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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
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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

XiX
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satGVHGT. Bootstrap values theeml@&%blaaek | na
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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

myricetin and assessed for t hteh e o raduotililedcauy at o
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of  4[6NBI JsQperscript). (b)) Mass| gpies 30T hhmaymn ocsee isnt and
anmyricetin rhamnosi de eMumbner sasmayt ptrodaltt c
correspond to mass spectop dgwatt dheédasds.méc.i.a.t.e dl 1n

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 |
peaks corresppeadt t @ wiatsh atsam apilaantde dc @nrunbebr@ r i

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

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

anWat sohhé&aceeceéééécecceceeceeéeéééeececececcce 147

XXii



LIST OF SYMBOLS AND ABBREVIATIONS

2-MBT
U

AS
AtRHM2-C
AtRHM2-N
b

BGL

bp
BUSCO
CAZy
cDNA
CDS
CEGMA
CHI
CHS
CvC
DAD
DFR
dH20
DMAPP
EPB
F3MN)
F3H
F3N
FeCls
FLS
FNS
FPP

FT

Gbp
GGPP
GO
GPP

GT

HCI
HPA
IFD

IPP

ITO

kcat

Ki

2-mercaptobenzothiazole

Alpha

Aureusidin synthase

Arabidopsis thalianaJDP-rhamnose synthase epimerase/reductase do
Arabidopsis thaliandJDP-rhamnose synthase dehydratase domain
Beta

Blood glucose level

Base pair

Benchmarking Universal Siple-Copy Orthologs
Carbohydrate Active Enzyndatabase
Complementary deoxyribonucleic acid
Coding sequences

Core Eukaryotic Gene Mapping Approach
Chalcone isomerase

Chalcone synthase

Central vascular cylinder

Diode array detector

Dihydroflavonol 4reductase

Distilled water

Dimethylallyl diphosphate

Early biosynthesis pathway
Flavonoid 38MNjydroxylase
Flavanone3-hydroxylase

Flavonoid Npydroxylase

Iron chloride

Flavonol synthase

Flavone synthase

Farnesyl diphosphate

Fresh tissue

Gigabase pair

Geranylgeranyl diphosphate

Gene Ontology

Geranyl diphosphate
Glycosyltransferase

Hydrochloric acid

Human pancreatic amylase
2-hydroxyisoflavanone dehydratase
Isopentyl diphosphate

Indium-tin oxide

Catalytic turnover constant

Inhibitory constant

XXili



Kwm

KOG

LBP

LC

LC-MS
LCR

LPP
MALDI
MbA
MbA-CRNj

MDA-CXRNj

MbA-GNj
MbA-RN]j
MbA-XRN;j
MEP
moncTPS
MSD
MVA
MVA
NDP-sugars
NGS
NMR

NSE
NSEs
NSTs

p

PAL
PATH
PCR

pH

PSPG
RHM

RNA
RNA-seq
RPKM

SN.

T2D

TAL

UDP
UDP-4K6DG
UDP-4K-GIcA
UDP-4KP
UDP-4KPS
UDP-Glc

Michaelis constant

EuKaryotic Orthologous Groups

Late biosynthesis pathway

Liquid chromatography

Liquid chromatographynassspectrometry
Lucoanthocyanidins reductase

Linalyl diphosphate

Matrix-Assisted Laser Desorptidanization

Montbretin A

MbA without the caffeic acid andNpP rhamnopyranose moieties
MbA without the caffeic acid and\P-rhamnopyranosykylopyranose
moieties

MbA without the 30 glucopyranose moiety

MbA without the NP rhamnopyranose moiety

MbA without the ANp-rhamnopyranosykylopyranose moiety
2-C-methytD-erythritol phasphate 5

monoterpene synthase

Mass spectrometry detector

Mevalonate pathway

Mevalonate

Nucleoside Bijliphosphate sugars

Next-generation sequencing

Nuclear magnetic resonance spectroscopy

Nucleotide sugainterconversion enzymes

Nucleoside diphosphate sugar interconversion enzymes
Nucleotide sugar transporters

Para

Phenylalanine ammonia lyase

Phenylpropanoid biosynthesis

Polymerase chain reaction

Potential hydrogen

Plant secondary product glycosylation

Uridine 5Njliphosphate rhamnose synthase

Ribonucleic acid

Transcriptome sequencing

Reads per kilobase of transcript per million mapped reads
Nucleophilic substitution with eatedeterminng step involving two
components

Type 2 diabetes

Tyrosine ammonia lyase

Uridine 5Njliphosphate

Uridine 5Njliphosphatel-keto-6-deoxyglucose

Uridine 5Njliphosphatet-keto-glucuronic acid

Uridine 5Njliphosphatel-keto-pentose

Uridine 5Njliphosphatel-keto pentose synthase

Uridine 5Njliphosphate glucose

XXV



UDP-GIcA
UDP-Rha
UDP-sugars
UDP-Xyl
UER

UGTs

uv

UXS
WT

Uridine 5Njliphosphate glucuronic acid

Uridine 5Njliphosphate rhamnose

Uridine S\jliphosphate sugars

Uridine 5Njliphosphate xylose

Uridine 5Njliphosphatel-6-deoxy-glucose 3,Eepimerase/uridine
diphosphatel-keto-rhamnose reductase

Uridine diphosphate glycosyltransferases

Ultraviolet

Uridine 5Njliphosphate xylose synthase

wild type

XXV



ACKN OWLEDGEMENTS

| must first thankmy Ph.D. supervisoy Dr. Jorg Bohlmann, for the opportunities of
conducting research as part of his group and allowing me to pursue the multjpksearch
opportunities which have allowed my own uniquefpssional development path. Similarly,
| must thank Dr. Stephen Withers, Dr. Katherine Ryan, and Dr. Harry Brumer for the advice
and guidance they have offered while serving as members of my academic committee.

While all members of the Bohlmann lab leasontributed to my development, special
thanks must be given. To Dr. Dawn Hall, Dr. Philipp Zerbe, and Dr. Sémiszth, for their
roles as mentors and guidance on my projects. To Mack Yuen, on his assistance and training
on working with transcriptonsi data. To Lina Madilao, for her expertise with GG/IMS
analytical analysis. And to Karen Reid and Angela Chiang, for their fantastic lab management.

Outside of the Bohlmann lab, special thanks must be given to Dr. Xiaohua Zhang and
Dr. Mirium Koetzlerfor their assistance in producing the potential montbretin A intermediates.

Thanks, must also be given to all those members of the UBC community, from student
societies to university administration to the UBC Senate and Board of Governors, who have
always practiced patience and the willingness to view all university activities as an opportunity
to further studentsd education.

Finally, and most importantly, | must thank those in my personal life who have been
there through the highs and the lows and relways supporting me. To my family, thank
you foryour unconditional love and willingness to help whenever and with whatever. To my
friends, for understanding and accepting the work schedule | havthkep past years. And
special thanks to the Greaimon for your love and support throughout the yeairsope one

day soon | can pay back all that you have done for me throughout this process.

XXVi



Oh and to coffeeDefinitely coffee.

XXVii



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

7



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
RS
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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
O";

7t OH O 9% OH O
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,
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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.
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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)

24



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



addition to these, most mofid®’S contain a plastithrgeting sequence in the-tlrminus
(Whittingtonet al, 2002)

To datex-raycrystal structures of three diffetgriant moneTPS have been published:
A Salvia officinalis (+)-bornyl diphosphate synthaggVhittington et al, 2002) a Salvia
fruticosa 1,8-cineole synthasé€Hyatt et al, 2007), and aMentha spicata(4S)}limonene
synthas€¢Kampraniset al, 2007) Despite their low sequence similarity, these enzymes share
a simidiaombhUn struct ur ehelcesamshogoangcting foops,r e |y
suggesting the existence of a general monoterpene synthafesfiddrget al, 1997) Within
this fold, the active sit e -donsainfndiscothposedofa hy d
severd -hélix loop regions. Upon binding the GPP substrate, these unstructured loops
become ordered and form a protective cap over the active site, preventing premature quenching
of carbocation reaction intermediates. While few functional elements havéooeehnin the
b-domain, mutational analysis has indicated this region might act as a scaffold to facilitate
proper f oklddmaim gporostibsttate leinditioliner et al, 2004)

The mechanism of morRBPS follows a conserved core process (Fig. 1(CHneet
al., 1982; Croteau and Felton, 1981; Croteaal, 1985a; Croteaet al, 1985b; Croteaet
al., 1989; Wiseet al, 2001) For a monel'PS to produce a cyclic monoterpene, it must first
overcome the impediment to direct cyclisation caused by the geometry of the GBP C2
double bond. This is achievéy initial ionization and isomerization of GPP to form linalyl
diphosphate (LPP)C1-C6 ring closure is then achieved by anNg@hction and associated
di phosphat e de ptapinylcatie(Caneet af, b985n Dabditecon What helps
stabilize thicarbocatiorstill exists; current data suggests either the ionized diphosphate group
o r -cation interactions facilitated by aromatic seins in the active sit€Christianson,
2006) Further interactions between the cation intermediate, the -TB8¢o and additional
substrates such ag®iresult in a seriesfdydride shifts, cyclizations, and/or hydroxylations
to form the suite of potential products. Rerclic products, the reactions end through mono

TPS mediated deprotonation or water capture of either the geranyl cation or linalyl cation.
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Figure 1.14 Monoterpene Synthase Catalytic MechanismThe 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 terminbiedeprotonation 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 linalylintermediate capable of cyclizatioithe production of the initial cyclic
species, thétterpinyl cationcan then undergo further interactions between the monoterpene
synthase and additional substrates, such #3, ltb result in a seriesfdydride shifts,
cyclizations, and/or hydroxylations to form the suite of potential products.
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1.3.4 Monoterpene $nthases inSpruce andInsectResistance

Conifers, and in particular species of spruce, are the most economically and
ecologically dominant trees df¢ Canadian forest landscafdéne white pine weevilRissodes
strobi) is one of the most devastating pests of several spruce sfi€cg®t al, 2004)(Fig.
1.15). Attack from weevils results in killing of the ayail shoot tip, stem deformation, overall

growth loss, and possible death of trees due taompetition by surrounding vegetation.

:

Figure 1.15 Examples ofwhite pine weevildamage Sikaspruce.

The problem of weevil infestation is most seveith Sitka spruceRicea sitchens)s
in Western CanadaWhile most genotypes of Sitka spruce are susceptible to weevil attack,
resistant trees haveeen identifiedand clonally replicated in field trialing et al, 2004;
King and Alfaro, 2009) From these trials, the genotype H898 was identified as almost
completelyresistant. Conversely, the genotype Q903, originating from the Haida Gwaii Island
of BC, was identified akighly susceptile to attack. In large replicated field trial, the levels
of the diterpenoid resin acid dehydroabietic acid and the monoterpenr8sdrgne and
terpinolene had a strong positive correlation with resistance to weevil @Rabkrtet al,
2010) Hall et al. (2011) used a combination of genomic, proteomic, and biochemical
approaches to investigate the basis of variation e8{ggrene levels itwo contrasting H898
and Q903 genotypesThis work identified tht genotypespecific variations of gene copy
number, transcript and protein expression, and catalytic efficiencies of members of a small
family of (+)-3-carene synthadé&ke moneTPS genes, containing the three-B+¢arene
synthase$?sTPS3carl, PsTPS3ca2, PsTPS3car3 and thei()-sabinene synthadesTPS

sah were responsible for the difference in-G-tarene levelg§Hall et al, 2011) Specifically,
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the genomic presence, transcript and protein expression, antieeazyivity ofthe PSTPS

3car2geneaccounted for much of the high levels of-B-farene in the resistant genotype.

1.3.5Terpene Synthase Evolution

Numerous structural and biochemical studies have showcased the ability of a protein
to evolvenovel activities or functions with only a small number of amino acid alterations
(Aharoniet al, 2005; Gerlet al, 2005; Khersonskegt al, 2006) These residues assated
with directing enzyme s peci(Yoshkunietyal, 2006andt er me d
are more often prevalent in or around enzyme active(gitesoniet al, 2005; Aharonet al,
2004) This process of proteins developimgpmiscuoudunctions is believed to b& major
driver of organisms developing new enzyme activity and specificity through divergent
evolution(James and Tawfik, 2003)A unique aspect of TPS is that despite having a highly
conserved active site scaffold composed largely of inert residues, most show promiscuous
function. Catalytic specificity in TP@ppearsto be governed Yo the positioning of the
polypeptide backbone and amino acid side chains on the active site surface, with supporting
layers of surrounding residues playing a role in active site contour and dyri@m@eshagen
etal.,, 2006) For this reason, TPS enzymes have lygmd candidates to investigate how
plasticity residues contribute to divergent molecular evolutiime high sequence similarity,
yet different product profiles of the different members of the Sifkaice (+)-3-carene
synthasdike family makes it an attractive target for investigating how plasticity and functional

evolution can lead to aaxpansioro f a speci esd® specialized met ¢

1.4 SCOPE OF THESIS
The central theme of this thesis is thecedation and characterization of genes involved

in specialized metabolism using two Amodel plant systems. The first part of my thesis deals
with MbA biosynthesis it€rocosmiax crocosmiiflora a plant system with no prior supporting
body of research on metabolism. This part of my thesis work will present examples of the
threeaforementioned phases$ exploring how to harness specialized metabolism for human
use (Fig. 1.2) in a new system. Téecond part of my thesis is dealing with elucidation of

unique aspects of specialized metabolism-o&fne biosynthesis Sitka spruce.
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Chapter Zresents an example @éveloping resources for a nglantsystem with the
purpose of studying specializecetabolite biosynthesisThis chaptedetails work towards
the development of. x crocosmiiflorametaboliteprofile-, histological, and transcriptome
based resources for exploring MbA biosynthesis. Chapters 3 and 4 presecharadterizing
part of thebiosynthetic pathways of tHdbA metabolite system. Thesbaptersletail work
towards the identification and characterization of candidate genes involved in the MbA
biosynthetic pathway. Using the Sitka spruce system in Chapter Syadhksexploresthe
amino acids critical for specific product profiles of a family of-8+¢arene synthadeke
enzymes t@aininsight into the plasticity and functional evolution of this mdarRs family.
Overall, the research presented in this thesis to highlights gmortunities, challenges,
approaches and novel insights from fmoadel system research ingpecializedmetabolite

systems.
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CHAPTER 2: DEVELOPMENT OF CROCOSMIA RESOURCES FOR THE
ELUCIDATION OF THE MONTBRETIN A BIOSYNTHESIS PATHWAY

As part of the initial strategy to identify and characterize the biosynthetic pathways of
montbretin A inCrocosmia x crocosmiifloral developed a series of biological, metabolite
profiling, and transcriptome resourcéx this previously unstudied systemMetabolite
profiling of montbretinA accumulatiorwithin C. x crocosmiifloradentified that montbretin
A primarily accumulates in theorm, the below grounstorage and overwintering organ, with
minor accumulation in the flower, stem, astdlonorgans. Matrixassisted laser desorption
ionization and additional metabolite profiling analyses showed that withinctine
montbretin Ais primarily foundin the peripheral tissues with levels significantly higher than
in tissues of the central vasautylinder. | used 16 orgeaspecificC. x crocosmiiflorasamples
to generate a first assembly of tRe x crocosmiifloratranscriptome containing 77,894
unigenes. In silico annotation revealed a lack of higlality gene annotations of closely
related pecies in the public databasd&Employing a homologypased search approach
identified candidate genes for each step in the proposed montAretarly biosynthetic
pathway. Integrating montbretih accumulationand gene expression data resulted in the
identification of 14 genes for the proposed montbretin A late biosynthetic pathvathe T
best of my knowledge, this is the finsport of omicshased resource development for the

Crocosmiagenus.

2.1 INTRODUCTION
Historically, establishing thenolecular and biochemical basis of specialized metabolite

biosynthesis in plants often requiredzyme purificatiorand testing for specific enzymatic
activity as a starting point for gene discovelyhile resources for gene discovery in model
organisms hve proliferated in recent years, masyecalized metabolites have a narrow
taxonomical distributior{Sumneret al, 2015) As such.elucidation of targebiosynthetic
pathwayg genes and enzymasnonmodel systmsusuallycannot solely rely oahomology
based approackemployingmodel systems.In these situations, a critical first step is the

development of speciespecific resource@acchiniet al, 2012;Saitoet al, 2008)
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The Crocosmiagenus is an excellent example of a fmodel plant system. At the
beginning of this work, the majority of published research in this system wadsodicultural
nature with only six noforticultural papersavailable, all of which reported on new
specialized metabolites treir functions(Asadaet al, 1989; Asadeet al, 1990; Asadat al,

1994; Masudat al, 1987; Nagamotet al, 1988; Tarlinget al, 2008) From thes@apersit
was known that montbretin A (MbA) can be isolated fl@mcosmiacorms. However, it was
unknown which organ(s) or tissue(@pduceMbA, if MbA is being transported tite(s) not
involved in biosynthesjsor if MbA biosynthesis is constitutive or occurs under specific
inducing conditions. A search of the public domain showed only nine reportadsmia
nucleotide sequenceal] of which are plastidial genéSchaefeet al, 2011; Souz&hieset

al., 1997) Currently, few species closely related@oocosmiahave public, higklquality
genomic data ailable. The closest genera with an available genome is the orchid
Phalaenopsis equestrigvhich is a member of the Asparagabeder withCrocosmia(Cai et

al., 2015)(Fig. S2.1) More distantly related, multiple agses within the Commelinids order,
such a®ryza sorghumbrachypodiumandmays have genomes availal@off et al, 2002;
Patersoret al, 2009; Schnablet al, 2009; Vogelet al, 2010) Theclosest genera with
comprehensive transcriptomic data availableGnacus(Babaet al, 2015; Jairet al, 2016)
andlris (Ballerini et al, 2013) both members of the Iridaceae family w@hocosmia This
lack ofscientific information about thérocosmiagenus or MbA makes the goal of elucidating
genes involved in the biosynthetictpaay of MbA especially challenging.

Recent advances in the fields of genomics, transcriptomics, and metabolomics provide
improved processes for establishing a pool of candidate genes of a novel biosynthetic process
(Facchiniet al, 2012) The two strategies most commonly employed for identifying such
candidates areomology to genes with similar functions and correlating metabolite abundance
with transcript expression profiledlultiple studies have shown themgproaches can be used
effectively for the identification of specific pathway genes in the investigation of specialized
metabolite biosynthesigttia et al, 2012; Keelinget al, 2011; Liscombest al, 2009; Xiao
et al, 2013; Zerbest al, 2013)

The biosynthesis of MbA is proposed to occur in two pdhs:early biosynthesis
pathway (EBP) and the late biosynthesis pathway (LBP) (Fig. 1.8). The EBP employs genes

of the phenylpropanoid, flavonoid, and nucleotide sugar metabolism pathways and results in
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the formation of the individual building blocks and enzymestialbes of MbA myricetin,
UDP-glucose, UDRrhamnose, UDRylose, and caffeoyCoA. Because genes with functions
involved in the EPBare well characterizedn other systems, iis hypothesizedthat
identification of candidate genes through a homologyel approach will be an efficient
method. The LBmhvolves the assembly of these individual components into MbA. Because
most of the predicted functions of the LBP havelresn reporteth characterized genes from
other species, is proposedhat the itegration of transcript and targeted metabolite profiles
will be an efficient method fordentification of candidate genesEmploying these two
approaches for identifying candidate MbA biosynthesis geegsires the development of
Crocosmiaspecific resarces.

Metabolite profiling and transcriptome sequencing (R&&4) are two of the most
commonly employed techniques for the identification of novel biosynthetic pathway genes.
Metabolite profiling plays twomajor roles in the elucidation ofpecializedmetabolite
biosynthesis: (i)dentification of spatial and temporal distribution patterns as effected, for
example, by plant development and environmental cues, and (ii) identification of potential
intermediates of the biosynthetic process. Complementahystprofiling, an understanding
of the morphology of the plant can provide valuable information on the location of metabolite
biosynthesis as well as tive plantabiological function. Nexgeneration sequencing (NGS)
technologies have revolutionizedhmgical research by providimgpidand reliable sequence
data. Of the many tools in the NGS portfolio, Ré&q has proven particularly useful for non
model organisms lacking a reference gendiang et al, 2009b) Not requiring prior
knowledge of gene sequences, R coupled with sequence assembly algorithms can be a
powerful tool for the discovery of novel transcripts andilico estimation of gene expression.

The goalof this chapter is to develop and characterize the first set of biological,
metaboliteprofile, and transcriptome resources forocosmiato serve as a foundation for
research into the MbA biosynthetic pathway. A combinatidigafd chromatographymas
spectrometryl(C-MS), matrix-assistedaserdesorptiononization(MALDI ), and histological
analyses were used to explore spatial and temporal MbA accumulation levels @vitkin
crocosmiiflora RNA-seq was used to develop the fEstx crocosmiifloralraft transcriptome.
Extensive manual annotation of the transcriptome and the integration with metabolite profiling

resources was used identify a pool of candidate genes involvedMbA biosynthesis. @
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the best of my knowledge, this is the firgport of omicsbased resources developed for the

Crocosmiagenus.

2.2 EXPERIMENTAL
2.2.1 Plant Material

To startthe C. x crocosmiifloracolonies starter plantsvere obtainedrom the garden

of Dr. Gary Brayer in Richmond, British Columbia, Canada on 9)Jy2010. The variety of

the obtainedC. x crocosmiifloravas identifiedoy Dr. Gary Brayees A Emi | 'y Mc Ken z i
comparing phenotyp® (i) horticultural reference§Goldblattet al, 2004; Kostelijket al,

1984) and (i) against varieties oC. x ciocosmiifloracommercially available.Individual

cormswere separated anattedin 4L planting pots with perennial soil at least 4 inctiesp

Plantswere grownin shaded areas of the University of British Columbia Horticulture
Greenhouse (6394 Stores Road V6T 1Z4) outdoor patio year round. A sample has been

submitted to the UBC Herbariurhtf{p://www.biodiversity.ubc.ca/museum/herbaridrahder

accession numbers V244885a and V244885b. Each November, the decayingrabode
tissues were cut approximately one inch above the soil. During the winter months (November
I February), plants would be lafutside with a layer of mulch on top of planter pots to act as
insulators and prevent frost from reaching corms. Esecpndyear in January, plants were

removedirom potsandrepottedso each would contain only a singlerm

2.2.2 Metabolite Analyss

For temporal and spatial analysis of MbA levels in different parts of the plant (section
2.3.1), samples were collected at 17 time points betweer2®fag012 and Mays* 2013. At
each time point, whole plants were dug sgi was removed, and plewere separated into
six organs: flower, stem, leafprm, stolon and root (Fig. S2)2 Flower samplewere cutat
the base of the pedicel. Leaf samples were cut 2.5 cm away from the stem. Stem samples
were cut 2.5 cm away from tltermand infloresence and had all leaf tissue coating the stem
removed. Stolonand root samples were cut one inch away fronttiien Cormsamples had
the remaining stem cut off as well as the tunic, basal plate, lateral growth tissue, and remaining

stolon and root tisgiremoved. Once collected, samples were immedi&tezen in liquid
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nitrogen and stored a80°C. Analyses were done with three biological replicates. Statistical
analysis was performed using the Single Variable ANOVA data analysis in EXCEL.

For spatihanalysis of MbA withincorms, samplewere collectean April 18" 2016.
Cormswere harvested as above, aldng the same plane into three segments. One segment
was used for metabolite analysis while the other weoe usedor in situ and histological
analyses (see sections 2.2.3 and 2.2.4).ségmentvas further divided into seven concentric

sectionsusing Boekel cork borersitp://www.boekelsci.com/(Fig. 2.4). The first section

was alvays the centralascular cylinder with the endodermis removed. Subsegeetibns
were produced usinigorerswith a 3 mm increase in diamete@nce collected, samples were
immediatefrozen in liquid nitrogen and stored-80°C.

Metabolites were extcded from homogenized tissue with 50% methanol (5 mL/g
tissue) for 24 hours at 40. Sampleswere passedhrough a 0.22¢ mhydrophilic

polypropylenemembrane filterHttp://www.pall.com). Metabolitesvere identifiedoy liquid

chromatography (LC) (Agilent 1100 Series)/mass spectrometry detector (MSD) Trap
(XCTplus) by comparison of retention times and mass spedtraauthentic standardsAn
Agilent ZORBAX SBC18 column (4.6 mm internal diameter, 50 mm length,eM8pore

size) was used with a temperature of 50°C and flow rate 0.8 mL rifine mobile phase used
was a combination of two solvents: solvent A-@H+ 0.2% formic acid) and solvent B
(acetonitrile + 0.2% formic acid). The mobile phase run was 95% saWeyn0.5 min, 80%
solvent A by 5 min, 10% solvent A by 7 min, and 95% solvent A by 7.10 min, and held for 2.9
min, giving a total run time 10 min. Diode array detector (DAD) monitored wavelengths at
266 nm and 326 nm. The mass spectrometer mode wasveegjattrospray with nebulizer
pressure 60 psi, dried gas rate 12 L hitry temp 358C, and a m/z scanning range between
5071 2000. Quantification of MbA levelsvas basedn external standard curves using purified
MbA obtained from Dr. Stephen Withers

2.2.3 Matrix-Assisted Laser Desorption lonization (MALDI) Analysis
Using corm segments produced April 18", 2016 (section 2.2.2MALDI imaging
was performed at the University of Victoria Genome BC Proteomic Centre

(http://www.proteincentre.corp/ Samplesver e cut into 40 em thick

HM500 at-20°C cryostat and thaamounted onto indiuntin oxide (ITO)}coated microscopic
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glass slides. The matrix soluticontaining 2mercaptobenzothiazole-(2BT) was prepared

at 10 mg/mL in 80% aqueous methanol containing 2% formic &xdm sections were spray
coated using a Bruker Daltonics ImagePrep electronic matrix sprayer, with the application of
MCAEF (Wanget al, 2015) MALDI-mass spectrometry dateas acquiredn negative ion

(-) mode on a Bruker Ape®e 12Tesla hybrid quadrupotourier transforrion cyclotron
resonance instraent equipped with a 358m smartbeanJV laser. For tissu@naging a

laser rastesteps i ze of 30 eaman zaen do fl awmseused2Vass speatnal
datasetsvere processewith Bruker DataAnalysisand the MS ion imagesere constructed

with Bruker FlexImaging.

2.2.4 Corm Histology Analysis
Cormsegments produced on April'",82016 (section 2.2.2) were placed into Formalin
Acetic Acid-Alcohol fixative at 4C for threeweeks. Samplesere submittedo the Waxlt

Service Laboratory (Wak Histology Services Inc.,http://www.waxitinc.comy for

dehydration in an ethanol series and paraffin embedding. Peeaffiedded samples were
thinnsecti oned (20 em) and st &ectioasdverestainéd forther e e d
presence of lignirand suberin by staining in 0.1% (w/v) berberine hemisulphate (Sigma

Aldrich Co.,http://www.sigmaaldrich.conin distilled water (dHO) for 1 hour and rinsed in

dH2O for 30 min. Sections were then counterstained by immersion in 0.5% (w/v) aniline blue
(SigmaAldrich Co., http://www.sigmaaldrich.comin dHO for 30 min, rinsed in d§D for
30 min,and mounted on slides 0.1% (w/v) FeCI3 in 5% glycerol(Cholewa and Griffith,

2004) Sectionsvere stained or t he presence of starch gran

Solution (SigmaAldrich Co., http://www.sigmaaldrich.corp/for 5 minutes and rinsed in

dH20 for 30 min(Gurr, 1965) Sections were stained for the presence of lignthesclerified

cells by staining with phloroglucinol in 20% HQrf5 minutes and rinsed in @@ for 30 min
(Jensen, 1962) Microscopy was performed using a Zeiss Axioplan 2 (Carl Zeiss, Ontario,
Canada) equipped with anQite Series 120 Q light source (Excelitas Technasdtorp.,
Massachusetts, USA) for epifluorescence. Sections were viewed with white and ultraviolet
light. The ultraviolet filter set consisted of the BP365 exciter filter, the FT395 chromatic beam
splitter, and the897-barrierfilter. Images were capted on Hamamatsu Orca Flash 4.0 LT

camera (Hamamatsu, Shizuoka Pref., Japan)
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2.2.5 RNA Isolation

Samples for RNAsequencing were collected on July'29013 as described in section
2.2.2,immediately frozen in liquid nitrogen, and stored-8°C until RNA was extracted
Total RNAwas extracteds describe{Mageroyet al, 2015)and stored ai80°C. Total RNA
concentration was determined using a NanoDrop 1000 (Thermo Scientific,
http://www.thermoscientific.comandRNA Integrity Number (RIN) was assessed as a quality
control with an Agilent 2100 Bioahaer and Agilent RNA 6000 Nano Kit LabChips (Agilent

Technologies Inc.http://www.agilent.corf). Sixteen RNA samples (three each for flowers,

leaves, stems, and stolons and four for corms) with RIN greater tharw@re sent to the

McGill University and Génome Québec Innovation Certttgp(//gginnovationcenter.conto

generate approximately 75 gigabases (Gbp) of sequencing data using the Illumina HiSeq2000
platform with 150bp pairegind sequencing.

2.2.6De NovoTranscriptome Assembly

16 pairedend RNASeq libraries from five differen€. x crocosmiifloraorgans were
generated with the Illlumina HiSeq2500 platform. Raw lllumina reads were cleaned using
Trimmomatic (Bolger et al, 2014)to remove the 15 bp adapter sequence at front ends of
sequences and tested for quality using FastQC
(www.bioinformaticsbabraham.ac.uk/projects/fastgc/The raw sequences were then filter

for plastidial sequences using Bowtie. bbMerge, from the software suite BBMap

(https://sourceforge.net/projects/bbmap/filjes/as used to prassemble overlapping paired

end reads to generate longer, single end read for improved assembly contiguity. Merged
singleend reads and umerged pairegnd reads of all tissues were thenlpddogether and
assemblede novady Trinity assembler version ZGrabheriet al, 2011) Predicted peptides

were established by TransDecodbelaaset al, 2013) Codingsequences (CDS) at 98%
nucleotide similarity or greater were deemed to be allelic variants and were clustered, by Cd
hit, for downstream differential expression analykisand Godzik, 2006)
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2.2.7 Assessment dfrocasmia x crocosmiifloraUnigene Dataset

The Core Eukaryotic Gene Mapping Approach (CEGMA) dat@atraet al, 2007)
and the Benchmarking Universal Singlepy Orthologs (BUSCO) datasgdimaoet al,
2015) were usedo quantitativelyestimate the completion &@. x crocosmiifloraunigene
dataset. C. x crocosmiifloraorthologs of the248 and 956 highly conserved ortholog sets,
respectivelywere dentified by performing a BLASK of these datasetsgainst the unigene

set with an evalue threshold of 12.

2.2.8 Annotation and Classification of Unigenes Dataset

The unigene datasets annotatedgainst the NCBI NoiRedundant (NR) and Cluster
of Orthologous Group forukaryotic completegenomes (KOG)(Koonin et al, 2004)
databases using BLASTx search with are-value threshold of 18° Additionally, Gene
Ontology (GO) terms were assigned based on the best BLAST search hits against the NR
database using the Blast2GO progréutips://www.blast2go.co(Conesaet al, 2005)with

ane-valuethreshold of 1€°% Unigenesvere assignetl o  bidlogicaliprocesé i mo | ecul ar
function® ,a nd Acel l ul ar component so onunil ggnesod
functional categorywas summarized using WEGO softwdlée et al, 2006) To analyze
specialized metabolism pathways active in@hex crocosmiiflorasamplesgene annotations

of unigene setvere comparetb the reference canonical pathways in KEGG.

2.2.9 cDNA Cloning of Early Biosynthetic Pathway Genes

Using the isolated RNA that was submitted for RNA sequencing (Section 2.2.5), cDNA
was synthesized using a Maxima First Strand cDNA Synthesis Kit (ThermoFisher,
https://www.thermofisher.cojrand quantified using NanoDrop 1000 (Thermo Scientific,

http://www.thermoscientific.conv Genes of interest were amplified and cloned into pJetl1.2

vectors (Fermentaittp://www.fermentas.con)/ from cDNA using primers found in Table

S2.1. Sequences and gene insertion orientation were verified by Sanger sequencing.

2.2.10 Haystack Analysis
|l dentiycation of uni genes with expressio

patterns was performed using the Haystack prograiip:{/hawtack.mocklerlab.ory/

39


https://www.blast2go.com/
https://www.thermofisher.com/
http://www.thermoscientific.com/
http://www.fermentas.com/
http://haystack.mocklerlab.org/

(Michael et al, 2008; Michaekt al, 2008; Mockleret al, 2007) MbA accumulation levels

within each of the 16 samples submitted for sequencing was analyzed as outlined in in section
2.2.2 and used as the model file. The reads per kilobase of transcript per million mapped reads
(RPKM) for each unigene within each thie 16 samplewas useds the corresponding data

file. Parameters were as follows: correlation-afiitof 0.8, fold cutoff of 2, Rvalue cutoff

of 0.05, and background eaff of 1.

2.3 RESULTS

2.3.1 Temporal Accumulation Patterns of Montbretin A within C. x crocosmiiflora

Previous work reportedormsas thepredominansite of MbA accumulation in plants
of the genusCrocosmia(Andersenet al, 2009) To confirm this and gdore how MbA
accumulation patterns change withih x crocosmiifloraover the course of one year
accumulation levels within six of the major organs were profiled every three weeks for twelve
months (Fig. 2.1; Table S2.2). Results showed that througheuyear, MbAprimarily
accumulatedh thecormswith levels ranging between 1.8%.31 mg/g fresh tissue (FT). The
only other organ containingptablelevels of MbA was the flowensith levels ranging between
0.0277 0.145 mg/g FT (0.75% 4.48% ofcormlevelg. The stem and stolon contained only
trace amounts of MbA with between 0.008.047 mg and 0.002 0.013 mg/g FT (0.75%
1.45% and 0.06% 0.44% ofcorm levelsrespectively. No MbAwas detecteth the leaf or
root. Single factor ANOVA analyss identified that levels of MbA were not statistically
different between the corm and stolon organs. The same analysis on the stem and flower
organs identified a statistical difference in MbA levels throughout the yEhese results
confirmed that desfe high levels of biological variatiomormsare the primary site of MbA

storage irnC. x crocosmiiflora
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Figure 2.1: Temporal analysis of montbretin A accumulation withinC. x crocosmiiflora

Pictures below the-axis are of one of the biological regates 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. Results are shown as the averagéhtde biological replicates.

Error bars represent stamdaerror. i * 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 reported were basedontn 0. 05 dfd A Tobowu#l degr
freedom.
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2.3.2MbA Accumulation Patterns in Crocosmia x crocosmiifloraCorms

Corms were shown to be th@redominantsite of MbA accumulationin C. X
crocosmiiflora However, it was not known whether MbA is uniformly distributed throughout
thecormor if its accumulations localizedto specific regions.To investigate thisa triad of
histological, MALDI, and MbA profiling analysesvere performedon three segments
originatingfrom the sameorm

To better understand corm histology, abgveund pant material was removed and
corms were extracted from soil (Fig. 2.2.a). Remaining leaves as well as roots and stolons
were carefully removed from the extracted corms. These corms represented-groelogy
part of the stem, as is apparent from spietgyn of leaf scars (Fig. 2.2.b), specialized for
storage of nutrient reserves, overwintering and vegetative propagation. The major tissue types
observed after sectioning and staining included the epidermis, cortex, endodermis, and central
vascular cyider (Fig. 2.2.ey). The outanost cell layer of the corms consisted of the
epidermis (Fig. 2.2.e), which is covered by a thick cuticle. While cuticles are not composed
of lignin or suberin, one of their major chemical component, cutin, shares certaircahe
similarities with suberirfKolattukudy, 1980; Maet al, 2004)and showed a positive reaction
when stained with berberiraniline blue. The tissue underneath the cuticle represents the
epidermis and hypodermis (Fig. 2.2.e). In contrast to the very regular shape of cells that form
the epidermis, hypodermis cells are more irregular shagsed commonly observed in
monocots(Evert, 2006) The following inner tissue layers of the corm show characteristic
features of a differentiated cortex, endodermis, and central vascular cylinder. The endodermis
was identified by the typical, lignified thickened cell walls (Fig. 2.2.f) separating the cortex
from the central vascular cylinder. The central vascular cylinder contains numerous concentric
amphivasal vascular bundles, each of which was composed of phloem surrounded by a ring of
lignified xylem (Fig. 2.24g) (Evert, 206). When stained with Luc
parenchyma cells within the cortex and the central vascular cyliGd&2) appeared to store

substantial mounts of starch (Fig. 2.2.h).
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MALDI imaginganalysis showeéMbA accumulation levels were lowest in the tissues
of the CVC. Exterior the CVC, MbA accumulation showed a general trend of increasing

towards the periphery of ttomrmsection (Fig. 2.3).
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These findingsvere supportethy MbA profiling analysis bseven different sections
of cormsegments (Fig. 2.4; Table S2.3). In the Cg€cfionl), MbA levels were significantly
lower compared t¢he otler six sections with an average of 0.30 mg/g FT. MbA levels of
those segments outside the CVC (secticii$ Rad averages between 2.374.863 mg/g FT

with the average level increasing towards the outermost section (Fig. 2.4).

6.0 - P-value = 1.29¢
5.0 - F-Value(u=0_05)= 8.97
25
2 = 40 -1
Q>
—~ &03.0 -
Eﬂ %
=1 i] -
= 52.0
1.0 A1

Figure 2.4: In-depth spatial analysis of montbretin A accumulation within corm
segments.Cormswere cutalong the transverse plane into individsagment§). 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.
Results are shown as the averageight biological replicatesError bars represent standard
error. P-value andF-value were calculaté using a single factor ANOVA in data analysis

function of Excel.
Collectively, these results suggest that MbA is tightly restrictea $pecificregion

within thecorm, butis primarily storecutside of the CVC with average levels highest towards

theperipherakissue

2.3.3 Transcriptome Sequencing and Assembly

To generate robust transcriptome resource @rx crocosmiifloranormalized cDNA

librariesconstructedrom RNA isolatedfrom multiple organs and biological replicates were
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used to generatpairedendsequencewith the Illumina HiSeq2000 platform. After quality
check for and if needed, subsequent removal, of low quality sequences, low complexity reads,
or contaminations, sequencing of 16 cDNA libraries resulted in 263,941,22)Uadjty 150

bp pairedend reads (Table 2.1). Reakdad their 15 bp adaptor sequence trimmaod
assembled intd70,118 contigsvith an average length of 556 bp and an N50 oflfihSAfter

further gapfilling, a unigene set was produced by extracting the coding sequences and
removing redundant sequences as defined by greater than 98% sequence idbigisgt
contained 77,894 unigenes with an average length of 710 bp, an NSDlgs,8da normally
observedength distribution pattern (Table 2.1, Fig. 2.5).

Table 2.2 Sequencing and assembly results faCrocosmia x crocosmiiflordlower, leaf,
stem, stolon, and corm organ.

# Kif g

# of Tot al-PaB| | # of|Avg.
Or 9| Read Quall(High gtibrariljynig|Leng N'S
Read Al | Or
FI ol53, 6151, 28|15, 385,|were P
Lea83, 7549, 70|14, 910, and

Ste71,97/53,30|15,991,/[Redundg77,84 710 (891

Sto|51,58/50, 34(15, 103 Re mo v ¢

Cor|59, 62(59, 3027, 791,
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Figure 2.5: Length distribution of unigenes.

Two separate approachesere used to assess the completeness of Gthex
crocosmiifloraunigene set: The Core Eukaryotic Gene Mapping Approach (CEGR&)a
et al, 2007)and the Benchmarking Universal Singlepy Orthologs (BUSCO) sébimaoet
al., 2015) Using a BLASTx search of the CEMGA dataset of 248 conserved core eukaryotic
genes fromArabidopsisthaliana representingan unbiasedset of proteins conserved in
eukaryotes, against the. x crocosmiifloraunigene set identified 274 (59.8%) IHéngth
orthologs, 167 (36.5%) parti#ngth orthologs and 17 (3.7%) orthologs not identified. Using
a BLASTx search of the BUSCO dataset of 956 conserved genes from plant genomes,
representing a set of near universally distributed siogpy genes, agnst theC. x
crocosmiifloraunigene set identified 547 (57.2%) Heingth orthologs, 397 (41.5%) partial
length orthologs and 12 (1.3%) orthologs not identified.

Collectively, these results suggest that the transcriptome resource developed has a
typicd average read length for a plant transcriptome and covers a good representation of both

core eukaryotic genes and highly conserved plant scay ortholog genes.
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2.3.4 Functional Annotation of Unigene Set

To enable theinvestigation into specializd metabolite biosynthesis iI€C. X
crocosmiifloraand to contribute genomic information from an underrepresented phylogenetic
clade to the public repositoryn silico functional annotation on the unigene dataset was
performed. BLASTx searchesgainst pubt protein databasesere used to annotate the
unigene datasetSearches against the NCBI NR datalveses successful fa1,094 (78.4%)
unigenes with an-galue threshold of I¥. While this represented a significant portion of the
unigene set, 39,278its had an walue less than 1€° (Fig. 2.6). Indepth analysis of the
BLAST search results showed that the top five hits for most unigenes were to sequences which

only had a general characterization and provided little or no details towards spedfiors.

15.000

12,000
9.000 A

6.000

Number of Unigenes

3.000

0 4

Figure 2.6: E-value distribution of unigenes.

Because annotation based on sequence homology to genes in the public database
proved challenging, orthologlyased annotatiowas used to gain insight into the molecular or
biochemical functionscontained within this unigene setUsing the Blast2Go software
(https://www.blast2go.corjy/ unigenes were assigned GO teri@snesaet al, 2005) This
resulted ir01,612 GO annotations assigned to 30,246 (38.8%) unigenesthreehigh-level
categories: fobfiimool | cegeiud adlm npdruaficceesisb m | ar compone

The cellular process category consisted of 31,687a@Gtationsassignedo 9,798 (12.6%)

uni genes. Il n this category, the most commo.

48


https://www.blast2go.com/

ncel |

parto

(9, 447

t er tasng 17.09). Théd)iologicalmprdcessr g a n €

category consisted of 39,404 G&rhs assigned to 15,061 (19.3%) unigenes. In this category,

the most common annotations were fimetabolic
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Figure 2.7: Gene Ontology classification of unigeneskesultsare groupednto threehigh-
level catggories: cellular process, molecular function, and biological process.

Unigenes were further annotated based on EuKaryotic Orthologous Groups (KOG); a

phylogenetic classification of the orthologous groups of proteins encoded in complete genomes
of seven ekaryotes(Tatusovet al, 2001) Overall, 19,366 unigenes (24.9%) were assigned

21,452 functional annotations classified over 25 KOG groups (Fig. 2.8). Among these 25

groups, mosannot at i

transducti
chaperoneso

Atranscr

ons were to fAgener al function
on mechanismso (2, 197; 10. 2%) , ipc
(1, 887; 8. 8%) , Afcar bohydmdat e tr

i ptiono (1, 124; 5. 2%)
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Figure 2.8: KOG functional classification of unigene datasetAll unigenes were aligned to
KOGs database at NCBI to predict and categorize possible functions.

Interestingly, dargenumber of unigenes weessigned he fAmet abol i c pr o
term (Fig. 2.7) and the fAsecondary metabol i:
classification (Q; Fig. 2.8). With the goal of developing this unigene set as a resource for the
discovery ofspecializedmetabolism msynthesis genes, the canonical KEGG pathways were
used to identify the actively expressed specialized metabolism pathways in the unigene set
(Table 2.2). In total, 923 unigenes were found to be involved ibitsynthesiof various
specialized metabisim pathways. Of the pathways, the cluster far penylpropanoid
bi osynthesiso [ PATH: 00940] represented the
foll owed by Aphenyl al anine, tyrosine, and t |

unigenes (9.5%pr nd Afl avonoid biosynthesiso [PATH: C
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Table 2.2: Summary of expressed unigenes related 8pecializedmetabolites in C. x
crocosmiifloraunigene set.

Path Number|Gene Pathway Number of Genes
ec00073 [Cuting suberineand wax biosynthesis 20
ec00100 [Steroid Biosynthesis 63
ec00130 [Ubiquinone andather terpenoidjuinone biosynthesi 58
ec00140 [Steroid Hormone Biosynthesis 31
ec00232 [Caffeine metabolism 3
ec00400 [Phenylalanine, tyrosine and tryptophan biosynthe: 88
ec00402 [Benzoxazinoid biosynthesis 4
ec00403 (Indole diterpene alkaloid biosynthesis 0
ec00760 |Nicotinate and nicotinamide metabolism 23
ec00900 [Terpenoid backbone biosynthesis 82
ec00901 (Indole alkaloid biosynthesis 21
ec00902 [Monoterpenoidiosynthesis 37
ec00904 [Diterpenoid biosynthesis 25
ec00905 [Brassinosteroid biosynthesis 0
ec00906 [Carotenoid biosynthesis 44
ec00908 [Zeatin Biosynthesis 32
ec00909 [Sesquiterpenoid and triterpenoid biosynthesis 21
ec00940 [Phenylpropanoid biosynthesis 146
ec00941 [Flavonoid biosynthesis 71
ec00942 |Anthocyanin biosynthesis 7
ec00943 (Isoflavonoid biosynthesis 58
ec00944 [Flavone and flavonol biosynthesis 2
ec00945 |[Stilbenoid, diarylheptanoid and gingerol biosynthe 0
ec00950 [Isoquinoline alkaloidiosynthesis 37
ec00960 [Tropane, piperidine and pyridine alkaloid biosynth 33
ec00965 [Betalain biosynthesis 0
ec00966 [Glucosinolate biosynthesis 17
ec01058 [Acridone alkaloid biosynthesis 0

Total | 923

Collectively, these results suggest timasilico functional characterization of th&. x
crocosmiifloraexpressed unigene set is challenging due to the absence chaeltterized
genes from closely related species within the public domain. However, annotations based on
orthology provided insilgts into the diversity of functions contained within the unigene set and
identified a substantial set of genes generally annotated with metabolism and specialized

metabolism.
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2.3.5 ldentification of Montbretin A Biosynthetic Pathway Genes

Based on its chmical structure, the biosynthesis of MbA was proposextooirin two
parts, the EBP and LBP (Fig. 1.8Responsible for producing the precursors for MbA, the
EPB is proposed to be composed of genes from the phenylpropanoid, flavonoid, and nucleotide
suga pathways. The individual building blocks of MbA produced in the EBP are then used
by enzymes of the LBP to assemble them into the complex MbA molétulkestablish a pool
of candidate genes putatively involved in MbA biosynthesisomologybased apmach was
used to identify EBP genes and a correlative transorgibolite profiling approach was used
to identify candidate LBP genes.

A set of customized reference sequence databases containing phenylpropanoid,
flavonoid, and nucleotide sugar genesevamployed in BLASTx searches against the unigene
set to identify putative EBP genes. After confirmation of correct annotation by verifying with
BLASTx searches against the NCBI NR database, 51, 19, and 33 genes were identified as
putative members of th@henylpropanoid, flavonoid, and nucleotide sugar pathways,
respectively (Fig. 2.9). Of these putative genes, 17, 11, and 25 genes respectively appear to be
full-length. Focusing on genes useful for developing a sustainable production platform, 13, 7,
and15 putative genes of the respective pathways were amplified and cloned into a sequencing
vector(Fig. 2.9).
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Figure 2.9:1dentified and cloned putative genslikely involved in the montbretin A Early

Biosynthetic Pathway

Based on the structure of MbAhe LPB likely contains activities of fivé/DP-

glycosyltransferases (UGTs)hich belong to glycosyltransferase family ITo identify a

candidate list of putative LPB UGTs, the program Haysthtk:(/haystak.mocklerlab.org/

(Mockleret al, 2007)was used to identify unigenes whose expression pattern correlated with

MbA accumulation. In this approach, MbA levels froncleargarnused for sequencing were
determined (Table 2.3) and used as the input model to search agamst.result 1,967

unigenes (2.5% of all unigenes) were identified to have expression patterns with high

correlation to these MbA accumulation levels.

Usilgp tPlant Secondary Product

Glycosylation (PSPG) motif, a conserved 44 amino acid motif found in most@AAYGTs
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(Vogt and Jones, 2000a BLASTx search of the 1,967 unigenes identified 14 put&ive
UGTs. Collectively, these results show that the proposed methods for identifying a pool of
candidate genes of the MbA biosynthesis were successful.

Table 2.3 Montbretin A accumulation levels in C. x crocosmiifloraorgans used for
sequencing.

Samp|Tot al Avwvagr/ g
fl owl 0.051
fl ow 0. 053
fl ow 0. 047
| e a-\l 0.000
| e a2 0.000
| e a3 0.000
st elnm 0.029
st edn 0.0014
st edn 0. 032
corin 1. 21
cori 2.06
cor-&, 1.50
C or-4n 0.99
st o-l 0.012
st o-2 0.001
st o-3 0.001

2.4DISCUSSION

After establishing a colony o€. x crocosmiiflora | used histology, metabolite

profiling, and transcriptome analyses to develop a set of resources to assist in identifying genes
involved in the biosynthesis of MbA. Metabolite profiling showed that M&Arimarily
accumulatedvithin the nonvascular tssues of the corms. Analysis of these organs over a
twelvemonth period showedhat MbA accumulation levels do not change significantly.
RNA-seq and subsequent analysis produced adughity transcriptome.Employing these
resourcesa homologybased sarch approach identified multiple putative candidate genes for
the EPB and an integrated analysis between MbA accumulation levels and gene expression
identified putative candidate genes for the LBP.

Metabolite profiling showed that Mbi& primarily foundin thecormorgan withminor
levels found in the flower, stem, astblonorgans. While a single variable ANOVA analysis
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showed profile levels over the 12 months were not statistically diffeaelat,gebiological
variation in MbAwas observedPlant seondary metabolite biosynthesis may be affected by
multiple factors, such as plant interactions with pests, pathogens, and herfi{emiasy and
Bohimann, 2006b; Milleet al, 2005; Milleret al, 2005; Zulaket al, 2009; Zulaket al,
2009) growth stagegLiu et al, 1998) light (Binder et al, 2009; Fischbaclet al, 1999;
Fischbachet al, 1999) temperatur¢dKovacset al, 2010; Kovacst al, 2010; Zhanget al,
1997) nutrient availabilityBongueBartelsman and Phillips.995) salinity (Ali and Abbas,
2003) or water availability(Wang et al, 2010a) Although the effects of environmental
factors cannobe fully excluded because plants were all subject to the same conditions, it is
likely that MbA variation is due to genetic heterogeneity or agmohs With the expansion
of the originally collected material through propagation, future investigation in&e the
unknown factors is a next step towards understanding MbA biosynthesis.

The histology ofC. x crocosmiifloracorms identified them as modified stems
containing traits of both monocotyledon stems, such as a cuticle, epiderntiypandermis
as well ageatures reminiscent of monocotyledon roots, such as a vascular structure surrounded
by an endodermis (Fig. 2.2g) (Evert, 2006) Interestingly, berberinaniline blue staining
did not reveal the presence of subed lamellae or a Casparian band typically indicative of
an exodermis asormallyseen in root§Evert, 2006)or other monocotyledon corni€holewa
and Griffith, 2004) The hstology ofC. x crocosmiifloracorms did not reveal amybvious
specialized structures, such as idioblasts, which nmbghassociateavith biosynthesis or
accumulation of MbA. Comparison cbrmanatomy and MbA accumulation showed a strong
correlation beween starch storagmtterns and MbA accumulation patterie mechanisms
that lead to this pattern of accumulation may involve localized biosynthesenseport,but
are not yet known. The development of molecular probes specific for MbA biosyniliesis
enable future studies on the pattern of localized MbA accumulation associated with starch
storage. As theormis the critical storage and overwintering organ from wi@ichcosmia
plants regenerate and propagate during the growing season, protectmgahis vital for
the plant'sasexual reproduction and propagation. Accumulation of MbA in the peripheral
tissues of theormsmay inhibit the digestion of starch contained¢anm material ingestedy
herbivores, preventing or reducing nutrient acquisition. Herbivores may associate feeding on

Crocosmiacorms withabsencef nutrientuptakeand select against feedingf. this can be

55



proven, it wouldsupport achemoecologicatole of MbA as a defense compoun&imilar

trends for defense metabolites have been observed such as toxic glycoalkaloids being primarily
accumulated in the peripheral tissues of pot&manum tuberosumubers(Haet d., 2012)

and hydroxynitrile glucosides, a storage form of cyanide, being predominantly stored in the
outer cell layers of manio®anihot esculenfatubers(Li et al, 2013)

Transcriptome sequencing is often a mdthlad choice at the foundation of gene
discoveryin nonmodel organisms(Strickler et al, 2012) However, withoutreference
genomicdata, producing an accurate assemblg & provide insight into gene sequences and
associated expression levels needed for downstream application of the transcriptomic data can
be challengingdFeldmeyeret al., 2011) A goal of this work was to produce a highality,
comprehensive transcriptomic resource @rx crocosmiiflora Accordingly, ~5 Gbp of
sequencing for each of thé C. x crocosmiiflorasamplesvas performed Throughde novo
assembly and subsequent refinement, a unigene set of 77,894 sequences was phtitrrced.
compared to a representative sampling of redenhovotranscriptomic studies which used
similar assembly pipelind&uet al, 2013; Langet al, 2015; Liuet al,, 2013; Mudalkaret al,

2014; Wanget al, 2010b; Wuet al, 2014; Xuet al, 2012; Zhanget al, 2012; Zhouet al,

2015) theC. x crocosmiifloraunigene set showed an average unigene length in the top quartile
and a unigene set size that is higher themumber of actively expressed genes found ieroth
species. Selective compansagainst recent transcriptomic datasets of theestaelatives

with data availableCrocus(Babaet al, 2015; Jainet al, 2016)andlris (Balleriniet al,, 2013)

show simiarly large unigene set size and high average read length. While all three genera are
members of the Iridaceae family, tBeocusandlris genera are members of the Iridoideae
subfamily whileCrocosmiais of the Ixiodeae subfamily. Analysis of approximate geeo

size of genera of these subfamilies show members of Iridoideae contain genomes estiamated
between approximately 10.66 70.81 Gbps while genera in Ixioideae contain genomes
estiamted between appromately 1i08.28 GbpgGoldblatt, 1971; Goldblatet al, 1984)

While care should be taken in using a genome size to make prediciimut dsamated
transcriptome size, the estimated order of magnitude difference in genome size hiséveen
Iridoideae and Ixiodeae subfamilies suggest multiple factors could also be causing a higher
than expected number of unigenes in @ex crocosmiifloraunigene set. Total RNA for

sequencing in this work was assembled from 16 biological samples wbidtd bave
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negatively affected read assembly by increasing false positives and limiting ability to align
longer readqChenet al, 2010; Géngor&astillo and Buell, 2013; Gongefaastillo and
Buell, 2013) Second, the high dynamic range of transcript expression levels could be
problematic for comprehenside novasequencing and assembly by increasing false positive
(Adamidiet al, 2011) Third, depending on frequency, alternative splicing and fusion events
can restrict the assembly of short sequences into longer ones, resulting ie gesiregbeing
assembled as multiple small fragmefAsmannet al, 2011; Asmanret al, 2011; Maheet

al., 2009) To assess compémess, a CEGMA analysis estimated that approximately 95% of
the genes expressed in t@e x crocosmiiflorasamples are present in the unigene set with
approximately 60% contained as filéhgth sequences. This was further supported through
identificationof putative MbA EBP genes. Of these 103 genes, 53 (51.4%) were identified as
full-length transcripts. Collectively, these results support this unigene set as an inittal, high
guality representation of the genes express&l incrocosmiiflora As suchthis data can be
seen as a first draft of t& x crocosmiifloraranscriptome ais the first genomic resource

for theCrocosmiagenus.

Without annotatedeferencesequences from closely related species, gaining functional
information from even a higquality transcriptome assembly remains challenging. To further
develop theCrocosmiatranscriptome into a resource for specialized metabolism gene
discovery,in silico annotation was performed. While a BLASTx search of the unigene set
against the NCBINR database vyielded hits for 61,094 (78.4%) of the unigenes, most
comparable studies showed a lower percenta@é 60%) under identical parametefisang
et al, 2015; Langet al, 2015; Liuet al, 2013; Liuet al, 2013; Mudalkaret al, 2014,
Mudalkaret al, 2014; Wanget al, 2010b; Wanget al, 2010b; Wuet al, 2014; Wuet al,

2014; Xuet al, 2012; Xuet al, 2012; Zhowet al, 2015; Zha et al, 2015) specific functional
annotations proved to be challenging. Of the successful BLAST search hits, 39,729 showed
an evalue of less than 18°and many of the top hits against unigenes, regardlessaities
contained annotations thatichot provide insight beyond general enzyme class. Difficulties
with this homologybased annotation might be due to spespgcific sequence divergence
(Logachevaet al, 2011; Strickleret al, 2012; Strickleret al, 2012) Additionally, the
presence of false positive and short sequence transcripts could be contributing to this lack of
effectivity (Grabherret al, 2011) Results from the orthologyased GO and KOG analyses
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provided a representation of the gene functions contained within the transcriptome. However,
they also highligted the challenge of providing specific gene annotations Cforx
crocosmiiflorabased on in silico comparisons with public domain sequence resources. For
exampl e, compared to other transcriptomic s
predictionm | y 0 TW@smoie common in the. x crocosmiifloraranscriptome than any
other(Fuet al, 2013; Fwet al, 2013; Langet al, 2015; Langet al, 2015; Liuet al,, 2013; Liu

et al, 2013; Mudalkaet al, 2014; Mudalkaet al, 2014; Wanget al, 2010b; Wanget al,

2010b; Wuet al, 2014; Wuet al, 2014; Xuet al, 2012; Xuet al, 2012) The public domain

lacks annotated genomic data from species closely related tGrdomsmiagenus and
showcases the need and value of functionally charactefizingrocosmiifloragenes in future

work.

The high number of unigene annotasamvolved in pecializedmetabolism as well as
members of the KEGGpecialized metabolism pathways suggestsGh& crocosmiiflora
transcriptome i| suitableresource for the identification and subsequent characterization of
genes involved in the biosynthesisof MbA.nt er est i ngly, the fAphenyl
and Afl avonoid biosynthesiso pathways, two
were found to contain high numbers of unigenes irCiteeosmiatranscriptome. Employing
the sequence homology aimtegrated metabolite to transcriptome analysis approaches proved
successful indentifying candidate genes of the MbA biosynthetic paift. Through BLAST
searches, 10&andidatesvere identifiedor the 16 genes involved in the MbA EBP. Similarly,
the integration of MbA accumulation and unigene expression data resulted in the identification
of 14GT1UGTs as candidate genes in the LBR.order toidentify these genes as members
of the MbA biosynthetic process, additional functional characterizatiork waust be

performed

2.5 CONCLUSION

In summary, this work establish€d x crocosmiifloraesources for the elucidation of

the MbA biosynthetic pathway. Temporand spatiabased metabolite profiling of MbA
showed thaMbA is primarily accumulateth cormsat levels that do not change significantly
throughout the year. MALDI and metabolite profiling identified that witbimms MbA

primarily accumulatesoutside of the CVC. These findings provided first insights into
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accumulation péerns angotential insights intdiosynthesis in the plant. The accumulation

in corms may also indicate a function of MbAaadefensive compound protecting the storage
and overwintering organs of the perennial plant against herbivory. Transcriptomic sequencing
and subsequenhigh-level gene annotation resulted in the first draft transcriptome assembly
for Crocosmia containing 77,894 unigenes.In silico functional annotation of this
transcriptome has proven to be difficult due to the lack of closely related;joialty
characterized reference sequences. However, orthblaggd annotation highlighted the
diversity of functionscontainedwithin the transcriptome. Analysis of this transcriptomas

led to theidentification of putative genes for potentially eyestep of the proposed MbA
biosynthetic pathwayln addition the amplification of a variety of fulengthputativeEBP

and LBP genes not only verified the quality of trenscriptomebut also laid the foundation

for futurefunctional characterizatiorf these genes and their encoded enzymes
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CHAPTER 3: FUNCTIONAL CHARACTERIZATION OF CROCOSMIA X
CROCOSMIIFLORA NUCLEOTIDE SUGAR INTERCONVERSION ENZYME S
INVOLVED IN MONTBRETIN A BIOSYNTHESIS

Nucleotide Bjliphosphate sugars [NP-sugars) arémportant metabolites used by
glycosyltransferases in the biosynthesis of glycoconjugatesauializednetabolites. Of
the NDRsugars found in plants, theost commorare the uridine Bjliphosphate sugars (UBP
sugars). The diversity of UDPsugars observed in plants is largely a result of genes of the 11
families of NDRsugar interconversion enzymes (NSEs), which act on the few different sugar
molecules produced by photosynthesis. Genes of two of these families, thayldb@
synthase (UXS) and UDMamnose synthase (RHM) families, are thought to be involved in
the biosynthetic pathway of montbretin A (MbA)specializethetabolite found itCrocosmia
x crocosmiiflora In this chapter, | functionally characterized @xa&UXSandCxcRHMgene
families identified in theC. x crocosmiifloraranscriptome. Within th€xcUXSfamily, four
geneswvere functionally identified agDP-xylose synthases and one as a putative 4iEto
pentose synthase. While timeplantarole of aUDP-4-keto pentose synthase is unclear,-site
directed mutagenesis showed a potential evolutionary path by which this function might have
evolved from a UXS. Within th€xcRHM family, five geneswere identifiedas UDPR
rhamnose synthases and one as #3yberase/4ketoreductase. Kinetic and relative activity
analyses of the differe@xdJXS andCxdRHM members identifie@xdJXS4 andCxcdRHM1
as the most efficient enzymes of these two families. In addition to identifying specific NSE
genes involved in thanodular biosynthesis of MbA, these enzymes may enable the
downstream characterization of UBcosyltransferases (UGT)f the family 1
glycosyltransferases (GTipvolved in MbA biosynthesis through NSEGT coupled assays.

3.1 INTRODUCTION

Nucleoside Bljiphosphate sugars (NBftigars) are essential to many biosynthetic

systems. These activated sugars contain a-dmnghgy bond between the sugar and NDP
moieties, allowing them to serve as sugar donors in the biosynthesis of components of plant
cell walls and a diverse array specializednetabolite glycosidesTo date, 30 NDFsugars

have been identified in plants with the majority producethfeither UDPU-D-glucose (UDP
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Glc) or GDRUD-mannose through a series of reduction, oxidation, decarboxylatioifor
epimerization reactions performed by NB&gar interconversion enzymes (NS@Bar-Peled
and O'Neill, 2011; Bowlest al, 2005; Bowlest al., 2006; Seifert, 2004)While the bulk of
NDP-sugars in plants are incorporated into a variety of glycoconjugates such as glycolipids,
glycoproteins, and polysaccharides, NBURjars are also commonlyaasto modify an array
of specialzed metabolites which may alter their stability, solubility, and bioact{Btwles
et al, 2005; Carpita and Gibeaut, 1993; Driouéthd., 1993; Gibeaut and Carpita, 1994)
Among the suite of NDRugars found in plants are UBIPD-xylose (UDRXyl) and
UDP-b-L-rhamnose (UDHRha).UDP-Xyl contributes, for example, to pectic polysaccharides
in both primary and secondary cell walls thghwylogalacturonan, Minked oligosaccharides,
and rhamnogalacturonan Il, as well as to the glycosylation of specialized metgbualitasd
et al., 2009; Jenseret al, 2008; Northcote, 1963; Strassetr al, 2008) UDP-Xyl is
biosynthesizedrom UDP-glucuronic acid (UDFGIcA) by UDP-xylose synthase (UXS) (EC
# 1.1.1.305) (Fig. 3.1), which is active in the cytosol and Golgi appaidarper and Bar
Peled, 2002; Pattathét al, 2005) UXS binds NAD, a cofactor, which falitates the
oxidation of UDRGICcA to the first intermediate UB4-keto-glucuronic acid (UDRIK-
GlcA), which then undergoes decarboxylation to form the second intermediatellEtB-
pentose (UDRIKP) (Harper and BaPeled, 2002) Finally, using the bound NADH, X5
reduces UDRIKP to form UDRXyl and NAD'. To date,UXSs have only been isolated and
functionally characterized in a small number of plant spdGegyettetal., 2009; Harper and
Bar-Peled, 2002; Paat al, 2010; Pattathiet al, 2005; Yin and Kong, 2016; Zharej al,
2005) Within the UXS family, bothtransmembranend soluble isozymes hauseen
identified Phylogenetic analysis has identified thoestinct clades for UXSs where clade A
and B possess type Il membrane domains with their catalytic domain facing the membrane
lumen, while clade C has been found to be a soluble enzyme in the ¢itageér and Bar
Peled, 2002; Pattathet al, 2005)
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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 alecarboxylation
to form UDR4KP. After subsequent G protonation, the still bound NADH is used to
protonate the €} keto to form UDPXyl and regenerate NAD

In plants, UDPRha serves as a building block of the pectic polysaccharides
rhamnogalacturonan | and Il, as well as in the foionadf avarietyof specialized metabolite
glycosideqRidleyet al, 2001) UDP-Rha is biosynthesized from UBBIc through a three
step reaction (Fig. 3.2(Kamsteeget al, 1978) While bacteria employ three sequential
enzymes in the biosynthesis of NERha,rfbB, rfbC and rfbD(Reevest al, 1996; Stevenson
et al, 1994) plants employ a single tfiinctional enzyme, UDPhamnose synthase (RHM),
which contains two sequential active si{€@ka et al, 2007) Using NAD+ as a cofactor,

R H MO stermiihal active site catalyzes the initial 4l/éhydrataseeaction (EC 4.2.1.46) of
UDP-Glc to form the UDP4-keto-6-deoxyglucose (UDPAKEDG) intermediatgOkaet al,
2007; Wattet al, 2004) After leaving the Nerminal active site, the UDBK6DG
intermedate enters the @&rminal active site where it undergoes the-éhbnerase (EC
5.1.3.13) and 4ketoreductase (EC 1.1.1.133) reactions in the presencteoNADPH
cofactor to form UDFRha. Plants have also been found to contain an enzyme possessing both
3,5-epimerase and-Ketoreductase activities, often referred to as the bifunctional -4DP
keto-6-deoxyglucose 3,kepimerase/UDR-ketorhamnose reductase (UER) or NRS/ER
(Seifert, 2004; Watet al., 2004) To date, there are only a few repoadfsisolation and
functional characterization of RHMKim et al, 2013; Martinezt al, 2012; Okeet al, 2007,
Wattet al, 2004; Yinet al, 2016)
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Figure 3.2: Biosynthesis of UDRhamnose from UDPglucose. In the presence of NAD
UDP-GIc is oxidizedto UDP-4K6DG. UDP-4K6DG then leaves the fierminal active site
and enters the @rminal site. After subsequent isomerization of HUKSDG, NADPH is
used to educe the @l keto to form UDFRha.

Montbretin A (MbA), a specialized metabolite with pharmacological benefits found in
the nonmodel plantC. x crocosmiiflorais a glycosylated flavonoid containing two glucose,
two rhamnosgand a xylose moiety. These sugars play two important roles in the activity of
MbA as an inhibitor of human pancreatic amylase (HPA): (i) gfrepely orient theinhibitory
myricetin and caffeic acid moieties in the HPA active site and (ii) they help stabilize MbA in
the active site through hydrogen bonding, increasing its inhibitory giWeétiams et al,

2015)

An important consideration in the potential development of MbA as a type 2 diabetes
therapeutic is the challenge for largeale production. To this end, aimyvivo or in vitro
production system wodlrequire large amounts of UBHc, UDP-Rha, and UDPXyl, for
complete MbA biosynthesis. Due to difficulties witfreir chemical synthesis or enzymatic
biosynthesis, nucleotide sugars are expensive reagemsrsiringoptions for scalabla vivo
biosynthesis, arconomic approach would bettarness host organi smés en.
of nucleotide sugars by modifying them with relevant NSEs as needed by metabolic
engineering. Using this approachseveral studies successfully produced glycosylated
specialized metabolites by transforming exagenNSE genes into microorganisfian et
al., 2014; Kimet al, 2012) Regardless if MbA productiomill be achievedhrough increasing
biosynthesis irC. x crocosmiifloreor a heterologous microbial system, understanding of the
C. x crocosmiifloraNSE genes responsible for the biosynthesis of the requireddubérs of
MDbA biosynthesis will provide a valuable source of information and a potentially valuable set

of tools.
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To this end, this chapter expands on the functional annotation©f iherocosmiiflora
transcriptome. Using genomic and biochemical approaches, | identified and functionally
characterized thExcUXSandCxcRHMgene families.These findings helfay a foundation
for thecomprehensivenderstanding of the MbA biosynthesigdnx crocosmiifloraand may
provide a resource to be used in synthetic biology and metabolic engineadagvours

requiring increased pools of UBRyl or UDP-Rha.

3.2 EXPERIMENTAL
3.2.1 Subcloning of NSE cDNAs

Using cDNA previously generated from poolgdx crocosmiiflorelower, stem, leaf,

stolon, and corm organ RNA, as well as primers found in Téhle cDNA corresponding to
the five C. x crocosmiiflordJXs, five C. x crocosmilora RHM, and one UER identified in
the transcriptome were amplified by PCR and cloned mietl.2 vectors (Fermentas,

http://www.fermentas.coi/ TheCxcUXSandCxcRHMsequences that resulted from Sanger

sequencing of these clones were used to pradicsmembrane domains with th&MIHMM
(Krogh et al, 2001; Sonnhammesat al, 1998)and TMpred(Hofmann and Stoffel, 1993)
programs. These sequences in the pJetl.2 vectors were then used as templatelfongub
the fulFlength and Nterminally truncated sequences into the pET2Blexpression vector

(EMD Chemicalshttp://www.emdmillipore.corpin-frame with an Nterminal Hig-tag using

primers shown in Table S3.1Sequences and cDNA insertion orientation were verified by

Sanger sequencing

3.2.2 Alignments and Phylogenetic Analysis of NSE Sequences
For the purpose of phylogenetic analyses, amino acid sequence alignments were
generated using Clustal\\hompsonet al, 1994) Phylogenetic analysis was performed

using a maximum likelihoodlgorithm in the MEGA 7.0 http://www.megasoftware.net

(Kumar et al, 2016) using uniform rate variation among sites, LG substitution model,
BIONJ/NJ startindree and 100 bootstrap repetitions. Amino acid sequence alignments were
visualized using CLC Bio Main Workbench

(https://www.giagenbioinformatics.com/products/ol@inworkbencl) while phylogenetic
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trees weres visualized using the Interactive Tree ofdafavare fittp://itol.embl.de) (Letunic
and Bork, 2011

3.2.3 NSE Enzyme Assays
cDNAs in pET28b(+) exprssion vectorwere transformed intoE. coli C43

(www.overexpress.comcontaining the pRARE 2 plasmid isolated from Rosetta 2 cells

(Novagen) to negate codon bias. Individual colonies were inoculated into 50 Telcridic
Broth containing kanamycin (50 mg/L) and chloramphenicol (50 mg/L) and culturedGt 37
and 180 rpm untiin OOy = ~0.8 was reachedCultures were then cooled to°3% induced
by addi t i o nD-letliiogalastappranosige/(finabhcentration 0.1 mM), and grown
for 16 h at 180 rpm before harvesting. Recombinant protein was extractétd?aadfinity
purified as previously describd®oachet al, 2014)with minor changes.Protein extracts
were desalted on Sephadex PD minitrap G-25 columns (GE Healthcare,

http://www.gehealthcare.conpre-equilibrated with 50 mM sodium phosphate buffer. The

buffer pHused for the initial characterization of enzyawtivities was 7.5, and was modified
for subsequent characterization and kinetic studies. Protein concentregi@determined
using a bicinchonnic acid (BCA) protein quantification assakit (Thermo Fisher,

www.thermofisher.comemploying a standard cunand SDSPAGE with measurement of

protein band intensity performed with the program Imag#g:(/rsbweb.nih.gov/i)l

After protein quantification, purified protein of putati@xdJXS andCxdRHM were
assayedh triplicate to test activity towards UDBIcA and UDRGIc, respectively. For initial
CxdJXS assays, 100 ¢ L mM EDPGICA, bmM NADQ anti5igpf i n g
purified protein, in a 50 mM sodium phosphate buffer (pH 7.5) was incubated overnight at
30°C. ForinitialCxdRHM assays, 100 & LmMUD®GCIt,invhiNAD'c ont ai r
1mM NADPH, and 50 e€g of purified pbhowaei n, i
incubated overnight at 30. Reactions were terminated by treatment af@@0r 1 minute
andtheadditonof 50 €L of c¢hl or o fSolublafractions pweresseparatedt at e
by centrifugation at 1000 g for 10 minutes,and then analed by liquid chromatography
mass spectrometry (L®IS) (section 3.2.5).

To determine the optimal enzymatic conditions @xdJXS andCxdRHM enzymes

enzyme assays were performed at a variety of different temperatures and plxdFXs
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temperature optimation, assays were performedin 0@ v ol ume contai ni ng
GIcA, 1 mMNAD, 0.5 e€g of purified protein, in 50
for 10 minutes at varying temperatures. EadJXS pH optimization, assays were performed
in 100¢ Lvolume containing 1 mM UD®&SICA, 1L mMNAD", 0.5 e€g of purifie
mM sodium phosphate buffer with varying pHs for 10 minutes 4C.10For CxdRHM
temperature and pH optimization assays, the same conditenesemployeaxcept the 100
eL assay vollunMeUDRGIcnL M NAB'd1l mM NADPH, and 25
purified protein and assays were performed for 1 hour. Reactions were terminated by treatment
at 100C for 1 minute and thadditonof 50 ¢ L of  dpitdtepnmoteiri.®oluble t o pr
fractions were separated by centrifugation at 10@0or 10 minutes,and then analyzed by
LC-MS (section 3.2.5).

To determine enzyme kinetic parametersGXdJXS2 i CxdJXS5, assayswere
performedwith nine dfferent concentratios of UDRGICA or NAD+, both ranging from 0.01
mM to 2 mM. Enzymeoncentrationgn each assay were 48 286 pM for CxdJXS2, 65.2
i 81.6 pM forCxdJXS3, 88.21 67.3 pM forCxdJXS4, and 33.0 94.5 pM forCxdJXS5.
All assays were incubatdédr 10 min at30°C. Reactions were terminated by treatment at
100°C for 1 minute and thadditonof 50 &L of chl or of 8alubie t o pr
fractions were separated by centrifugation at 10@Cfor 10 minutes,then analyzed by LC
MS (section 3.2.5). Kigtic analysisvas performedtby nonlinear regression using the EXCEL
template ANEMONA(Hernandezt al, 1998)

3.2.4 NSEUGT Coupled Enzyme Assays

NSEUGT coupled assays were performed ugintpalianaUGT78D1, obtained from
the JBEI collection, andC. x crocosmiifloraUGT7 (section 4.3.1). Usinll-length cDNA
for A. thaliana UGT78D1 (shipped in pDESTGT vector)obtainedfrom JBEI (Lao et al,

2014)or theC. x crocosmiifloradraft transcriptome, cDNA for eagfene were cloned into the

pASK-IBA37plus expression vector (IBA Life Sciencesyw.ibalifesciences.comin-frame
with an Nterminal Hig-tag using primers shown in Table S3.8equences and cDNA
insertion wientation were verified by Sanger sequencing

Plasmids were transformed inE coli C43 (vww.overexpress.cojncontaining the

PRARE 2 plasmid isolated from Rosetta 2 cells (Novagen) to negate codon bias. uklddivid
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colonies were inoculated into 50 mL of Terrific Broth contairamgpicillin (100 mg/L) and
chloramphenicol (50 mg/L) and cultured at’@2and 200 rpm until an Qfgy = ~0.5 was
reached. Culturesere then cooletb 18°C, induced by addition of anhydrous tetracycline
(final concentration 0.48M), and grown for 16 h at 180 rpm before harvesting. Protein was
extracted from cell pellets by resuspending in 4 mL ofcalel, 50 mM TrisHCI extraction
buffer (pH 7.5, 10% glgerol, 10 mM Mg, 5 mM DTT, 0.2 mg/mL lysozyme, protease
inhibitor, and 0.2 L/ mL b ¢.nAftey fivacyabesof freezethawing in liquid nitrogen,
lysed cellswere clarified by centrifugation. Soluble protewas desaltedn Sephadex PD
minitrap G-25 columns (GE Healthcarhkttp://www.gehealthcare.conpre-equilibrated with

a 50 mM TrisHCI buffer (pH 7.5, 10% glyceroll mM DTT). The presence of the

recombinant proteins of interestere confirmed by Westa blots of SDSPAGE gels

Westernblots were performed using Hisag Antibody HRP Conjgate Kit (EMD Millipore,

www.emdmillipore.com and visualizedvith Clarity Western ECL Blotting Substrate (Bio

rad, www.bio-rad.con).

Assays withproteinextractswere performed in triplicate. For tlegxdJXS-CxdJGT7
coupl ed r eac unpuiied CxdJGTY @roteinLextracbn was combined with 1
mM UDP-GIcCA, 1 mM NAD*, and 5 & @xdJX$ protein (as descrbdd in section
3.2.3) and incubated overnight af@0 For theCxdRHM-AtUGT78D1 coupled reactions, 100
e L uapurified AtUGT78D1 protein extractiowas combinedvith 1 mM UDP-Glc, 1 mM
NAD", 1mM NADPH,and5 0 ¢ g o CxdfHW protéin (a&s diescribed in section 3.2.3)
and incubated overnight at ®Q Reactions were terminated by treatment afQdor 1
minute and thadditonof 50 &L of c¢chl or of Soluble fracbonspvere ci pi t
separatd by centrifugation at 1000fgr 10 minutes at % and analyzed by L®IS (section
3.2.5).

3.2.5 Liquid Chromatography-Mass Spectrometry (LGMS) Analysis

Reaction products from enzyme assays were analyzed by liquid chromatography (LC)
(Agilent 1100 Series)/mass spectrometry detector (MSD) Trap (XCTpjuspmparison of
retention times and mass speetith authentic standards or enzymatic products of presly

characterized enzymes.
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For identification and functional characterization of NSBzyme productswere
analyzedna Varian Inertsil ODS3 column (4.6 mm internal diameter, 250 mm lengtbinb
pore size) with a temperature of 55°C and flow raté.0fmL mint. The mobile phase used
was a combination of two solvents: solvent A-@H+ 2% formic acid) and solvent B
(acetonitrile + 2% formic acid). The mobile phase run was 95% solvent A by 3.0 min, 5%
solvent A by 10.0 min, 5% solvent A by 12.0 mamd 95% solvent A by 12.1 min, and held
for 6.9 min, giving a total run time of 17 min. A diode array detector (DAD) was used to
monitor wavelengths from 190 nm400 nm. The mass spectrometer mode was negative
electrospray with nebulizer pressure 6Q psied gas rate 12 L nifp dry temp 356C, and a
m/z scanning range betweenis800.

For NSEUGT coupled assays, enzyme produeisre analyzedon an Agilent
ZORBAX SB-C18 column (4.6 mm internal diameter, 50 mm lengthgM8&ore size) with
a temperatte of 50°C and flow rate of 0.8 mL min The mobile phase used was a
combination of two solvents: solvent A {4+ 0.2% formic acid) and solvent B (acetonitrile
+ 0.2% formic acid). The mobile phase run was 95% solvent A by 0.5 min, 80% solvent A by
5 min, 10% solvent A by 7 min, and 95% solvent A by 7.10 min, and held for 2.9 min, giving
a total run time 10 min. A DAD was used to monitor wavelengths at 266 nm and 326 nm. The
mass spectrometer mode was negative electrospray with nebulizer presssiredé@g gas

rate 12 L mirt, dry temp 356C, and a m/z scanning range betweeii 2000.

3.2.6 Differential Gene Expression Analysis

Quantification of transcript abundance was performed using Sailfish (Version 0.10)
(Patroet al, 2014) Subsequent statistical analysis wasformed witHimma (Ritchieet al,
2015)and edgeRRobinsoret al, 2010)in R. A gene was considered differentially expressed
when the absolute ledold change wagqual to or greater than 1, and #m§ustedp-value

was equal to or less than 0.05.

3.3 RESULTS

3.3.1 Sequence Analysis @&. x crocosmiifloraUDP-Xylose Synthaes

Analysis of theC. x crocosmiifloradraft transcriptome againgte NCBI nrdatabase

revealed five sequences with high sequence similarity to previously characterihatiana
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UXSs. The five sequences were amplified by PCR from cDNA generatedhfegoneviously
isolatedC. x crocosmiifloraRNA (section2.3.5) and the corresponding cDNAs were cloned
into the pJET1.2 vector. The resulting clones were desigiztedXS1i CxcUXS5 In
comparing the predicted amino acid sequencebeasfe fiveputative UXSsto their closest
relatedA. thaliana sequenceCxdJXS1 andCxdJXS2 showed 63.6% and 71.1% sequence
identity, respectivelyto AtUXS2 while CxdJXS3 1 CxdJXS5 showed 87.5%, 86.9%, and
85.3% identity, respectively, tAtUXS3. These fivesequenesshowed betweeb2.5%1
90.9% identity and 57.9% 1 92.0% similarity at the nucleotide level, and between 55i1%
90.7®% identity and 61.80 1 92.26 similarity at the amino acid levé€Table 3.1)

Tabl eS8guence pairwise comparisons of perce.l
CxtXSRi ghhand corner of matrix corresponds to
| efdand corner corresponds to amino acibfi sequ

parentheses corresponds to identity and si mi
CxEXSTICxEXSICxEXSICxXS4CxeXSH
CxXS1Ti 67.1 54. 9 54.5 54.5
CxeXsZ4268. 1 T 52. 8 52.7 52.5
CxtXS3s56. 9 55(&2]7 90. 5 80. 2
CxtXS456. 7 55. 3 90. 7 T 81. 2
CxeXSgyg55. 8 55. 5 85. 5 88. 2 T

An amino acidsequencalignmenthighlightsconserved regions amotige CxdJXSs
and twopreviouslycharacterized UX&rom A. thaliana(Fig. 3.3). Conserved regions include
the GXXGXXG motif,which iscritical in binding the NAD cofactor(Rossmann and Argos,
1978) andthe YXXXK motif, which contains pamf the Se-Tyr-Lys catalytic triadcritical
in the oxidoreduction reactiofpuax et al, 2000) Analysis of the fiveCxdJXS sequences
using the TMHMM (v2.0;(Krogh et al, 2001) and TMpred(Hofmann and Stoffel, 1993)
programspredicted thaCxdJXS1 andCxdJXS2 arelikely type I membrane proteins (Fig.
S3.). The Ntermin of these enzymesenre predicted to contain a 30 and 39pectively,
amino acid long cytosolic domain, followed by a 22 amino acid long hydrophabitbrane
spanning domainCxdJXS31 CxdJXS5 were predicted to lack a predicted transmembrane

domain, suggestmthey are cytosolic proteins.
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CxcUXS3 MAGKD S SNGNTGRK P PSP SPL - - - - - - o e e e e e e i i it e e ai e e o 21

CxcUXS4 MAGNDSTNG- - -KKAPSP SPL - - - - - o e e e e e et e e i it i e e e e e e e e e e mme e 18
CxcUXS5 MANESTNGDHRARP PPNP SPL - - - - - - c o i e e e e e ittt i e i e it e iceemcmn e 21

AfUXS3 MAATSEK-QONTTRP PP SP SPL- - - - - - - - - oo e e i i e i e 20

AfUXS2 MASELINRRHETDQPTADAYYPKP IKPWFTVTRPMRYMLREQRLIFVLVGIAIATLVFTIFPRST- -QSTPYSDPFSGYG 78
CxcUXS2 MVSELIFRGGGHESQPKSDGQDSP - - - - - - KASPRRFSLLLLPYPAVFHRLVFVLVGMAIASVVFALLP SAGNGGAHFPV 74
CxcUXS1 MMKHLSKQSSLPSQHPPTYSKTSR-------------- RSLPRTNSLAHRLLLVLLGALIASTIFLLHPYLRPQPITSST 66
CXCUXS3 = - m s s e e e e e e e e e e e RNSKFFQSNMRILVTIGGAGFIGSHLVDRIMENEKNEVIVADNYFTGSKD 70
CXCUXS4 - - o v e e e e e e RNSKFFQSNMRILVTIGGAGF IGSHLVDRIMENEKNEVIVADNYFTGSKD 67
CXCUXSS = v v e e e e e et e e e RFSKFFQANMRILYV HLVDKIMENEKNEVIVVDNFFTGSKD 70

AfUXS3 - - e e e e e e e e e e e RNSKFCQPNMRILI HLVDKLMENEKNEVVVADNYFTGSKE 69

AfUXS2 IRPDESYVPAIQAQRKPSLEYLNRIGATGGKIPLGLKRKGLRVVVTIGGAGFVGSHLVDRIMARG -DTVIVVDNF FTGRKE 157
CxcUXS2 DVAIGSGSSSLAGPTWYGEQRRMASVSVGGKIPLGLKRKGMRVVV HLVDRIMERG-DSVIVVDNFFTGRKE 153
CxcUXS1 FTSTSSHFPHIPRQTQTLTQTNTPILSGAKRVPVGLKRP SKRVVVTIGGAGFVGSHLVDRLLERG-DSVIVIDNFFTGRKE 145

CxcUXS3 NLKKWIGHPRFELMRHDVTEPLLVEVDRIYHLACPASPIFYKHNPVKTIKTNVIGTLNMLGLAKRVGARILLT|STSEVYG 150
CxcUXS4 NLRKWIGHPRFELIRHDVTEPLLVEVDQIYHLACPASPIFYKYNPVKTIKTNVIGTLNMLGLAKRVGARILLT|STSEVYG 147
CxcUXS5 NLKKWIGHPRFELIRHDVTETLLVEVDRIYHLACPASPIFYKYNPVKTIKTNVIGTLNMLGLAKRVGARILLT|STSEVYG 150

AtUXS3 NLKKWIGHPRFELIRHDVTEPLLIEVDRIYHLACPASPIFYKYNPVKTIKTNVIGTLNMLGLAKRVGARILLT|STSEVYG 149

AfUXS2 NVMHHF SNPNFEMIRHDVVEPILLEVDQIYHLACPASPVHYKFNPVKTIKTNVVGTLNMLGLAKRVGARFLLT|STSEVYG 237
CxcUXS2 NVMHHFGNPNFELIRHDVVEPLLLEVDQIYHLACPASPVHYKFNPVKTIKTNVVGTLNMLGLAKRVGARFLLT|STSEVYG 233
CxcUXS1 NVVHHLGDPRFELIRHDVVEPILLEVDQIYHLACPASPVHYKYNPIKTIKTNVMGTLNMLGLAKRIGARFLLT|STSEVYG 225

CxcUXS3 DPLEHPQTEEYWGNVNPIGVRSCYDEGKRVAETLMFDYHRQHAIEIRIARIFNTYGPRMNIDDGRVVSNFIAQALRGEPL 230
CxcUXS4 DPLEHPQNEEYWGNVNP IGVRSCIYDEGKRVAETLMFDYHRQHAIEIRIARIFNTYGPRMNIDDGRVVSNFIAQALRGEPL 227
CxcUXS5 DPLEHPQTEAYWGNVNP IGVRSCIYDEGKRVAETIMFDYHRQHGIEIRIARIFNTYGPRMNIDDGRVVSNFIAQAIRGEPL 230

AtUXS3 DPLIHPQPESYWGNVNP IGVRSCYDEGKRVAETIMFDYHRQHGIEIRIARIFNTYGPRMNIDDGRVVSNFIAQALRGEAL 229

AfUXS2 DPLQHPQVETYWGNVNP IGVRSCYDEGKRTAETLTMDYHRGSNVEVRIARIFNTYGPRMCIDDGRVVSNFVAQALRKEPL 317
CxcUXS2 DPLQHPQVETYWGNVNP IGVRSCYDEGKRTAETLTMDYHRGAQVEVRIARIFNTYGPRMC IDDGRVVSNFVAQALRKEPM 313
CxcUXS1 DPLEHPQKETYWGHVNP IGVRSCYDEEKRTAETLAMDYHRGADVEVRIARIFNTYGPRMCLDDGRVVSNFVAQAIRKQPL 305

CxcUXS3 TVQLPGTQTRSFCYVSDMVDGLIRLMEGENTGP INIGNPGEFTMMELAETVKELIDPKITIKVVENTPDDPRQRKPNITK 310
CxcUXS4 TVQLPGTQTRSFCYVSDMVDGLIRIMEGENTGP INIGNPGEFTMMELAETVKELIDPNVTIKVVENTPDDPRQRKPNITK 307
CxcUXS5 TVQAPGTQTRSFCYVSDMVDGLIRIMGGENTGP INIGNPGEFTMMELAEQVKELINPNVPINIVENTPDDPRQRKPDITK 310

AfUXS3 TVQKPGTQTRSFCYVSDMVDGL IRLMEGNDTGP INIGNPGEFTMVELAETVKELINPSIEIKMVENTPDDPRQRKPDI SK 309

ArUXS2 TVYGDGKQTRSFQFVSDLVEGIMRIMEGEHVGPFNLGNPGEFTMLELAKVVQET IDPNANIEFRPNTEDDPHKRKPDITK 397
CxcUXS2 TVYGDGKQTRSFQYVSDLVEGIMRIMEGEHVGPFNLGNPGEFTMIELAKVVQDT IDSNARIEFROQNTEDDPHKRKPDITR 393
CxcUXS1 TVYGDGKQTRSFQFVSDLVAGLMALMEGEHIGPFNLGNPGEFTMLELAEVVKETIDPSATIEFKPNTEDDPHKRKPDITR 385

CxcUXS3 AKDLLGWEPKVTLREGLPIMEADFRHRL - - - - -------- GVPKKP- - - 344
CxcUXS4 AKELLGWEPKVTLRQGLPIMEEDFRQRL------------ GVPKKP - - - 341
CxcUXS5 AKELLGWEPTITLRQGLPIMEEDFRQRL - - - ------- -~ GVPTKQAT - 346

AtUXS3 AKEVLGWEPKVKLREGLPIMEEDFRLRL------------ NVPRN- - - - 342

AtUXS2 AKELLGWEPKVSLRQGLPLMVKDFRQRVFGDQKEGSSAAATTTKTTSA- 445
CxcUXS2 AKELLGWEPKISLRDGLPILMVSDFRKRIFGDRN- - - - - .- PTTDSTSAV 435
CxcUXS1 AKELLNWEPKVSLREGLPQMVTDFQKRILSEGN-------------- .- 418

Figure 3.3 Amino acid sequence alignment of theC. x crocosmiiflora UXSs. The
alignmentincludes protein sequences of tedJ XS family as well asAtUXS2 andAtUXS3
(Harper and BaPeled, 2002) Amino acids highlighted withblue background are those
identified adifferent from the consensu$he conserved GXXGXXG motif, YXXXK motif,
and catalytic serine are identified by the green, blue, and orange tespectively.

Phylogenetic analysis of th@éxdJXS family with othercharacterized and putative
plant UXSs showedthe members of thé. x crocosmiiflordamily fall into all threepreviously
defined clades (Fig. 3.4Harper and BaPeled, 2002; Pattathét al, 2005) CxdJXS1 and
CxdJXS2 were identified as members of the transmembxiade A UXS andclade B UXS,
respectively, while&CxdJXS31 CxdJXS5 were identified asnembers of the solubldade C
UXSs.
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3.3.2Expression of Recombinant Poteins andldentification of CxcdUXSsas UDRXylose
Synthases

For functional characterization of the putati@ecUXS the corresponding cDNAs
were clonednto the pET28pt+) vector for expression of the recombinant proteins with
terminalHise-tags. Recombinant protegwere expressed . coliand NF* affinity purified.
The resuling soluble proteis for CxdJXS31 CxdJXS5 were detected by Western blotting
with bands that matched the predictewlar mass 0f38.4 7 39.7 kDa (Fig. S33).
Recombinantexpression oCxdJXS1 andCxdJXS2 resulted inE. coli culture pellets that
were approximately 30%ry cell weightcompared to culture pellets E. coli expressing
CxdJUXS31 CxdJXS5under identical culture conditiorf$able S33). This observabn may
suggesthatthe putative Nlerminal transmembrane domainsg@dJXS1 andCxdJXS2 had
a negative effect on the host goitein expression in this systeriio address this problem
the cDNAs ofCxdJXS1 andCxdJXS2 weretruncated eachat two different positions to
produce the recombinant-ftdrminal Hiss-tag proteinswithout the putative Nterminal
transmembranedomains CxdJ X S 1 (6§)1CxdJ X S 1 (81 CxdJ X S 2 (8§,1 and
CxdJ X S 2 (98)1 Expression angburification of the truncated versions @xdJXS1 and
CxdJXS2 resulted irsoluble proteisthatwere detected by Western blotting with bands that
matched the predictedatar mass of .77 39.8 kDa (Fig. S3.3kt). Based orBCA protein
assayquantificationand SDSpagepurity analysis of protein puied from the 50 mLE. coli
cultures it was estimated that between approximately 15 and 40 mg of pu@kedXS
protein could be isolated from a 1H. coliculture.

Enzyme assayén = 3 replicates) with each of the purifi@kdJXS proteins were
performedvith UDP-GIcA asthesubstrate and NADas cofactor followed by L@1S analysis
of assayproducts Assays were performejainsta negative control of protein derived from
E. coli expression an empty pET28b(+) vectand authentic standardgere usedwhere
availableto identify reaction products. Products ofenzyme assaywith the truncated
CxdJUXS2 andCxdJXS3 1 CxdJXS5 proteins appeared in the€C-MS analysisas a single
peakthat was absent ithe negativecontrolswith a retention timeand mass spectrahat
corresponded to the UBDB/lose standard (Fig. 3.5)CxdJXS2 1 CxdJXS5 were thereby
identified as UDPXyl synthases.
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Enzyme assays with both truncat€@kxdJXS1 heterologous proteinshowed one
productpeaknot found in controlsvith a m/zof 5510 [M-H](superscript) (Fig. 3.6). This
peak did not match the expedtUDP-Xyl product of a UXS as had been previously seen. This
product has not previously been repdrforother clade A UXS(Harper and BaPeled, 2002;
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Pattathilet al, 2005; Yin and Kong, 2016Based onMS/MS analysisthis productwas
tentatively identifiedasa UDRPgemdiol pentose (Fig. S8), however to my knowledga
UDP-sugar with a mass of 552 (551.0 when negatively ionized) habewsut previously
reported This product may be explained by the observatizet the expected reaction
intermediateof UDP-Xyl biosynthesis, UDRIKP, exists adotha gemdiol hydratepentose
and 4keto pentosén an aqueousolution(Gu et al, 2010) This observation is in line with
the presence of both 533.0 and 551.0 ionsHJ¢superscrip -) in the MS/MS analysis,
suggesting the presence of both gdiml pentose and-keto pentoselt is therefore possible
that the observeproduct 8 UDP-4KP. This suggests that thieincatedrersions ofCxdJXS1
do notperform the final enzymatic sigeducing UDPAKP into UDP-Xyl, butinsteadreleas
the intermediateAlternatively,CxdJXS1 may bea bona fideUDP-4KP synthase with high
similarity to clade A UXSs. Ttestif the observed produatay be due tproblems causelly
the NF* affinity purification orthe presence aimidazole in the lysis bufferas has been
previously reportegroblemsfor other plant UXS enzyme activity(Yin and Kong, 2016)
purified and unpurifiedenzyme assays were performed bwiith and without imidazole.
Under these conditionthe product profile remained the same

Previous work on the catalytic mechanism of human UXS showelytirexyl unit
on thecatalytic tyrosine of the YXXXK motif as critical in the reduction of the RJEKP
intermediatg Eixelsbergeet al, 2012) This work showed thatite-directed mutagenesis of
this tyrosine to a phenylalanirdiminatedt h e e nreduatasedastivity, resulting in a
product profileexclusively producing UB-4KP. Phylogenetic alignment of putative and
characterized plant UXS showdxdJXS1 possess a unigue YXXXK different from any
publicly available plant UXS with a glutamic acid residue in the 252 positions instead of a
glycine (Fg. S3.5). The potential effect of an amino acid with such different steric and charge
characteristics compared to glycine, as well as its positioning in comparisorftd Jyggests
that GIf>? could affectCxdJXS16s reduct ase ac bfitheicatalytict hr o u
Tyr?*,  To test the effect of a sequence variation the 252position the mutans
CxdJ X S 1 (6§ 1E252G)and CxdJ X S 1 (8dp IEE252G) were produced and tested for
activity and product outcomeThe LGMS product profile oCxdJ X S 1 (6§ E252G)and
CxdJ X S 1 (8dp E252G)showed UDPXyl as theirmajor product and the putative UDP

gem-diol pentose as its minor product (Fig. 3.6).
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Figure 3.6: Representative regions of extracted ion LE&MS chromatograms and
corresponding mass speca of CxcUXS1 enzyme assays@a) 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 ange, red, an
traces erxetprraecsteendt i on ¢ hr o ma-Htsgperscrips), f 51t .m0 z[ M f
H superscript-), and 5SH3[&upebscrigt)M r espectivel y. Based

retention time and mass spectra aigoariasgf anal
blue traces wereglcwoadrn o med -xdyadiods eea, rUdd RUsDpPe c t 1 v
on MS/ MS analysis (Fig. &t3.(20.18n0d obheenmreat ip
corr el at-dekse-pteon t WikBMass spectra of enzyme assaydpicis. The spectra
presented in Alo6, A206, and A30 are the backg
peaks corresponding to UBjtucuronic acid, a putative UDemdiol pentose, and UDP

xylose (theoretical molecular weight of each is 579.28.57, and 535.28), respectively.
Within reach spectr § WM lsuperscriptpcorrespondsto UbP.z of 40

While these findings suggeSxdJXS1 is a UDP4KP synthase with higBimilarity to
plant UXSand present a potential mechanism in which such an enzyme could evolved from a
UXS, additioral work is neededo confirm if thein plantaactivity of CxdJXS1 isaUDP-4KP
synthaseand thatthe observed results were not caused by partial enzyme inadiixgttoin
vitro effects.
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3.3.3 Characterization ofCrocosmia x crocosmiiflordJDP-Xylose SynthasdProperties

To identify the most efficientCxdJXS for potential application in metabolic
engineering oMbA precursors| determined the optimal temperatamed pHconditionsfor
eachCxdJXS andtheir basic enzymkinetic parametersDue to the same results obtained for
both Nterminal truncated recombinant enzymes ©kdJXS1 and CxdJXS2, only
CxdJUXS1( gp@d9) and CxdJ X S 2 (86 Iwere used in these characterization analyses.
Relativeenzymeactivity profiles showea broadpeakfor the temperature dependent activities
of all CxdJXS with the highest levels of activity observed at@0or 37°C (Fig. 3.7; Table
S34).
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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 activity
corresponds to the level of activitpservedat the optimum tested temperature ogiven
enzyme
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Figure

In assessing optimal pH, relative activity assays identified a broad range of activities
between pH 5.5 7.5 for allCxdJXS with the highest level of activity observed at pH @r.0
pH 7.5 (Fig 3.8; Table S34
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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

the level of activityobserved at the optimum tested pHdagivenenzyme.

Kinetic characteristics of botthe UDP-GICA substrateand NAD" cofactor were

determined forthe four characterizedJDP-xylose synthasesinder their optimal pH and

temperature conditions (Table 3.2). This analysis showed sapitgren v, nap+ vValues of
4 1. 2for€&MIXS2(p189),
for CxdJXS5. The apparentm UDP-GIcA valueswere7 3 . 1for €MIXS2(op 189), 207
€ Mfor CxdJXS3, 147¢ Mfor CxdJXS4, and 15 M CxxdwXS5. Analysis okcatvalues

shows statistically similarvaluesfor eachenzymewhether determined through analysis of

4 3 foll CxdJXB3,

4 0 fobCxdJXB4,

and 52.0

77



NAD+ or UDP-GIcA, with the soluble enzymesapparently possessing highekinetic

efficiencieswith keat, UDP-GICA valuesof 3.56 set for CxdJXS3, 5.34 set for CxdJXS4,
and 0.8 se€for CxdJXS5 compared t®.36 setd for CxdJXS2(cp 189).

Table 3.2 Enzymatic and kinetic properties of CxcUXS171 5.

Property ﬁi‘iﬁ;l %CB;S)Z CxcUXS3 CxcUXS4 CxcUXS5
Optimal pH 7.5 7.0 7.0 7.0 7.0
Optimal Temperature (°C) 37.0 30.0 30.0 30.0 37.0
Vinax: upp-gica (Pmoles sec! ug™) 847 +£0.22 89.8 £12.0 139 £27.1 193 £1.05
Vinax: nap- (Pmoles sec™ ug!) 8.24 £ 0.67 83.0£114 118 =116 169 +1.88
Keat: UDP-giea (€€ 036001 | 3.56=0.48 534 +1.04 0.80 = 0.04
Kege nap- (se¢™) 0352003 | 3.30+045 455 +0.44 0.70 = 0.08
K. 05p-giea (WM) 73.1+003 | 207+0.16 147 £0.22 125 +0.07
K. xap (HM) 412009 | 431015 40.6 =0.10 52.0=0.13
Keat/Kon - 1pp-giea (s8¢ pm?) 0.005 0.017 0.036 0.006
Keat'Kon - wap- (se¢! pm) 0.008 0.077 0.112 0.013

These results identify overall similar kinetic properties@rdJXS31 CxdJXS5 and confirm
two general observations with plant UXS: cytosolic UXS appear to have higegtic
efficienciesin vitro compared to transmembrakkXS, anda higher affinityfor the NAD"

cofactorcompared tdJDP-GICA.

3.3.4 Sequence Analysis @rocosmia x crocosmiiflordaJDP-Rhamnose Synthases
Analysis of theC. x crocosmiifloradraft transcriptome against the NCi&idatabase
revealed five sequences with high sequence similarpyeaweiously characterizedl. thaliana
RHM and one sequence with high sequence similarity to a previchatgcterized. thaliana
UER. The six sequences were amplified by PCR from cDNAmgedirom the previously
isolatedC. x crocosmiifloraRNA (section2.3.5) and the corresponding cDNAs were cloned
into the pJET1.2 vector. The resulting clones were desigiiateBRHM1i CxcRHM5and
CxcUER1 Comparson ofthe predictedamino acid sequeeswith their closestrelated
sequence fromA. thaliana showedCxdRHM1 i CxdRHMS5 to be 83.0%, 82.7%, 82.3%,
81.7%, and 81.7%espectivelyidenticalto AtRHM2, while CxdJER1 showed 82.0% identity
to AtUER. The fiveCxdRHM sequences showed between 78i094.7% identity and 83.0%
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T 96.8% similarity at the nucleotide level, and between 85.®%.5% identity and 89.9%
98.2% similarity at the amino acid level (Table 3.3).

Table 3.3 Sequence pairwise comparisons of peroeidentity and similarity between
CxcRHM. Righthand corner of matrix corresponds to nucleotide coding sequence similarity;
left-hand corner corresponds to amino acid sequence similarity. Number outside and inside of
parentheses corresponds to identitgl gaimilarity, respectively.

CxRHM]1 CxRHMZ CxRHM3 CxRHM4 CxRHMS5
CxRHMQ 1 94. 0 (78.09 78. 0 79. 5
CxRHM295. 5 (17 79.0 78. 5 79. 6
CxRHM3 85. 9 (86.1 (1T 95. 2 94. 7
CxRHM485. 0 (85.0 (97.5 | 90. 2
CxRHM5 87.0 (86.5 (94. 9 92. 7 |

An amino acid sequence alignment highlights conserved regions amdexpidMs,
CxdJERL1, and the previously characterized RHM2 frAmthalianain both the dehydratase
and epimerase/reductase domains. ThHerhhini of theCxdRHMs contains the dehydratase
domain and three important motitfre GXXGXXA motif, which is critical for binding the
NAD™ cofactor(Rossmann and Argos, 19785 well as the YXXXK motifDuaxet al, 2000)
and TDE motif(Duax et al, 2000; Wattet al, 2004) which containthe highly conserved
amino acids responsible for the dehydratase reacfidre Gtermini of theCxdRHMs and
CxdJER1 contain the epimerase/reductase domain and two important motifs: the GXXGXXG
motif, which is critical in binding the NADcofactor(Rossmann and Argos, 1978 well as
the YXXXK motif, which makes uppart of the Seflyr-Lys catalytic triad critical in the
oxidoreduction reactioifDuax et al, 2000) Analysis of theCxdRHM and theCxdJER1
sequences using the TMHMM (v2(@&roghet al, 2001) and TMpredHofmann and Stoffel,

1993)programs predicted that all proteins are soluble as opposed to membrane bound.
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a

CxcRHM3 MTN- -HTPKNILITIGAAGFIASHVANRLIRNYPQYKIVVLDKLDYCSNLKNVQPSQS SPNFKFVKGDIASADLVNYVLIT 78
CxcRHM4 MTN- -HTPKNILITIGAAGFIASHVANRLIRKYPQYKIVVLDKLDYCSNLKNVQPSQS SPNFKFVKGDIASADLVNYVLIT 78
CxcRHMS5 MTT - -HTPKNILITIGAAGFIASHVANRLIRNYPQYKIVVLDKLDYCSNLKNLQPSQS SPNFKFVKGDIASADLVNYVLTT 78
CxcRHM2 MAT - - YKPKNILITIGAAGFIASHVANRLVHS YPEYKIVVLDKLDYCSNLKNLSASRS SPNFKFVKGDIASADLVNYLLIT 78
CxcRHM1 MAT - - YKPKNILITIGAAGFIASHVANRLVHSYPEYKIVVLDKLDYCSSLKNLSASRS SSNFKFVKGDIASADLVNYLLIT 78

ARHM2 MDDTTYKPKNILIT|GAAGFIASHVANRLIRNYPDYKIVVLDKLDYCSDLKNLDPSFSSPNFKFVKGDIASDDLVNYLLIT 80

CxcRHM3 ES IDT IMHFAAQTHVDNS FGNSFEFTKNNIYGTHVLLEACKVTGQIKKFIHVS[TDE
CxcRHM4 ES IDT IMHFAAQTHVDNS FGNSFEFTKNNIYGTHVLLEACKVTGQIKKFIHVSTDE
CxcRHM5 EAIDT IMHFAAQTHVDNS FGNSFEFTKNNIYGTHVLLEACKVTGQIKRFIHVSTDE
CxcRHM2 ES IDT IMHFAAQTHVDNS FGNSFEFTKNNIYGTHVLLEACKVTGQIRRFIHVS|TDE
CxcRHM1 ES IDT IMHFAAQTHVDNS FGNS FEFTKNNIYGTHVLLEACKVTGQIRRFIHVSTDE

AMRHM2 ENIDT IMHFAAQTHVDNS FGNS FEFTKNNIYGTHVLLEACKVTGQIRRF IHVS[TDE

'YGETDEDAVVGNHEASQLLPTNP 158
'YGETDEDAVVGNHEASQLLPTNP 158
'YGETEEDAVIGNHEASQLLPTNP 158
'YGETDEDAVVGNHEASQLLPTNP 158
'YGETDEDALVGNHEASQLLPTNP 158
'YGETDEDAAVGNHEASQLLPTNP 160

CxcRHM3 [Y SATKAGAEMLVMAYGRSYGLPVITTRGNNVYGPNQFPEKLIPKFILLAMRGQTLPIHGDGSNVRSYLYCEDVAEAFEVV 238
CxcRHM4 [Y SATKAGAEMLVMAYGRSYGLPVITTRGNNVYGPNQFPEKLIPKFILLAMRGQTLPIHGDGSNVRSYLYCEDVAEAFEVA 238
CxcRHMS [Y SATKRGAEMLVMACRRS YDLPVITTRGNNVYGPNQFPEKLIPKFILLAMRGQPLPIHGDGSNVRSYLYCEDVAEAFEVI 238
CxcRHM2 [Y SATKAGAEMLVMAYGRSYGLPVITTRGNNVYGPNQFPEKLIPKFILLAMRGQPLPIHGDGSNVRSYLYCDDVAEAFEVV 238
CxcRHM1 [Y SATKAGAEMLVMAYGRSYGLPVITTRGNNVYGPNQFPEKLIPKFILLAMRGQPLPIHGDGSNVRSYLYCEDVAEAFEVV 238

ARHM2 [Y SATKAGAEMLVMAYGRSYGLPVITTRGNNVYGPNQFPEKMI PKFILLAMSGKPLPIHGDGSNVRSYLYCEDVAEAFEVV 240

b

CxcRHM3 DML SELMTKPNQTAMVTPASKNVSNS PNKPSMKFLIY
CxcRHM4 DML S ELMTKPNQTAMVTPASKNVSNS PNKPSMKFLIY|
CxcRHM5 DMVAQLMTKPTQTSSVAPASKNVTINS SNKPSLKFLIY
CxcRHM2 DLVSQATA- - -HTQRMVTISKITGNS SQKPPMKFLIY
CxcRHM1DVVSQATS - - -HTQRMVAVSKVTNNS SQKPPLKFLIY|
CxCUER] = = = c e e e e e m e m o MASMGFPASTDGGLKFLIY
AtRHM2 DVS SNTV - - - - - - QTFTVVTPKNGDSGDKASLKFLIY|

LLGKICEKQGISFEYGKGRLQDRSQLLLDIQNVKP 436
LLGKICEKQGISFEYGKGRLQDRSQLLLDIQNVKP 436
LLGKICEKQGISFEYGKGRLQDRSQLVSDIQNVKP 436
LLGKICEKQGIPYEYGKGRLEERSSLLQDIQAVKP 433
LLGKICEKQGIPFEYGKGRLQERSSLLQDIHTVKP 433
LLGRICDAQGISYQYGSGRLENRASLEADLAAASP 62
LLGKLCEKQGITYEYGKGRLEDRASLVADIRSIKP 431

CxcRHM3 THVFNAAGVTGRPNVDWCESHKAETIRTNVAGTLTLADVCREHENLLMMNYATGCI FEYDDKHREGS GI GFKEEDKPNFTG 516
CxcRHM4 THVFNAAGVTGRPNVDWCESHKAETIRTNVAGTLTLADVCREENLLMMNYATGCI FEYDDKHREGS GI GFKEEDKPNFTG 516
CxcRHM5 THVFNAAGVTGRPNVDWCEFHKPETIRTNVVGTLTLADVCREHENLLVINYATGCI FEYDDKHPEGS GI GFKEEDGPNFTG 516
CxcRHM2 THVFNAAGVTGRPNVDWCEFHKPETIRTNVVGTLTLADVCRENGL LMMNYATGCI FEYDAQHLEGSGI GFKEEDTPNFAG 513
CxcRHM1 THVFNAAGVTGRPNVDWCEFHKPETIRTNVVGTLTLADVCRENGL LMMNYATGCI FEYDANHLEGSGI GFKEEDTPNFAG 513
CxcUER1 THVFNAAGVTGRPNVDWCETHKVETIRANVVGMLTLADVCREKGLVLINYATGCIFEYDSAHPLGSGVGFLEEDTPNFVG 142
AtRHM2 THVFNAAGLTGRPNVDWCESHKPETIRVNVAGTLTLADVCRENDLLMMNFATGCI FEYDATHPEGSGIGFKEEDKPNFEG 511

CxcRHM3 S Y SKTKAMVEELMKEFDNVCTLRVRMPI S SDLNNPRNFITKISRYNKVVNIPNSMTILDELLPI S IDMAKRNCRGIWNF 596
CxcRHM4 S Y SKTKAMVEELMKEFDNVCTLRVRMPI S SDLNNPRNFITKISRYNKVVNIPNSMTILDELLPI S IDMAKRNCRGIWNF 596
CxcRHM5 S Y SKTKAMVEELLKEYDNVCTLRVRMPITSDLNNPRNFITKISRYNKVVNIPNSMTILDELLPISVEMAKRNCRGIWNF 596
CxcRHM2 S Y SKTKRMVEELLKEYDNVCTLRVRMPI S SDLNNPRNFITKISRYSKVVNIPNSMTVLDELLPISVEMAKRNLTGIWNF 593
CxcRHM1 S Y SKTKAMVEELLKEYDNVCTLRVRMPI S SDLNNPRNFITKISRYNKVVNIPNSMTVLDELLPISVEMAKRNCRGIWNF 593
CxcUER1 SHYSKTKRAMVEELLKNYENVCTLRVRMPIS SDLSNPRNFITKITRYDKVVDIPNSMTILDELLPIS IEMAKRNLTGIWNF 222
AtRHM2 SFY SKTKRMVEELLREFDNVCTLRVRMPIS SDLNNPRNFITKISRYNKVVDIPNSMTVLDELLPIS IEMAKRNLRGIWNF 591

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

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

(b) Conserved sequences the Gterminal epimerase/reductase domain. Amino acids
highlightedwith blue backgroundaolour are those ditfrent from the consensus. The green
boxes in each domain identify thenserved 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 correspemdhe YXXXK motif while the orange box
identifies the TDE motif.

Phylogenetic analysis of thizre CxdRHM with other characterized and putative plant
RHM showed no obviousnajor clusters(Fig. 3.10).Across the different specieRHM
enzymes were more likely to cluster wéghzymedrom the sam@lantspecies.
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3.3.5 Identification of CxcRHM as UDP-Rhamnose Synthases an@xcUER1 as UDR4-
Keto-6-Deoxy-Glucose 3,5Epimerase/UDR4-Keto-Rhamnose Reductase

For functional characterizatiprihe CxcRHM and CxcUER1cDNAs were cloned
(section 2.3.5) into the pET2@8H vectorfor expression of the corresponding proteinith an
N-terminalHise-tag. Recombinant proteiwere expressed . coliand N7* affinity purified.
The resuling soluble proteis for CxARHM1 i CxdRHM5 were detected by Western blotting
with bands that matched the predicted molar mass ofi 7871 kDa, andCxdJER1 appeared
with a band that agreed with tbgpectednolar mass of 35.6 kDa (Fig. S3.Based on BCA
protein assay quantification and SIp&ge purity analysis of protein purified from the 50 mL
E. coli cultures, it was estimated that between approximately 1.5 and 10 mg of purified

CxdRHM protein could besolated from a 1 E. coliculture.
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Enzyme assays of each recombirnamtymewith either UDRGIc or UDRP-4K6DG as
a substrate, as well as NARnd NADPH as cofactors, followed by H@S analysis of
reaction products were performed agamesevantcontrolsto identify the functions of these
enzymes. Because analyticatandards for UDRIK6DG and UDRRha were not available
the products of the previously characterizaBHM2 dehydratase domaidtRHM2-N) and
AtRHM2 epimerase/reductase domaitRHM?2-C) were used to produce UDBK6DG
(ob=erved m/zof 547.0 [M-H](superscript-)) and UDRPRha (observed m/of 549.0 [M
H](superscript)) respectively (Fig. S8). LC-MS analysis of the products ohzyme assay
with CxdRHM1 i CxdRHMS5 revealed twagpeaks that wereot present in the negativien
controls witha m/zand retention time correspondingthe AtRHM2-produced UDFRha and
UDP-4K6DG (Fig. 3.11). CxAdRHM1 i CxdRHMS5 were thereby identified as UDRha

synthases.
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LC-MS analysis of assgyroduct showed th&8xdJER1 convered theUDP-4K6DG
produced byAtRHM2-N into a product with a retention tinad mass spectruthat matched
those ofUDP-Rhaproduced by coupleAtRHM2-N andAtRHM2-C (Fig. 3.12). CxdJER1
was thereby identifiedas a UDP4-keto-6-deoxyglucose 3,Eepimerase/UDH-keto

rhamnosel-ketoreductase.
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3.3.6 Characterization ofCrocosmia xcrocosmiifloraRHM and UER Enzyme Properties

While comparison of kinetic parameters would be the ideal method for comparing
enzyme efficiency, identifying these for tBedRHM andCxdJER enzymes would be difficult
as each member of tiéxdRHM family contains two active sitesrhichactsequentidly in the
biosynthesis of UDHRha The UDR4K6DG intermediatdhat is used as the substratetfor
CxARHM C-terminal andCxdJER active sitess not commercially available arwén only be
obtained through eymatic reaction and purificationGiven these limitationd focused on
comparing relative activities of titgfferent CxdRHMs, temperature and pbiptima.

Relative enzyme activity profiles showed a brpadkfor the temperaturdependent
activities for 8 CxdRHM with the highest levels of activity observed ab@@r 37°C (Fig.
3.12; Table S3)6
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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
enzyme
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7.5,8.0,and 9.0for CxdRHML11 5 (Fig. 3.13; Table S8).

—
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In assessing optimal pH, relative activity assays identified a broad range of activities
between pH 5.5 7.5 for all CxdRHMs with the highest level of activity observedpad 7.0,
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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 pHdagivenenzyme.

Performing assays at optimum temperature andgx¥dRHM1 appeared to have the

highest relative activity (100%) f@rodueng UDP-Rha with comparative relative activities
of CxdRHM2, CxdRHM3, CxdRHM4, andCxdRHM5 observed ab8.1 + 4.9%, 62.7 + 3.5%,
2.6 + 0.4%, and 79.5 + 3.8%ctivity, respectively (Table 3.4)Each of theCxdRHM also
produced UDPIKG6DG at a range of different levels Based on peak integration of the

extracted ion chromatographs foiDP-Rha and UDP4K6DG in each assaythe relative
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amount of UDP4AKEDG produced compared to UBRha was 4.8 = 2.4, 204 + 44.0, 97.3 £
14.9,21.7 £5.3, and 82.9 + 19.6% @tdRHM11 CxdRHMS5, respectively Table 34). These
resultssuggesthat of the enayes testedCxdRHM1 is the most active at producing UBP
Rha.

Tabl eEn3z.ydmat i ¢ properti esCarRHIMIr5e.l ati ve acti vi
'Based on the relative acti@xRtHyMlat opti mal c«
Rel ative productioncomypabifUDR6DE&an chr-BDdd as ed
|l evel s produced by eac-MSepegkei asedeater mmnned

Property CxcRHM1 CxcRHM2 CxcRHM3 CxcRHM4 CxcRHMS
Optimal pH 8.0 9.0 7.5 7.0 7.5
Optimal Temperature (°C) 37.0 30.0 30.0 30.0 37.0
Relative Activity! 100 £ 0.0 58.1+49 62.7+35 2604 79.5+38
Relative UDP-4K6DG Production*  4.81 240 2042 +440 973+149  21.7+53 82.9 £19.6

Because the UDRBKG6DG intermediate istheX e r mi n a | active sitebod
substrate for the @rminal site, CxdRHM enzyme assay product profiles containhigh
levels of UDRP4K6DG suggest the Merminal active sitare less efficient than tten z y me 0 s
C-terminal active site.On this basis, it can be suggestedt CxdRHM1 and CxdRHM4
possess &erminal active sés which have similar drigherefficienciesthan thé& N-terminal
active siteswhile CxdHM2, CxdRHM3, andCxdRHM5 appear to have-@rminal active sites
with lower efficienciesthan thé& N-terminal active site

3.3.7 NSEUGT Coupled Assays

With the successful identification @. x crocosmiifloraUXSs and RHMs, enzyme
assays coupled witBT1 UGTs were performed tassess$ and how thesenewly identified
UXSs and RHMsenzymesmay be usedin subsequent work characterizimpvel C. X
crocosmiflora GT1LUGTSs.

To test the ability of th&€xdJXS family enzymesand a UDPXxylosyltransferase to
work in the sameeaction enzyme assays of each recombir@xdJ XS with UDRGIcA, and
the NAD" cofactor, were combined withC. x crocosmiifloraUGT7. CxdJGT7, was
idependentlyshown to xylosylate myricetiiseesection4.3.3) The products of the couple

assays weranalyzedoy LC-MS against negative controls consisting of both purified enzyme
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extracts ofE. coli expressing an empty pET28b(+) vector amdyene extracts oE. coli

expressing an empty pASEBA37plus vector In addition to UDPXyl, LC-MS analysisof

these coupled assaysvealeca new productibsenin anyof thecontols, with retention time

and mass spectruggesting a myricetin xylosid€ig. 3.14) This new producsuggestshat

CxdJGT7 was able to utiliz&JDP-Xyl formed in the coupkreactionas aUDP-sugar donor.

The exact site of xylosylatiomf myricetin will require additional development of an

authenticated standard or NMR analysikjch is not part of this chapter

a

Intens. 3 g
(x107)
2.0

1.0
0.0

Empty pET28b+ +

UDP-GleA + NAD™

Intens. 4.0
(x107) 3.0

2.0
1.0
0.0 —

CxcUXS4 +
UDP-GleA +NAD

Intens. 4.0
(X107] 3.0

2.0 {
1.0
0.0 J

CxcUXS4 + Empty pASK-IBA37+ +

UDP-GlcA + Myricetin+ NAD~

Peak Intensity

Intens. 3.0
(x109)
2.0

1.04 l
0.0

CxcUGT7 +

UDP-Xyl + Myricetin + NAD~

Intens. 3.0
x109
(x109 20

b

Intens.
(x107)

6.0

4.0

2.0

0.0

Intens.
(x10%)

7.5

5.0

2.5

0.0

-MS, 7.4min
317.0

26|5.l

1000 2007 300 400 500 600

700 miz

-MS, 6.4min

317.0
14 1

L 1
100 200 300 400 500 600

700 wz

C OH
o
HO o O OH
CxcUGT7 + CxcUXS4 + | OH O
UDP-GlcA +Myricetin+ NAD™
OH Ol
OH O on

\

1.0 L
0.0
1

0

2 3 4 5 6 7 8 9
Time (min)

Figure 3.15: Representative regionso f
corresponding mass spectra of products formed in enzyme assays@{cUXS4 coupled
with CxcUGT7. (a) Protein derived fromE. coli expressing both empty pET28%H and
pPASK-IBA37pluscontrol vectorsCxdJXS4, andCxdJGT7 were incubated overnight with

mM UDP-glucuronic acidl mM NAD*, and 10GM myricetin. Orange, blue, gold, and red

Mpyricetin xyloside

extr altMSdc hr omat cagdr a ms

traces represe extracted ion chromatograms for m/z of 579.6HIsuperscript), 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 stahdard

peaks identified in orange, blue, and red traces were confirmed to belu@ronic acid,
UDP-xylose, and myricetin, respectively. (b) Mass spectra of enzyme assay products. The

spectr a

presented [

n

inlo and

A 2spectra fore

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

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

in (@) and (b) remains to be determined.
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To test the ability of th€ExdRHM family enzymesand a UDPrhamnosyltransferase to
work in the same assagnzyme assays of each recombir@dRHM with UDP-Glc, and the
NAD™ and NADPHcofactors werecombinedwith AtUGT78D1, a previously characterized
UDP-rhamnosyltransferaseThe products of the couple assays wanalyzedby LC-MS
against negative controls consisting of both purified enzyme extraEtscoli expressing @
empty pET28b(+) vector and enzyme extractsEofcoli expressingGan empty pASK
IBA37plus vector In addition to UDPRha and UDPIK6DG, LC-MS analysisrevealeda
new productn the coupld assays, which was absémanyof thecontols, with retentioriime
and mass spectidentical to the myriceti8-O-rhamnoside analytical standafiéig. 3.15).
The presence of this new compound shé&wdGT78D1 had access to UERha and could

utilize it as a sugar donor.
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Figure 3.16 Representative regions of extracted ion LC-MS ¢ hr o mat cagdr a ms
corresponding mass spectra of products formed ienzyme assays d€xcRHM 1 coupled

with AtUGT78D1. (a) Protein derived fronmE. 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 red traces represent extracted ion chromatograms for néz @f&-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 against analytical
standards, the peaks identified green, pink, and retraces were confirmed to be UDP
glucose, myricetil3-O-rhamnaide, and myricetin, respectively. (b) Mass spectra of enzyme
assay product s. The spectra presented 1in
spectra for chromatographic peaks corresponding to myricetin and myBe@timamnoside
(theoretical nolecular weight of each is 317.24 af@13.39. (c) Structure omyricetin-3-O-
rhamnoside.

3.4 DISCUSSION
Using transcriptome mining and biochemical approaches, | investigate@. tie

crocosmiifloraUXS and RHM gene familiesPlant species that havecheneir UXS families
previously characterized shdvetween four and sevetfferent UXSs (Bindschedleret al,

2005; Harper and Bdreled, 2002Yin and Kong, 2016; Zhanet al, 2005) Analysis of the
C. x crocosmiifloratranscriptome showea similar pattern wittihe identification ofat least
five putativeCxdJXS acrosshe threeknown phylogenetic cladesComparison with non
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plant speciesuggestsan expansion of the UX§nefamily in plants, which may have begun
with the duplication o common UXSncestor and led the presenimultigeneUXS family
containing both transmembrane and cytosolic protf@huset al, 2013; Guet al, 2010) The
presence and conservationsoimulticlade UXSgene familyacross different plant species is
indicative of potentially nomedundant or only partly redundant functions of the individual
UXS members.

Characterization o€xdJXS functions and analysis of their transcript expression in
the transcriptome data, which showed some level of differential expression (Fig. S3.9),
suppors the possibility of theCxdJXSs having different rolei planta CxdJXS2 was the
only transmembrane UXS identified in tle x crocosmiifloraranscriptome. The presence
of a transmembrane NSE is interesting as plants typically use nucleotide sugar transporters
(NSTs) to transport nucleotide sugadrem the cytosol ind the Golgi apparatus and
endoplasmic reticulum lumdBakkeret al,, 2005; Baldwiret al, 2001; Handforcet al, 2004;
Norambuenaet al, 2005; Norambuenat al, 2002; Rollwitz et al, 2006) While a
transmembrane UXS and UBPRByI NST would appear redundant, multiple such genes have
been identified irA. thaliana(Ebertet al, 2015) The need for this transporter could be due
to the common phenomenon that transmembrane UXSsCKKEXS2, appear to have the
lowest kinetic efficienciegOka et al, 2007; Pattathilet al, 2005; Zhanget al, 2005)
Accordingly, the presence of a NST could better support Ggdgaratusactivities when
higher levels ofJDP-Xyl areneeded, such as during active cell wall biosynthesis when xylan
productionis occurring. An alternative explanation can be derived from the observation that
a mutantA. thalianalackingone of these UDIXyl NST resulted ira viable phenotype with a
redued glucuronoxylan biosynthesis, but no affect onogylican biosynthesiéEbertet al,

2015) The specific reduction on xylan biosynthesis suggestUD®-Xyl produced by
transmembran& XSs could be selectively empjed in specific activities within the Golgi
apparatus.While the cytosolidCxdJXSs appear to have lower substrate affinity, all three of
these enzymes possess hidhgvalues than the transmembrane enzyme. Expression analysis
shows that transcripts eodingCxdJXS3 andCxdJXS4 have the highest relative expression
levels in the flower, stem, arglolon while CxdJXS5 has the relative highest expression in

thecorm
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CxdJXS1appears tdunction asa UDP4-keto pentose synthafdDP-4KPS), despite
it clustering with theclade A transmembrane UXS Exploring possible reasons for this
dichotomy in phylogenetic aggmment and the observed UBIKP function, sequence analysis
identified a unique glutamic acid in the 252 amino acid position. This karkycharged
residue could affect the active site by altering the positioning of the catalytit®, Bffecting
its abiity to interact with the UDRIKP intermediate. Previous work on human UXS has
shown that if the DP-4KP intermediate is no longer ali@ interact with the hydroxyl group
on the catalytic tyrosine, the UBRYI reaction will prematurely terminate to form UBIKP
as the produdEixelsbergeet al, 2012) Such a functional link between F§tand GI#>?in
CxdJXS1 was supported by the observation thatntlueans CxdJ X S 1 (66 E252G)and
CxdJ X S 1 (8ap E252G) showedlteredproduct profiles with UDP-Xyl as thepredominant
product. Accordingly, future work is warranted to expkhie effectGlu?®?hasonCxdJ X S1 0 s
active site and UDRKP biosynthesis.

While it is possible that the observ€adJXS1 activity as a UDRIKPS s the result
of a potentially improperly folded protein producedEincoli, possibly due to the f&rminal
truncation ad Hiss-tag addition, attempts to alleviate these concerns included employing
unpurifiedprotein assays, eliminating imidazole from all buffers used, increased concentration
of protein stabilizing agents, as well as variations in enzyme assay pH, temperature, buffers,
substrate concentrations, and cofactor concentrations all resulted antbgsoduct profile.
These resultsupport the possibility th&axdJXS1 is a UDP4AKPSthat evolved from a UDP
xylose synthase. While UD#KP has been identified in other organisrfGu et al, 2010) a
possible biologida r ol e for this enzyme in the plant 6s
the characterization can be definitive. Ideally, a biological role could be tested by altering the
expression ofCxdJXS1 in Crocosmia however, a transformation system to affgene
expression in this species is not yet available. ExpressiGrdfXS1in better characterized
plant model systems, such Asthalianaor tobacco, may provide some information about a
possible role in planta.

Based on the relatively high protesequence identityo Arabidopsis RHMs, |
predictedsimilar functions foCxdRHM11 CxdRHMS5. This general prediction was confirmed
by functional characterization when all figc’xdRHMs were found to form both UDRha and

UDP-4K6DG as primaryandsecondaryproducts. Previous work on the RHM family shemiv

92



that the Nterminal domairof the enzyme isesponsible for the initial 4,8ehydration reaction
while the Gterminal domainis responsible for the 3;8pimerzation and 4keto-reduction
reactiongOkaet al, 2007; Wattet al, 2004) Having explored all putative RHM identified
within the C. x crocosmiifloratranscriptome, it is interesting to note teiablity between

the ratios of UDFRhaand UDR4K6DG produced across the differebxdRHMs (Table. 3.3.
Thisobservatiorsuggestdthe twoactive sites havdifferentspecific activitiesn the different
enzymes. This results in a range of combinations where thepBiterase/4ketoreductase
activity outpaces the 4-@ehydratase, producing product profiles with almost no observed
UDP-4K6DG intermediate, or the opposite where the levels of the intermediate appear to be
double that of the final productAnalysis of theC. x crocosmiifloratranscriptome also
identified aCxdJER abundantly expressed across all orgeasted The presence of a gene
containing the 3/@pimerase and-Ketoreductase activity suggsstpossiblesupporting role

in a functional context, foCxdRHMs whose GCterminal appear to have lowekinetic
efficiencies. This would help prevetiite accumulation of the UDBPK6DG intermediatan

the biosynthesis of UDRha. The possible significance of such a supporting roleC{&ER

as a s we e mayrbeseppartgdoy @rdopservatios with yeast cells expressing
AtRHM2-N leading tancreased biosynthesis of UBIK6DG (Okaet al, 2007) These yeast
cells showedaggregation and a slow growth phenotyfgka et al, 2007) suggesting
accumulation ofJDP-4K6DG may have aegativeeffectin vivo.

In prokaryotes NDP-rhamnose is biosynthesized frolDP-glc through three
sequential enzymesfbB, rfbC and rfbD(Reeveset al, 1996; Stevensoet al, 1994) each
performing one of the reactions outlinedfigure 3.2. Analysis of bacterial genomes shows
that these three genes typically cluster toggthieret al, 2011) This suggests that an ancient
eukaryotic ancestor acquired and retained a DNA fragment containirfgBhefbC andrfbD
geneswhich eventually underwent a fusion event tanioRHM. The presence of this
trifunctional RHM in plantsand some fungi andhe identification of Hunctional 3,5
epimerase/ketoreductasedike enzymesn othernon-plant organismgYin et al, 2011) as
well as theidentification of other NSEs employing tteame biosgthetic mechanismto
produce different NDBBugas, suggestshat the firstgene fusiorevent occurredetween the
3,5epimerase and-Ketoreductase ancestors. While the present day Ry thenhave

formed by additional fusion with the4,6-dehydratasethe current plant UER was either
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retained froman ancestraB,5-epimerase/ketoreductaseor the result ofa RHM gene
duplication and subsequepartial deletion. Phylogenetanalysis of the @erminal of plant

RHM and UER shoed clear separation di¢ UER and RHM enzymes, suggestingtheR

gene arose through retention or that the duplication/partial deletion event occurred before the
expansion to a multigene familig. S310).

Glycosylation is one of the most prevalent and important modificaioggecialized
metabolism(Bowles et al, 2005; Bowleset al, 2006) In the last two decades, the
development of microbial platforms for largeale production of higkialue specialized
metalmlites has been a major emphasis in academic and industry laborgianes al, 2014;

Kim et al, 2012; Pandegt al, 2013) A limiting factor in some microbigroduction systems

is inadequate supply of UBsugarswhich results irtheir rapid depletioowhenGT1 UGTs

are overexpressedDe Bruynet al, 2015) To this end, thenetabolite productiorcould
potentially bemprovedwith the introduction ofidditionalUDP-sugarbiosyntheticactivities

The work presented in this chapter provides functional characterization for a suite of both
UXSs and RHMs, which could be used for this purp@emparison otheCxdJ X S6s ki net i
capabilitieso availdle data in the literature showsatCxdJXS4 could be particularly useful
enzyme for metabolic engineering. Currently, kinetic analysis of characterized plant UXS has
focused on I and not ka. For soluble UXS a range of 400 890¢ Mhas been observed

for Km values(Harper and BaPeled, 2002; Hayaslind Matsuda 1988; Johret al, 1977,

Yin and Kong, 2016; Kuangt al, 20169. Expanding this comparison to npfant UXS,
catalytic efficiencies of between2*10°i 0.0183¢ M s have been characterizéduanet

al., 2015; Eixelsbergeet al, 2012; Guet al, 2010; Guet al, 2011; Oka and Jigami, 2006
Based orCxdJ X S 4K ®f 147¢ Mandcatalytic efficiency of 0.036 M s, it appears to

be a strong candidate for incorporation into a microbial MbA production systéfhile the

kinetic parameters of tHéexdRHMs could not be compared to previously characterized RHM
dehydratase orepimerase/reductase domains (Hegtnal, 2015; Martinezet al, 2012),
CxdRHM1 shows the advantageous trait of producelgtively high levels of UDHRha and

very low levels of the potentially cytotoxic UPAK6EDG intermediate. As such, future work

is warranted to explore how these genes could be used in a potent@biatiproduction

system for MbA.
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3.5 GCONCLUSION

In conclusion, te work presented in this chaptadentified and functionally

characterized th€. x crocosmiifloranucleotide sugar interconversion enzymesponsible
for the biosynthesisof UDP-xylose and UDRhamnose, two UDRBugars criticalin the
biosynthesis of MbA.Of the enzymes identified as UX$3dJXS27 CxdJXS5were found
to produce UDFkylose, andCxdJXS1 produced UDHM-keto pentose. it-directed
mutagenesi®f CxdJXS1 revealed a potential evolutionary route of how the function of
CxdJXS1 may have evolved and identified a &funear the catalytic T§#° as involved in
defining theUDP-4-keto pentos@roduct Of theenzymeddentified as RHMsCxXARHM1 i
CxARHMS5 catalyzed dl three step in the formation ofUDP-Rha while CxdJER1 was
identified asperforming the final3,5epimeraseand 4-ketoreductasereactions needetb
produceUDP-Rha. Kinetic and relative activity characterization of theseymesidentified
CxdJUXS4 andCxdRHM1 as the mostfficient enzymesmaking them goodandidates for
future use inthe metabolic engineering towards MbA biosynthesverall, tis work
contributes to our understanding of @ex crocosmiifloraMbA biosynthetic pathwayand
providesproof-of-conceptfor the use othese genéamiliesfor the future characterization of

UDP-xylosyl/rhamnosyltradgerasein the MbA biosynthetic pathway
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CHAPTER 4: IDENTIFICATION OF CROCOSMIA x CROCOSMIIFLORA UDP -
GLYCOSYLTRANSFERASES INVOLVED IN MONTBRETIN A BIOSYNTHESIS

Uridine diphosphate glycosyltransferases (UG3fghe family 1 glycosyltransferases
(GT1) are essential enzymes in the process of glycosylatimecialized metabolites.
Glycosylation is a common modification specalized metabolism andffacts the physical,
chemical and biological properties of tlaglycone Montbretin A (MbA) is a highly
glycosylated flavonoid found i€. x crocosmiifloraand of interest for its type 2 diabetes
therapeutic potential. In this gbter, | explore th€. x crocosmiifloraGT1LUGT family with
the goal to identify candidatéT1 UGTs involved in the biosynthesis of MbA. Phylogenetic
analysis of theCxdJGTs provided insight into the unique pattern@f1 UGT clustering,
showing rampanbgansion in group D and an absence of any gro@@IHUGTSs. Activities
of 14 candidateCxdJGTSs, which were identified through association analysis between MbA
accumulationand transcript expressiomere testedusing eight different potential MbA
biosynttetic intermediates. While minor activity was observed within assays using myricetin
or myricetin3-rhamnoside as acceptors, the low levels or lack of actierveduggest that
none of these candida®T1 UGTs are involved in MbA biosynthesi#s this negative result
may be due to errors in the undamg hypotheses of the association analysis, future work
should focus on identifying specific conditions that affect MbA accumulation levels for use as
a model of MbA biosynthetic gene expressioveral, this work contributes to our
understanding of the phylogenetic distribution @T1 UGTs within vascular plants and
facilitates further identification and functional characterizatio@xdJGTs involved in MbA
biosynthesis.

4.1 INTRODUCTION

Specializedmetabolites are amportantnatural resource with numerous applications

such as medicines and nutraceuticals. With an estimated 200,300,000 different
specialized metabolites found in the plant kingd®mon and Strack, 2003; Lawrence, 1964)
plants typically employ combinations of large enzyme families to perform the arrays of

biosynthetic core reactions and specific modifications. Two of the mostmon
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modificationsused in specialized metabolism are esterification and glycosylati®wth
modi fications can have a | arge range of ef f
enhance volatility or biological activify D6 A u r i, awhile gly€8ykatjon typicallyffects
a metabolitebs solubility, potenti al for ac
activity (Gachonet al, 2005; Ghoset al, 2014, Lianget al, 2015; Martinoiaet al, 2000)
Montbretin A (MbA) is an excellent example of a specialized metabolite, which requires both
types of modifications during its biosynth&si The acylation modification incorporates a
caffeic acid moiety, altering a known biological activity of MbA by drastically increasing its
ability to inhibithuman pancreatic amyla@éPA) throughH-bonding and n t e 4stackirig
interactiongWilliams et al, 2015) The glycosylation modifications during MbA biosynthesis
i ncorporate a total of five sugar moieties,
activity through, respectively, increasiitg ability to engage in Hhonding with water, as well
as moreeffectivelyorienting and stabilizing the inhibitory myricetin and caffeic acid moieties
i n HPAOGs (Wilbamsetat, 2045)t e

The glycosyléion of specialized metabolitesis typically performedby uridine
diphosphate glycosyltransferases (UGTshat are members of thefamily 1
glycosyltransferasg$T1). These enzymes act by using uridiMiphosphate sugars (UBP
sugars) as donor molecules and transfer their sugar moiety to ac¢Bototsset al, 2005;
Bowleset al, 2006) The majority of planGT1 UGTs contain a conserved 4nino acid
motif known as the plant secondary product glycosylation (P®RsEj which encompasses
the amino acids responsible for binding the Ufigar(Campbellet al, 1997; Hughes and
Hughes, 194). PlantGT1UGTSs glycosylate a large diversity of metaboljtsd the overall
level of sequence identity across the plaitl UGT family, which is annotated with several
subfamilies, is relatively loCoutinhoet al, 2003; Limet al, 2003; Vogt and Jones, 2000)
DNA sequencing has revealed some of the extent of the UGT family expansion in the plant
kingdom. Current estimates from species with characterized gesnsanggest most species
possess between 10@50 UGTs with an average of 0.5% of predicted genes in a given plant
genome being UGT&Caputiet al, 2012)

Based on the structure of MbA, its biosynthesis isdghoto involve activities of up to
five different UGTs (Fig. 4.1; Fig S4.1)Harvest from field grown plants currently not a

suitable method for production of large quantities of MbPhus,employing the genes that
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Crocosmia x crocosmiiflorases inlhe biosynthesis of MbA towards either an impro@
crocosmiifloraproduction system with heightened levels of MbA or to enginbetexrologous

host to produce MbA are attractive options. A critical step towards this goal is the
identification of theMbA biosyntheticCxdJGTs. However, elucidating thesexdJGTs faces

four major challenges associated with: (i) the large numb&TdfUGTSs typically found in

any plant species, (ii) low sequence identity betw&d&id UGTSs, (iii) lack of clarity on the
MbA biosynthetic reaction pathway (Fig. 4.1; Fig S4.1), and (iv) the lack of prior knowledge
and data available f(ﬁrocosmiagenes
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Montbretin A

Figure 4.1: Theoretical routes oimontbretin A biosynthesis. Considering all potential steps
needed to form montbretin A starting with myricetin, and without prior knowledge a the
plantaintermediates of the pathway, the biosynthetic pathwagpresented here by as multi
dimensional matrix.Circled numbersre useds denotations for potential individual steps in
the biosynthesis of MbA.

While many approaches can be used in the elucidation of target specialized metabolite
biosynthetic genes, advances in sequencing technologies have permitted the inteipiatp
transcript and targeted metabolite profiles from corresponding tissues to be employed as a
method for identifying a relevant list of candidate gefiescchiniet al, 2012; Saitcet al,
2008) Thi s approach -y-mpbogysathendgprl bcipl e, wi
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of genes involved in the target metabolite biosynthesis aregrdated, and thus eexpressed
under the control of a shared regulatory syst®onekuraSakakibara and Saito, 2009)
Several studies have successfully employed this approach as a stratelgntibying genes
involved in target metabolite biosynthegfugustinet al, 2015; Kilgoreet al, 2014; Zerbe
et al, 2014; Zerbet al, 2012) With this approach, a critical factor femccessfuapplication
is the identification of specific tissues or defined environmemtgrowthconditions in which
biosynthetic activities of the target metabolite differ and correlate to accumulation.

Previous work orC. x crocosmiiflorahas focused on estatiing resources able to
support the elucidation of MbA biosynthetic genes. Metabolite profiling and MARYging
have identified that throughout the year, MbA is primarily foumthe peripheral tissues of
the corm as well as aminor levels in the otlr organs (section 2.3.1). A first set of
transcriptome assemblies of different organs of the plant was also developed (section 2.3.3).
Employing these resources, a ginjassociatioranalysis identified 14 putative GTUGTs
that possess transcript egpsion patterns highly correlated to MbA accumulation across
differentC. x crocosmiiflorabrgans (section 2.3.5). To this end, using functional genomic and
biochemical approaches this chapter expands on these resources to explore the potential
activity of these 14 candidatexdJGTs in MbA biosynthesis. The findings herein help lay a
foundation for a better understanding of MbA biosynthesi€.irx crocosmiifloraand the

employment of a guiby-association approach to identify the MbA biosynth&icl UGTSs.

4.2 EXPERIMENTAL

4.2.1 Cloning ofC. x crocosmiifloraUGTs

CandidateCxdJGT cDNAs were amplified using primers (Table S4.1) designed
according to putativé&sT1 UGT transcripts identified in the transcriptome assemblies with
adaptors for cloning intohe pASKIBA37+ vector. If full-length sequences were not
available 5Npr 3BNRACE-PCR were performedvith the Marathon cDNA amplification kit
(Clonetech, www.clontech.com per t he manuf act ur elenyth i nst

sequences were obtaingd]1 UGT transcripts were amplified by PCGid cloned into the

pPASK-IBA37+ expression vector (IBA Life Sciencesww.ibalifesdences.comin-frame

with an Nterminal Hig-tag. For candidate genes contairidsgl restriction sitessite-directed
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base changes were made using primers resultiagymonymousutation to remove the site

(Table S4.1).Sequences and gene insertioieatation were verified by Sanger sequencing

4.2.2 Phylogenetic Analysis
For phylogenetic analyses, amino acid sequence alignments were generated using
ClustalW (Thompsonet al, 1994) Phylogetic analysis as performed using a maximum

likelihood algorithm in the MEGA 7.0Rttp://www.megasoftware.ne(Kumar et al, 2016)

using uniform rate variation among sites, LG substitutmmdel, BIONJ/NJ startingree and
1000 bootstrap repetitions. To best establish@id UGT phylogenetic groups in the
CxdJGT family, full-length amino acid sequences of 34 previously defa&ll UGTswere
included inthe analysis. These n@&rocosmiasequences included ¥gabidopsis thaliana
GT1 UGTs Q@AtUGT72C1, AtUGT73B1, AtUGT73C1l, AtUGT75D1, AtUGT76B1,
AtUGT78D3, AtUGT82A1, AtUGT83Al, AtUGT85A4, AtUGT86AL1, AtUGT87A1,
AtUGT89B1, AtUGT90A1, AtUGT91A1, and AtUGT92A1), 17 Zea maysGT1l UGTs
(GRMZM2G02T786, GRMZM2G022242, GRMZM2G035755, GRMZM2G041699,
GRMZM2G046994, GRMZM2G050748, GRMZM2G058314, GRMZM2G061289,
GRMZM2G073376, GRMZM2G120016, GRMZM2G159404, GRMZM2G173315,
GRMZM2G175910, GRMZM2G301148, GRMZM2G479038, GRMZM5G834303, and
GRMZM5G892627), and @ryza sativaGT1UGTs (0907930690 an®@07g46610). Amino
acid sequence alignments were visualized using CLC Bio Main Workbench

(https://www.giagenbioinformatics.com/productsfmainworkbench while phylogenetic

trees weres visualized using the Interactive Tree ofddafavare fittp://itol.embl.de) (Letunic
and Bork, 2011)

4.2.3 Production ofPotential MbA Intermediates

Enzymatic and baseatalyzed reactions performed to produce potential MbA
intermediates were performed as previously descr{pétiiams et al, 2015)with minor
modifications. Theb-gl ucosi das e, -rymsidase gnzymassuged heeein wereb
provided by Dr. Stephen Withers (UBC, Department of Chemistry)

Deglucosylation reactions employing Agrobacterium sp. b-glucosidase were

performedn 50 mM sodium phosphate buffer (pk860.1% bovine serum albumin) with 40
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€ g -glbcosidase per mg substrate. Reactiwae incubateat 37°C for 48 hours. Enzymes
were precipitatedhy addition of methanol in a volume equal to 25% of the reaction volume.
The resulting solution was filted by passing through a202  Isydnophilic polypropylene
membrane filter kttp://www.pall.com), evaporated, resolved in 1 mL ob(H/ 25 mg, and

subsequently purified as indicated below.

Derhamnosylation reactions ehying Penicillium decumbensnaringinasewere
performedn 50 mM acetate phosphate buffer (pH 5.6)\Withg nar i ngi nase per
Naringinase was first incubated in buffer (G mg/mL) &60f or 2 hour sD-t o0 i na
glucosidase actiyt wi t hout -larhdmecsitlaseradivity. tAfser partial inactivation,
naringinase was added to the substrate and reacted for 48 houf€ at R2zymeswere
precipitatedby addition of methanol in a volume equal to 25% of the reaction voludrhe.
resulting solution was filtered by passing through 2 ®. #&ydrophilic polypropylene

membrane filter kttp://www.pall.com), evaporated, resolved in 1 mL obMH/ 25 mg, and

subsequently purified as indicated below.
Dexylosylation reactions employirgacillushaloduransh-xylosidasewnere performed
in 50 mM sodium phosphate (pH 6.8, 50 mM sodium chloride) %¢hg xy |l osi dase p
substrate. Reactionsere incubatect 37C for 48 hours. Enzymesere precipitatedby
addition of methanol in a volume equal to 25% of the reaction voldrme.resulting solution

was filtered by passing through a2@  &iwyairophilic polypropylenemembrane filter

(http://www.pall.com), evaporated, resolved in 1 mL of>®/ 25 mg, and subsequently
purified as indicated below.

Removal of the caffeic acid moiety was performed by base catalydisA was
dissolved in dry methanol (2 mg / mL) undes das in a round bottom flask. Sodium
mettoxide was addedintil a concentration of ~27.5 mM was reached and left to react for 5
hours. The reaction was quenched by addition of AmbelRel20 (H+) to thesolutionuntil
it p os s es s Ed mahanplvasdevaporated undergss, andesultihg reaction
productwas dissolvedn H>O. Unwanted products were removed by extractioth equal
volumes hexanes,and the aqueouslayer was passed hr ough ahydfbphic2 & m

polypropylenemembrane filterlfttp://www.pall.com), evaporated, resolved in 1 mL o$(H

25 mg, and subsequently purified as indicated below.
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Purification of reaction products was performed by high performance liquid
chromatographyfHPLC) on a 1260 Infinity Bianert Quaternary LC (Agilent).Reaction
products were analyzed using an Eclipse XOB3 column (Agilent, 9.4 x 250 mm, 5 pm)
and purified on a PrepHT XDB18 column (21.2 x 100 mm, 5 um), both being run at room
temperature and with flow rates of 1.0 mL mhiand 4.0 mL mir, respectiely. For both
columns, themobile phase used was a combination of two solvents: solvent.@ @thd
solvent B &cetonitrile). The mobile phase run wa%solvent A by2 min, 20% solvent A by
10 min, 40% solvent A by40 min, 986 solvent A by45 min, 95%solvent A by 50 min, 5%
solvent A by 55 minutes, and held fomin, giving a total run timef 60minutes The effluent
was monitored by UV absorpti@t 254nm,and 330 nm and peak fractionsre collectegher

the observed chromatograph.

4.2.4E. coli-Based Protein Expression and Purification

Recombinant plasmidwere transformednto E. coli C43 (vww.overexpress.com

containing the pRARE 2 plasmid isolated from Rosetta 2 cells (Novagen) to negate codon bias.
Individual colonies were inoculated infanL of Luria Broth containing ampicillin (106hg *
LYy and grown overnight at 3¢ and 200 rpm.5 mL cultures were used to inoculate 50 mL
of Terrific Broth containing ampicillin (10fhg * L) and chlorampheni¢¢50 mg * L'Y) and
cultured a22°C and 200 rpm until an Qfgy = ~0.5was reached Cultures were then cooled
to 18C , induced by addition of anhydrous tetr:
grown for 16 h at 180 rpm before harvesting.

Cultures were harvested by centrifugation at 40@0for 20 minutes.Supernatants
were removed, and cell pellets were resuspended in 3 mL -@bide 50 mM TrisHCI
extraction buffer (pH 7.5, 10% glycerol, 10 mM Mg@ mM DTT, 0.2 mg lysozyme per mL,
1/40"Pi erceE Prot ease -lreeThebmFischemwiltiaebmofister.c&)D T A
per mL, and 0.1 ¢L bwwermiipsre.cofyBeviblL). Mitedcélli por e,
rupturedthrough five cycles of freezthawing in liquid nitrogen, lysed cells were clarified by

centrifugation. Soluble proteiextractions wer desaltedon Sephadex PDninitrap G-25
columns (GE Healthcare, http://www.gehealthcare.cpn@equlibrated with a 50 mM Tris
HCI buffer (pH 7.5, 10% glycerol, mM DTT). Protein was confirmed by SEFFAGE using

Coomassie and Western blots. Western blots were performed ustigdiintibody HRP
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Conjugate Kit (EMD Milliporewww.emdmillipore.cormmand visualized with Clarity Western

ECL Blotting Substrate (Bivad,www.bio-rad.con). Protein concentrationsere determined
using a bicinchonnic acid (BCA) protein quantifetion assay kit (Thermo Fisher,

www.thermofisher.comemploying a standard curve.

4.2.5 Recombinant UGT Enzyme Assays

To test for enzyme activifyprotein assaywere performean triplicate. For reactions
requiring UDRxylose or UDPrhamnose, nucleotide sugar interconverting enzyme (NSE)
UGT coupled reactions were used (section 3.3.7). Famtions using UDRjlucose (UDP
Gl ¢c) as their sugar unguwifedproteinett@diswas tombinedawsth i o n s
ImMUDP-GIl ¢ and 100 &M of the appr ofovemighe acce|
For reactions using UDRylose (UDRXy | ) as their sugar donor ,
unpurified protein extractswas combined witd mM UDP-glucuronic acid (UDFGIcA), 1
mM NAD*,1e MCxdJ XS4, and 100 &M of the appr©@pri at e
overnight. For reaions using UDRhamnose (UDHRha) as their sugar donot,0 0 ¢ L
reactions ofsolatedproteinwas combined with mM UDP-Glc, 1 mM NAD*, 1 mM NADPH,
5¢ MCXARHM1 , and 100 &M of the appr oveinight.t e ac c ¢
Reactions were terminated by incubation at®@0f or 1 mi nute and the a
chloroform to precipitate protein. Soluble fractions were separated by centrifugation at 1000
x g for 10 minutes and analyzed by IMS.

Reaction products from enzyme assays were analyzed by liquid chromato@dr@phy
(Agilent 1100 Series)/mass spectrometry detector (MSD) Trap (XCTpjuspmparison of
retention times and mass specimth authentic standards or products of previously
characterized enzymes€Enzymeproductswere analyzean an Agilent ZORBAX SBC18
column (4.6 mm internal diameter, 50 mm length, 4N pore size) was used with a
temperature of 50°C and flow rate 0.8 mL rhinThe mobile phase used was a combination
of two solvents: solvent A (3 + 0.2% formic acid) and solvent B (acetonitril®.2% formic
acid). The mobile phase run was 95% solvent A by 0.5 min, 80% solvent A by 5 min, 10%
solvent A by 7 min, and 95% solvent A by 7.10 min, and held for 2.9 min, giving a total run
time 10 min. Diode array detector (DAD) monitored wavelengt@é@inm and 326 nm. The
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mass spectrometer mode was negative electrospray with nebulizer pressure 60 psi, dried gas

rate 12 L mirt, dry temp 356C, and a m/z scanning range betweeii 2000.

4.3 RESULTS

4.3.1 Identification and Phylogenetic Analysis ofCrocosmia x crocosmiifloraUDP-

Glycosyltransferases

To gain insight into the size and overall expression of2k&JGT family, | screened
the complete unigene set of t8e x crocosmiifloraranscriptome gection2.3.3) against the
Prosite PSPG signature aotif (motif #PS00375). This BLASTx search resulted in the
identification of 257 putativ€xdJGTs. An unrooted phylogenetic tree was constructed with
158 of these putativ€xdJGTs, which were at least 300 amino acids in length, along with 15
Arabidopsisthaliana, 17 Zea maysand 20ryza sativaGT1 UGTs (Fig. 4.2) to identify the
CxdJGT distribution among the 17 differe@®T1 UGT phylogenetic groupfCaputiet al,
2012; Liet d., 2001; Liet al, 2014b) In the resulting phylogenetic tree, putatiVrdJGTs
clustered into 13 of the 14 groups identifiecAinthaliana(Li et al, 2001) groups Ai G and
I 7 N, as well as groups O and P, whigkre identified through a genormade analysis of
GT1 UGTs from 12 different species of land plafi@aputi et al, 2012) Of these 15
characterized phylogenetic groups, m@stx crocosmiifloraGT1 UGTs belongto group D
(36.1%) followed by groups G and P (9.5% each) (Fig. 4.2; Table S4.2).
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Tabl e S4. 3).

4.3.2 Production of Potential Montbretin A Intermediates
One of themajor challenges faced in elucidating genes involved in the MbA

biosynthetic pathway is the lack of information on the order efptoposed glycosylation
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reactions. With only myricetin and myricetsaO-rhamnoside commercially available, two
approaches that could be used to establish the pathway are to (i) identify each step in sequential
order or (ii) test candidat&T1l UGTs for activity towards a suite of potential MbA
intermediates. Previous work by Williamet al. (2015) produced a series of MbA
Asubstruct urknstioand structaral wkksyof NIbA enoieties in inhibiting HPA
(Williams et al, 2015) Employing modified approaches of those used to produce these
substructures, five potential MbA intermediates were obtained for useitno reactions (Fig

4.3): (i) MbA without theterminal2-O glucopyranosymoiety (MbA-GNj (ii) MbA without

the terminal 4-O rhamnopyrangd moiety (MbA-RNj (iii) MbA without the disaccharide
rhamnopyranosykxylopyranoyl moiety (MbA-XRN|j (iv) MbA without the caffeic acid and
terminal4-O rhamnopyranosyhoieties (MbACRNjand (v)MbA without the caffeic acid and
thedisaccharidehamnopyranosykylopyranoylmoieties (MbACXRIj
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Figure 4.3: Hypothetical montbretin A intermediates produced by enzymatic and
chemical degradation of MbA

MbA-GNyas producediy incubating MbA withAgrobacterium spb-glucosidase
overnight to remove the t erQaisacehbridegILaMBosi de
analysis of the reaction product showed a single new peak avitt'z of 1065.5 [M
H](superscript). Analysis of the purified reaction miact showed a retention time and mass
spectra that aoesponded to a sample of ME@Njpreviously prepared and nuclear magnetic

resonance spectroscopy (NMR) verifi@llilliams et al, 2015)(Fig 4.4).
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MbA-RNjvas producedby incubating MbA withPenicillium decumbensaringinase
overnight to remove the temmal rhamnose moiety from theN@-disaccharide. L&VS
analysis of the reaction product showed two new peaks, a major peakmitbf 1081.5 [M
H](superscript) and minor one with m/z of 1065.5 [MH](superscript). Analysis of the
minor reaction product showed a retention time and mass spectra that corresponded to MbA
GNj s u g g e sDtglucogidase hcavityfof the naringinase was not completely inastivat
by incubation at 6% and still contained minor glycosylation activity. Analysis of the purified
majorreaction product after showed a retention time and mass spectcantegipondedb a
sample of MbARNjreviously prepared and NMR verifi€d/illiams et al, 2015)(Fig 4.4).

MbA-XRNyas producetdy incubating MbARNyith Bacillushaloduransh-xylosidase
overnight to remove the @-xyloside moiety. LEMS analysis of the reaction product showed
a single new peak with m/zof 949.3 [M-H](superscript). While an NMR verified standard
was not available, the observed m/z, previously charaeteprotoco{Williams et al, 2015)
and depletion of the Mb&RNjtarting materiastronglysupports the purified product was MbA
XRNFig 4.4).

MbA-CRNyas producetly basecatalyzed removal of the caffeacid moiety followed
by reaction witH?. decumbengsaringinase. MbAC wasproducedy incubation with alkaline
sodium methoxide for 5 hours. LS analysis of the reaction product showed a single new
peak witha m/z of 1065.5 [MH](superscript-). MbA-C was then incubated witl.
decumbensaringinase overnight to remove the terminal rhamnose moiety fromNpe 4
disaccharide. L&MS analysis of the reaction product showed two peaks a major peak
with a m/zof 949.3 [MH](superscript) andminor onewith m/z of 919.3 [MH](superscript
-), corresponding to MbAC without rhamnose or glucose moieties, respectively. While NMR
verified standards were not available, the observed m/z, previously characterized protocol
(Williams et al, 2015) and depletion of the MbA& starting material support the purified m/z
949.3 [M-H] (superscript) product as MbACRNFig 4.4).

MbA-CXRNjas producedby incubating MbACRNyith B. haloduransb-xylosidase
overnight to remove the @-xyloside moiety. LEMS analysis of the reaction product showed
a single new peak wita m/zof 787.3 [M-H] (superscript). While an NMR verified standard

was not available, the observed m/z, previously charaeteprotoco(Williams et al, 2015)
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and depletion of the MBARNgtarting materiaktrongly supportsthe purified product was
MbA-XRNFig 4.4).
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4.3.3 Testing of CandidateCxcUGTs for Functions in the MbA Biosynthetic Pathway

Building on the characterizah of MbA accumulation irC. x crocosmiiflora/section
2.3.1), a guikby-association analysis was employed to identify transcripts whose relative
expression pattern correlated with MbA accumulation across five different organs. Of the
1,967 unigenes wise expression correlated with MbA accumulationwkte identifiedas
GT1 UGTs based on the presence of a PSPG motif (section 2.3.5). Phylogenetic analysis
showed ten of these putati@xdJGTs were found in group D, two in group A, one in group
C, and onean group P (Fig. 4.2).The corresponding cDNAs were amplified by PEGRI
cloned into the pASKBA37+ vector with Nterminal Hig-tag. The resulting clones were
designatedxdJGT1i CxdJGT14. Recombinant proteimgere expresseid E. coliand N?*
affinity purified. Thisresulted in the isolation of Higagged protein€xdJGT1i CxdJGT14,
which appeared to be soluble and which matched in the western blot with the predicted molar
masses of 51.9 kDa58.0 kDa (Fig. S4.2).

Using the commerciallgvailable myricetin and myriceti& O-rhamnoside, as well as
the five produced hypothetical MbA intermediates, | te€bedJGT11 CxdJGT14 for activity
in ninepotentialMbA biosynthetic steps (Fig. 4.1; reactions 1, 3, 6, 8, 23, 24,2%an2l 30).
Enzyme assays (n = 3 replicates) using protein extract€xat)GTs from E. coli were
performedagainstrelevantcontrols, and authentic standards were used where available, to
identify theCxdJGT reaction products. Fdhose reactions requiring UBRha as asgar
donor, NSEUGT coupled reactionsere performedby addingl mM NAD™, 1 mM NADPH,
1 mM UDP-Glc, and5 ¢ MCxdRHML1 to thereactionas described in section 3.3.7. Hoose
reactions requiring UDKXYyl as a sugar donor, NSEGT coupled reactionsere perbrmed
by addingl mM NAD*, 1 mM UDP-GIcA, and1 ¢ MCxdJXS4 to thereactionas described
in section 3.3.7.

LC-MS analysis of the enzyme assays@wdJGT11 CxdJGT14 using myricetin as
an acceptor and UDfamnose as a sugar donor showed the product profiléexdJGTL1,
CxdJGT4,CxdJGT7, andCxdJGT8 possessed peaks with a m/z of a myricetin rhamnoside,
463.0 [M-H](superscript-), that were absent in the negative control (Fig 4.5, Fig. S4.3).
Comparison of the retention time and mass spectra to the myd@irhamnoside standard
suggest the foutT1 UGTs did not rhamnosylate thehydroxyl position, but rather the 5, 7,

SNENpr S\jositions.
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LC-MS analysis of the enzyme assays@wdJGT11 CxdJGT14 using myricetin as
an acceptor and UDRylose as a sugar donor showed the product profileGxa/GT2,
CxdJGT3, CxdJGT4, CxdJGT5, CxdJGT7, CxdJGT8, CxdJGT11l, and CxdJGT12
possessed peaks with a mafa myricetin xyloside, 449.0 [NH](superscript), that was absent
in the negative control (Fig 4.6, Fig. S4.4).
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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 Gxee6GTACxUWEHGATd 4 wer eovernigbtwithh t e d
mM UDP-glucuronic acidl mM NAD™, 1 eM purified CxdJXS4, and 10@M myricetin and
assessed for their ability to form nigetin xyloside theoreticaimolecular weight of 450.35)

Trace shown for each sample is the extracted ion chromatograph forof9.0 [M-
H](superscript). (b) Mass specttanalysis of potentiamyricetin xyloside enzyme assay
products Numbers next to chromatograph peaks correspond to mass spectra with associated
number in theop right-hand corner.
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LC-MS analysis of the enzyme assays@xdJGT1i CxdJGT14 using myricetir8-
O-rhamnoside as an acceptor and UBFR as a sugar donor aWed the product profiles of
CxdJGT3, CxdJGT4, andCxdJGT6 possessed peaks with the etpd m/z of a myricetin
3-rhamrose glucoside, 625.0 [MH](superscript), that were absent in the negative control
(Fig 4.7, Fig. S4.5).

a I(mfgﬁs)' f'g EIC 625.5 [M-H] Empty Vector + b
X R
:natd Intens. |- i
12 myricetin + UDP-Glc (x10° MS, 4.9 min 625.1 1
x105) ,
0.8 ,
0.4 4.0 - rhamnose ,*
oo K
Intens. 3.0 2.0 4 768.2
EIC 625.5 [M-H
(x109) (M-H] 3 CxcUGT3 + 2831 831ses0 I
2.0 1 myricetin + UDP-Gle 0.0L st i SR N BN WP Y ‘ ‘
10 125 250 375 500 625 750 875 mw/z
z ’ 2 Intens. | -MS, 6.4 min 2
2 0.0 (x10%)
[}
E I(I“fgﬁs)- 3.01EIC 625.5 [M-H] 3 CrelUUGTA + 1.0 884.5
B ;
= 2.0 1 myricetin + UDP-Gle 283.2 -rhamosg,'ﬁzs'l 837
& 0.5 255.1 R
1.0 | 463.0
0.0 gt el gt S
0.0 125 250 375 500 625 750 875 m/z
Intens. 6.0
(x109) ke 525.5 [M-H] CxcUGT7 +  Intens. {-MS, 7.1 min 3
4.0 myricetin + UDP-Gle ~ (x109)
8.0
2.0 3 N
0.0 o 40 463.1- JIPmmose 8109
4 5 6 7 8 9 10 l ﬁzf-l
Time (min) 0.0 b ek [N 0 N N TP RO N

125 250 375 500 625 750 875 miz
Figure 4.7 Select regions ofextracted ion LC-MS chromatograph and corresponding
mass spectra forC. x crocosmiifloraGT1 UGT enzyme assays(a) Protein derived fronk.
coli expressing a control vector a@kdJGT1T CxdJGT14 were incubated overnight with
mM UDP-glucoseand 10 M myricetin3-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 chromatograph forof325.0[M-H](superscript). (b)
Mass spectl analysis of potential myricetiryloside enzyme assay products. Numbers next
to chromatograph peaks correspond to mass spectra with associated numb&spmigjine-
hand corner.

LC-MS analysis of the enzyme assays@xdJGT1i CxdJGT14 using myricen-3-
O-rhamnogde as an acceptor and UB8/I as a sugar donor showed the product profiles of
CxdJGT5 andCxdJGT12 possessed peaks with the etpe m/z of a myriceth3-rhamrose
xyloside, 595.0 [MH](superscript), that were absent in the negative coinfFog 4.8, Fig.
S4.6).
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In assessing thectivity of CxdJGT11 CxdJGT14 towards the five hypothetical MbA
intermediatesl.C-MS analysis showed that Mb&XRNgppeared to have degraded, and the
peak in the extracted ion chromgtaph of 787.5 [IMH](superscript) was no longer detected.

The other four hypothieal intermediates proded by breakdownof MbA appeared to be
intact. However, LEMS analysis of assays wi@xdJGT1i CxdJGT14 using MbARNMDbA.-
GNMbA-XRNpnd MbACRNjs acceptors and their corresponding prgatugar donors, UDP
Rha, UDRGIc, UDPXyl, and UDRRha, respectively, did neésult in any observed activity
(Fig. S4.81 S4.11).

To further assess the potential role of itleandidateCxdJGTSs in the biosythesis of
MbA, their ability to catalyze eight different combinations of acceptor and sugar donors was
analyzed. While some activityas observeevhen myricetin and myriceti-O-rhamnoside
were useds acceptors, the conversion detected in overnighysassss very low.Although
someGT1UGTSs have been identified throughvitro assays as highly specifieunakiet al,

2015) most have been shown to be able to use multiple acceptors from closely related classes
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of metabolites, or multiple UDBugar donors, at reduced levels of actiypvinich et al,
2010; Masadat al, 2009; Songt al, 2015) Accordingly, thelow activity obseved in these
assays suggest the primary catalytic activity of the 14 candiité&GTs identified through
the guiltby-association are not the tested potential MbA biosynthetic reactions.

4.4 DISCUSSION
Using transcriptome mining and biochemical approaches, | tested member€okthe

crocosmiifloraGT1 UGT family for possible activity in the biosynthesis of MbARlant
species whos&T1 UGTs have been previously characterized show large families cioigtain

up to several hundre8T1UGTs(Barvkaret al, 2012; Caputet al, 2012; Huangt al, 2015;
Huanget al, 2009; Jaillonet al, 2007; Khorolragchaat al, 2014; Patersoet al, 2009;
Tanakaet al, 2008; Tuskaret al, 2006 Velasco.et al, 201Q. The phylogenetic clustering

of GTLUGTSs into phylogenetic groups appears to be conserseds the vascular plants with
previous studies identifying 17 phylogenetic groups, groupgA(Caputiet al, 2012; Liet

al., 2001; Liet al, 2014b) Analysis of theC. x crocosmiifloraranscriptome shows a similar
pattern oflargescalegene expansion with at least 257 putat®&/el UGTs identified inthe

draft transcriptome and 1&@quencekargerthan 300 amino acids in length clustering into 15
phylogenetic groups (Fig. 4.2; Table S4.2nterestingly, when compared to phylogenetic
distribution of GT1UGTS in other species, tl@& xcrocosmiifloraGT1UGT family shows an
asymmmetric distribution with fewer members in groups E, H, |, K, and L and expansions in
groups D, F, N, and P. Surprisingly, the transcriptome did not reve&ha\GTs of group

H, which is different from other plant specigSharacterizedjroup H UGTs of other species
have been identified as cytokinin glycosyltransfergstsi et al, 2004; Kudoet al, 2012;
Wanget al, 2011) The apparent absence@fdJGTSs in this group could be a result of the
plant material used for RNA isolation perhaps not including developmental stages of active
cytokinin metabolisn{Sakakibara, 2006and it may also be possibleat group HCxdJGTs

may be present among the shorter incomplete transcripts that were not included in the
phylogeny. Conversely, group D appears to have undergone a substantial expansion with
approximately a third o€CxdJGTs clustering in this group. Thwaost recently identified
phylogenetic group, group Q, was identified in an analysis of@/sGT1 UGTs(Li et al,

2014b) Analysis of theC. x crocosmiifloraand other monocddT1 UGT families failed to
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identify any membersof this group. Interestingly, a expanded phylogenetic analysis of
CxdJGTs with the seven previously characterized grouZr@JGTs showed all seven
sequences clustered in group D (Fig. S4.12). These results contrast with those previously
reportel (Li et al, 2014b) Accordingly, based on the current sequence clustering, my results
support the identification of 16 phylogenetic groups, R, for theGT1LUGT family.

While phylogenetic analysis has previousBen proven to be useful for predicting the
class of substrate acceptor or UBkyar donor used by a giv&iTr1 UGT (Bowleset al,
2005; Cartwrighet al, 2008; Limet al, 2003) more detailed predictions based on sequence
phylogenies can be challengiigansenet al, 2003; Modoloet al, 2007) The observed
difficulty in predicting functions based on segaes alone is likely due to the spegpscific
variation in the evolution of the T1UGT family. Evidence of this speckspecific variation
can be seen in three observas@bout plantGT1 UGT families. First, examination of
available characterize@T1 UGT families shows expansion of individualr1 UGT grous
appears to have occurred at different rates in different species in a manisemahabrrelated
to genome size (Table S4.@jellstenet al, 2013; Huanget al, 2009; Jailloret al, 2007;
Lameschet al, 2012; Liet al, 2014a; Patersost al, 2009; Schmutet al, 2010; Schnablet
al., 2009; Tanakat al, 2008; Tuskaret al, 2006; Velascet al, 2010; Wanget al, 2012)
Secad, within plant genome§T1UGT colocalization within chromosomes is very common
(Caputiet al, 2012) Third, within individual phylogenetic groups, it was found t@atl
UGTs cluster by taxonommather tharby function(Caputiet al, 2012; Hanseet al, 2003;
Modoloetal, 2007; Yonekur a Sa k d@Hecombinde@ ofahese thrdea n a d a ,
observationsuggest that the expansion®T1 UGT families likely occurred through gene
duplication and subsequent neofunctionalization, resultin@Tit UGTs utilizing different
metabolites as acceptorshus, this lineagspecific &pansion oflGT1UGTs and subsequent
acquisition of new functions makes identification®f1 UGT function by sequence alone
challenging.

Instead of solely relying on sequence relatedness as an approach to CetdiGTs
as candidates for involvement inb biosynthesis, the work presented in this chapter
employed a guitby-association approach. A critical component of thmproachis the
identification of different plant tissues, growth stages, or environmental conditions in which

active biosynthesisand thus gene expression, of the targetabolitediffer. At the start of
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the work presented in this chapter, the lack of data available on MbA biosynthesis in
Crocosmia spppresenteda challenge for ensuring this candidate gene selection approach
would be successful. Based on other work in this thesis that developed resourCe for
crocosmiiflorg the guiltby-association analysisas builton two main hypotheses: (i) that the
expression of MbA biosynthetic genes correlatéth MbA accumulation andii) that MbA
biosynthesis geneme actively expressed the plants used for RN8equencing.

While low levek ofin vitro activity wereobservedvith some of the 14andidate5T1
UGTs, thelow level of activitycompared to what woulde expectedvhenGT1 UGTs are
using theiprimaryacceptor substrate suggests that tiiskIGTs are not involved in any of
the tested putative MbA biosyntheti@mions. There are at least thpassible explanations
for this negative result. First, except for myriogthone of the other tested substrates are
known to be then plantatrue intermediates in the MbA biosynthetic pathw&econdthe
use of a Higtag did not help improve the functional expression of the UGTSs, resulting in lower
levels of activity. Third, andthe more likely explanatigrat least one of the two hypotheses
employed in the guHby-association analysis was incorrecieveral explanations for the
breakdown of these hypotheses could exisblfgerved levels dflbA accumulation was the
resut of prior biosynthesis and subsequent storagel thus MbA was not being a&ly
produced at the time of tissue samg]i(ii) MbA might be produced outside of the corm and
transported into the corm; (iii) MbA might only be produced in specific tissueslls within
the corm and these would have to be isolated to enrich for the relevant transcripts; or (iv)
patterns of expression of MbA biosynthetic genes may not correlate with patterns of MbA
accumulation.While the guiltby-association approach catill hold true in further efforts to
elucidate the MbA biosynthetic genes, our understanding of and resourceds. for
crocosmiifloramust be expanded firgh better ensure success of this approdetture work
should focus on identifying specific grtlwstages, environmental conditions, or cellular
structures that affect MbA accumulation levels for use as a more accurate model of MbA
biosynthetic gene expressioBuch an approach is currently being employed by others in the
Bohimann lab, who will coimiue this research.Future work could also be supported by
additional approaches tentify the biosyntheti&G T1UGTs. For example, it may be possible
that bothGT1 UGTs as well as core genes involved in MbA biosynthesis are colocalized in

the genome, sahas been seen for some specialized metabolic pathiihgbenstein and
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Osbourn, 2012; Nutzmann and Osbourn, 201H)this is the casezT1 UGTs involved in
MbA biosynthesis could be identified through sequencing the genomic regions around any
GT1UGT or other core geseharacterized as part of MbA biosynthetic pathway.

An alternative approadb identifying aGT1UGT function would be a reverse genetics
approach such gsoducing a knockout or through gene silencing. However, with -anoatel
system such a8. x crocosmiiflorasuch an approach is currently unavailable. While testing
a broad range of acceptors and sugar donors for highes ¢é\aadtivity could be empyed to
identify activity of a GT1 UGT, their commonbroad substrate specificity can hinder the
identification of theirin vivo substrate(Achnine et al, 2005) This broad specificity of
recombinanGT1UGTSsin vitro may not provide insight into the plantaactivity as substrate
availability will also be relevan{Songet al, 2015) A potentially moreefficient approach
may be to use a physiological aglycone library emcin C. x crocosmiiflorad saturally
occurring aglycones, produced through enzyntagarolysis(Bonischet al, 2014) as a pool
of acceptor substrates. However, as the structure of MbA shows, even this apaceach f
difficulties such as identifying the substrates @F1 UGTs responsible for secondary and
tertiary glycosylations. As nine of téxdJGTs presented here showed activity towards at
least one flavonoid, future work could focus on screetimgge recomminantGTLUGT 6 s
activity againstC. x crocosmiifloraspecific aglycone libraries in combination with IMS

and NMR analysis to characterittee activities of taseGT1U G T 6 €. xicracosmiiflora

4.5 CONCLUSION
The work presented in this chapter identified a large set of members &f. the
crocosmiifloraGT1 UGT family and tested the activity of 14 candid&€1 UGTs that were

selected through a guitty-association analysis for possible roles in MbA biosynghesi
Phylogenetic analysisf theC. x crocosmiifloraGT1UGTS provided insight into the evolution

of this family as it is the first member of the ordesparagalegor which a comprehensive set

of GT1 UGT sequences has been reported. Distributiol®xdJGT into gene family
phylogenetic groups showedageexpansion in group D and an apparent absence of group
H members. Whileninorlevels of activitywere observedith myricetin and myricetit8-O-
rhamnoside, thesm vitro assays suggested that nonettd 14 candidat&T1 UGTs are

involved in MbA biosynthesis. As these results may be due to errors iantlelying
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hypotheses of the guiliy-association analysis used to identtiese candidatefuture work
towards identifying the MbA biosynthetic ges should focuson identifying specific
conditions that affect MbA accumulation levels for use as a model #f btlsynthetic gene

expression.
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CHAPTER 5: PLASTICITY AND EVOLUTION OF (+) -3-CARENE SYNTHASE AND
( -SABINENE SYNTHASE FUNCTIONS OF A SITKA SPRUCE MONOTERPENE
SYNTHASE GENE FAMILY ASSOCIATED WITH WEEVIL RESISTANCE

The monoterpene (+3-careneis associatedvith Sitka spruce resistance against the
white pine weevil, a major North American forest insect pest af pimd spruce. High and
low levels of (+)3-carene in, respectively, resistant and susceptible Sitka spruce genotypes are
due to variation of (+B-carene synthase gene copy number, transcript and protein expression
levels, enzyme product profiles, and yme catalytic efficiency. A family of multiproduct
(+)-3-carene synthadéke genes of Sitka spruce incluglthe three (+8-carene synthases,
PsTPS3carl, PsTPS3car2 PsTPS3car3 and the i()-sabinene synthasesTPSsah Of
these,PsTPS3car2is resposible for the relatively higher levels of {(B)carene in weewl
resistant trees. Herthe features of thesTPS3carl PsTPS3car2,PsTPS3car3, andPsTPS
sab proteins that determine different product profilese identifiedby a series of domain
swap and sitelirected mutations, supported by structural comparisons. Thisidemkfied
the amino acid in position 596 as critical for product profiles dominated b§-¢ajene in
PsTPS3carl,PsTPS3car2, andPsTPS3car3, or {)-sabinene irPsTPSsab. A leucine in
this position promotes the formation of {3-carene, whereas phenylalanine promoigs (
sabinene. Homology modeling predicts that position 596 directs product profiles through
differential stabilization of the retion intermediate. Kinetic analysis revealed position 596
also plays a role in catalytic efficiency. Mutations of position 596 with different side chain
properties resulted in a series of enzymes with different product profiles, further highlighting
the inherent plasticity and potential for evolution of alternative product profiles of these

monoterpene synthases of conifer defense aga@sss.

5.1 INTRODUCTION
White pine weevilRissodestrobi) is one of the most devastating insect pests of spruce

(Picea spp and pineRinus spp. Sitka spruceRicea sitchens)s a conifer species in which
most genotypes are highly susceptible to weékilsg et al, 2004) is native to the temperate
rainforest ecosystem ofélNorth American Pacificoastand is also an economically valuable

forest tree in Europe. Susceptibility to weevils caused the nearly complete halt of commercial
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Sitka spruce reforestation in the Pacific Northwest. However, successful field triaiBadent
a few highly resistant Sitka spruce genotypes; most notably genotype H898, which has become
a focus for research and breeding of conifer resistance to stem boring (KSegtet al,
2004)

One of themajor defenses of conifers against insects is the chemically complex
oleoresin, which includes dozens of different monoterpenes and diterpene resjK eclitsg)
and Bohlmann, 2006a; Keeling and Bohlmann, 2006b; Phillips and Croteau, 1999gZulak
al., 2009) Previous worKRobertet al, 2010)explored the monoterpene and diterpene resin
acid profilesof Sitka spruce frordifferentgeographic regions of the natural distribution where
trees displayed strong, intermediate, or weak resistance. Resistpesitively associated
with higher levels of the bicyclic monoterpene -B+farene (Robert et al, 2010)
Subsequently, Hakt al. (Hall et al, 2011)used a combination of genomic, target specific
proteomic, and biochemical approaches to study the basis of variation®té&r¢ne levels
in two contrasting genotypes of Sitka spruce, resistant genotype H898 trees with relatively
high levels of (H3-caene and susceptible genotype Q903 trees with trace levels-8f (+)
carene.This work identified a small family of (+3-carene synthadée genes in Sitka spruce
that contains the three (8)carene synthaséxsTPS3carl,PsTPS3car2,PsTPS3car3, and
the ()-sabinene synthadesTPSsab. Genotypspecific variations of gene copy number,
transcript and protein expression, and catalytic efficiencies of members of this family are
responsible for the difference in (8)carene levelgHall et al, 2011) Specifically, the
genomic presence, transcript and protein expression, and enzyme actiRsyR$3car2
accounted for much of the high levels of-@-farene in the resistant genotype.

Members of the Sitka spruce {3)carene synthadée family showed between 82.5
and 95.7% pairwise amino acid sequence identity. These four enzymes are multiproduct
enzymes with the same overall product profile of monoterpenes, however, with different
relative amounts of individual cgpounds(Hall et al, 2011) Most notably,PSTPS3carl,
PsTPS3car2, andPsTPS3car3 have (+B-carene as the predominant product, whereas
PsTPSsabforms ()-sabinene as thpredominantproduct. All four enzymes pduce U-
terpinolene as the second most abundant product plus a set of additional minor gktallicts
et al, 2011)(Table 5.1, Table S5.1). These similar traits and the particular presendg-of a (

sabinene synthass a closely related enzyme with a group of§#garene synthases suggested
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a pattern of divergent evolution in whiBlsSTPSsab arose fromRsTPS3car ancestor through

gene duplication and shift of functigHall et al, 2011)

Figure 5.1: Amino acid sequence alignment of the-€ e r mi -domain ofJspruce TPS

3car and TPSsab enzymes of a family of (+B-carene synthasdike monoterpene
synthases. The alignment includes protein sequences of3{t)ar ene synthases
sabinene synthase from Sitka sprueesitchensisPsTPS3carl,PsTPS3car2,PsTPS3car3
andPsTPSsab(Hall et al, 2011); as well as (+B-carene synthases from Norway spruee (
abies PaTPS3car(Faldtet al, 2003) and white spruce?( glaucg PgTPS3car(Hamberger

et al, 2009). Amino acids with highghted with blue backgrouncblourare 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-balices andgibbhk represent loopShe conserved DDxxD motif is identified
by the red line Positions 595, 596, and 599 in heliar@ markedvith asterisks.
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