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ABSTRACT

Plantspecialized metabolites have long been utilized as medicines, cosmetics,
flavours, andndustrial raw materials. To explore the biosynthesis of a specialized metabolite
in a nonmodel system and utilize the biosynthetic genes for future application, genomics
informed research typically flows through three phases: i) development of genomic o
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 hypothedigven research along these thréages in two different plant
species and two different metabolic systems.

My research withCrocosmia x crocosmiifloréocused on resource development and
discovery of biosynthetic genes of a specialized metabolite of interest, montbretin A (MbA).
| devdoped new resources for this system including metabplibdéles and transcriptome
sequences and annotatiofiis work resulted in insight into the spatial and temporal patterns
of MbA accumulation inC. x crocosmiifloraand a first reference transcripte with
annotation for this speciesUsing these resources, | functionally characterized four -UDP
xylose synthases and five UBRamnose synthases. | discuss the application of these genes
for possible use in an improved MbA production system and pravig®of of concept for
using these genes to enable characterization of downstream MbA biosynthetic genes. | also
identified 14UDP-glycosyltransferases as candidate MbA biosynthetic genes through-a guilt
by-association analysis; however, their functiodaéracterization did not support a rahe
MbA biosynthesis.

In the second biological system, Sitka spruRieda sitchens)s | performed a detailed
characterization of a set of monoterpene synthases involved in the biosynthesis of3the (+)
carene. Using domain swapping and-gitected mutagenesis, | demonstrated the catalytic
plasticity of monoterpene synthases acrossamily of (+)3-carene synthadéke genes
associated withP. sitchensisesistance against the white pine weeRis§odes strobi) This
work identified a single amino acid as most critical in determining both product profile and
enzyme kinetics. Furthewne, | 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.



LAY SUMMARY

Plantspecialized metabolites are valuable resources employed by humans. This thesis

explores metabolites in two plant species, showcasing the research pipeline used & explor
such systems. Research Gmocosmia x crocosmiiflar focused on identifying the genes
involved in biosynthesis of montbretin A (MbA), a specialized metabolite of interest. This
thesis established the first ever sebmflogical resotces forC. x croosmiiflora Building

off these resources, members of the LYPse synthase and UBfRamnose synthase gene
families were functionally characterized. While attempts to identify {dPosyltransferases
involved in biosynthesis were unsuccessful, reguttsided useful insight for future attempts.
Research on Sitka spruce focused on exploring the plasticity of a family -8fc@irene
synthasdike genes. Results showed the effect a single amino acid can have on altering the
functioning of an enzyme. hIs work highlightsthe inherent plasticity and potential for

evolution of these monoterpene synthases of conifer defense against pests.
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kinase; PMD, phosphomevalonate decarboxylH3l, isopentenyl diphosphate isomerd8s.

The MEP Pathway. Abbreviations: DXS;d&oxyxylulose5-phosphate synthase; DXR; 1
deoxyD-xylulose5-phosphate reductoisomerase; CM&]ighosphocytidy2-C-methylD-
erythritol synthase; CMK, -dliphosphocytigl-2-C-methytD-erythritol kinase; MCS, 2
methytD-erythritol 2,4cyclodiphosphate synthase; HDShyldroxyl2-methyl2-(E)-butenyl
4-diphosphate synthase; HDIRydroxymethylbutenytliphosphate reductageé é ¢ ¢ . . 25

Figure 1.13: Biosynthesis of terpenprecursors. Abbreviations: GPPS, geranyl diphosphate
synthase; FPPS, farnesyl diphosphate synthase; GGPPS, geranylgeranyl diphosphate synthase;

//////////////

TPS, terpeneésyacbasdceécé.  éééeééecéeééeeééeée. 26

Figure 1.14: Monoterpene Synthase Catalytic MechanisniThe 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 tern@ddy 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 linaJl intermediate capable of cyclizatiorilhe production of the initial cyclic
species, thétterpinyl cationcan then undergo further interactions between the monoterpene
synthase and additional substrates, such #3, kb result in a series of hydrideift,
cyclizations, and/or hydroxylations to form the suite of potential produéts é é é é 28

Figure 1.15 Examples of white pine weevildamage to Sitkaspruceé é ¢ . € é € é 9 2

Figure 2.1: Temporal analysis of montbretin A accumulation withinC. x crocosmiifora.

Pictures below the-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 avdrdige® biological replicates.

Error bars represent standard errir* 0 denotes organ was not ava
time point. Pvalue and Fvalue were calculated using a single factor ANOVA in data analysis
function of Excel. Fvalues repodd were basedon&is 0. 05 dio A Too @ al

degr
freedom. ééééécéécéécéécééccéée. éeéeéecéeée. .. 41
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Figure 2.4: In-depth spatial analysis of montbretin A accumulation within corm
segments.Cormswere cutalong the transverse plane into individesagmentS). Segments
were then cut into seven sections with cork borers(iihe picturejust below xaxis of
histogram show examples of sections used for analysis. White Ipactuiresrepresent 3 cm.
Resllts are shown as the averageeifht biological replicatesError bars represent standard
error. P-value andr-value were calculated using a single factor ANOVA in data analysis
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Figure 2.5: Lengthdistribution of unigenesé é € € € ¢ ¢ é é éééééeéééé 47

Figure 26: E-value distribution ofunigenesé e ¢ é e e ééeéééeeééeée. .. 48
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Figure 2.7: Gene Ontology classification of unigenesResultsare groupednto threehigh-
level categories: cellular process, molecular function, and biological ptécésé ¢ . . . é 49

Figure 2.8: KOG functional classification of unigene datasetAll unigenes were aligned to
KOGs database at NCBI to predict and categorize possible funétiéns . . é é éé €50

Figure 2.9:1dentified and cloned putative genes likely involved in the montbretin A Early

BiosyntheticPathwayé ¢ e e € €. éé. ééé. éeé. é6é€éé. ééeéee. e.éé b

Figure 3.1: Biosynthesis of UDFxylose from UDRglucuronic acid. In the presence of
NAD™", UDP-GIcA is oxidized to UDP4K-GIcA and NADH, followed by a decarboxylation

to form UDR4KP. After subsequent-& protonation, the still bound NADH is used to
protonate the & keto to form UDPXyI and regenerate
NAD'é 6 éééé  éééééécééecéecéecéecee. éeeéeecéeeée. 62

Figure 3.2: Biosynthesis of UDRhamnose from UDPglucose. In the presence of NAD
UDP-Glc is oxidizedto UDP-4K6DG. UDR4K6DG then leaves the-Mrminal active site
and enters the -€@&rminal site. After subsequent isomerization of MUKEDG, NADPH is
used to reduce the & keto to form UDP
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Figure 3.3 Amino acid sequence alignment of theC. x crocosmiiflora UXSs. The
alignmentincludes protein sequences of tedJXS family as well asAtUXS2 andAtUXS3
(Harper and BaPeled, 2002) Amino acids highlighted with blue background are those
identified adifferent from the consensu$he conserved GXXGXXG motif, Y XXXK motif,
and catalytic serine are identified by the greene phnd orange boxggspectivelg € € 7 0
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Figure 3.6. Representative regions of extracted ion LEMS chromatograms and
corresponding mass spectra o€xcUXS1 enzyme assaysa) Purified protein derived from

E. coli expressing a control vectdtxdJ X S 1 (6§)1andCxdJXS1(qp169; E252G) were

incubated overnight with mM UDP-glucuronic acid and mM NAD*. Or angandr &d ue
traces represent extract ed -HJsuperscripty, o m&tto @§r & Ms
H [superscript-), and 5SH3[&upebscrigt)M r espectivel y. Based
retention time and mass sppeaks ndmrnanrsde aafa l
bl ue traces wereglcoadrn o med -xdyadiods eea, rUdd RUsDpPe c t 1 v
on MS/ MS analysis (Fig. &t3.(2)0.18nd obheemreat ip
corr el atdekse-pteon t WiBMass pectra of enzyme assay products. The spectra
presented in Alo6, A20, and A30 are the backg
peaks corresponding to UBjtucuronic acid, a putative UDemdiol pentose, and UDP

xylose (theoretical moleculareight of each is 579.28, 552.27, and 535.28), respectively
Within reach spectr § WM Isupescriptpcorrespondsto UBRFZ of 40

Figure 3.7. Temperature optimum of CxcUXS activity in vitro. The activity of the
recombinanCxdJXSswas analyzeat different temperaturesAssays 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 represestéindard error. 100% relative actyi
corresponds to the level of activity obsenagdhe optimum tested temperature ogiven
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Figure 3.8: pH optimum of CxcUXS activity in vitro. The activity of the recombinant
CxdJXSswas analyzedt different pHsAssays 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 representstgndard errorl00% relative activity corresponds to
thelevel of activity observed at the optimum tested pHafgivenenzymeé é é ¢ . . é é. 77

Figure 3.9: Amino acid sequence alignment of th€. x crocosmiifloraRHM and UER.

The alignmentincludes protein sequences of 8&dRHM and CxdJER1, as well as the
AtRHM2 (Okaet al, 2007) (a)Conserved sequencekthe Nterminal dehydratase domain.

(b) Conserved sequences the Gterminal epimerase/reductase domain. Amino acids
highlightedwith blue backgrounaolour are thosdifferent from the consensus. The green
boxes in each domain identify tkenserved GXXGXX(G/A), which are involved mnding

the NAD' cofactor. The blue and orange box in each domain identify residues critical for
enzymatic reactions; blue boxes cepend to the YXXXK motif while the orange box
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FigureR&8prldsentati ve regi o-M$ c loif o neaxttaagardat mesd |
corresponding G@eRsHsMIlis @eRHMSE N DY me . daa9ayPsuri fi e
protein dE.r ieeepdt efsrsoiftng aCxBH MICxREHMAIZ egRRHMT |,
CxRHM4 , CaRoHHIM5 wer e i ncubat ed egvlieurcnoisgeht fAwinmM Nl
and 1 mM OGidem Blatk, and purple traces represaiacted ion chromatograms

for m/z of 565.0 [MH](superscript-), 547.0 [MH](superscript-), and 549.0 [M
H](superscript-), respectively. Based on comparison of retention times and mass spectra
against analytical ahdards, the peaks identifiedgreen traces were confirmed to be UDP
glucose.Based on previously reported NMRraonas ys
corresponrdk etb-oe aghdyu c o s e -rahnadmnWBR, (r@keg e catli.v el
2007 )M@akys spectra of enzyme ass alyl op kadfoat s .
are the background subtracted mass gSsUpRctra f
glucose, UDM4-keto-6-deoxyglucose, and UDiPhamnose (the theoretical moleculangle

of each is 565.30, 547.29, and 549.30), respectivelyDP-4-keto-6-deoxyglucose is

predicted to exist as both a keto and g#iol pentose in aqueous solution, as is suggested by

the presence of an ion with m/z of 56f\M0-H](superscript). Wi t hemach spectr a,
wi t h m/ 4 M Jsupdrsi®ot) €orrespondstoUDB.é .éééeéééeéé. . ... 83

FigureR8prisenegitoms of exNMS aktt @emda ticmgmda n€
correspondi ng CmER ngyenct.réa safPar i fied protei |
E. expi essi nwgc RHMNtarl oinCk a and JodRMMPA 2007)
combi ne€kltlwR1I hwer e i ncubadmiMd U@WeurchoisehWA Vi t h
andmM N A D BBHeen, black, and purple traces represent extracted ion chromatograms

for m/z of 565.0 [MH](superscript-), 547.0 [MH](superscript-), and 549.0 [M
H](superscript-), respectively. Based on comparison of retention times and mass spectra
aganst analytical standards, the peaks identiiredreen traces were confirmed to be UDP
glucose.Based on previously reported NMRraonadg ys,i
corresponrdk etb-de &gdyu c o s e -rahnadmnWBR, (r@keg e catli.v el
20Q7pP) Mass spectra of enzyme askba,yanpd3amduct s
are the background subtracted mass spectra f
gl ucoséketddePogt wcose,ramchndPB (the theoretica
of e a36530,1547.29, and 54930 r e s.p &bP4iketossldgoxyglucose is

predicted to exist as both a keto and g#iol pentose in agueous solution, as is suggested by

the presence of an ion with m/z of 56f\0-H](superscript). Wi t hi n r each spect
wi t h m/ z of [ Mi4sOperscéipt -) corresponds to

,,,,,

UDPé .&é .6 €6 e ééeéeee. . eé. 84

Figure 3.13: Temperature optimum of CxcUXS activity in vitro. The activity of the
recombinanCxdRHMs was analyzeat different temperaturesAssays 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 represestéindard error. 100% relative activity
corresponds to the level of activitpservedat the optimum tested temperature ogiven

enzymeé e ééeéééeceééeceeéecééecéecééecéeceée 85

XVili



Figure 3.14: pH optimum of CxcRHM activity in vitro. The activity of the recombinant
CxARHMs was analyzedt different pHsAssays 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 representstgndard errorl00% relative activity corresponds to

the level of activityobserved at the optimum tested pHdagivenenzymeé ¢ . é €. éé 86

Figure 3.15: Representative regionso f extr altMSdc hr omat cagdr a ms
corresponding mass spectra of products formed in enzyme assays@{cUXS4 coupled

with CxcUGT7. (a) Protein derived fromE. coli expressing both empty pET28%H and
pASK-IBA37pluscontrol vectorsCxdJXS4, andCxdJGT7 were incubated overnight with

mM UDP-glucuronic acidl mM NAD*, and 10GM myricetin. Orange, blue, gold, and red
traces represent extracted mhwomatograms for m/z of 579.0 [M](superscript), 535.0 [M
H](superscript), 449.0 [MH](superscript), and 317.0 [MH](superscript), respectively.

Based on comparison of retention times and mass spectra against analytical standards, the
peaks idetified in orange, blue, and red traces were confirmed to be-glld¢ronic acid,
UDP-xylose, and myricetin, respectively. (b) Mass spectra of enzyme assay products. The
spectra presented i n Alo and 20 ar e t he
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

""""""""

in(a) and (b) remainstobedetermine@l é . é éeééeééé. . . eé. . eeéeééé. éée

Figure 3.16: Representative regions of extracted ion LC-MS ¢ hr o mat cagdr a ms
corresponding mass spectra of products formed iBnzyme assays c€xcRHM 1 coupled

with AtUGT78D1. (a) Protein derived fromE. coli expressing both empty pET28b(+) and
pASK-IBA37plus control vectos, CxdRHM1, and AtUGT78D1 were incubated overnight

with 1 mM UDP-glucose,l mM NAD*, 1 mM NADPH, and 10@ M myricetin. Green purple

pink, and redraces represent extracted ion chromatograms for m&sad §M-H] (superscript

-), 549.0 [M-H](superscript), 4630 [M-H](superscript), and 317.0 [MH](superscript),
respectively. Based on comparison of retention times and mass spectra agaytisalanal
standards, the peaks identified green, pink, and retraces were confirmed to be UDP
glucose, myricetin3-O-rhamnoside, and myricetin, respectively. (b) Mass spectra of enzyme
assay product s. The spectra undsedreced mads | n i
spectra for chromatographic peaks corresponding to myricetin and myBe@timamnoside
(theoretical molecular weight of each is 317.24 468.39. (c) Structure of myricet#3-O-
rhamnosi de&&&é&&ecééeéeéeceééeeéeecée. ééee. 90

Figure 4.1: Theoretical routes oimontbretin A biosynthesis. Considering all potential steps
needed to form montbretin A starting with myricetin, and without prior knowledge an the
plantaintermediates of the pathway, the biosynthetic pathwagpresentthere by as muki
dimensional matrix.Circled numbersre useds denotations for potential individual steps in
the biosynthesisof Mb&A é é e ¢ é é e éééeéeéééeéeééeeééeéeée. é. 98

Figure 4. 2: PhylCGigleGTest if@r oamn ad rycsaTdsanifmd«{ iomwam
|l i keli hood tree was produced using the MEGA
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satGVHGT. Bootstrap values theeml@&%blaaek | na
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tree. The remainindgl8®qaendcedrarcsponchbe¢éned
é

€. é.eée. é.eé..¢éee. . ¢e.

Figure 4.3: Hypothetical montbretin A intermediates produced by enzymatic and

chemical degradationof MbAé € € é é ééé e . éé. é. ééééee&e&ée. 106
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coéxpressing a CxXuGtTilG xWeG/Telcdt omeraen d ncubht ed o0\
mM UBPucdsm&, NADmM NADPBP&M purCxXRiHa , aami 100
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Figure 4.6 Select regions of extracted ion LEMS chromatograph and corresponding

mass spectra forC. x crocosmiifloraGT1 UGT enzyme assays(a) Protein derived fronk.
coliexpressinga ont r ol GxeGCTAC xWEHGM A 4 iwnecr uelovernightwithl

mM UDP-glucuronic acidl mM NAD™, 1 eM purified CxdJXS4, and 10@M myricetin and
assessed for their ability to form myricetin xylositleepreticaimolecular weight of 450.35)

Trace shown for each sample is the extracted abmomatograph for m/of 449.0 [M-
H](superscript). (b) Mass specttanalysis of potentiamyricetin xyloside enzyme assay
products Numbers next to chromatograph peaks correspond to mass spectra with associated
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Figure 4.7- Select regions of extracted ion LEMS chromatograph and corresponding
mass spectra forC. x crocosmiifloraGT1 UGT enzyme assays(a) Protein derived fronk.

coli expressing a control vector a@xdJGT1i CxdJGT14 wee incubated overnight with

mM UDP-glucoseand 10 M myricetin-3-O-rhamnose and assessed for their ability to form
myricetin-3-O-rhamnose glucosidéheoreticalmolecular weight of 626.49)Trace shown for
each sample is the extracted ion chromatogfapim/z of 625.0[M-H](superscript). (b)
Mass spectitaanalysis of potential myricetiryloside enzyme assay products. Numbers next
to chromatograph peaks correspond to mass spectra with associated numbevpmigjne-
handcornes é é e é e ééeééeééeéeééeéeéeéeéeéeéeée W

Figudr&8el ect regions HMSclkekxomartaeagedaglnr edpond
mass spé&€ct xacfrorcd IGiTi felnzryand e s 2y . dEri ved

coéxpressing a CxXuGtTilG xWG/Telcdt omeraen d ncubht ed o0\
mM UBRP ucur ohmM NAcDed, purGxieiXed, acsMdmygoBcetin

Or hamnose and assessed for BOehamabdsé¢i Kyl @«
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chr omat o g roafp h5[ 9N [sbperstript). (b) MNMasal gpestof po
myri &30t hamnoseenxyymsi desay product s. Numb e |
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Figure 5.1: Amino acid sequence alignment of the-€ e r mi -domain ofispruce TPS

3car and TPSsab enzymes of a family of (+B-carene synthasdike monoterpene
synthases. The alignnent includes protein sequences of-3#«¢ ar ene synthases
sabinene synthase from Sitka sprueesftchensisPsTPS3carl,PsTPS3car2,PsTPS3car3
andPsTPSsab(Hall et al, 2011); as well as (+B-carenesynthases from Norway sprude. (
abies PaTPS3car(Faldtet al, 2003) and white spruce?( glaucg PgTPS3car(Hamberger

et al, 2009). Amino acids with highlighted \h blue backgroundolourare those different
from the consensus. A diagrammatic representation of the secondary structure€-of the
terminal domain of the (+B-carene synthadé&e enzymesis shown with cylinders

r epr e s-bhdlices andgibbbns rement loops.The conserved DDxxD motif is identified
by the red line Positions 595, 596, and 599 in heliar@ markedvith asterisk® ¢ ¢ ¢ 12 1

Figure 5. 2: Proposed reaction mechanisms e)
prof i PERBRS odr PdmM& ab enzymes andc€ycheicr moaoit &mnt
product s, majcwmuald natcd h@EH-Pabi netleer minmol ene,
proposed to @ret @remwianyld nf i eamer me @ i-ha kei. n e nFeo rines
propobeseidnvol vleyla ctadrippinnemt er medi at e. Pr opos
and termination ranet i owlistchh y®mgirow sbend | wistsh t
correspondéé.gé peadvad.ukcédéds. éé. éé. éééééééesddee. . 1

Figure 5.3: Seletregions of total ion GCMS traces of products formed byPsTPS-3car
and PsTPS-sab and their variants in position 596. Tracesa and b show shifts in the
abundance ofi(-sabinene (1) and (+3-carene (2) in the product profiles BETPS3car2
(WT) andPsTPS-3car2 (L596F) variant 25, respectively. Tracemndd show shifts in the
abundance ofi |-sabinene (1) and (3-carene (2) in the product profiles$TPSsab (WT)
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andPsTPSsab (F596L) variant 9, respectively. Produetse confirmedoy comparisorof

mass spectnaetention times with those ofauthent st andar dséééééé. éé. . é

Figure 5.4: Homology models of the active sites &sTPS-sab (WT), PSTPS-sab (F596L),
PsTPS-3car2 (WT), PsTPS-3car2 (L596F), PsTPS-3carl (WT), PsTPS-3carl (L596F),
PsTPS-3car3 (WT), and PsSTPS-3car3 (L596F). Superimposition of th&®sTPSsab (WT)
andPsTPSsab (F596L) enzymes (a), superimposition ofRESEPS3car2 (WT) andPsSTPS

3car2 (L596F) enzymes (b), superimposition of BE&PS3carl (WT) andPsTPS3carl
(L596F) enzymes (c), and superimposition of tReTPS3car3 (WT) andPsTPS3car3
(L596F) enzymes (d). Helices, loops, and individual amino acids shown in orange denote
those found ifPsTPSsab (WT);greendenoteghose found ilPsTPS3car2 (WT); blue denote
thosefound inPsTPS3carl (WT);red denotes those found PsTPS3car3 (WT). ThePhe

or Leu amino acid side chains foumdposition 596are shown The trinuclear magnesium
clusteris shownin cyan,and the diphosphate ias shownin pink and purple. Dottklines

mark the shortest distance between the amino acid side chain in position 596 and the C4 carbon
(Fig. 5.2) of thd}terpinylcationwhichis showninyellowé ¢ ¢ ¢ ¢ ¢ ¢ . ¢ é¢ééé 134

Figure 5.5: Homology models of the active sites dPsTPS-sab (F596E),PsTPS-sab
(F596H), PsTPS-sab (F596R), andPsTPS-sab (F596G) active sites.Helices and loops
shown in orangeolourare those of thesTPSsab (WT) background structure. The modified
596 amino acid in each enzyme is shown: Gl@$hPSsab (F596E) (a); Hign PSTPSsab
(F596H) (b); Arg inPsTPSsab (F596R) (c); and Gly iRsTPSsab (F596G) (d). The
trinuclear magnesium cluster shownin cyan,and the diphosphate ias shownin pink and
purple. Where applicable, dotted lines mark the shortest distatveednethe amino acid side

chain in position 596 an-@grpinylcaion®hchisshowhimo n ( Fi ¢
yellowé é é 6 é 6 éééééeéeéecéecécécéecééeéeée. éée.eéeée. 136
Figure 6. 1: Chronogram Ifroirdatchesnielpyphyh ogpnhegd o
Gol dbl att e&tubdlami (2@&8)are indicated in capi
Geosiridoideae; PAT = Patersonioideae; | SO
l ineages of Adlstroahagdomtehite€Eemge®dmad| ol us
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CHAPTER 1: INTRODUCTION

1.1 HUMAN USE OF SPECIALIZED METABOLITES
1.1.1 Specialized Metabolism in Plants

As sessile organismplants have thehalleng of not onlysurvivingbut thrivingunder
constantly changing environmentainditions over lifespans of several weeks to hundreds of
years.They musinaintain essential processes such as growth, development, and reproduction
while also responding to many different forms of biotic and abiotic streSsesope with
biotic and #iotic stresses, plants haegolved complex systems of specialized metabolism
traditionally referred to as secondary metaboliS$pecialized metabolites take form as small
molecules, which possess an enormous structural divéraggd on thousands ofeétal
structures and many functional modifications thereof, and have functions in the interactions of
plants with their environmen{Richersky and Lewinsohn, 2011j is currently estimated that
plants produce @,000i 300,000 different specialized metaboli{€sxon and Strack, 2003;
Lawrence, 1964) However, the hypothesis that these numbers are probably an
underestimation isupported 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 spécies tha
have not had their metabolomes and genomes exp(d@oekuraSakakibara and Saito,
2009) Within the myriad ofplantspecializedmetabolites, ertain patterns emerge for how
plant use these compaidsn For example, many terpenoids serve as defense compounds
through actions as antimicrobiaissecticidals attractants to predators bérbivores and
physical barriergKeeling and Bohlmann, 2006b; Martet al, 2003; Phillips and Croteau,
1999) Alkaloids serve as feeding deterrents due to their-li@ed neurctoxic effects on
vertebrates and mutagenic effects on ins@etsi et al, 1992; Mattocks, 1986; Schmeller
al., 1997) Phenolics serve as protection against ultraviolet light, antioxidantspbnd and
sensory characteristi¢dlasalvaret al, 2001; Balasundraet al, 2006; Cuvelieet al, 1996)

Since humans started exploring plants for use thousands of years ago, one of the biggest
boons has been through harnessing tiieproducts.Currently, plantspecialized 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.



I n this thesi s, -specinlizedre tuashen |tihtee stoe rinm fpp laacre
terms fAplant secondary metabol it e@dnenclature A pl an
follows a trend inlie academic field which emphassanoving away from using terms which
could suggest, from human andearch perspectives, that one branch of plant metabolism is
more important than another (i.e. primary vs. secondary). Throughout this thesis any reference
t o fl gzpeedc i smkt abol i smo shoul d be -speaakaedder ed

met abol i smo.

Humulene Caffeine

Artemisinin Paclitaxel

Figure 1.1 Examples of pant-specialized netabolites. (a) Humulene found itHumulus
lupulus (b) Salicylic acid found irBalix alba (c) Caffeine found irCoffea arabica (d)
Artemisinin found inArtemisia annua (e) Paclitaxel found iffaxus brevifolia

1.12 Human Application of Specialized Metabolites
In addition to their role in plants, specialized metabolites have playatcgerole in
human history For thousands of yearsymanshave utilized botanical extractions as food



preservatives, medicines, pigments, and weapons. Modern uspsoidlizedmetabolites
include source®f new pharmaceuticals, chemicals and biomaterials and many of the most
economically valuable molecules within a given marketspexializednetabolies(Facchini
et al, 2012). With high-throughput genomic, transcriptomic, metabolomic, and proteomic
technologies, our ability to identify and characterize bgpiecializedmetabolites with
potential use forhuman application,and their biosynthetic pathays continueto grow
(Borevitz and Ecker, 2004) Wi t h t h e-onoias agé te havie devveloped theimeans
to collectlarge amounts of heterogeneous biological information about an organism; from
metabolomelata to proteome, transcriptome, or genome sequence. These tools empower us
with the ability to explore how &iological system functions.However, even with these
technologiesharnessing a specialized metabolite Sostainechuman use is still a daung
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 thecggdized metabolite system

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

The body of work presented in this theisigestigates questions in each of these three

areas with an overall emphasis on improving ouresstdnding of a specialized metabolic

system.
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1.13 Examples of Employing PlantSpecialized Metabolite Systems

Two well-knownexamples of this threghase approach céeseenin the exploration
of the specialized metabolites paclitaxel and artemisinin.

Paclitaxel is a higivalue pharmaceuticaliginally isolated from bark of the conifer
Taxus brevifoliaused to treat breast, lung, and remall cell cancer§Cragg, 1998) Due to
the prohibitively difficult and expensive chemical synthesis and low levels obtained from
natural harvespbtainingsufficient amounts to meet demand has proved challerggioion
et al, 1994; Maliket al, 2011; Nicolaowet al, 1994; Waniet al, 1971) To establish a
sustainable production systerthe paclitaxel biosynthetic pathwayas explored inT.
brevifoliaand otheilaxusspecies. Development of initieéyresourcescludedT. brevifolia
cell culture lines capable of producing paclitaf¢hristenet al, 1991, Stierleet al, 1993)and

cDNA sequence collectiondlenneweinet al, 2004) Using a hypothesized biosynthetic



pathway and observed putative intermediates, a combination of PCR based cloning and
functioral screening approaches lead to the characterization of a first set of eight genes of the
biosynthetic pathwagHefneret al, 1996; Jenneweiet al, 2004; Longet al, 2008; Menhard

and Zenk, 1999; Schoendaet al, 2001; Walkeret al, 2000; Walker and Croteau, 2000;
Wildung and Croteau, 1996Building on this knowledge, extensive research was untaken to
establish a sustainable production system using cultlieedis cells and metabolically
engineered microbial hosfPeJonget al, 2006; Liet al, 2009; Menget al, 2011; Weiet al,

2012; Zhaoet al, 2008) While this work has yielded industrial scale seymthetic
production systems,edpiteclose to 30 yearof work, full pathway elucidation has yet to be
completed.

Artemisinin is a higkvalue antimalarial pharmaceutical produceditemisia annua
(Paddon and Keasling, 2014heA. annuaartemisinin biosynthetipathway was exploretd
establish additional and alternative production systems for artemisinin. Development of
resources included metabolite profilingAfannualeaf and gland secretory cell extracts for
likely biosynthetic intermediatg8erteaet al, 2005) andthe use ofA. annuatranscriptome
data in combinatiomwith genomic data from othésteraceaglants to guide gene discovery
(Wanget al, 2009a) Using these resources, faggnes of théiosynthetic pathway, which
produceartemisinic acid from the sesquiterpene precursor farnesyl diphosphatewéfeP)
characterizedMerckeet al, 2000; Paddoet al, 2013; Roet al, 2006; Teolet al, 2009)

Based onthis extensive researchmicrobial systems capable of producing artemisinin
precursorsvere developed Building on previous knowdge about the mevalonate pathway
(MVA), initially an Escherichia colisystem was used to optimize MVA pathway gene
expression and growth conditions to improve yields of the artemisinin preemmsgphadiene
(Newman et al, 2006; Tsurutaet al, 2009) Subsequently metabolic engineering of
Saccharomyces cerevisia@s employed to produce artemisinic aétd et al,, 2006; Teolet

al., 2009) Artemisinic acid is theshemically convertetb artemisininBrown, 2010)



1.1.4 Plant Specialized Metabolite Production Using Recombinant Production
Platforms

Similar toartemisinin angbaclitaxel, the development of sustainable production
systems fohigh-valueplant specialized metabolitéSacchiniet al, 2012). Sustainable
production of these metabolitssoftenchallenging due to lown plantaavailability and low
extraction yield, ordue to inefficienthemical synthesiesulting fromcomplex chemical
structuresand inability to separate the metabolite frsmmers and epimers that compromise
the biological activity of the products (MeRaleet al, 2013). While developmenf anin
plantasystem able to produce high enough levels of the target metabolite is an ideal solution,
metabolic engineering of microbial or plant cell systdras becoma commonly used
method to address these economic and sustainability isSo@sentonal metabolic
engineering strategies employ two separate phases. The first focukea@rgpathway
engineering of t hediogmhetc pathiagaumed with proteanb ol i t e 6 s
engineering and mutagenesis. The second optimizes productiagtilorngerexpression of
ratelimiting stepsand deletion of precursor competipgthwaygo redirect carbon fluxand
the use of cheap precursors to promote direct syntf¥asiand Koffas, 2010 These
approaches have resulted in great success towards the development of microbial systems able
to produce a range of specialized metabolites incluginenoids l(eonardeet al. 2010,
Ajikumar et al, 2010) flavonoids (im et al, 2011, Xueet al, 2011) alkaloids Nakagawa
et al, 2011),polyketides Boghigianet al, 2011)andfatty acids Zhanget al, 2011)
However, even with the advent of the oraeza and the plethora of biological data available,
only a handfubf metabolically engineered production systems hasgalted in

commercially viablesystems. Continued work identifying new specialized metabolite



biosynthetic genes of interest, employmgw tools alloung more efficient rewiring of the
c e | nhtiGesmetholism, 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 systdiviera-Paleet al, 2013

1.2 MONTBRETIN 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 -naigdomacre
vascular diseagé-owler, 2008) The prevalence of the disease has been persistently rising the
past few decadeand is predicted to be the seventh leading cause of hretdted death
worldwide (Mathersand 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 aodrtaindietary and lifestyle factors, most notadxy
obesity and physical inactivity, the first treatment method most often prescribed is the adoption
of a healthier lifestylgCrandallet al, 2008) This is often coupleavith pharmaceutical
treatment for proper blood glucose level (BGL) management. Currently, there are several
classifications of drugs used in the treatmen2D, including sulfonylureas, biguanides,
thiazolidinedione, glinides, dipeptidyl peptidase bitars, andJ-glucosidase inhibitors; each
actingto lower BGL through a variety of mechanis(hatharet al, 2009; van de Laar, 2008)

The commorpharmaceutical treatment used to slow the release of glucose after a meal
is inhibition of U-amylase orU-glucosidase, enzymes responsible for digesting starch into
oligosaccharides and oligosaccharides into monosaccharesgsectively(Crandall et al,

2008) W hgiudosidaskhhibitors such as Acarbose@iglitol©, and Voglibose©are
currently available, activity results in natural colon flora having access to higher than normal
levels of smal to mediumsize oligosaccharides for digestion through anaerobic respiration
as well as osmotichangesarising from the high concentration of oligosaccharigheski et

al.,, 2010) This oftenresults in side effecthatinclude flatulence, diarrhea, and abdominal
discomfort, which can lead to patient rRoompliance. Because this flora digest statlka

much slower rate thaemaller oligosaccharides: selective inhibitor targeting-amylase
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activity and notU-glucosidase would bpreferable due to its ability to decrease BGLs and

minimizethese factors leading fmatientnon-compliance.

1.2.2 Montbretin A asan HPA Inhibitor

Tarlinget al.(2008) screened 30,000 National Cancer Institute terregkaiaextracts
looking specifically for human pancreatic amylase (HPA) inhibitors. Of these, the strongest
inhibitors identified were a family of glycosylated acyl flavonols, montbretin@ found in
extracts fromCrocosmia x crocosmiiflora Of the three, montbretiA (MbA) showed the
highest inhibitory kinetics with a iKof 8.1 nM. MbA contains a flavonol core, myricetin,
whichis glycosylatedn the 3 and Mjositions (Fig. 1.B The3hydr ox y | -inged,r i es t
linear trisaccharide Mlucopyranosy( b 1 YRgjucopyranosy b 1 ¥L.2 )
rhamnopyranose. Attached to the central glucosyl sugar motif-{S-agfeic ester. ThelMj
hydr oxyl ¢ alinked, elimear tdisazcharide -thamnopyranosy{ b 1 YD4 )

xylopyranose.

HO

Figure 1.3 Structure of montbretin A.

Analy si s of MbAG6s ability to inhibit suga:
specific for HPA -gucasidasegharlinget al,2808)iKimetit analysid | U
of HPA inhibition identified the myriceticore as a competitive inhibitor withisf 110 & M
and the caffeic acid motif as a nroampetitive inhibitor with Kof 1.3 mM (Tarling et al,
2008) Structural binding studies with HPA and MbA degradapooducts identified the
myricetin and caffeic acid moieties linked by the-gDcopyranosy( b 1 YR )
glucopyanosyl disaccharide componentlas essential, highffinity core structuréWilliams



et al, 2015) X-ray structure binding analysis identified that MbA inhibits HPA through
i nt e stackirg inferactions between the myricetin and caffeic, adiich organize their
ring hydroxyls for opti mal hydr ogMlilmmskeo ndi ng
al., 2015)

To assess MbAOGs potenti al wasadnainsteredo a | T2I
Zucker diabetidatty rats, an animal model of type 2 diabef¥sen et al, 2016) When
compared to animals receiving either Acarbosa@ommonU-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 oxidatateis 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 T2Eageutic for humans.

1.2.3 Flavonoids in Human Health

As a flavonoid, MbA is part of one of the largest and ndoatrse groups afpecialized
metabolites, estimated to contain 9,000 different struc(li@seret al, 2008; Tohgeet al,
2013) With the exceptions of aurones, flavonoids have a condipbrenylpropan€C6-C3-
C6) backbone, which consists of two aromatic rings (A and B) connected by a central
heterocyclic ring (C) (Fig. 4). Biosynthesized from phenylpropanoid and acedisieved
precursors flavonoidsare groupednto ten subgroups: anthocyanins, aurones, chalcones,
condensed tannins, flavanones, flavones, flavonols, isoflavonoids, leucoanthocyanidins, and
phlobaphene@~erreret al, 2008; WinkelShirley, 2001) While flavonoids play critical roles
within plants, they also have various beneficial health activities asnflatnmatory, ant

oncogenic, caidvascular, and disease prevention agents in humans.
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As anttinflammatory agents, flavonoids reduce inflammation by preventing the ROS
based activation of transcription factors and cytokines important in triggering inflammation
(Schreclet al, 1991) While inflammaton 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 (@iod 2808 ©'Byrn® and Palgleishe i me r
2001) As antioncogenic 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 mitdism, apoptosis, cell division, transcription, and stress
respons€Gu et al, 2005; Sarkar and Li, 2004)rhrough 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 teros involved in
programmed cell deatfRichteret al, 1999) As a cardiovascular agent, flavonoids reduce
atherosclerosis and prevent arterial plague buildRrpnkelet al, 1993; Tikkaneret al,

1998) These activities are achieved, respectively, by promoting arterial muscle relaxation
through stimulating release of muscle relaxants and inhibiting intracellldareBzase needed

for contraction (Ajay et al, 2003; Carroret al, 2010) and preventing platelets and other lipids
from sticking to lipoproteins through lipoprotein oxidati{Diaz et al, 1997) As disease
prevention agents, flavonoids play roles as immune modulators anthiargbials. As
immune system modulators, flavonoids have been observed to activate immune system cells,
such as lymphocytes and macrophages, by stitngl their signalling cascad@diddleton Jr,

1998) As antimicrobials, flavonoids have been observed to act against both bacterial and viral
organisms. While there is a current lack of understandingeofrtechanism 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 pr@@zisknie

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 pathwgnaggs, 2003) To convert either of these amino

acids into flavonoids, they must first flow through tharly steps of the phenylpropanoid

10



pathway (Fig. 1.4)Tohgeet al, 2013; Winlel-Shirley, 2001) The firststepof this is the
elimination of ammonia in phenylalanine plyenylalanine ammonia lyase (PAL; EC 4.3.1.24)
or tyrosine by tyrosine ammonia lyase (TAL; EC 4.3.1.23) to produce cinnamic ac@ and
coumaricacid respectively(Young and Neish, 1966)-Coumaricacid may alsde derived
from the oxidation of cinnamic acid by cinnamitiydroxylase (C4H; EC 1.14.13.1(HBussell
and Conn1967) An additional oxidation of cinnamic acid lpycoumarate dydroxylase
(C3H; EC 1.14.13) yields caffeic acid(Kojima and Takeuchi, 1989)These three acids can
t hen become N-eoomaiateCaA lasé (4QLy EC46.2.1.12) through the
attachment of the coenzyme A (CoA) gro(Bross and Zenk, 1974) These activated
compounds can then be used to form a variety of phebatied metabolites such as lignins,

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

?7
COH COH QQ\ O -8-Coa

«{2 x
( _Q. (
PAL 4CL
phenylalanine cinnamic acid cinnamoyl-CoA
NADPH +H" + O NADPH +H" + O
NADP* + H,0 Dl C4H NADP" + H, c; C4H o
S-CoA
CO,H CO,H . Q'Q\ S-CoA
,8 X
ES\ TAL (5 4CL C3H
OH OH OH
tyrosme p-coumaric acid p-coumaroyl-CoA caffeoyl-CoA

Figure 1.5 Biosynthesis ofcinnamoyl-CoA, p-coumaroyl-CoA, or caffeoyFCoA from
phenylalanine and tyrosine. Abbreviations: PAL, phenylalanine ammonia lyase; TAL,
tyrosineammonia lyase; 4CL,-doumarateCoA ligase; C4H, cinnamatelydroxylase; C3H,
coumarate dydroxylase.

The polyketide chain extension picoumaroylCoA with three units of malonyCoA
by chalcone synthase (CHE&C 2.3.1.7% is the first dedicated stepf the flavonoid
biosynthesis pathway (Fig. 1.8eller and Hahlbrock, 1980) The result is a chalcone, a
polyketide that can be folded to generate the different flavorfdasgeet al, 2013; Winkel
Shirley, 2001) This chalcone can then be converted into an aurone by aureusidin synthase
(AS; EC 1.21.3.6jNakayamaet 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 hisisomerizatiorreactioninvolves 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 k&tose.

links the two aromatic rings through tfemation 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 dive of
different branches of flavonoid biosynthesis to form the seven remaining types of flavonoids.

Aurones Isoflavonoids Flavan 4-o0l

Nod
Q‘%“’ IAS TIFD DFV' lpclymerfzarion
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O
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p-coumaroyl-CoA OH O OH O
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F3H succinate + CO, + H,O
OH ©/OH
HO 0 O ; O FLS HO OI
jvf‘lo OH ; J OH
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0, kaempferol &'@ D dihydrokaempferol

T g
50° \Q\ QO
@
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Figure 1.6 Biosynthesis offlavonoids from of p-coumaroyl-CoA and malonyl-CoA.
Abbreviations: CHS, chalcone synthase; AS, Aureusidin synthase; CHipnbakomerase;
IFS, isoflavone synthase; IFD;H¥droxyisoflavanone dehydratase; DFR, dihydroflavorol 4
reductase; FNS, flavone synthase; F3H, flavanoreydsoxylase; ANS, anthocyanin
reductase; LCR, leucoanthocyanidins redset FLS, flavonol synthasg3M{, flavonoid 3N;j
hydroxylase; FBJ|, flavonoid 38Njiydroxylase.

In the first branch, isoflavonoids are produced by a(32aryl migration and
hydroxylation reaction on the flavanones catalyzed by isoflavone synthase (IFS; EC
1.14.13.136)Steeleet al, 1999) Thisreactionis followed by a dehydration reaction of the
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2-hydroxyisoflavanones catalyzed byhgdroxyisoflavanone dehydratase (IFD; EC 4.2.1.105)
to form isoflavonoidgHakamatsukat al, 1998) At thispoint, multiple additional enzymes

can act on the metabolite torm a suite of isoflavonoids. In the second branch, flavanones
undergo a dehydration reaction at the@2position catalged by flavone synthase (FNS; EC
1.14.11.22) to yield flavongMartenset al, 2001) In the third branch, a stereospecific C3
hydroxylation of naringenin by flavanot#ehydroxylase (F3H; EC 1.14.11.9) produces
dihydroflavonolgForkmanret al, 1980) Thesalihydroflavonolscan undergo hydroxylation

at the 3§nd S\jposition of the Bring by flavonoid 3jydroxylase (F3'H; EC 1.14.13.21) or
flavonoid 3NpNjydroxylase F3'5'H; EC 1.14.13.88Forkmannret al, 1980; Mentinget al,

1994) Here, the pathway diverges into flavonols and anthocyanins. @hgskoflavonols

can then undergo a €23 reduction catgzed by flavonol synthase (FLS; EC 1.14.11.23) to
produce flavonol§¢ L u k et blj 2003) Alternatively, thedihydroflavonolscan be reduced

at the C4 position bydihydroflavonol 4-reductase (DFR; EC 1.1.19) to produce
leucoanthocyanidin@=ischeret al, 1988) These can then be converted into anthocyanins by
the enzyme anthocyanin reductase (ANS; EC 1.14.1{S#}oet al, 1999) In the fourth
branch, a C4 reduction of leucoanthocyanidins by leucoanthocyanidins reductase (LCR; EC
1.17.1.3) produces flava®tols (Tanner and Kristiansen, 1993)These flavai8-ols then
under@ a polymerization to form condensed tannins. However, it is not clear whether
polymerization occurs enzymatically or nrenzymatically(Vogt, 2010) In the fifth branch,

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

polymerization process whigiroducegphlobaphenes from flavadtols is unclear.

1.2.5Crocosmia x crocosmiiflora

Crocosmia sppis a popular ornamental plant widely found in North America and
Europe. A genus of perennial plants in the fartriljaceag Crocosmia sppis native to the
South African grasslands (Fig. 1.7). Due to its growth versatility atrdctive flowers,
Crocosma spp.is primarily cultivated for horticultural purposegCrocosmia spptypically
has long (up to one meter), erect, swehdped leaves with distinct parallel veining and
pleating. During flowering season (Jun8eptember in the Northern hemispheta),arching
stems displayfunnelshapedflowers 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 calledormsthat serve as storage organs and helps plants survive conditions such
as drought, summer heat, or wintPominyet al, 2008) These corms grow in vertical chains
with youngercormsforming atop older ones. Tiwvertical chain ofcormsis fragile and cabe
separatednto individualcorms each one able torm a new plant. Corms have contractile
roots, which act to drag trermdeeper into the ground in response to temperature and light
until it reachesiniform conditions(Kostelijk, 1984) Within this genus, the hybridrocosmia

x crocosmiiflora also known as montbretia, is one of the most commonly fouembers
Cultivation and cross breeding have resulted in o@€r dfferent cultivar§Goldblattet al,

2004)

Figure 1.7. Examples of Crocosmia x crocosmiifloracultivars. (a) Emily McKenzie
cultivar. (b) Lucifer cultivar. (c) Emberglow cultivar.

In the past thredecades, a number specialized metabolites have been isolated and
identified from thecormsof different members o€rocosmia spp.Nagamotoet al. (1988)
observed metabolites from water extractsCodbcosmia x crocosmiiflor@ormspossessing
strongantitumor capabilities in mice with transplanted carcinorfiNagamotoet al, 1988)
Although follow-up by Asadaet al. to identify the compounds responsible for the noted
antitumor activity identified the saponins crocosmiosidéslAAsadaet al, 1989; Asadat
al., 1990)and montbretin A and BAsadaet al, 1988) as well as masonosided AC from the
specieLCrocosmia masonorutfAsadaet al, 1994) none of these compounds were reported
to display antitumor activity. Corms of a closerelative of Crocosmia Tritonia
crocosmaeflorawere found to contaim napthazarinderivative, tricrozarin A, possessing
broadspectrumantimicrobial activity against graqpositive bacteria, yeast, and fuifiglaswda

et al, 1987) The same extraction also yielded anotiegrthazarirderivative,tricrozarinB,
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which showed antitumor capabilities against human mmuolinebasedcancer cell lines
(Masudeet al, 1987)

Overall, these findings demonstrate that MbA is a strong candidate for further
development as a T2D therapeutic for humaf® this end, one of the most significant
problems is establishing a sustainabt®nomicasource of montbretin A. Chemical syntises
of the natural product would be challenging due to the sheer size and complexity of the
glycosylation pattern. Current available data reportsciramspossess approximately 800 mg
of MbA per kg of fresh weigh(Andersenet al, 2009) Based on estimates of an average
patient needing up to 180 mg MbA/kg body weight per @adersenret al, 2009)and that
the plant musbe killedto extract the majority of the MbAjaturalharvest ofCrocosmiacan
not currentlybe employe@s a method for sustainable production. A solution to the production
problem could be to harness the biosynthetic mechaemployedby Crocosmiato either
produce &rocosmia x crocosmiifloraystem wih heightened levels of MbA or an engineered
microorganism capable of producing MbAWith 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 systeits biosynthetic pathway i@. x crocosmiiflora
mustbe characterized Based on the chemical structure of MbAgrbposethatthe MbA
biosynthetic pathwaig composed of twasubpathwaystheearlybiosynthesis pathway (EPB)
and late biosynthesis pathway (LBP).
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The proposed MbA EBP employs activity of the phenylpropanoid, flavonoid, and
nucleotide sugametabolism pathways towards the production of the individual components
of MbA: myricetin, glucose, rhamnose, xylose, and caffeic acid (Fig. P&duced from
phenylalanine or tyrosine in the phenylpropanoid pathweaffeoytCoA orp-coumaroyfCoA
canenter the flavonoid pathway where they can be used to form the flavonol myricetie.
nucleotide sugar pathway, glucose obtained from photosynthesis, sugar recycling, or storage
is convertedo uridine MNjliphosphateglucose (UDPGIc). UDP-Glc can tlenbe convertedio
UDP-rhamnose (UDMRha)or UDP-xylose (UDRXyl).

The hypothesized MbA LBP involves the assembly of the individual components of
MbA (Fig. 1.8). In the LBP, myricetirs decoratedvith five monosaccharides through the
activity of five glycosyltransferasesyTs),and thecaffeic ester moietys addedhrough the

activity of either aracyltransferaser a serine carboxypeptidakke enzyme.
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Of the enzymes proposed to be employed in the biosynthesis of MbA, those in the
phenylpropanoid and flavonoid pathwagee well characterizeth several plant systems.
Additionally, the EBPspecific end products, caffee@oA and myricetin, are readily
aacessible. While most of the nucleotide sugar pathway enzymebéavevell characterized
UDP-xylose synthase (UXS) and UBRamnose synthase (RHMhpave only been
characterized in a small numberpént systems. Additionally, due to patents on thegege
(Baoet al, 2014; Oka and Jigami, 200&hd complications with chemical synthesis, UDP
Xyl and UDRRha are prohibitively expensive. While genes performin@-3and ANp-
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 glycosgigtand acylation reactions
( D6 Aetalj 2807; Honget al, 2007; Koet al., 2008; Moragat al, 2009; Traperet al,
2012; Yonek ueta, 2082) WMathk thelgaal o studying MbA biosynthesis@n
x crocosmiiflorato establish a sustainable production system, emphasisbavilbut on
identifying the UXS, RHMand GTs involved in MbA biosynthesis.

1.2.7 UDRGlycosyltransferases

Glycosylation reactions appear to be ubiquitous in ngBoe/leset al, 2005; Bowles
et al, 2006) These reactions hawa large range of effects on theeig | y cpbysieochemical
properties such as altering solubility and stability, facilitating storage and compartment
localization, molecular recognition, chemicdéfense cellular homeostasis, and energy
storage(Bowleset al, 2005; Lianget al, 2015) This, in turn,hasimportanteffects on a
compoundb6és functioning. Because of the i mpoa
on plant life and théargediversity of glycosylated compounds within species, most plants
contain hundreds of glycosyltransferases (EC:2)4the enzymes responsible for performing

these reactions. Thesazymesave been classified into one of 94 families based on seguen

similarity to genesn the Carbohydrate Active Enzyme database (CAxww.cazy.org
(Campbell et al, 1997; Coutinhoet al, 2003; Lonbard et al, 2014) W.ithin the
glycosyltransferase enzyme class, familylycosyltransferase$T1) or uridine diphosphate
glycosyltransferases (UGTs) (EC: 2.4)Jare the main players in the glycosylation of small

moleculegBowleset al, 2005) While plants contain multiple glycosyltransferase families,

17


http://www.cazy.org/

within a species the family 1 GT sghass typically contains the most memb@aputiet al,

2012) To dak, 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; Lanotet al, 2006; Limet al, 2002; Limet al, 2004,
Poppenbergeet al, 2005) Current estimates from species with characterized genomes

suggest that an average of 0.5% of hypothesizedsggr&T1 UGTs(Caputiet al, 2012)

1.2.7.1 UDRGlycosyltransferase Structures

To datex-ray crystal structures for eight pladT 1 UGTs have been reportéBrazier

Hicks et al, 2007; Hiromotcet al, 2015; Liet al, 2007; Modoloet al, 2009; Offenet al,
2006; Shaet al, 2005 Thompsoret al, 2017 Wetterhorret al, 201§. These structures all
have the GIB fold, which is taracterized by Nand Gterminaldomains that possess similar
Rossmansike folds, a unique structural motif found in many nuclectidteding proteins.
Comparison of thergstal structures shawthat plantGT1 UGTs have a high degree of
structural similarityespecially at the @rminal domairwhich binds the sugar donfNang,
2009) EachRossmaAni ke f ol d ¢ oo eaa@ nnks ddnelimse onlkithea dide. b
These two domains are separated by a linker regibich is compacted to form an inter
domain cleft and the enzyme active site. When bound, the nucleotide sugar donor mainly
interacts with the @erminal domain while e acceptomainly binds to the Nerminal

domain.

In general, planGT1UGTSs are between 400550 amino acids long. A key signature
characteristic of plafBTLUGTs i s the conserved 44 amino
product gl y c @SPG) motif@anwyplbektet ad, s1898) The conserved amino
acids of this motif are involved in hydrogen bond interactions with the nucleotide sugar donor.
It hasbeen seethat variations are more common in thégédminal domain, particularly in the
loops and helices of the active s{i¥ang, 2009) These are predicted to accommodate the
diversity of potential acceptor substrateBuring the reaction, bindingf the sugar donor
triggers a change from open to closed conformation, causing the acceptor and donor sugar to

interact with both Nand Gterminal domains and undergo the transfer reaction.

18



1.2.7.2 UDPGlycosyltransferases Catalytic Mechanism

PlantGT1 UGTs catalyze the transfer of sugar moieties from a donor by following a
direct displacement\2-like reaction mechanism (Fig. 1.@)airsonet al, 2008) Within the
N-terminal domain, a conserved active saalytic base (usually Asp, Glu, or His) acts on the
target hydroxyl group of the acceptor molecule to remove a pauaong glycoside bond
formation A nearby conserved aspartic acid interacts with the catalytic base by forming a
hydrogen bond and balancés charge after deprotonating the acceptGoncurrentlythe
acceptor attacks the C1 carbon atom of the sugar moiety of thesUd®?, resulting in the
direct displacement of the UDP moiety and formation of the glyco@ideng, 2009)
Gl ycosyl ation reacti onsbiusmeaclhlaynifsariol ow aw hsiecc
and donor are bound sequentially, followed by the sugar transfer, release of the newly

glycosylated product, and finally release of the nucleatideety.
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1.2.8 Nucleotide Sugar Interconversion Enzymes

Nucleotide sugar interconversion enzymes (NSE) are responsible for producing the
mgority of activated NDPsugars withminorlevels being formed from sugar salvage pathways
and the promiscuous sugar phosphorylase SLO@R¥Peled and O'Neill, 2011; Kotalet

al., 2004) These sugars serve as donors for glycosyltransferasgsandecritical substrates
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needed to form the diverse setgbjcanspecializednetabolites. Of the multiple small gene
families that make up the NSE family, UXS and RHM are of interest for thkie \a the
elucidation of the MbA biosynthetic pathway.

1.2.8.1 UDPXylose Synthase Structure

To date, only on&-ray crystal structure for UXS has been character{igxklsberger
et al, 2012) The structural analysis showed UX&uld be splitinto two domains. The N
terminal NAD-binding domain is a modified version of the classic Rossmann fold, built of a
sevenst r anded-spaetal | al b bt we-lelcest Whe Geaminal WPPs o f
glucuronic acid (UDRGIcA) binding domain is composed of two, tvgot r a nstleetd and
a t h-mekxdundle. The cavity formed in between these two domains forms the enzyme
active site.

In general, plant UXS are between approximately B3B0 amino acids in length.
They contain two conserved motifs in thet€@minus: GXXGXXG and YXXXK. The
GXXGXXG motif is characteristic of dinucleotide binding proteins and helps position and
stabilizethe substrate in the active s{fRossmann and Argos, 1978 he YXXXK motif
contains most of the seritgrosinelysine catalytic triad needed for enzyme actiyiyax et
al.,, 2000) Additionally, some UXS have been predicted to contam Nterminal

transmembrane domagrlarper and BaPeled, 2002)

1.2.8.2 UDPXylose Synthase Catalytic Mechanism

UDP-Xyl is synthesizeffom UDRGICA acid by UXS (EC 4.1.1.35Harper and Bar
Peled, 2002jFig. 1.10). Once the substrate and NADfactorare bound, a catalytic tyrosine
deprotonates the C4 hydroxyl of UBIRCA while the NAD" oxidizes he C4 carbon. These
actions promote the formation of a C4 keto bond and produce thedtke-hexauronic acid
intermediate The keto bond promotes stabilization of tdabanionupon decarboxylation,
whichis then followedoy an NADH-facilitatedreducton of the C4 carbon and proton return

to the C4 hydroxyl group by the catalytic tyrosine.
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Figure 1.1Q UDP-xylose synthase catalytic mechanism. UDP-xylose synthase
decarboxylates UD®SICA in the presence of NADto produce the UD#-keto-pentose
intermediate and NADHUDP-4-keto-pentose in the presence of NADgithen convertetb
UDP-xylose and NAD.

1.2.8.3 UDPRhamnose Synthase Structure

RHM is predicted to have two main domaias; Nterminal domain whiclperforms
the dehydration reaction and at&€minal domain which performs the epimerization and
reduction reactionf@Okaet al, 2007; Wattet al, 2004) As of writing, a single-ray crystal
structureof the Gterminal domain of RHM has been characterigéanet al, 2015) Similar
to the characterized UXS, thet€minal domain of RHM shows two distinct sdbmains.
The first subdomain, which plays a rolenibinding the NADPH and NADH cofactors,
possesses a Rossmdike fold. This foldpossessea central core composed of four parallel
bstrands f | almekcesd The gecondswlmmaitis formedb y  f -helioes U
connect e etrabdg and sewal Ildops. A deep clefs formedin between these two
subdomains ands surroundedy a bundle of helices and loops. The uncharacterized N
terminal domain is predicted to have a similar structure with twedsatains and its active
site in the cleft forming between them.

In general, plant RHMare between approximately 650700 aminoacids in length.
Both the N and Gterminus 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 (B@ssmann and Argos, 1978)The
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YXXXK motif contains most of the serine/threonitygosinelysine catalytic triad needed for

enzyme activityDuaxet al, 2000)

1.2.8.4 UDPRhamnose Synthase Catalytic Mechanism

In plants, UDPRhais synthesized frodDP-GlIc by the single enzyme, RHM, through
sequential dehydratase, epimerase, and reductase reactions (EC 4.2.1.76, E@Qrsl IEEC
1.1.1- respectively) (Fig. 1.11(Kamsteeget al, 1978; Wattet al, 2004) Once the substrate
and NAD' cofactorare bound in the Xerminal active site, a catalytic tyrosine deprates
the C4 hydroxyl of UDFGIc while the NAD oxidizes tle C4 carbon. These actions promote
the formation of a C4 keto bond aetimination of the hydroxyl, followed by addition of
hydride to C6 toproduce the UDR-keto6-deoxyUD-glucose intermediate This
intermediate then leaves thet&rminal and enteithe Gterminal active site.

Once theintermediateand the NADPH cdactor are in the @erminus active site,
epimerization at the C3 and C5 are predicted to proceed througénexdtiol/enolate
intermediate(Liu and Thorson, 1994) In the epimerization, a general acid transiently
protonates the C4 oxygen and stabilizes the enediol/enolate intermediajeneralbase
compliments this, removing a proton from C3 or C5 of ititermediate Subsequently,
reprotonatiorof the C3 and C5 occtirom the opposite face of the sugar ring. Protonation of
the C4 oxygen by the general base then completes the reactionNADH-dependent
reduction catalyzed at C4 of thekéto, 6deoxy mannose rinig performedoy the conserve
Ser/Thi Tyri Lys catalytic triad. Here, these three residues play an analogous role to the
dehydrogenase reaction where the lysine helps stabilize tf@cton so it can facilitate
reduction of the C4 carbon and the catalytic tyrosine can facilitaterptansfer to the C4
hydroxyl group, resulting in UDRha
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Figure 1.11 UDP-rhamnosesynthase catalytic nechanism. In the Nterminus of RHMand
in the presence of NAD UDP-GIc has its C4 hydroxyl group oxigedand is daydrated then
reducedto form the UDR4-keto-6-deoxyglucose intermediate. After moving to the C
terminus of RHM, this intermediate then undergoes sequential epimerization redotform
the UDR4-ketorhamnose intermediate, aretluction byNADPH, to form UDPRrhamnose.

1.2.9 Pahway Elucidation Using Guilt-By-Association

The lack of information available fate novosystems such aS. x crocosmiiflora
presents a large challenge for the elucidation of biosynthetic genes involved in a metabolic
pathway. The integration ofleep transcript and targeted metabolite profiles from
corresponding plant tissuesakeycomponent in establishing an integrated platform to select
biosynthetic gene candidates involved in specialized metab@#aochiniet al, 2012 Saito
et al, 2008) The guiltby-association principleoroposes that a set of genes involved in a
biological process are aegulated and thus eexpressed under control of a shared regulatory
system(Saitoet al, 2008) When extended to metabolite accumulation, this principléean
appliedas a strategy for prioritization of genes putatively involved in metabolite biosynthesis.
Although the assumed correlationtlween gene expression and metabolite accumulation has
beenshown to be acceptalldrbanczykWochniaket al, 2003) their relationship can be non
linear or ambiguoufGibonet al, 2006) While the majority of successful applications of the
guilt-by-association principle t@lucidate target metabolite biosynthetic gehese been
through pathway modulation through mutation ®tress success has aldmeen achieved

through comparison of different organs of the pi&ditoet 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 25,00050,000 identifiednembersterpenoidsonstitute one of the
most abundant and structurally diveggeupsof specializedmetabolite(Chenget al, 2007)
In conifers, terpenes in the form of oleoresin play a critical role for defense dusinisores
and pathogens. Oleoresin is a complex mixture of mostly monoterpergséSquiterpenes
(C1s), and diterpene resin acids (C(Keeling and Bohimanm2006a; Phillips and Croteau,
1999; Trapp and Croteau, 200%gveral oleoresin terpenoids have been shown to act against
such diverse orgnaisms as bact@danejimaet al, 1992) fungi (Kopperet al, 2005; Paine
and Hanlon, 1994)nsects such as various bark begtRneet al, 1997)and weevilgAlfaro
et al, 2002; Tomliret al, 1996) or mammalsRKhillips et al, 1999. Terpenes act as direct as
physical or chemical defenses when conifers drallenged by insects or pathogenm
addition to these direct effects, volatile terpiels facilitate indirecttritrophic defense
interactions with predatory or parasitic organisms of the aggressing(Kesling and
Bohimann, 2006b) Predatory and parasitic insects may use the terpenoids induced or
constitutively produced by conifers to locate their herbivorous (fRedtersson, 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

Terpenoidsare derived from the-Barbon building blocks isopentyl diphosphate (IPP)
and dimethylallyl diphosphate (DMAPP), which are produced in plants by two different
pathways the mevalonate (MVA) pathway and theC2methylD-erythritol phosphate 5
(MEP) pathway(Fig. 1.12)(Gershenzon and Kreis, 1999 plants, the MVA pathway is
primarily responsible for the production mfecursors for cytosolic terpenoids or isoprenoids,
while the MEP pathway is primarily regmsible for plastidial terpenoid or isoprenoid
biosynthesigLichtenthaler, 1998)

The different prenyl diphosphate substrates that are used by terpene synthases to
produce the array of terpenoids gareducedby condensation reactions of DMADP with one,

two or three units of IPP carried out by prenyltransferédBasnosValdivia et al, 1997)
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These condensation reactions produce the acyclic prenyl dipdtespgeranyl diphosphate
(GPP), FPPand geranylgeranyl diphosphate, (GGR®yura and Koyama, 1998; Ramos
Valdivia et al, 1997)(Fig. 1.13). GPP is the substrate for plastidial m@rpene biosynthesis
in conifers and other plants, where GPP is converted by monoterpene synthase$R@pno

into various acyclic and cyclic monoterpenes olefins or alcohols.
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Figure 1.12 The MVA and MEP pathways. (A)The MVA Pathway. Abbreviations: ABT,
acetylCoA acetyltransferase; HMGShydroxymethylglutaryiCoA synthase; HMGR,
hydroxymethylglutaryiCoA reductase; MK, mevalonate kinase; PMK, phosphomevalonate
kinase; PMD, phosphomevalonate decarboxylase; IDI, isopentenyl diphosphate isofBgrase.
The MEP Pathway. Abbreviations: DXS;d&oxyxylulose5-phosphate synthase; DXR; 1
deoxyD-xylulose5-phosphate reductoisomerase; CM&]ighosphocytidy2-C-methytD-
erythritol synthase; CMK, -dliphosphocytidy2-C-methytD-erythritol kinase; MCS, 2
methytD-erythritol 2,4cyclodiphosphate synthase; HDShyldroxyl2-methyt2-(E)-butenyl
4-diphosphate synthase; HDRydroxymethylbutenytliphosphate reductase.
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Figure 1.13 Biosynthesis of erpeneprecursors. 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, 2000Mono-TPS are primarily found in the THS subfamily
(angiosperm mondPS), the TP subfamily (gymnosperm montPS), the TP%/f
subfamily (vascular plants), and the T§Subfamily (angiosperm moatPS) of the larg
plant TPS gene familyfChenet al, 2011) MonoTPS typically require g?* or Mn®* as a
co-factor(Croteau and Karp, 1979; Croteetual, 1980)

Plant moneTPS are between approximately 600650 amino acids in length
(Bohlmannet al, 1997; Colbyet al, 1993; Martinet al, 2004) MonoTPS contain three
highly conserved motifs: the RRW, DDXXD, and NSE/DTE motifs. Found in the-N
terminus, the RRXW motif containsthe tandem arginine pair thought to assist the initial
diphosphate migration step of GPP cyclizatioRound in the Gterminus, the DDXXD
(Lesburget al, 1997; Tarshi®t al, 1994)and NSE/DTHCarutherset al, 2000)motifs are

critical in the bindings and positioning of the threeah&ins needed for catalytic activity. In

26



