention time and mass spectra against analytical standards, the peaks identified in orange of 

blue traces were confirmed to be UDP-glucuronic acid and UDP-xylose, respectively.  Based 

on MS/MS analysis (Fig. S3.3) and observations from Gu et al. (2010), the red peak likely 

correlates to UDP-4-keto-pentose.  (b) Mass spectra of enzyme assay products.  The spectra 

presented in ñ1ò, ñ2ò, and ñ3ò are the background subtracted mass spectra for chromatographic 

peaks corresponding to UDP-glucuronic acid, a putative UDP-gem-diol pentose, and UDP-

xylose (theoretical molecular weight of each is 579.28, 552.27, and 535.28), respectively.  

Within reach spectra, the ion with m/z of 403.0 [M-H](superscript -) corresponds to UDP. 75 

 

Figure 3.7: Temperature optimum of CxcUXS activity in vitro.  The activity of the 

recombinant CxcUXSs was analyzed at different temperatures.  Assays were performed with 

5 replicates for each enzyme and each of the seven different temperatures.  Results are shown 

as the calculated mean value with error bars representing standard error. 100% relative activity 

corresponds to the level of activity observed at the optimum tested temperature for a given 

enzymeéééééééééééééééééééé.ééé.éééé.éé.ééé 76 

 

Figure 3.8: pH optimum of CxcUXS activity in vitro. The activity of the recombinant 

CxcUXSs was analyzed at different pHs. Assays were performed with 5 replicates for each 

enzyme and each of the eight different pH conditions.  Results are shown as the calculated 

mean value with error bars representing standard error. 100% relative activity corresponds to 

the level of activity observed at the optimum tested pH for a given enzymeéééé..éé. 77 

 

Figure 3.9: Amino acid sequence alignment of the C. x crocosmiiflora RHM and UER.  

The alignment includes protein sequences of the CxcRHM and CxcUER1, as well as the 

AtRHM2 (Oka et al., 2007).  (a) Conserved sequences of the N-terminal dehydratase domain.  

(b) Conserved sequences of the C-terminal epimerase/reductase domain.  Amino acids 

highlighted with blue background colour are those different from the consensus.  The green 

boxes in each domain identify the conserved GXXGXX(G/A), which are involved in binding 

the NAD+ cofactor.  The blue and orange box in each domain identify residues critical for 

enzymatic reactions; blue boxes correspond to the YXXXK motif while the orange box 

identifies the TDE motif.ééé.ééééééééééééééééééé.é.éé.. 80 

 

Figure 3.10: Phylogenetic analyses of C. x crocosmiiflora RHM. The maximum-likelihood 

tree was produced with five CxcRHM with other characterized and putative plant RHM 

obtained from the NCBI nr database using the MEGA 7.0 program (bootstrap value set at 

1,000).  Bootstrap values over 50% are indicated at the nodes.  The black bar represents 0.06 
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amino acid substitutions per site.  Protein alignment and sequences are given in Fig. S3.6 and 

Table S3.4éééé.ééé.éééé.éééééééé.éééééééééééé 81 

 

Figure 3.11: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcRHM1 ï  CxcRHM5 enzyme assays.  (a) Purified 

protein derived from E. coli expressing a control vector, CxcRHM1, CxcRHM2, CxcRHM3, 

CxcRHM4, and CxcRHM5 were incubated overnight with 1 mM UDP-glucose, 1 mM NAD+, 

and 1 mM NADPH.  Green, black, and purple traces represent extracted ion chromatograms 

for m/z of 565.0 [M-H](superscript -), 547.0 [M-H](superscript -), and 549.0 [M-

H](superscript -), respectively.  Based on comparison of retention times and mass spectra 

against analytical standards, the peaks identified in green traces were confirmed to be UDP-

glucose.  Based on previously reported NMR analysis, peaks in the black and purple traces 

correspond to UDP-4-keto-6-deoxy-glucose and UDP-rhamnose, respectively (Oka et al., 

2007).  (b) Mass spectra of enzyme assay products.  The spectra presented in ñ1ò, ñ2ò, and ñ3ò 

are the background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucose, UDP-4-keto-6-deoxy-glucose, and UDP-rhamnose (the theoretical molecular weight 

of each is 565.30, 547.29, and 549.30), respectively.  UDP-4-keto-6-deoxy-glucose is 

predicted to exist as both a keto and gem-diol pentose in aqueous solution, as is suggested by 

the presence of an ion with m/z of 565.0 [M-H](superscript -).  Within reach spectra, the ion 

with m/z of 403.0 [M-H](superscript -) corresponds to UDP.éé...éééééééé..... 83 

 

Figure 3.12: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of CxcUER enzyme assays.  (a) Purified protein derived from 

E. coli expressing a control vector, AtRHM2-N alone (Oka and Jigami, 2007), or AtRHM2-N 

combined with CxcUER1 were incubated overnight with 1 mM UDP-glucose, 1 mM NAD+, 

and 1 mM NADPH.  Green, black, and purple traces represent extracted ion chromatograms 

for m/z of 565.0 [M-H](superscript -), 547.0 [M-H](superscript -), and 549.0 [M-

H](superscript -), respectively.  Based on comparison of retention times and mass spectra 

against analytical standards, the peaks identified in green traces were confirmed to be UDP-

glucose.  Based on previously reported NMR analysis, peaks in the black and purple traces 

correspond to UDP-4-keto-6-deoxy-glucose and UDP-rhamnose, respectively (Oka et al., 

2007).  (b) Mass spectra of enzyme assay products.  The spectra presented in ñ1ò, ñ2ò, and ñ3ò 

are the background subtracted mass spectra for chromatographic peaks corresponding to UDP-

glucose, UDP-4-keto-6-deoxy-glucose, and UDP-rhamnose (the theoretical molecular weight 

of each is 565.30, 547.29, and 549.30), respectively.  UDP-4-keto-6-deoxy-glucose is 

predicted to exist as both a keto and gem-diol pentose in aqueous solution, as is suggested by 

the presence of an ion with m/z of 565.0 [M-H](superscript -).  Within reach spectra, the ion 

with m/z of 403.0 [M-H](superscript -) corresponds to 
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Figure 3.13: Temperature optimum of CxcUXS activity in vitro.  The activity of the 

recombinant CxcRHMs was analyzed at different temperatures.  Assays were performed with 

5 replicates for each enzyme and each of the seven different temperatures.  Results are shown 

as the calculated mean value with error bars representing standard error. 100% relative activity 

corresponds to the level of activity observed at the optimum tested temperature for a given 

enzymeééééééééééééééééééééééééééééééééé 85 
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Figure 3.14: pH optimum of CxcRHM activity in vitro. The activity of the recombinant 

CxcRHMs was analyzed at different pHs. Assays were performed with 5 replicates for each 

enzyme and each of the eight different pH conditions.  Results are shown as the calculated 

mean value with error bars representing standard error. 100% relative activity corresponds to 

the level of activity observed at the optimum tested pH for a given enzymeéé.éé.éé 86 

 

Figure 3.15: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of products formed in enzyme assays of CxcUXS4 coupled 

with CxcUGT7.  (a) Protein derived from E. coli expressing both empty pET28b(+) and 

pASK-IBA37plus control vectors, CxcUXS4, and CxcUGT7 were incubated overnight with 1 

mM UDP-glucuronic acid, 1 mM NAD+, and 100 ɛM myricetin.  Orange, blue, gold, and red 

traces represent extracted ion chromatograms for m/z of 579.0 [M-H](superscript -), 535.0 [M-

H](superscript -), 449.0 [M-H](superscript -), and 317.0 [M-H](superscript -), respectively.  

Based on comparison of retention times and mass spectra against analytical standards, the 

peaks identified in orange, blue, and red traces were confirmed to be UDP-glucuronic acid, 

UDP-xylose, and myricetin, respectively.  (b) Mass spectra of enzyme assay products.  The 

spectra presented in ñ1ò and ñ2ò are the background subtracted mass spectra for 

chromatographic peaks corresponding to myricetin and an unknown myricetin xyloside 

(theoretical molecular weight of each is 317.24 and 450.35).  (c)  Representative structure of a 

myricetin xyloside.  The exact xylosylation position of myricetin in the reaction product shown 

in (a) and (b) remains to be determined.éé.éééééééé...é..éééééé.éé 88 

 

Figure 3.16: Representative regions of extracted ion LC-MS chromatograms and 

corresponding mass spectra of products formed in enzyme assays of CxcRHM 1 coupled 

with AtUGT78D1.  (a) Protein derived from E. coli expressing both empty pET28b(+) and 

pASK-IBA37plus control vectors, CxcRHM1, and AtUGT78D1 were incubated overnight 

with 1 mM UDP-glucose, 1 mM NAD+, 1 mM NADPH, and 100 ɛM myricetin.  Green, purple, 

pink, and red traces represent extracted ion chromatograms for m/z of 565.0 [M-H](superscript 

-), 549.0 [M-H](superscript -), 463.0 [M-H](superscript -), and 317.0 [M-H](superscript -), 

respectively.  Based on comparison of retention times and mass spectra against analytical 

standards, the peaks identified in green, pink, and red traces were confirmed to be UDP-

glucose, myricetin-3-O-rhamnoside, and myricetin, respectively.  (b) Mass spectra of enzyme 

assay products.  The spectra presented in ñ1ò and ñ2ò are the background subtracted mass 

spectra for chromatographic peaks corresponding to myricetin and myricetin-3-O-rhamnoside 

(theoretical molecular weight of each is 317.24 and 463.34).  (c)  Structure of myricetin-3-O-

rhamnosideééééééééééééééééééééééééééé.éééé. 90 

 

Figure 4.1: Theoretical routes of montbretin A biosynthesis.  Considering all potential steps 

needed to form montbretin A starting with myricetin, and without prior knowledge of the in 

planta intermediates of the pathway, the biosynthetic pathway is represented here by as multi-

dimensional matrix.  Circled numbers are used as denotations for potential individual steps in 

the biosynthesis of MbAééééééééééééééééééééééééé.é. 98 

 

Figure 4.2: Phylogenetic analysis of GT1 UGTs from C. x crocosmiiflora.  The maximum-

likelihood tree was produced using the MEGA 7.0 program (bootstrap value set at 1,000) with 
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sequences of 160 C. x crocosmiiflora, 15 Arabidopsis thaliana, 17 Zea mays, and 2 Oryza 

sativa GT1 UGT.  Bootstrap values over 50% are indicated above the nodes.  The black bar 

represents 0.6 amino acid substitutions per site.  The GT1 UGTs identified through the 

Haystack analysis (section 2.3.5) as putatively involved in MbA biosynthesis are indicated on 

tree.  The remaining sequences are numbered 1 ï 180 and correspond to the legend found in 

Table S4.3)éééééééééééééé..éé.é.ééé.é.éé..ééé..é..é. 105 

 

Figure 4.3: Hypothetical montbretin A intermediates produced by enzymatic and 

chemical degradation of MbA.ééééééééé.éé.é.éééééééééé. 106 

 

Figure 4.4: Representative regions of extracted ion LC-MS chromatograph and 

corresponding mass spectra of MbA and hypothetical MbA intermediates produced by 

degradation of MbA.  (a) Extracted ion chromatographs of purified metabolites derived from 

enzymatic or cleavage reactions of MbA.  Blue, green, purple, orange, red, and black traces 

represent extracted ion chromatographs for m/z of 1227.5 [M-H](superscript -), 1065.5 [M-

H](superscript -), 1081.5 [M-H](superscript -), 949.3 [M-H](superscript -), 919.3 [M-

H](superscript -), 787.3 [M-H](superscript -), respectively.  Based on previously reported 

NMR analysis, peaks in the blue, green, and purple traces correspond to MbA, MbA-Gǋ, and 

MbA-Rǋ, respectively (Tarling et al., 2008; Williams et al., 2015).  (b) Mass spectra of MbA 

and hypothetical MbA intermediates produced by MbA degradation.  The spectra presented in 

ñ1ò, ñ2ò, ñ3ò, ñ4ò, ñ5ò, and ñ6ò are the background subtracted mass spectra for 

chromatographic peaks corresponding to MbA, MbA-Gǋ, MbA-Rǋ, MbA-XRǋ, MbA-CRǋ, and 

MbA-CXRǋ (theoretical molecular weight of each is 1229.05, 1066.92, 1082.92, 950.81, 

920.78, and 788.66), respectivelyééééééééééééé..éé.é.é.éééé. 108 

 

Figure 4.5: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 

coli expressing a control vector and CxcUGT1 ï CxcUGT14 were incubated overnight with 1 

mM UDP-glucose, 1 mM NAD+, 1 mM NADPH, 5 ɛM purified CxcRHM1, and 100 ɛM 

myricetin and assessed for their ability to form myricetin rhamnoside (theoretical molecular 

weight of 464.38).  Trace shown for each sample is the extracted ion chromatograph for m/z 

of 463.0 [M-H](superscript -).  (b) Mass spectral analysis of myricetin-3-O-rhamnose standard 

and myricetin rhamnoside enzyme assay products.  Numbers next to chromatograph peaks 

correspond to mass spectra with associated number in the top right-hand corneré.é.é.... 110 

 

Figure 4.6: Select regions of extracted ion LC-MS chromatograph and corresponding 

mass spectra for C. x crocosmiiflora GT1 UGT enzyme assays.  (a) Protein derived from E. 
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CHAPTER 1: INTRODUCTION  

 

1.1 HUMAN USE OF SPECIALIZED METABOLITES  

1.1.1 Specialized Metabolism in Plants 

As sessile organisms, plants have the challenge of not only surviving but thriving under 

constantly changing environmental conditions over lifespans of several weeks to hundreds of 

years.  They must maintain essential processes such as growth, development, and reproduction, 

while also responding to many different forms of biotic and abiotic stresses.  To cope with 

biotic and abiotic stresses, plants have evolved complex systems of specialized metabolism 

traditionally referred to as secondary metabolism.  Specialized metabolites take form as small 

molecules, which possess an enormous structural diversity based on thousands of skeletal 

structures and many functional modifications thereof, and have functions in the interactions of 

plants with their environments (Pichersky and Lewinsohn, 2011).  It is currently estimated that 

plants produce 200,000 ï 300,000 different specialized metabolites (Dixon and Strack, 2003; 

Lawrence, 1964).  However, the hypothesis that these numbers are probably an 

underestimation is supported by three observations: i) the large diversity of specialized 

metabolism genes among plant species with available genomic data, ii) the large number of 

specialized metabolites detected in individual species, and iii) the vast number of species that 

have not had their metabolomes and genomes explored (Yonekura-Sakakibara and Saito, 

2009).  Within the myriad of plant-specialized metabolites, certain patterns emerge for how 

plant use these compounds.  For example, many terpenoids serve as defense compounds 

through actions as antimicrobials, insecticidals, attractants to predators of herbivores, and 

physical barriers (Keeling and Bohlmann, 2006b; Martin et al., 2003; Phillips and Croteau, 

1999).  Alkaloids serve as feeding deterrents due to their liver- and neuro-toxic effects on 

vertebrates and mutagenic effects on insects (Frei et al., 1992; Mattocks, 1986; Schmeller et 

al., 1997).  Phenolics serve as protection against ultraviolet light, antioxidants, and colour and 

sensory characteristics (Alasalvar et al., 2001; Balasundram et al., 2006; Cuvelier et al., 1996). 

Since humans started exploring plants for use thousands of years ago, one of the biggest 

boons has been through harnessing their bioproducts.  Currently, plant-specialized metabolites 

are so ubiquitous in everyday life, most individuals are not aware of all the ways we employ 

them; from cosmetics to flavours to health products. 
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In this thesis, I will use the term ñplant-specialized metabolitesò in place of the classical 

terms ñplant secondary metabolitesò or ñplant natural productsò.  This change in nomenclature 

follows a trend in the academic field which emphasizes moving away from using terms which 

could suggest, from human and research perspectives, that one branch of plant metabolism is 

more important than another (i.e. primary vs. secondary).  Throughout this thesis any reference 

to ñspecialized metabolismò should be considered a reference to ñplant-specialized 

metabolismò. 

 
Figure 1.1: Examples of plant-specialized metabolites. (a) Humulene found in Humulus 

lupulus.  (b) Salicylic acid found in Salix alba.  (c) Caffeine found in Coffea arabica.  (d) 

Artemisinin found in Artemisia annua.  (e) Paclitaxel found in Taxus brevifolia. 

 

1.1.2 Human Application of Specialized Metabolites 

In addition to their role in plants, specialized metabolites have played a large role in 

human history.  For thousands of years, humans have utilized botanical extractions as food 
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preservatives, medicines, pigments, and weapons.  Modern uses of specialized metabolites 

include sources of new pharmaceuticals, chemicals and biomaterials and many of the most 

economically valuable molecules within a given market are specialized metabolites (Facchini 

et al., 2012).  With high-throughput genomic, transcriptomic, metabolomic, and proteomic 

technologies, our ability to identify and characterize both specialized metabolites with 

potential use for human application, and their biosynthetic pathways continue to grow 

(Borevitz and Ecker, 2004). With the onset of this ñ-omics ageò, we have developed the means 

to collect large amounts of heterogeneous biological information about an organism; from 

metabolome data to proteome, transcriptome, or genome sequence.  These tools empower us 

with the ability to explore how a biological system functions.  However, even with these 

technologies, harnessing a specialized metabolite for sustained human use is still a daunting 

task.  With this goal in mind, research typically flows through the following three phases (Fig. 

1.2): 

1) Development of resources to provide a foundation for studying a specialized 

metabolite system. 

2) Characterization of the genes involved in the specialized metabolite system 

3) Utilizing the functions of the specialized metabolite system for human applications. 

 The body of work presented in this thesis investigates questions in each of these three 

areas with an overall emphasis on improving our understanding of a specialized metabolic 

system. 
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Figure 1.2: Research process for studying plant-specialized metabolism system. 

 

1.1.3 Examples of Employing Plant-Specialized Metabolite Systems 

Two well-known examples of this three-phase approach can be seen in the exploration 

of the specialized metabolites paclitaxel and artemisinin. 

 Paclitaxel is a high-value pharmaceutical originally isolated from bark of the conifer 

Taxus brevifolia used to treat breast, lung, and non-small cell cancers (Cragg, 1998).  Due to 

the prohibitively difficult and expensive chemical synthesis and low levels obtained from 

natural harvest, obtaining sufficient amounts to meet demand has proved challenging (Holton 

et al., 1994; Malik et al., 2011; Nicolaou et al., 1994; Wani et al., 1971).  To establish a 

sustainable production system, the paclitaxel biosynthetic pathway was explored in T. 

brevifolia and other Taxus species.  Development of initial key resources included T. brevifolia 

cell culture lines capable of producing paclitaxel (Christen et al., 1991; Stierle et al., 1993) and 

cDNA sequence collections (Jennewein et al., 2004).  Using a hypothesized biosynthetic 
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pathway and observed putative intermediates, a combination of PCR based cloning and 

functional screening approaches lead to the characterization of a first set of eight genes of the 

biosynthetic pathway (Hefner et al., 1996; Jennewein et al., 2004; Long et al., 2008; Menhard 

and Zenk, 1999; Schoendorf et al., 2001; Walker et al., 2000; Walker and Croteau, 2000; 

Wildung and Croteau, 1996).  Building on this knowledge, extensive research was untaken to 

establish a sustainable production system using cultured Taxus cells and metabolically 

engineered microbial hosts (DeJong et al., 2006; Li et al., 2009; Meng et al., 2011; Wei et al., 

2012; Zhao et al., 2008). While this work has yielded industrial scale semi-synthetic 

production systems, despite close to 30 years of work, full pathway elucidation has yet to be 

completed. 

Artemisinin is a high-value antimalarial pharmaceutical produced in Artemisia annua, 

(Paddon and Keasling, 2014). The A. annua artemisinin biosynthetic pathway was explored to 

establish additional and alternative production systems for artemisinin.  Development of 

resources included metabolite profiling of A. annua leaf and gland secretory cell extracts for 

likely biosynthetic intermediates (Bertea et al., 2005), and the use of A. annua transcriptome 

data in combination with genomic data from other Asteraceae plants to guide gene discovery 

(Wang et al., 2009a).  Using these resources, four genes of the biosynthetic pathway, which 

produce artemisinic acid from the sesquiterpene precursor farnesyl diphosphate (FPP) were 

characterized (Mercke et al., 2000; Paddon et al., 2013; Ro et al., 2006; Teoh et al., 2009).  

Based on this extensive research, microbial systems capable of producing artemisinin 

precursors were developed.  Building on previous knowledge about the mevalonate pathway 

(MVA), initially an Escherichia coli system was used to optimize MVA pathway gene 

expression and growth conditions to improve yields of the artemisinin precursor amorphadiene 

(Newman et al., 2006; Tsuruta et al., 2009).  Subsequently metabolic engineering of 

Saccharomyces cerevisiae was employed to produce artemisinic acid (Ro et al., 2006; Teoh et 

al., 2009). Artemisinic acid is then chemically converted to artemisinin (Brown, 2010).   
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1.1.4 Plant Specialized Metabolite Production Using Recombinant Production 

Platforms 

Similar to artemisinin and paclitaxel, the development of sustainable production 

systems for high-value plant specialized metabolites (Facchini et al., 2012).  Sustainable 

production of these metabolites is often challenging due to low in planta availability and low 

extraction yields, or due to inefficient chemical synthesis resulting from complex chemical 

structures and inability to separate the metabolite from isomers and epimers that compromise 

the biological activity of the products (Mora-Pale et al., 2013).  While development of an in 

planta system able to produce high enough levels of the target metabolite is an ideal solution, 

metabolic engineering of microbial or plant cell systems has become a commonly used 

method to address these economic and sustainability issues.  Conventional metabolic 

engineering strategies employ two separate phases.  The first focuses on de novo pathway 

engineering of the specialized metaboliteôs biosynthetic pathway coupled with protein 

engineering and mutagenesis.  The second optimizes production through overexpression of 

rate-limiting steps and deletion of precursor competing-pathways to redirect carbon flux, and 

the use of cheap precursors to promote direct synthesis (Xu and Koffas, 2010).  These 

approaches have resulted in great success towards the development of microbial systems able 

to produce a range of specialized metabolites including terpenoids (Leonarda et al. 2010, 

Ajikumar et al., 2010), flavonoids (Lim et al., 2011, Xua et al., 2011), alkaloids (Nakagawa 

et al., 2011), polyketides (Boghigian et al., 2011) and fatty acids (Zhang et al., 2011).  

However, even with the advent of the omics-era and the plethora of biological data available, 

only a handful of metabolically engineered production systems have resulted in 

commercially viable systems.  Continued work identifying new specialized metabolite 
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biosynthetic genes of interest, employing new tools allowing more efficient rewiring of the 

cellôs native metabolism, and optimizing gene expression to alleviate the toxicity displayed 

by many of the target specialized metabolites or their intermediates will continue to improve 

our ability to utilize these expression systems (Mora-Pale et al., 2013) 

 

1.2 MONTBRETI N A AND CROCOSMIA x CROCOSMIIFLORA 

1.2.1 Diabetes mellitus 

Type 2 diabetes (T2D) is a chronic endocrine disease state characterized by 

hyperglycemia, hyperlipidemia, relative hypoinsulinemia, and increased micro- and macro-

vascular disease (Fowler, 2008).  The prevalence of the disease has been persistently rising the 

past few decades and is predicted to be the seventh leading cause of health-related death 

worldwide (Mathers and Loncar, 2006).  Effective management of T2D focuses on improving 

insulin sensitivity and slowing the release of glucose from a meal or body storage.  Because of 

the high correlation between T2D and certain dietary and lifestyle factors, most noticeably 

obesity and physical inactivity, the first treatment method most often prescribed is the adoption 

of a healthier lifestyle (Crandall et al., 2008).  This is often coupled with pharmaceutical 

treatment for proper blood glucose level (BGL) management.  Currently, there are several 

classifications of drugs used in the treatment of T2D, including sulfonylureas, biguanides, 

thiazolidinedione, glinides, dipeptidyl peptidase inhibitors, and Ŭ-glucosidase inhibitors; each 

acting to lower BGL through a variety of mechanisms (Nathan et al., 2009; van de Laar, 2008). 

The common pharmaceutical treatment used to slow the release of glucose after a meal 

is inhibition of Ŭ-amylase or Ŭ-glucosidase, enzymes responsible for digesting starch into 

oligosaccharides and oligosaccharides into monosaccharides, respectively (Crandall et al., 

2008).  While Ŭ-glucosidase inhibitors such as Acarbose©, Miglitol©, and Voglibose© are 

currently available, activity results in natural colon flora having access to higher than normal 

levels of small- to medium-size oligosaccharides for digestion through anaerobic respiration 

as well as osmotic changes arising from the high concentration of oligosaccharides (Aoki et 

al., 2010).  This often results in side effects that include flatulence, diarrhea, and abdominal 

discomfort, which can lead to patient non-compliance.  Because this flora digest starch at a 

much slower rate than smaller oligosaccharides, a selective inhibitor targeting Ŭ-amylase 
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activity and not Ŭ-glucosidase would be preferable due to its ability to decrease BGLs and 

minimize these factors leading to patient non-compliance. 

 

1.2.2 Montbretin A as an HPA Inhibitor  

Tarling et al. (2008) screened 30,000 National Cancer Institute terrestrial plant extracts 

looking specifically for human pancreatic amylase (HPA) inhibitors.  Of these, the strongest 

inhibitors identified were a family of glycosylated acyl flavonols, montbretin A ï C, found in 

extracts from Crocosmia x crocosmiiflora.  Of the three, montbretin A (MbA) showed the 

highest inhibitory kinetics with a Ki of 8.1 nM.  MbA contains a flavonol core, myricetin, 

which is glycosylated on the 3 and 4ǋ positions (Fig. 1.3).  The 3-hydroxyl carries the Ŭ-linked, 

linear trisaccharide D-glucopyranosyl-(ɓ1Ÿ2)-D-glucopyranosyl-(ɓ1Ÿ2)-L-

rhamnopyranose.  Attached to the central glucosyl sugar motif is a 6-O-caffeic ester.  The 4ǋ-

hydroxyl carries the ɓ-linked, linear disaccharide L-rhamnopyranosyl-(ɓ1Ÿ4)-D-

xylopyranose. 

 
Figure 1.3: Structure of montbretin A.  

 

Analysis of MbAôs ability to inhibit sugar degradation enzymes showed activity 

specific for HPA and not intestinal wall Ŭ-glucosidases (Tarling et al., 2008).  Kinetic analysis 

of HPA inhibition identified the myricetin core as a competitive inhibitor with Ki of 110 ɛM 

and the caffeic acid motif as a non-competitive inhibitor with Ki of 1.3 mM (Tarling et al., 

2008).  Structural binding studies with HPA and MbA degradation products identified the 

myricetin and caffeic acid moieties linked by the D-glucopyranosyl-(ɓ1Ÿ2)-D-

glucopyranosyl disaccharide component as the essential, high-affinity core structure (Williams 
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et al., 2015).  X-ray structure binding analysis identified that MbA inhibits HPA through 

internal ˊ-stacking interactions between the myricetin and caffeic acid, which organize their 

ring hydroxyls for optimal hydrogen bonding around HPAôs catalytic residues (Williams et 

al., 2015). 

To assess MbAôs potential as an oral T2D therapeutic, MbA was administered to 

Zucker diabetic fatty rats, an animal model of type 2 diabetes (Yuen et al., 2016).  When 

compared to animals receiving either Acarbose©, a common Ŭ-glucosidase inhibitor, or no 

treatment, chronic oral administration of MbA was found to be effective at decreasing BGL.  

Moreover, this study also showed that MbA improved the oxidative status of the fatty diabetic 

animals as well as lowered the levels of markers for increased risk of cardiovascular 

complications associated with diabetes.  Overall, these results demonstrated that MbA is a 

strong candidate for further research as a T2D therapeutic for humans. 

 

1.2.3 Flavonoids in Human Health 

As a flavonoid, MbA is part of one of the largest and most diverse groups of specialized 

metabolites, estimated to contain 9,000 different structures (Ferrer et al., 2008; Tohge et al., 

2013).  With the exceptions of aurones, flavonoids have a common diphenylpropane (C6-C3-

C6) backbone, which consists of two aromatic rings (A and B) connected by a central 

heterocyclic ring (C) (Fig. 1.4).  Biosynthesized from phenylpropanoid and acetate-derived 

precursors, flavonoids are grouped into ten subgroups: anthocyanins, aurones, chalcones, 

condensed tannins, flavanones, flavones, flavonols, isoflavonoids, leucoanthocyanidins, and 

phlobaphenes (Ferrer et al., 2008; Winkel-Shirley, 2001).  While flavonoids play critical roles 

within plants, they also have various beneficial health activities as anti-inflammatory, anti-

oncogenic, cardiovascular, and disease prevention agents in humans.  

 
Figure 1.4: Backbone structure of flavonoids.   
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 As anti-inflammatory agents, flavonoids reduce inflammation by preventing the ROS-

based activation of transcription factors and cytokines important in triggering inflammation 

(Schreck et al., 1991).  While inflammation is a normal part of an immune response, prevention 

of chronic inflammation can reduce the risk for several degenerative diseases such as arthritis, 

atherosclerosis heart disease, or Alzheimerôs disease (Brod, 2000; O'Byrne and Dalgleish, 

2001).  As anti-oncogenic agents, flavonoids play roles in both cancer prevention and 

inhibiting cancerous growth by interfering with a large number of regulatory pathways 

including those of growth, energy metabolism, apoptosis, cell division, transcription, and stress 

response (Gu et al., 2005; Sarkar and Li, 2004).  Through these actions, flavonoids have been 

able to affect signalling transduction pathways to prevent expression of tumor promoting 

factors (Atalay et al., 2003) and exert cytostatic effects by activating proteins involved in 

programmed cell death (Richter et al., 1999).  As a cardiovascular agent, flavonoids reduce 

atherosclerosis and prevent arterial plaque build up (Frankel et al., 1993; Tikkanen et al., 

1998).  These activities are achieved, respectively, by promoting arterial muscle relaxation 

through stimulating release of muscle relaxants and inhibiting intracellular Ca2+ release needed 

for contraction (Ajay et al., 2003; Carrón et al., 2010), and preventing platelets and other lipids 

from sticking to lipoproteins through lipoprotein oxidation (Diaz et al., 1997). As disease 

prevention agents, flavonoids play roles as immune modulators and anti-microbials.  As 

immune system modulators, flavonoids have been observed to activate immune system cells, 

such as lymphocytes and macrophages, by stimulating their signalling cascades (Middleton Jr, 

1998).  As antimicrobials, flavonoids have been observed to act against both bacterial and viral 

organisms.  While there is a current lack of understanding of the mechanism of action, it is 

believed that flavonoids play a role in inhibition of microbial polymerases or binding and 

inhibiting proper function of nucleic acid, membrane proteins, and capsid proteins (Cushnie 

and Lamb, 2005; Selway, 1986). 

  

 1.2.4 Flavonoid Backbone Biosynthesis 

Flavonoids are derived from the aromatic amino acids phenylalanine and tyrosine, 

which come from the shikimate pathway (Knaggs, 2003).  To convert either of these amino 

acids into flavonoids, they must first flow through the early steps of the phenylpropanoid 
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pathway (Fig. 1.4) (Tohge et al., 2013; Winkel-Shirley, 2001).  The first step of this is the 

elimination of ammonia in phenylalanine by phenylalanine ammonia lyase (PAL; EC 4.3.1.24) 

or tyrosine by tyrosine ammonia lyase (TAL; EC 4.3.1.23) to produce cinnamic acid and p-

coumaric acid, respectively (Young and Neish, 1966).  p-Coumaric acid may also be derived 

from the oxidation of cinnamic acid by cinnamic 4-hydroxylase (C4H; EC 1.14.13.11) (Russell 

and Conn, 1967).  An additional oxidation of cinnamic acid by p-coumarate 3-hydroxylase 

(C3H; EC 1.14.13.-) yields caffeic acid (Kojima and Takeuchi, 1989).  These three acids can 

then become ñactivatedò by 4-coumarate-CoA ligase (4CL; EC 6.2.1.12) through the 

attachment of the coenzyme A (CoA) group (Gross and Zenk, 1974).  These activated 

compounds can then be used to form a variety of phenolic-based metabolites such as lignins, 

lignans, coumarins, and stilbenoids, or continue in the biosynthesis of flavonoids. 

 
Figure 1.5: Biosynthesis of cinnamoyl-CoA, p-coumaroyl-CoA, or caffeoyl-CoA from 

phenylalanine and tyrosine.  Abbreviations: PAL, phenylalanine ammonia lyase; TAL, 

tyrosine ammonia lyase; 4CL, 4-coumarate-CoA ligase; C4H, cinnamate 4-hydroxylase; C3H, 

coumarate 3-hydroxylase. 

 

The polyketide chain extension of p-coumaroyl-CoA with three units of malonyl-CoA 

by chalcone synthase (CHS; EC 2.3.1.74) is the first dedicated step of the flavonoid 

biosynthesis pathway (Fig. 1.5) (Heller and Hahlbrock, 1980).  The result is a chalcone, a 

polyketide that can be folded to generate the different flavonoids (Tohge et al., 2013; Winkel-

Shirley, 2001).  This chalcone can then be converted into an aurone by aureusidin synthase 

(AS; EC 1.21.3.6) (Nakayama et al., 2000) or undergo an isomerization catalyzed by chalcone 
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isomerase (CHI; EC 5.5.1.6), the next step in the biosynthetic pathway shared by the remaining 

flavonoids (Moustafa and Wong, 1967).  This isomerization reaction involves a stereospecific 

ring closure of chalcones into their corresponding flavanones through an intermolecular 

nucleophilic attack of one of the phenolic hydroxyl groups onto the unsaturated ketone.  This 

links the two aromatic rings through the formation of the C-ring which produces the flavanone 

naringenin (Jez and Noel, 2002).  The flavanones represent one of the most important 

branching points in flavonoid metabolism.  At this point, flavanones can go into one of five 

different branches of flavonoid biosynthesis to form the seven remaining types of flavonoids. 

 
Figure 1.6: Biosynthesis of flavonoids from of p-coumaroyl-CoA and malonyl-CoA.  

Abbreviations: CHS, chalcone synthase; AS, Aureusidin synthase; CHI, chalcone isomerase; 

IFS, isoflavone synthase; IFD, 2-hydroxyisoflavanone dehydratase; DFR, dihydroflavonol 4-

reductase; FNS, flavone synthase; F3H, flavanone 3-hydroxylase; ANS, anthocyanin 

reductase; LCR, leucoanthocyanidins reductase; FLS, flavonol synthase; F3ǋH, flavonoid 3ǋ-

hydroxylase; F3ǋ5ǋH, flavonoid 3ǋ5ǋ-hydroxylase. 

 

In the first branch, isoflavonoids are produced by a C2-C3 aryl migration and 

hydroxylation reaction on the flavanones catalyzed by isoflavone synthase (IFS; EC 

1.14.13.136) (Steele et al., 1999).  This reaction is followed by a dehydration reaction of the 
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2-hydroxyisoflavanones catalyzed by 2-hydroxyisoflavanone dehydratase (IFD; EC 4.2.1.105) 

to form isoflavonoids (Hakamatsuka et al., 1998).  At this point, multiple additional enzymes 

can act on the metabolite to form a suite of isoflavonoids.  In the second branch, flavanones 

undergo a dehydration reaction at the C2-C3 position catalyzed by flavone synthase (FNS; EC 

1.14.11.22) to yield flavones (Martens et al., 2001).  In the third branch, a stereospecific C3 

hydroxylation of naringenin by flavanone-3-hydroxylase (F3H; EC 1.14.11.9) produces 

dihydroflavonols (Forkmann et al., 1980).  These dihydroflavonols can undergo hydroxylation 

at the 3ǋ and 5ǋ position of the B-ring by flavonoid 3ǋ-hydroxylase (F3´H; EC 1.14.13.21) or 

flavonoid 3ǋ, 5ǋ-hydroxylase (F3´5´H; EC 1.14.13.88) (Forkmann et al., 1980; Menting et al., 

1994).  Here, the pathway diverges into flavonols and anthocyanins.  These dihydroflavonols 

can then undergo a C2-C3 reduction catalyzed by flavonol synthase (FLS; EC 1.14.11.23) to 

produce flavonols (Lukaļin et al., 2003).  Alternatively, the dihydroflavonols can be reduced 

at the C4 position by dihydroflavonol 4-reductase (DFR; EC 1.1.1.219) to produce 

leucoanthocyanidins (Fischer et al., 1988).  These can then be converted into anthocyanins by 

the enzyme anthocyanin reductase (ANS; EC 1.14.11.19) (Saito et al., 1999).  In the fourth 

branch, a C4 reduction of leucoanthocyanidins by leucoanthocyanidins reductase (LCR; EC 

1.17.1.3) produces flavan-3-ols (Tanner and Kristiansen, 1993).  These flavan-3-ols then 

undergo a polymerization to form condensed tannins.  However, it is not clear whether 

polymerization occurs enzymatically or non-enzymatically (Vogt, 2010).  In the fifth branch, 

a C4 reduction of flavanones by DFR produces flavan-4-ols.  Similar to condensed tannins, the 

polymerization process which produces phlobaphenes from flavan-4-ols is unclear. 

 

1.2.5 Crocosmia x crocosmiiflora 

Crocosmia spp. is a popular ornamental plant widely found in North America and 

Europe.  A genus of perennial plants in the family Iridaceae, Crocosmia spp. is native to the 

South African grasslands (Fig. 1.7).  Due to its growth versatility and attractive flowers, 

Crocosmia spp. is primarily cultivated for horticultural purposes.  Crocosmia spp. typically 

has long (up to one meter), erect, sword-shaped leaves with distinct parallel veining and 

pleating.  During flowering season (June ï September in the Northern hemisphere), tall arching 

stems display funnel-shaped flowers in bright shades of brown, yellow, orange, or red 

(Manning and Goldblatt, 2008).  This foliage grows from swollen underground modified stem 
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structures called corms that serve as storage organs and helps plants survive conditions such 

as drought, summer heat, or winter (Dominy et al., 2008).  These corms grow in vertical chains 

with younger corms forming atop older ones.  The vertical chain of corms is fragile and can be 

separated into individual corms, each one able to form a new plant.  Corms have contractile 

roots, which act to drag the corm deeper into the ground in response to temperature and light 

until it reaches uniform conditions (Kostelijk, 1984).  Within this genus, the hybrid Crocosmia 

x crocosmiiflora, also known as montbretia, is one of the most commonly found members.  

Cultivation and cross breeding have resulted in over 300 different cultivars (Goldblatt et al., 

2004). 

 
Figure 1.7: Examples of Crocosmia x crocosmiiflora cultivars.  (a) Emily McKenzie 

cultivar.  (b) Lucifer cultivar.  (c) Emberglow cultivar. 

 

In the past three decades, a number of specialized metabolites have been isolated and 

identified from the corms of different members of Crocosmia spp.  Nagamoto et al. (1988) 

observed metabolites from water extracts of Crocosmia x crocosmiiflora corms possessing 

strong antitumor capabilities in mice with transplanted carcinomas (Nagamoto et al., 1988).  

Although follow-up by Asada et al. to identify the compounds responsible for the noted 

antitumor activity identified the saponins crocosmiosides A ï I (Asada et al., 1989; Asada et 

al., 1990) and montbretin A and B (Asada et al., 1988), as well as masonosides A ï C from the 

species Crocosmia masonorum (Asada et al., 1994), none of these compounds were reported 

to display antitumor activity.  Corms of a close relative of Crocosmia, Tritonia 

crocosmaeflora, were found to contain a napthazarin derivative, tricrozarin A, possessing 

broad-spectrum antimicrobial activity against gram-positive bacteria, yeast, and fungi (Masuda 

et al., 1987).  The same extraction also yielded another napthazarin derivative, tricrozarin B, 
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which showed antitumor capabilities against human and murine-based cancer cell lines 

(Masuda et al., 1987). 

Overall, these findings demonstrate that MbA is a strong candidate for further 

development as a T2D therapeutic for humans.  To this end, one of the most significant 

problems is establishing a sustainable, economical source of montbretin A.  Chemical synthesis 

of the natural product would be challenging due to the sheer size and complexity of the 

glycosylation pattern.  Current available data reports that corms possess approximately 800 mg 

of MbA per kg of fresh weight (Andersen et al., 2009).  Based on estimates of an average 

patient needing up to 180 mg MbA/kg body weight per day (Andersen et al., 2009) and that 

the plant must be killed to extract the majority of the MbA, natural harvest of Crocosmia can 

not currently be employed as a method for sustainable production.  A solution to the production 

problem could be to harness the biosynthetic mechanism employed by Crocosmia to either 

produce a Crocosmia x crocosmiiflora system with heightened levels of MbA or an engineered 

microorganism capable of producing MbA.  With little public data available on MbA or 

Crocosmia spp., this approach requires extensive and laborious exploration and 

characterization of the MbA biosynthetic pathway. 

 

1.2.6 Hypothesized Montbretin A Biosynthesis Pathway 

 To develop an MbA production system, its biosynthetic pathway in C. x crocosmiiflora 

must be characterized.  Based on the chemical structure of MbA, I propose that the MbA 

biosynthetic pathway is composed of two subpathways: the early biosynthesis pathway (EPB) 

and late biosynthesis pathway (LBP). 
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Figure 1.8: Proposed in planta biosynthesis of montbretin A.   Within proposed pathway, 

sections A, B, and C correspond to the ñEarly Biosynthetic Pathwayò while section D 

corresponds to the ñLate Biosynthetic Pathwaysò.  

 

The proposed MbA EBP employs activity of the phenylpropanoid, flavonoid, and 

nucleotide sugar metabolism pathways towards the production of the individual components 

of MbA: myricetin, glucose, rhamnose, xylose, and caffeic acid (Fig. 1.8).  Produced from 

phenylalanine or tyrosine in the phenylpropanoid pathway, caffeoyl-CoA or p-coumaroyl-CoA 

can enter the flavonoid pathway where they can be used to form the flavonol myricetin.  In the 

nucleotide sugar pathway, glucose obtained from photosynthesis, sugar recycling, or storage 

is converted to uridine 5ǋ-diphosphate-glucose (UDP-Glc).  UDP-Glc can then be converted to 

UDP-rhamnose (UDP-Rha) or UDP-xylose (UDP-Xyl).  

The hypothesized MbA LBP involves the assembly of the individual components of 

MbA (Fig. 1.8).  In the LBP, myricetin is decorated with five monosaccharides through the 

activity of five glycosyltransferases (GTs), and the caffeic ester moiety is added through the 

activity of either an acyltransferase or a serine carboxypeptidase-like enzyme. 
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 Of the enzymes proposed to be employed in the biosynthesis of MbA, those in the 

phenylpropanoid and flavonoid pathways are well characterized in several plant systems.  

Additionally, the EBP-specific end products, caffeoyl-CoA and myricetin, are readily 

accessible.  While most of the nucleotide sugar pathway enzymes have been well characterized, 

UDP-xylose synthase (UXS) and UDP-rhamnose synthase (RHM) have only been 

characterized in a small number of plant systems.  Additionally, due to patents on these genes 

(Bao et al., 2014; Oka and Jigami, 2007) and complications with chemical synthesis, UDP-

Xyl and UDP-Rha are prohibitively expensive.  While genes performing 3-O- and 4ǋ-O-

glycosylations similar to those involved in the first steps of the LBP have been functionally 

characterized in other plant species, few genes have been characterized to perform reactions 

similar to the needed secondary glycosylation, tertiary glycosylations, and acylation reactions 

(DôAuria et al., 2007; Hong et al., 2007; Ko et al., 2008; Moraga et al., 2009; Trapero et al., 

2012; Yonekura Sakakibara et al., 2012).  With the goal of studying MbA biosynthesis in C. 

x crocosmiiflora to establish a sustainable production system, emphasis will be put on 

identifying the UXS, RHM, and GTs involved in MbA biosynthesis. 

 

1.2.7 UDP-Glycosyltransferases 

 Glycosylation reactions appear to be ubiquitous in nature (Bowles et al., 2005; Bowles 

et al., 2006).  These reactions have a large range of effects on their aglyconeôs physicochemical 

properties such as altering solubility and stability, facilitating storage and compartment 

localization, molecular recognition, chemical defense, cellular homeostasis, and energy 

storage (Bowles et al., 2005; Liang et al., 2015).  This, in turn, has important effects on a 

compoundôs functioning.  Because of the importance which glycosylation modifications have 

on plant life and the large diversity of glycosylated compounds within species, most plants 

contain hundreds of glycosyltransferases (EC: 2.4.-.-), the enzymes responsible for performing 

these reactions.  These enzymes have been classified into one of 94 families based on sequence 

similarity to genes in the Carbohydrate Active Enzyme database (CAZy, www.cazy.org) 

(Campbell et al., 1997; Coutinho et al., 2003; Lombard et al., 2014).  Within the 

glycosyltransferase enzyme class, family 1 glycosyltransferases (GT1) or uridine diphosphate 

glycosyltransferases (UGTs) (EC: 2.4.1.-) are the main players in the glycosylation of small 

molecules (Bowles et al., 2005).  While plants contain multiple glycosyltransferase families, 

http://www.cazy.org/


18 

 

within a species the family 1 GT sub-class typically contains the most members (Caputi et al., 

2012).  To date, hundreds of GT1 UGTs from various plants have been reported to glycosylate 

flavonoids, phenylpropanoids, terpenoids, benzoates, plant hormones, and many other 

metabolites (Caputi et al., 2008; Lanot et al., 2006; Lim et al., 2002; Lim et al., 2004; 

Poppenberger et al., 2005).  Current estimates from species with characterized genomes 

suggest that an average of 0.5% of hypothesized genes are GT1 UGTs (Caputi et al., 2012). 

 

1.2.7.1 UDP-Glycosyltransferase Structures 

To date, x-ray crystal structures for eight plant GT1 UGTs have been reported (Brazier-

Hicks et al., 2007; Hiromoto et al., 2015; Li et al., 2007; Modolo et al., 2009; Offen et al., 

2006; Shao et al., 2005; Thompson et al., 2017; Wetterhorn et al., 2016).  These structures all 

have the GT-B fold, which is characterized by N- and C-terminal domains that possess similar 

Rossmann-like folds, a unique structural motif found in many nucleotide-binding proteins.  

Comparison of the crystal structures shows that plant GT1 UGTs have a high degree of 

structural similarity, especially at the C-terminal domain which binds the sugar donor (Wang, 

2009).  Each Rossmann-like fold contains a central ɓ-sheet þanked by Ŭ-helices on either side.  

These two domains are separated by a linker region, which is compacted to form an inter-

domain cleft and the enzyme active site.  When bound, the nucleotide sugar donor mainly 

interacts with the C-terminal domain while the acceptor mainly binds to the N-terminal 

domain.   

In general, plant GT1 UGTs are between 400 ï 550 amino acids long.  A key signature 

characteristic of plant GT1 UGTs is the conserved 44 amino acid signature ñplant secondary 

product glycosyltransferaseò (PSPG) motif (Campbell et al., 1997).  The conserved amino 

acids of this motif are involved in hydrogen bond interactions with the nucleotide sugar donor.  

It has been seen that variations are more common in the N-terminal domain, particularly in the 

loops and helices of the active site (Wang, 2009).  These are predicted to accommodate the 

diversity of potential acceptor substrates.  During the reaction, binding of the sugar donor 

triggers a change from open to closed conformation, causing the acceptor and donor sugar to 

interact with both N- and C-terminal domains and undergo the transfer reaction. 
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1.2.7.2 UDP-Glycosyltransferases Catalytic Mechanism 

Plant GT1 UGTs catalyze the transfer of sugar moieties from a donor by following a 

direct displacement SN2-like reaction mechanism (Fig. 1.9) (Lairson et al., 2008).  Within the 

N-terminal domain, a conserved active site catalytic base (usually Asp, Glu, or His) acts on the 

target hydroxyl group of the acceptor molecule to remove a proton during glycoside bond 

formation.  A nearby conserved aspartic acid interacts with the catalytic base by forming a 

hydrogen bond and balances its charge after deprotonating the acceptor.  Concurrently, the 

acceptor attacks the C1 carbon atom of the sugar moiety of the UDP-sugar, resulting in the 

direct displacement of the UDP moiety and formation of the glycoside (Wang, 2009).  

Glycosylation reactions usually follow a sequential ñbi-bi mechanismò in which the acceptor 

and donor are bound sequentially, followed by the sugar transfer, release of the newly 

glycosylated product, and finally release of the nucleotide moiety. 

 
Figure 1.9: Basic UDP-glycosyltransferase catalytic mechanism for family 1 

glycosyltransferases.  Family 1 Glycosyltransferases (GT1 UGTs) follow a classic SN2-like 

mechanism resulting in a inversion of anomeric stereochemistry upon glycosylation.  An 

oxocarbenium-ion transition state (square brackets) forms with the help of a catalytic base 

usually provided by an active-site amino acid side chain.  This base abstracts a proton from the 

hydroxyl group of the acceptor, facilitating nucleophilic attack at the sugar anomeric C1 

carbon, forming a glyosidic bond between the sugar donor and the acceptor.  The resulting 

negative charge on the phosphate group is typically stabilized by a positive amino acid side 

chain or helix dipole.  ñBò represents the catalytic base within the GT1 UGT while the ñ+ò 

represents the positive amino acid side chain or helix dipole. 

 

1.2.8 Nucleotide Sugar Interconversion Enzymes 

 Nucleotide sugar interconversion enzymes (NSE) are responsible for producing the 

majority of activated NDP-sugars with minor levels being formed from sugar salvage pathways 

and the promiscuous sugar phosphorylase SLOPPY (Bar-Peled and O'Neill, 2011; Kotake et 

al., 2004).  These sugars serve as donors for glycosyltransferases and provide critical substrates 
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needed to form the diverse set of glycan-specialized metabolites.  Of the multiple small gene 

families that make up the NSE family, UXS and RHM are of interest for their value in the 

elucidation of the MbA biosynthetic pathway. 

 

1.2.8.1 UDP-Xylose Synthase Structure 

To date, only one x-ray crystal structure for UXS has been characterized (Eixelsberger 

et al., 2012).  The structural analysis showed UXS could be split into two domains.  The N-

terminal NAD+-binding domain is a modified version of the classic Rossmann fold, built of a 

seven-stranded parallel ɓ-sheet in between two arrays of Ŭ-helices.  The C-terminal UDP-

glucuronic acid (UDP-GlcA) binding domain is composed of two, two-stranded ɓ-sheets and 

a three Ŭ-helix bundle.  The cavity formed in between these two domains forms the enzyme 

active site. 

In general, plant UXS are between approximately 350 ï 450 amino acids in length.  

They contain two conserved motifs in the C-terminus: GXXGXXG and YXXXK.  The 

GXXGXXG motif is characteristic of dinucleotide binding proteins and helps position and 

stabilize the substrate in the active site (Rossmann and Argos, 1978).  The YXXXK motif 

contains most of the serine-tyrosine-lysine catalytic triad needed for enzyme activity (Duax et 

al., 2000).  Additionally, some UXS have been predicted to contain an N-terminal 

transmembrane domain (Harper and Bar-Peled, 2002).  

 

1.2.8.2 UDP-Xylose Synthase Catalytic Mechanism 

UDP-Xyl is synthesized from UDP-GlcA acid by UXS (EC 4.1.1.35) (Harper and Bar-

Peled, 2002) (Fig. 1.10).  Once the substrate and NAD+ cofactor are bound, a catalytic tyrosine 

deprotonates the C4 hydroxyl of UDP-GlcA while the NAD+ oxidizes the C4 carbon.  These 

actions promote the formation of a C4 keto bond and produce the UDP-4-keto-hexauronic acid 

intermediate.  The keto bond promotes stabilization of the carbanion upon decarboxylation, 

which is then followed by an NADH-facilitated reduction of the C4 carbon and proton return 

to the C4 hydroxyl group by the catalytic tyrosine. 
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Figure 1.10: UDP-xylose synthase catalytic mechanism.  UDP-xylose synthase 

decarboxylates UDP-GlcA in the presence of NAD+ to produce the UDP-4-keto-pentose 

intermediate and NADH.  UDP-4-keto-pentose in the presence of NADH is then converted to 

UDP-xylose and NAD+. 

 

1.2.8.3 UDP-Rhamnose Synthase Structure 

 RHM is predicted to have two main domains; an N-terminal domain which performs 

the dehydration reaction and a C-terminal domain which performs the epimerization and 

reduction reactions (Oka et al., 2007; Watt et al., 2004).  As of writing, a single x-ray crystal 

structure of the C-terminal domain of RHM has been characterized (Han et al., 2015).  Similar 

to the characterized UXS, the C-terminal domain of RHM shows two distinct sub-domains.  

The first sub-domain, which plays a role in binding the NADPH and NADH cofactors, 

possesses a Rossmann-like fold.  This fold possesses a central core composed of four parallel 

ɓ-strands flanked by four Ŭ-helices.  The second sub-domain is formed by five Ŭ-helices 

connected by two ɓ-strands and several loops.  A deep cleft is formed in between these two 

sub-domains and is surrounded by a bundle of helices and loops.  The uncharacterized N-

terminal domain is predicted to have a similar structure with two sub-domains and its active 

site in the cleft forming between them.  

In general, plant RHM are between approximately 650 ï 700 amino acids in length.  

Both the N- and C-terminus domains contain two conserved motifs: the GXXGXXG and 

YXXXK.  The GXXGXXG motif is characteristic of dinucleotide binding proteins and helps 

position and stabilize the substrate in the active site (Rossmann and Argos, 1978).  The 
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YXXXK motif contains most of the serine/threonine-tyrosine-lysine catalytic triad needed for 

enzyme activity (Duax et al., 2000). 

 

1.2.8.4 UDP-Rhamnose Synthase Catalytic Mechanism 

In plants, UDP-Rha is synthesized from UDP-Glc by the single enzyme, RHM, through 

sequential dehydratase, epimerase, and reductase reactions (EC 4.2.1.76, EC 5.1.3.-, and EC 

1.1.1.- respectively) (Fig. 1.11) (Kamsteeg et al., 1978; Watt et al., 2004).  Once the substrate 

and NAD+ cofactor are bound in the N-terminal active site, a catalytic tyrosine deprotonates 

the C4 hydroxyl of UDP-Glc while the NAD+ oxidizes the C4 carbon.  These actions promote 

the formation of a C4 keto bond and elimination of the hydroxyl, followed by addition of 

hydride to C6 to produce the UDP-4-keto-6-deoxy-Ŭ-D-glucose intermediate.  This 

intermediate then leaves the N-terminal and enters the C-terminal active site. 

 Once the intermediate and the NADPH co-factor are in the C-terminus active site, 

epimerization at the C3 and C5 are predicted to proceed through an enediol/enolate 

intermediate (Liu and Thorson, 1994).  In the epimerization, a general acid transiently 

protonates the C4 oxygen and stabilizes the enediol/enolate intermediate.  A general base 

compliments this, removing a proton from C3 or C5 of the intermediate.  Subsequently, 

reprotonation of the C3 and C5 occur from the opposite face of the sugar ring.  Protonation of 

the C4 oxygen by the general base then completes the reaction.  The NADPH-dependent 

reduction catalyzed at C4 of the 4-keto, 6-deoxy mannose ring is performed by the conserved 

Ser/ThrïTyrïLys catalytic triad.  Here, these three residues play an analogous role to the 

dehydrogenase reaction where the lysine helps stabilize the co-factor so it can facilitate 

reduction of the C4 carbon and the catalytic tyrosine can facilitate proton transfer to the C4 

hydroxyl group, resulting in UDP-Rha. 
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Figure 1.11: UDP-rhamnose synthase catalytic mechanism.  In the N-terminus of RHM and 

in the presence of NAD+, UDP-Glc has its C4 hydroxyl group oxidized and is dehydrated then 

reduced to form the UDP-4-keto-6-deoxy-glucose intermediate.  After moving to the C-

terminus of RHM, this intermediate then undergoes sequential epimerization reactions, to form 

the UDP-4-keto-rhamnose intermediate, and reduction by NADPH, to form UDP-rhamnose. 

 

1.2.9 Pathway Elucidation Using Guilt-By-Association 

The lack of information available for de novo systems such as C. x crocosmiiflora 

presents a large challenge for the elucidation of biosynthetic genes involved in a metabolic 

pathway.  The integration of deep transcript and targeted metabolite profiles from 

corresponding plant tissues is a key component in establishing an integrated platform to select 

biosynthetic gene candidates involved in specialized metabolism (Facchini et al., 2012; Saito 

et al., 2008) The guilt-by-association principle proposes that a set of genes involved in a 

biological process are co-regulated and thus co-expressed under control of a shared regulatory 

system (Saito et al., 2008).  When extended to metabolite accumulation, this principle can be 

applied as a strategy for prioritization of genes putatively involved in metabolite biosynthesis.  

Although the assumed correlation between gene expression and metabolite accumulation has 

been shown to be acceptable (Urbanczyk-Wochniak et al., 2003), their relationship can be non-

linear or ambiguous (Gibon et al., 2006).  While the majority of successful applications of the 

guilt-by-association principle to elucidate target metabolite biosynthetic genes have been 

through pathway modulation through mutation or stress, success has also been achieved 

through comparison of different organs of the plant (Saito et al., 2008). 
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1.3 (+)-3-CARENE SYNTHASE-LIKE FAMILY AND SITKA SPRUCE  

1.3.1 Terpenoids in conifers 

With estimates of 25,000 ï 50,000 identified members, terpenoids constitute one of the 

most abundant and structurally diverse groups of specialized metabolite (Cheng et al., 2007).  

In conifers, terpenes in the form of oleoresin play a critical role for defense against herbivores 

and pathogens.  Oleoresin is a complex mixture of mostly monoterpenes (C10), sesquiterpenes 

(C15), and diterpene resin acids (C20) (Keeling and Bohlmann, 2006a; Phillips and Croteau, 

1999; Trapp and Croteau, 2001). Several oleoresin terpenoids have been shown to act against 

such diverse orgnaisms as bacteria (Himejima et al., 1992), fungi (Kopper et al., 2005; Paine 

and Hanlon, 1994), insects such as various bark beetles (Paine et al., 1997) and weevils (Alfaro 

et al., 2002; Tomlin et al., 1996), or mammals (Phillips et al., 1999).  Terpenes act as direct as 

physical or chemical defenses when conifers are challenged by insects or pathogens.  In 

addition to these direct effects, volatile terpenoids facilitate indirect tritrophic defense 

interactions with predatory or parasitic organisms of the aggressing pest (Keeling and 

Bohlmann, 2006b).  Predatory and parasitic insects may use the terpenoids induced or 

constitutively produced by conifers to locate their herbivorous host (Pettersson, 2001; Raffa 

and Klepzig, 1989; Hilker et al., 2002; Mumm and Hilker, 2005; Grégoire et al., 1991; 

Grégoire et al., 1992). 

 

1.3.2 Terpenoid Backbone Biosynthesis 

Terpenoids are derived from the 5-carbon building blocks isopentyl diphosphate (IPP) 

and dimethylallyl diphosphate (DMAPP), which are produced in plants by two different 

pathways: the mevalonate (MVA) pathway and the 2-C-methyl-D-erythritol phosphate 5 

(MEP) pathway (Fig. 1.12) (Gershenzon and Kreis, 1999). In plants, the MVA pathway is 

primarily responsible for the production of precursors for cytosolic terpenoids or isoprenoids, 

while the MEP pathway is primarily responsible for plastidial terpenoid or isoprenoid 

biosynthesis (Lichtenthaler, 1998).   

The different prenyl diphosphate substrates that are used by terpene synthases to 

produce the array of terpenoids are produced by condensation reactions of DMADP with one, 

two or three units of IPP carried out by prenyltransferases (Ramos-Valdivia et al., 1997).  
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These condensation reactions produce the acyclic prenyl diphosphates geranyl diphosphate 

(GPP), FPP, and geranylgeranyl diphosphate, (GGPP) (Ogura and Koyama, 1998; Ramos-

Valdivia et al., 1997) (Fig. 1.13).  GPP is the substrate for plastidial monoterpene biosynthesis 

in conifers and other plants, where GPP is converted by monoterpene synthases (mono-TPS) 

into various acyclic and cyclic monoterpenes olefins or alcohols. 

 
Figure 1.12: The MVA and MEP pathways. (A) The MVA Pathway.  Abbreviations: AACT, 

acetyl-CoA acetyltransferase; HMGS, hydroxymethylglutaryl-CoA synthase; HMGR, 

hydroxymethylglutaryl-CoA reductase; MK, mevalonate kinase; PMK, phosphomevalonate 

kinase; PMD, phosphomevalonate decarboxylase; IDI, isopentenyl diphosphate isomerase. (B) 

The MEP Pathway.  Abbreviations: DXS, 1-deoxyxylulose-5-phosphate synthase; DXR, 1-

deoxy-D-xylulose-5-phosphate reductoisomerase; CMS, 4-diphosphocytidyl-2-C-methyl-D-

erythritol synthase; CMK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; MCS, 2-

methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, 1-hydroxyl-2-methyl-2-(E)-butenyl 

4-diphosphate synthase; HDR, hydroxymethylbutenyl diphosphate reductase. 
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Figure 1.13: Biosynthesis of terpene precursors.  Abbreviations: GPPS, geranyl diphosphate 

synthase; FPPS, farnesyl diphosphate synthase; GGPPS, geranylgeranyl diphosphate synthase; 

TPS, terpene synthase. 

 

1.3.3 Monoterpene Synthases 

Mono-TPS produce a variety of acyclic, monocyclic, and bicyclic structures from GPP 

(Davis and Croteau, 2000). Mono-TPS are primarily found in the TPS-b subfamily 

(angiosperm mono-TPS), the TPS-d subfamily (gymnosperm mono-TPS), the TPS-e/f 

subfamily (vascular plants), and the TPS-g subfamily (angiosperm mono-TPS) of the large 

plant TPS gene family  (Chen et al., 2011).  Mono-TPS typically require a Mg2+ or Mn2+ as a 

co-factor (Croteau and Karp, 1979; Croteau et al., 1980).  

Plant mono-TPS are between approximately 600 ï 650 amino acids in length 

(Bohlmann et al., 1997; Colby et al., 1993; Martin et al., 2004).  Mono-TPS contain three 

highly conserved motifs: the RRX8W, DDXXD, and NSE/DTE motifs.  Found in the N-

terminus, the RRX8W motif contains the tandem arginine pair thought to assist the initial 

diphosphate migration step of GPP cyclization.  Found in the C-terminus, the DDXXD 

(Lesburg et al., 1997; Tarshis et al., 1994) and NSE/DTE (Caruthers et al., 2000) motifs are 

critical in the bindings and positioning of the three metal ions needed for catalytic activity.  In 


