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List of abbreviations

List of abbreviations:
All abbreviations of chemicals, proteins, enzyneds, are explained in the Materials and
Methods section.

aa amino acid

Bam Bacillus amyloliquefaciens

bp base pair

bc before Christ

C carbon

cDNA complementary DNA

°C degree centrigrade or Celsius
CTS chloroplast transit sequence
Ci Curie

cm centimeter

Da dalton

dATP deoxy-adenosine-triphosphate
dTTP deoxy-thymidine-triphosphate
dUuTP deoxy-uridine-triphosphate
dCTP deoxy-cytidine-triphosphate
dGTP deoxy-guanidine-triphosphate
dNTP deoxy-nucleotide-triphosphate
pa-dATP alpha-32-phosphorus- adenosine triphosphate
d. day

DNA deoxyribonucleic acid

dHO distilled water

DSB diterpene synthase buffer

El electron ionization

Eco Escherichia coli

EST expressed sequence tag

°F degree Fahrenheit

ft feet

g gram or acceleration of gravity
GC gass chromatography

ha hectar (German unit of an area)
His-tag histidin-tag

h. hour

-OH hydroxyl

in inch

IPB Leibniz Institute for Plant Biochemistry Hal6aale
kb kilo base

kDa kilo dalton

I liter

m meter

mg milligram

min minute

mi milliliter

mm millimeter
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mM millimolar (millimoles/liter)

M molar (moles/liter)

M, relative molecular mass or molecular weight
MCS multiple cloning site

MRNA messenger RNA

MS mass spectrometry

Mg microgram

ul microliter

um micrometer

pmol micromole

ng nanogram

nm nanometer

nmol nanomole

Nde Neisseria denitrificans

oD optic density

PAGE poly acrylamide gel electrophoresis
ppm parts per million

% percentage

pl isoelectric point

pmol picomole

PCR polymerase chain reaction
pH pondus hydrogenii

Primer oligonucleotide

Pfu Pyrococcus furiosus

PPi pyrophosphate

R retention time

RT room temperature

sec. second

Taq Thermophilus aquaticus
TPS terpene synthase

rpm revolutions per minute

Sac Streptomyces achromogenes
SDS sodium dodecyl sulfate
RACE rapid amplification of cDNA ends
RNA ribonucleic acid

TIC total ion chromatogram

U units

UTR untranslated region

uv ultra violet

Vv volt

[viV] volume percentage

\W waltt

[wiv] mass per volume percentage

Xba Xhantomonas badrii
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1. Introduction

1.1. The plants

Many volatile oil (or essential) oil-producing ptarare particular interesting because of
their high economic value. The term ‘volatile o’ preferred because it refers to the fact
that most components of the oils, which are stamegiktra cellular spaces in the epider-
mis or mesophyll, have low boiling points and camwrécovered from the plant tissues by
steam distillation. Volatile oils are quite distifitom more common triglyceride oils and
fats, which are known as ‘fixed’, because of thegh boiling point [1]. Vast amounts of
volatile oils are terpenoids that are made upwa-tiarbon isoprene or isopentenoid units.
Other biological molecules belong to this familye dor example; porphyrins, chloro-
phylls, carotenoids, steroids, gibberellins anduradtrubber [2]. The production and ac-
cumulation of volatile, low molecular weight tergsn[mono-(Go), most sesqui-(£),
and some diterpenes Af)] are not restricted to one specialized taxonognaup but oc-
cur throughout the plant kingdom. Volatile oils da@ obtained from various tissues of
Gymnosperms (Pinaceae: conifers; Taxaceae: thefgmly; Cupressaceae: cypresses
and junipers; Cycadaceae: the tree fern family)e &bility to accumulate terpenes is
widely distributed in Angiosperms (subphylum: Matiophytina), too. By temperate and
tropical dicotyledons (Chenopodiaceae: beets armbajoots; Compositae: the daisy
family; Geraniaceae: the geranium family; Guttie#typericaceae: including St. Johns
worts; Lamiaceae: the mint family; Cannabacdamp and hop; Lauraceae: including
bays; Myricacea; Myristicaceae: nutmeg and macertddgae: myrtles, eucalypts and
clove; Scrophulariaceae: olives and lilacs; Pipesac the pepper family; Rosaceae: the
rose family; Rutaceae: the citrus family; Santad&cesandalwood; Apiaceae: the carrot
family; Verbenaceae: including verbenas; Violacedaaets and pansies) and monocoty-
ledons (Araceae: the aroid family; Cyperaceaes#uge family; Poaceae: the grass fam-
ily; Zingiberaceae: the ginger family). This indiesa that the accumulation of terpenes
was a feature of the earliest seed plants [1]his doctoral thesis two volatile oil pro-
ducing plants were investigated, due to their gbtlb produce economically valuable

terpenoidsCannabis sativd.. andSalvia sclared...
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1.1.1.Cannabissativa L.

Cannabis sativd..; family: Cannabaceae; order: Rosales, eurdsidssids; subphylum
Magnoliopsida; phylum: Spermatophy@annabis(hemp) andHumulus(hop) were pre-
viously subdivided into mulberry plants (Moraceasd stinging-nettle plants (Urtica-
ceae). Today both plants belong to the family eftlemp plants (Cannabaced@jnna-

bis is comprised of three subspeci€s §ativalL., C. indicg C. ruderalig; this is contro-
versial and some scientists suggest that all belorane species, like hoplgmulus lu-
pulus, H. japonicus, H. yunnanensi$lankind has used the plant since the Stone Age
(6500 bc) as evidenced by fossil plant remains sagipollen, fibers, seeds and half-
burned trichomes. The origin of the plant is untiv unknown but three regions are pos-
sible due to the long cultivation there; China @250 bc) in the region of the
Huanghe-river (Yellow-river) and the Jangtse, Calnksia from the Caucasus- to the
Altai-mountains or south Asia in the Himalaya anddiikush regions. As a hemerophi-
lous species, the plant is now found all over Agifijca, Europe and the Americans.
Cannabisis a 1-5 m tall, cultivated annual plant, and sgdi for fiber, crop, oil, and me-
dicinal purposes, but also as a stress relaxatidrreligious drug. [3, 4] Beside the fiber
industry, the pharmaceutical industry is interestethe use of the plan€annabispro-
duces a variety of medicinally active cannabindiks THC (A°-tetrahydrocannabinol)
[5]. THC is used as a prescription treatment farsea that can accompany chemotherapy

as well as for spasms and tremors associated wiltiphe sclerosis [6, 7, 8].

1.1.2.Salviasclarea L.

Salvia sclared.., family: Lamiaceae; order: Lamiales, asterfggnoliopsida, Sperma-

tophyta Pliny the Elder, a roman scientist and historiaas the first to use the Latin
name Salvig derives from salvare, to heal or save, and salneaning uninjured or

whole, and refers to the several specieSalliawith medicinal properties. His interest
in plants was utilitarian, and his encyclopaedimpdation, Natural History, included

salvias in the vegetable kingdom. He dealt almastusively with the agricultural and

medicinal attributes of plants. Information on thdues of sage is also being found in
the old herbals of medieval and renaissance Eurcpally illustrated with woodcuts or

engravings. Not only are medicinal recipes givem, tharms and spells are also de-
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scribed. The common name sage originated in Enghaxadis probably a corruption of
the French saug&alviasare members of the mint familyamiaceae and comprise the
largest genus in that family. The fragrant foliagenany types ofSalviahas been used
for more than 20 centuries to heal the minds ardtidsoof people of many different cli-
mates and cultureSalviasare described by growth habit, perennial, bienmalannual
herbs, or as evergreen or deciduous shrubs. Sossespare scandent and appear to
climb, but they lack organs such as tendrils fapsut. The genus is distributed through-
out the temperate and sub-tropical regions of thddyoccurring from sea level to ele-
vations of 3,400 m (11,000 ft) or more. The temperranges where they are found are
equally great. Some habitats experience -18°C (0fHpwer, while others may have
readings of more than 38°C (100°Bhalviasare easy to determine. First look for opposite
leaves and square stems that with age sometimesneemund. Next, observe an indi-
vidual flower closely. The corolla, the colorfulbe, can have a variety of shapes, but it
must have two lips of unequal length; the upperisnariable in shape and the lower is
usually spreading. The calyx must also be two lippehe upper one may have two or
three teeth or it may be undivided. The lower anefien two-toothed. There are always
two fertile stamens and sometimes two infertile 0walled staminodes. Usually four
seeds are produced; they are frequently mucilaginauen dampened. More than 900
species ofSalvia exist worldwide, with well over half occurring ithe Americas, but
none occur in Australasia. Add to that number cated hybrids and natural hybrids
from the wild as well as gardens, and the totalriigincreases by several hundred more.
Salvia sclarealinnaeus (clary sage) is a striking herbaceoustplaat is classified as
both biennial and perennighalvia sclareal. has been recognized for its essential oils
and was used extensively since well before thé mftChrist. Theophrastus, Discorides
and Pliny, all wrote at length about its usefulpeuies. In the wild, it is found through-
out the northern Mediterranean region and in lichiparts of North Africa and central
Asia. It is commonly known as toute-bonne or sasgjarée in France, sclarea in Italy,
hierba de los ojos (herb of the eyes) in Spain, Kdtedler or Romischer Salbei in Ger-
many, and clary in Britain. Requiring little water attention and being adaptable to tem-
peratures below -18°C (0°F), th&alviahas become naturalized in central Europe. An

early summer-blooming plan§alvia sclareal. can develop in a year’'s time from a
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seedling to a plant 1-1.3 m (3-4 ft) tall whenlowler. Stems are square and covered with
hairs and oil globules (trichomes). Leaves vargige from 30 cm (1 ft) long at the bot-
tom of the plant to less than half that size atttdpe They may be sessile or have a short
petiole when growing at the top of the plant. Téuegth of the petiole varies too. The leaf
surface is rugose and covered with short hairsfandoil globules. Leaves are grassy
green on the surface, and on the underside thengeranounced creamy veins. The entire
edge is saw-toothed. Flowers number between twasixnid each verticil and are held in
large, colorful floral bracts that are pale mauwelitac or white to pink with a pink
marking at the edge. The lilac or pale blue corsllabout 2.5 cm (1 in) in length, and the
lips are held wide open in the shape of a scythdéhBalvia sclared.. is not suitable as

a cut flower because of the powerful odor of peatetg oils. These essential oils are
widely used in making perfume and in imparting aspatel flavor to wines, vermouths,
and ligueurs. The oils are one source of the @an€aling qualities; the seeds are an-
other. The plant seeds have traditionally beengolac the eye as a means of producing
thick mucilage; this practice is said to clean &ye of impurities. The name “sclarea”
carries the connotation of clear and bright, and #aid the “clary” is an English corrup-

tion of clear-eye [9].

1.1.3 Glandular Trichomes

Volatile oils are synthesized, stored and reledsed variety of epidermal or mesophyll
structures. These structures include: oil celledgr, turmeric, vanilla and pepper) se-
cretory glands (bay, cloveCitrus and Eucalyptu$, secretory ducts (vittae) or canals
(anis,Angelica PinusandArtemisia) and glandular trichomes (Labiatae, Cannabaceae,
Compositae, Geraniceae and Solanaceae). Hereptbe oé glandular trichomes (hairs,
scales) is focused on the Lamiaceae family, buCwenabaceae family feature the same
elements. Labiates carry different epidermal haiandular or non-glandular, sometimes
on the same leaf. Most of them are capitate orafeeltype. Each type of glandular
trichome is made up of a basal cell, located ineghielermis, supporting a stalk of one to
three cells, and either a single head cell (capttathome) or a more complex head, typi-
cally of four to ten cells (peltate trichome). Thesvo main types of trichomes can be

further subdivided according to the number of staks, and whether the basal cell is
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continuous with the epidermal surface or sinks iato epidermal pit. A glandular
trichome develops from a single epidermal cell ieatimilar in size to epidermal cells,
but has a larger nucleus, a smaller central vacaiodea more electron-dense cytoplasm.
Successive divisions in the direction of the lomgs af the future trichome give a struc-
ture made up of a basal cell, up to three stalls eéelseries, culminating in a head cell.
This completes cell division for capitate trichomesit in the development of peltate
trichomes, the head cell then undergoes a seriggtber divisions to give the appropri-
ate number of head cells. Once the synthesis andradation of the terpenes begin, the
Golgi apparatus and the endoplasmatic reticulunhimvitrichome cells become more
prominent, and the vacuoles become more osmiogh#ienature trichome’s sub cellular
integrity deteriorates. The oils produced by cdpitmichomes appear to be lost to the
surrounding environment, possibly through porethencuticle of the head cell. In peltate
trichomes, the oil accumulates in spaces formesiemaration of the head cell walls from
their covering cuticle, from an expansion in itsface area. Oil storage capacity varies

amongst trichomes and species [1].

1.2 Terpenoids

Terpenoids form the largest class of plant-derispecialized secondary metabolites, ex-
ceeding the alkaloids, cyanogenic glucosides ahdratecondary metabolites [10]. More
than 36,000 different terpenoids are currently kng®d]. You can find them in primary
and secondary metabolism. These compounds havdearamge of functions in the plant
kingdom. The volatile terpenoids are known to beoiwed in direct defence, feeding,
oviposition deterrents and toxins [12], or indirelgtfence to attract predators of herbi-
vores [13, 14]. They are available in relativelsglaamounts as resins, waxes and essen-
tial oils, are important renewable resources amyige a range of commercially useful
products including solvents, flavorings and frages) coatings, adhesives and synthetic
intermediates. Some of them are industrially uspfiymers (rubber, chicle or bubble-
gum), pharmaceuticals (artemisinin, taxol) and elgemicals (pyrethrins, azadirachtin)
[15].
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1.2.1. Terpenoid biosynthesis

Biosynthesis of terpenoids is based in generahencbndensation of two activated iso-
prene G-units; isopentenyl pyrophosphate (IPP) and dimeatlyy pyrophosphate
(DMAPP). To understand terpenoid biosynthesis ihesessary to understand the bio-
synthesis of these twos@nits. An exemption is isoprene (hemiterpenoidjjoh is the
simplest terpenoid, that is derived from DMAPP Igghdsphate elimination by a divalent
metal dependent (Mg Mn?") isoprene synthase, known from aspBogulus subsp.
and velvet beansMiucuna prurieng Isoprene is produced and emitted by leaves ofyma

plants and accounts for a significant proportioatofiospheric hydrocarbons [16].

1.2.2. Isopentenyl pyrophosphate biosynthesis

Since the enlightenment of the mevalonate-pathveayPP and its isomerization to
DMAPP (by Bloch, Conforth and Lynen in the 50s &ti$) which works on the sterol
biosynthesis in animal and yeast cells, it has b@dely believed that all organisms use
only this pathway to build up huge amounts of isojids [15, 17, 18]. But early feeding
studies in this field using labeled mevalonate skiwat only small amounts of integration
rates were found in the biosynthesis of monoterpemal carotenoids [19, 20]. Feeding
experiments with NaHMCO;[U-“C]3-phosphoglycerate and {2€]-pyruvate and isotope
dilution studies showed labeling of carotenoidgumified spinach chloroplasts. And be-
side this, mevinolin that normally blocks the mewalte-pathway (hydroxymethylglu-
taryl-CoA-reductase) had no effect on carotenoid plastochinone biosynthesis [21].
This led to the speculation that the cytoplasm m@sthe only place for isopentenylpyro-
phosphate biosynthesis and a second location hexigbin plants. The alternative terpe-
noid biosynthesis pathway was unravelled, usifiglabeling experiments in bacteria and
plants, by the independent groups of D. Arigoni &mdRohmer. Application experi-
ments showed labeling deviation from the acetatedleate-pathway [22, 23]. Rohmer
and Sahm hypothesized that the basic modules akthbenoid biosynthesis were based
on the condensation of pyruvate and a triose. &ais#rigoni’s working group thought
that the basic modules were based on a condengdtian activated acetaldehyde, de-
rived from thiaminpyrophosphate mediated decarlatiofh of pyruvate, with glyceral-

dehyde-3-phosphate. Later Arigoni could show thatdtondensation product 1-desoxy-
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D-xyulose after application to bacteria and plamés found in the corresponding terpe-
noids [24, 25]. Since this time the alternativep&oid biosynthesis pathway has been
named after the first intermediate the DOXP- orodggylulosephosphate-pathway. It
was shown that desoxyxylulosephosphate was theig@cof thiamin (vitamin B [26]
and pyridoxol (vitamin B) biosynthesis [27]. Until now we know that animalsd fungi
use only the acetate-mevalonate pathway to sym#hésrpenoids [28]. In bacteria the
pathway is different; we have here for example #oetate-mevalonate pathway in
Chloroflexus aurantiacu§29] and the Archeabacteria, butseudomonas aerugingsa
Salmonella typhimuriumHeliobacter pylorj Mycobacteria and the Cyanobacteria the
DOXP-pathway is followed [30]. Instead in plantstb@athways may exist together in
the same organism; the DOXP-pathway in plastidssrevsfcarotenoids, plastoquinone,
phytol and mono- and diterpenes are synthesizet{renacetate-mevalonate pathway in
the cytosol, where sesqui- and triterpenoids, aedubiquinone side chains in the mito-
chondria are synthesized [31]. This is not alwdgsdase, for example in glandular cells
of Mentha x piperitamono- and sesquiterpenoids are synthesized bypéasts [32].
Rhodophyta Cyanidium caldariumsynthesize phytol over the DOXP-pathway and ster-
ols over the mevalonate-acetate pathway, wherdlasophyta Scenedesmus obliquus,
Chlorella fusca, Chlamydomonas reinharjitsynthesize sterols, phytol affdcarotin
over the DOXP-pathway anHuglena gracilisuse exclusively the mevalonate-acetate
pathway [33]. The appearance of the DOXP-pathwaylastids of plants and bacteria is
another sign for the endosymbiotic theory, thatglastids are cyanobacteria-derived and
that the eukaryotes are methanobacteria-deriveld TBére is evidence of a cross talk of
both pathways in the biosynthesis of certain mditso As an example thilatricaria
recutila (chamomile) sesquiterpenes are composed of twis@pbenoid units formed via
the DOXP-pathway, with the third unit being deriviedm the MVA-pathway [35]. An
interaction of both pathways is reported too, mdibean for the biosynthesis of mono-
and sesquiterpenoids [36]. In Arabidopsis the iitioib of the MVA-pathway by lovas-
tatin (mevinolin) shows an upregulation of the DOp&hway metabolites, it is the same
vice versa with inhibition of the DOXP-pathway bysfnidomycin. With the difference
that sterol levels in lovastatin treated plantsoveced to normal, but fosmidomycin

treated plants show chlorophyll deficiency. Thigulation is based on protein level but
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not on significant alterations in the expressiorels of the pathway genes [37]. Lovas-
tatin treated Arabidopsis shows a change of thegtlype to dwarf growth, short hypo-
cotyls and roots, and contracted cotyledons. DOAtPypay deficient mutant show
similar phenotypes in growth plus an albino format feeding of them with mevalonic

acid showed only a weak recovery [38]

1.2.2.1. The mevalonate pathway (MVA-pathway)

This pathway is localized in the cytosol in whiatetyl-CoA is converted into isoprene
Cs-units (IPP and DMAPP) by a series of reactions$ tiegins with the formation of hy-
droxymethylglutaryl-CoA (HMG-Co0A). The synthesis BHMG-CoA in animals and in
yeast requires two enzymes, a thiolase (acetyl-@o#tyltransferase) and a HMG-CoA
Synthase (HMGS). The thiolase condenses two masanfl acetyl-CoA to acetoacetyl-
CoA, the HMG-CoA synthase condenses acetoacetyl-@dA a third acetyl-CoA to
HMG-CoA. There are situations in plants where thstsps require only one enzyme,
which uses Fé and quinone cofactors, to yield HMG-CoA [39, 40he CoA thioester
group of the HMG-COoA is reduced to an alcohol inNekDPH-dependent four-electron
reduction catalyzed by HMG-CoA reductase (HMGRg)ding R-mevalonate. The 5-OH
group is phosphorylated, with ATP, by mevalonatghbsphotransferase (or kinase,
MVK) to phosphomevalonate. The phosphate groupmeés phosphorylated, with ATP,
by phosphomevalonate kinase (PMK) to 5-pyrophosgvatonate (MVPP). This mole-
cule is then decarboxylated by pyrophosphomevatomigicarboxylase (PMD), in an
ATP-dependent and divalent metal ion-dependent, stepsopentenyl pyrophosphate.
The isopentenyl pyrophosphate isomerase (IDI; diMametal ion-dependent) intercon-
verts IPP to DMAPP by a concerted protonation/depration reaction thus keeping
equilibrium between both products [15, 18, 41, 42].

1.2.2.2. The methylerythritolphosphate-pathway (MEPpathway)

The reaction begins with the formation of 1-deoxyeulose-5-phosphate (DXP). The
deoxy-xylulose-phosphate-synthase (DXS) leads ta@oin condensation reaction of
pyruvate and glyceral-aldehyde-3-P (G3P), whergagvate reacts with thiamin pyro-
phosphate (TPP) to yield a two-carbon fragment,rdwgethyl-TPP, which condenses
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with G3P. TPP is released to form the five carbwermediate DXP, which is also the
precursor of pyridoxal and thiamin. Further studimgealed that the DXS exists in differ-
ent isoforms within the plant kingdom, one is raspble for the biosynthesis of house-
keeping genes, and the other is responsible fobitheynthesis of secondary metabolites
like monoterpenes, diterpenes and carotenoids. OXB-reductase (DXR) rearranges
and reduces DXP to form 2-C-methyl-D-erythritol-Aggphate (MEP). It is common to
name this pathway according to the intermediate Mi&eause DOXP/DXP is the pre-
cursor of another pathway, but not the initial cownmpd of this pathway. The cytidine
diphosphate methylerithritol-synthase (CMS) phosplates with CTP MEP, which is
then phosphorylated an additional time by the gytidethyl-kinase (CMK) to 4-diphos-
phocytidyl-2C-methyl-D-erythritol-2-P (CDP-MEP). &Hollowing reaction is a cycliza-
tion, by which the dissociation of cytidine monoppbate (CMP) leads to a phospho-
diester between C2 and C4. The cyclization to 2€thyl-D-erythritol-2,4-cyclodiphos-
phate (ME-cPP) is done by the methyl-erithritolHoydiphosphate-synthase (MCS). The
hydroxyl-methyl-butenyl-diphosphate-sythase (HO®rt catalyze the turnover to (E)-4-
hydroxy-3-methylbut-2-enyldiphosphate (HMBPP), atite following enzyme the
IPP/DMAPP-synthase (IDS) produces IPP and DMAP® tnl ratio. The hint that all of
the enzymes above are part of this pathway isabethat all contain a chloroplast -tran-
sit -peptide [43, 44]

1.3. Prenyltransferases

Prenyltransferases or polyprenyldiphosphate syathase responsible for a prenyl trans-
fer reaction. This biological process, in whichegpene fragment is attached to another
moiety, is a bi-substrate reaction in which onehef partners is an allylic, terpene pyro-

phosphate and the other can be one of a varietgrpéne or nonterpene compounds.
This alkylation reaction provides the polyprenytgyhosphate precursors for the various
terpenoid families [45, 46]. The prenyltransferaaes subdivided into short-chain, long-

chain, aromatic, and protein prenyltransferases.
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1.3.1. Short-chain prenyltranferases

Under short-chain prenyltransferases or prenylfexases typé, we include the geranyl
pyrophosphate synthase (GPPS), farnesyl pyrophtesplyathase (FPPS) and the gera-
nylgeranyl pyrophosphate synthase (GGPPS) whictinegither M§* or M** to sup-
port enzyme activity as cofactors. They bear theratteristic DD(X).4,D-motif and are
on the average 70-80 kDa big in size. They comaanly of homodimer, heterodimer
and heterotetramer which are tightly bound togetaed are found in gymnosperms and
angiosperms. Small subunits of GPPS lack the cteistic DD(X).4D-motif. The en-
zymes bind the pyrophosphates in the absence alittadent cations and only bind the
cations when a pyrophosphate moiety is preseistyéasonable to assume that the metal-
ion is assisting the catalytic step. GPPS catalffzesondensation of IPP and DMAPP to
give GPP (G), FPPS catalyzes the successive condensatiof®oivith both DMAPP
and GPP to give FPP (£, whereas GGPPS catalyzes the condensation stejdre
FPP and IPP, GPP and two IPP or DMAPP and thre¢digie GGPP (&) [15, 45, 46,
47, 48, 49, 50]. The prenyltransferase reactianiimted by a head-to-tail (1°-4) conden-
sation of DMAPP and IPP to form GPP and so on.tkisr reaction two different me-
chanisms are in discussion. The first issah mechanism in which an allylic carbocation
forms by the elimination of PPi (pyrophosphateP lfhen condenses with this carboca-
tion, forming a new carbocation, and then a prasoeliminated to form a product. The
second mechanism is &2 reaction in which the allylic PPi is displacedarconcerted
manner. In this case, an enzyme nucleophile, Xstass the reaction. This group is
eliminated in the second step with the loss ofaqor to form a product. Stereochemical
studies were not sufficient to permit a distinctlmetween ionization-condensation-elimi-
nation &1), and condensation-eliminatioB\2) mechanisms [42, 46]. The chain elon-
gation proceeds in two ways, cis- @)-€hain and trans- oiEj-chain elongation. Addi-
tion of an IPP occurs with stereo-specific remadah proton at the 2-positiopro-R for
(E)-type condensation qaro-S for £)-type condensation, respectively, to form a new C-
C and a new double bound in the product, in whicé G-isoprene unit elongation oc-
curs [47].
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1.3.2. Long-chain prenyltransferases

Long-chain prenyltransferases are subdivided ihteet different groups prenyltransfe-
rasesll-IV . Prenyltranferaseld synthesize medium chain prenyl diphosphates bBie (
E)-hexaprenyl- (HexPPi, 4) or (all-E)-heptaprenyl diphosphates (HepPPs)CThey
comprise two non-identical protein components ttatovalently bind with each other.
Neither of them has any catalytic activity by ifdalit the activity returns when the two
components are mixed together. Prenyltransferdlsegre octaprenyl diphosphates syn-
thases, solanesyl (nonaprenyl diphosphate synthas#)decaprenyl diphosphate syn-
thase, which catalyze the formation of @JHong chain prenyl diphosphates. The prenyl
chain length Gg-Csp, require additional protein activation factorstthay be involved in
removing the hydrophobic polyprenyl products franeit active sites to facilitate and
maintain the turnover of catalysis. Th#&)-prenyl chain elongation (Prenyltransferases
IV) requires phospholipids or detergents for thetalgéic function. All the enzymes in
this group as well as in Prenyltransferaléshave homodimer structures like Prenyl-
transferases$ [47]. The majority of the polyprenyl diphosphatee ¢he side chains of
ubiquinones, phylloquinones, plastoquinones andaauinones that are components of
the electron-transfer system of the respiratoryirclaad vitamins (Vitamin K group).
This group will be discussed in more detail undher aromatic-prenyltransferases [51, 52,
53]. A very important group of the polyprenyl digpbhate synthases is responsible for
the biosynthesis of the precursors from steroidk @rotenoids. The squalene synthases
synthesizes by a head to head condensation fronfFRRs, squalene, which is the initial
component of the steroid biosynthesis [42]. Phyoisnthe carotenoid precursor, in this
reaction the squalene synthase complex (IPP-is@mei@PPS, geranylgeranyl pyro-
phosphate-geranylgeranyl transferase and phytogméase) synthesize in a head- to-
head condensation from two GGPPs, phytoene [54. staroid and carotenoid biosyn-
thesis is not further discussed because of the lexity of this issue. The biggest known
terpenoid structure is natural rubber, which cdes$ 400-100,000 isoprene units and is

synthesized by eis-prenyltransferase, the rubber transferase [52]
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1.3.3. Aromatic-prenyltransferases

The products of the short- and long-chain prenyiifarases are mostly intermediates for
other specific prenyltransferases, the aromaticypteansferases. One important aro-
matic moiety is homogentisate (HGA), which is ded¥rom chorismate over tyrosine to
p-hydroxyphenyl-pyruvate in plants (shikimate patlyval ocopherols and tocotrienols
comprise the vitamin E family of antioxidants arme aynthesized by plants and other
photosynthetic organisms. The molecule consistsafromanol head group; formed by a
tocopherol/tocotrienol cyclase from a benzoquimdéimediate, linked to an isoprenoid-
derived hydrophobic tail. The aliphatic tail of tgherols is fully saturated (phytyl-PP),
while the side chain of tocotrienols contains thraas double bonds (GGPP). Phytyl-PP
is synthesized by geranylgeranyl reductase, amaisof chlorophyll biosynthesis, too.
The prenyl transfer reaction (condensation) to hgentisate is done by the homogenti-
sate geranylgeranyl- and phytyl-transferase, farthedifications by synthases and me-
thyltransferases lead then to various Vitamins &.[Plastoquinone as part of the photo-
system Il respiratory-chain is derived from HGAwasll, which is prenylated with so-
lanyl-PP (C45) by a homogentisate-solanyl-transfera methylation of the formed in-
termediate leads then to plastoquinone [56]. Wisepdgglloquinone (Vitamin K, mena-
quinone (Vitamin K) and ubiquinone, as part of the photosystem | dnaa-
terial/eukaryotic-respiratory-chain, are synthesiza different manner. All of them are
derived from chorismate as well. In animals ubigui@ biosynthesis starts with the up-
take of the essential amino acid phenylalanineotinftyrosine, which is transaminated
into 4-hydroxy-phenylpyruvate and then prenylafBde E. coli and yeast ubiquinone is
derived from a prenylation gi-hydroxybenzoate (PHB) with PHB-hexaprenyl or octa-
prenyl diphosphate synthase with later modificati¢tiecarboxylations, methylations for
example) [51, 57]. Vitamin Kis an essential component (not endogenous) ohtie
mal/human diet, because it serves as a cofactor¢arboxylation of glutamyl residues
in different proteins, such as a blood coagulatamtor. The phylloquinone component is
composed of a naphthoquinone ring, derived fronrishwate, which is converted into
1,4-dihydroxy-2-naphthonate (DHNA) and a prenylesichain (phytyl-PP). The prenyl
transfer reaction is mediated by the DHNA phyt@nsferase, later methylation of the

naphthoquinone ring leads to Vitamin.K he bacterial menaquinone (Vitamin)Kcar-
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ries an unsaturated prenyl-side-chain with up tasbprene units [53, 57]. In the second-
ary metabolism of plants we can find for example ¢eranylpyrophosphate olivetolate-
geranyltransferase, which is a part of the biosgsithof cannabinoids [58]. And an aro-
matic prenyltransferase frok. lupulusis responsible for the prenylation of the polyke-

tide intermediates in humulone and cohumulone bithssis [59].

1.3.4. Protein-prenyltransferases

Protein prenyltransferases have only been fountoupow in eukaryotic cell systems.
Protein prenylation is a posttranslational prodeswhich either a geranylgeranyl or a
farnesyl group is attached via a thioether link&geS-C-) to a cysteine at or near the
carboxyl terminus of the protein. In humans we htlwee different protein prenyltrans-
ferases: a FarnesylTransferase (FT) and Geranyt@@@ransferasel (GGT1). Both of
them share the same maotif (the CaaX box) aroundybieine and their substrates, which
gives them the name CaaX prenyltransferases, wheheathird one the GeranylGer-
anylTransferase (GGT2, also called Rab geranylgeranyltransferase) razegra differ-
ent motif and is thus called the non-CaaX prengkfarase. The proteins contairandf
subunits, these subunits are found in many otreryiransferases, like squalene-hopene
synthases and lanosterol and cycloartenol synthageisl anchors are common post-
translational modifications and are mainly impottéor attachment of the proteins to
membranes, but lipid modifications by protein piltiaysferases seem to have a more
complex role: the farnesyl and geranylgeranyl nmeseattached to the substrates are di-
rectly involved in protein-protein interactions a®ll as in protein-membrane interac-
tions. The importance of protein prenyltransferasedustrated by the involvement of
their substrates in critical cellular pathways ahiseases. The FT farnesylates include
many members of the Ras superfamily of small GT®#@deRas, K-Ras, N-Ras, Ras
Rape, RhoB (which is also geranylgeranylated), RhoEIRT Q0 and TQ1), as well as
the nuclear lamina proteins lamin A and B, the tonbkore proteins CENP-E and CNEP-
F, fungal mating factors, cGMP phosphosphodiestenay subunit variants of G pro-
teins, DnaJ heat-shock protein homologs, rhododpease, the peroxisomal membrane
proteins Pex9 and PxF and paralemmin (neural protein). GGT1lmgdgaranylates small
GTPases (Ra¢Rae, RalA, RapA, RapB, RhoA, RhoB, RhoC, Cde, Rab8 (which is
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also geranylgeranylated by G&TRal1, and Rab3, and someg-subunits variants of G
proteins, cGMP phosphodiestergs@nd the plant calmodulin Cadg). GGT2 geranyl-
geranylates proteins of the Rab family in genetad, largest group of small GTPases in
the Ras superfamily. There are at least 60 diftdRaips in humans and they interact with
the Rab escort protein REP, which is required ier grenylation of Rabs by GG Tand
are involved in the docking of transport vesiclesheir specific target membranes. There
are many diseases and cancer types that are dffegtthe protein prenylation factory,

less effective drugs (FTinhibitors) have been fotmtteat these diseases [60].

1.4. Terpene synthases or cyclases

Various amounts of cyclic and acyclic plant tergdeare formed by terpene synthases
(TPS) through a divalent metal ion-assisted {MdIn** etc.) generation of enzyme-
bound allylic carbocation intermediates from thergtt pyrophosphate precursors (GPP,
FPP and GGPP). This ionization step is common anmoost of the terpene synthases.
The amino acids (aa) that are likely involved ie thnization are usually conserved in
terpene synthases, for example the DDXXD-motif, aate as an indicator of this en-
zyme class. The allylic carbocation formed in theeization leads to cyclization reactions
by internal double bonds, methyl migrations, hydrghifts, or Wagner-Meerwein rear-
rangements before deprotonation or nucleophileucagerminates the reaction [61, 62].
Terpenoids can be further modified by cytochrom&dénzymes that hydroxlate, for
example, monoterpeneshtentha[63], and phophatases solvolyze diphosphate efsters
example inCroton stellatopilosu®©hba [64]. Less is known about the transport gige
noids out of the cell compartment, an ATP bindiagsette-type transporter is suitable to

transport diterpenes (sclareolide) out of the [6&].

1.4.1. Monoterpene synthases

GPP the major precursor of the monoterpenoids go@sran ionization and isomeriza-
tion to enzyme-bound linalyl diphosphate (LPP) wrmpit subsequent cyclization. For

gymnosperms, it has been proposed that the enarimpamenthane type monoterpenes
undergo a divergent, mirror image pathway in whaolzymes that produce the (+)-series
of products convert GPP to theRjdinalyl intermediate. Enzymes that produce the (-
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series of products involve the3@linalyl intermediate [66]. After LPP intermediaie
formed, a second ionization and C1-C6 cyclizati@megates the correspondingfer-
pinyl cation intermediate common to all cyclic mterpenes. Alternatively, a deproto-
nation can occur that leads to the acyclic monetagp such as myrcene. The biosyn-
thetic pathways diverge after these initial stepprbduce the various monoterpemed-
ucts. (-)-Limonene is formed by a double bond fdaramafrom (X)-linalyl to the (&)-a-
terpinyl cation intermediate with a subsequent diation, whereas (H9-pinene is
formed by a double bond formation fronRjdinalyl intermediate to the &-a-terpinyl
cation intermediate with a subsequent Markovnikdditon (C2-C8 ring closure) to a
pinyl cation followed by a deprotonation [61, 6&, &8, 69]. The molecular weight of
plant derived monoterpene synthases are in gebetakten 50 kDa and 100 kDa (either
monomers or homodimers), have a pl of ~5 and theptinum in the neutrality area.
They bear chloroplast transit sequences (CTS), iwdiie known to be 50-60 aa long and
have a high serine and threonine and low acidicoméent. Monoterpene synthases con-
tain a tandem ariginine motif (RR{XV-motif), which was predicted to play a role ireth
iIsomerization of the monoterpene cyclization andpproximate the CTS, and a con-
served tandem tryptophan-motif (WW-motif) [61, 7). The use of GPP as the only
substrate for the monoterpene biosynthesis isstriat rule. A Chrysanthemyl diphos-
phate synthase catalyzes the condensation of twecmles DMAPP to produce chry-
santhemyl diphosphate, a monoterpene with a nod-teetail or irregular c1’-2-3 link-
age between isoprenoid units. The reaction is amhil the mechanism of the squalene or
phytoene synthase complex discussed abb\2) Irregular monoterpenes are common
in Chrysanthemum cinerariaefoliuand related members of the Asteraceae family; chry-
santhemyl diphosphate is an intermediate in theyithesis of the pyrethrin ester insec-
ticides. [72]

1.4.2. Sesquiterpene synthases

Sesquiterpene synthases produce acyclic and agehenoids out of FPP. An acyclic
sesquiterpene synthase is the fErrnesene synthase fravtentha piperitawhich is an
aphid alarm pheromone. It is produced in the presef Md* from FPP via cation for-

mation and proton loss, with (PHarnesene and the bicycl&cadinene via nerolidyl-
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PP, as co-products [73]. A cyclic sesquiterpenglsge like Sepiaristocholene synthase
(TEAS) from Nicotiana tabacumthe recombinant crystal structure was unravelbsd,
clizes FPP to the germacryl cation and by a sulesgqearrangement via the triene ger-
macrene A and the eudesmyl cation to (+)-aristasiml Aristocholene synthases are
known fromAspergillus tereusandCapsicum annuunwhereas the latter one is part of a
sequence to phytoalexins e.g. capsidiol, when plargé challenged by fungi. A related
enzyme is the vetispiradiene synthase fidyoscamus muticusising eudesmyl cation as
an intermediate [74, 75, 76, 77].

1.4.3. Diterpene synthases

One of the largest subgroups of diterpenoids idahdane-related group, which contains
over 5000 compounds, defined here as minimallyainimg bicyclic hydrocarbon struc-
ture. This core structure can be further cyclizedl/ar rearranged, as in the re-
lated/derived structural classes like gibberellatsetanes, (iso)-pimaranes, and kauranes.
Their biosyntheses requires the initial (bi)-cyation of €,E,B-GGPP into the charac-
teristic bicyclic backbone in forming labdadienglpalyl pyrophosphate (CPP). Two dif-
ferent kinds of CPP-synthases exists, a (-)emCPP-synthase, also known as kaurene
synthase A, which uses the chair-chair conformatib&GPP to produce (-)-CPP, and a
(+)- or syn-CPP-synthase which uses the chair-boatormation to produce (+)-CPP.
Both synthases could be identified@ryza sativa (-)-CPP and (+)-CPP are precursors
of phytoalexins and allelophatic natural produeigh entkaurene as the key precursor
of gibberellins [78]. The biosynthesis of abietamignvolves two distinct intermediates
and two active sides. The first step of the seqeieaa proton-initiated cyclization of
(E,E,E)-GGPP which leads to the closure of the & Brring to yield (+)-CPP at the first
active site, in a reaction analogous to that medidly kaurene synthase, of the gibberel-
lin biosynthesis pathway but with opposite enamp@asfity. After internal channeling of
(+)-CPP to the second active site an ionizatioddea the formation of the C ring of a
pimarane-type intermediate, in a reaction thatesponds to that mediated by kaurene
synthase B. The final step, a 1,2-methyl shifthe pimarane intermediate generates the
C13 isopropyl group characteristic for the abies&eleton, and a deprotonation com-

pletes the reaction to abietadiene [67, 79].
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1.5. Compartmentation of the terpenoid-pathways

The pathways of terpenoids were summarized andideddrom McGarvey and Croteau
in 1995 [15]. Since that time, changes in the patsishave occurred due to the obtain-
ment of new data e.g. the unravelling of IPP-pagsv&8ased on this review, changes
and new data are presented in this chapter. Twwithdhl pathway exists leading to IPP
and DMAPP, the mevalonate- and the MEP-pathwaychvare found in the cytosol or in
the plastids [44]. The synthesis of the prenyltfarase products seem to be clear. Syn-
thesis of FPP and its derived sesquiterpenes fa&es in the cytosol and the cytosol/ER
boundary, as does the synthesis of triterpenekjdimg the phytosterols. Plastids are the
exclusive site of synthesis for GPP, GGPP, monetexp, diterpenes, tetraterpenoids
(carotenoids), chlorophylls, prenylquinones anapierols. The mitochondria appear to
have an independent system for the biosynthesisiofuinones from IPP. Ubiquinone
and plastoquinone formation appears to take placeicrosomes as well, possibly in the
Golgi apparatus. They summarize that at least tthiterct semiautonomous subcellular
compartments that segregate terpenoid biosyntbass the cytosol/ER for sesquiterpe-
noid and triterpenoid biosynthesis; plastids fomaterpenoid, diterpenoid, and tetrater-
penoid biosynthesis (as well as for the prenyl meseof chlorophyll, plastoquinones,
and tocopherols); and mitochondria (and/or Golgiaaptus) for ubiquinone biosynthesis.
They mention that a transfer of metabolites fromsptls to sites of secondary transfor-
mations, such ER-bound cytochrome P450 oxygenasgyarious cytosolic redox en-
zymes exists. New studies revealed that FPP syegHasmA. thalianaare localized to
the mitochondria [80] and i®. sativa,wheat and tobacco to the plastid [8A],thaliana
GGPP synthases are located in addition to plagtdsiitochondria and to the endoplas-
mic reticulum [82]. A maize FPP synthase is capalblproducing FPP and GGPP [83].
In Fragaria vescaa cytosolic pinene synthase exists. And terpenéhages, with a high
sequence identity to monoterpene synthasel, eescaandF. ananassaynthesize li-
nalool, a monoterpene, beside the sesquiterperwidwrand are located to the mito-
chondria and/or plastids, depends on the isofoimerd are hints that monoterpenes may
be produced in the cytosol in non photosynthetisugs such as fruit, glands, or other
secretory tissues. Because Aanthaliana GPP synthase encoded two isoforms, one tar-

geted to the plastid and the other to the cytdSwhilarly, the formation of shikonin, a
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monoterpene derivative, was reported to occur encijtosol ofLithospermum erythror-

hizoncells [84]

1.6. Preliminary results and aim of the thesis

During my Diploma thesis two putativ@annabis sativd_. cv. Skunk monoterpene syn-
thasesCsTPSland CsTPS2were isolated from cDNA prepared from trichomeesfie
RNA. The pET101/D-TOPO vector (Invitrogen) was usadexpression irkE. coli. Oli-
gonucleotides with a partial vector sequence agdree specific sequence were used to
truncate the possible chloroplast transit sequé@des) preceding the RREW-motif,
and some clones were constructed to contain arfiistal hexa histidine extension. Since
the transit sequence prediction was only an appratton, two different N-terminal
starting points were used, immediately precedirgRR-motif; as already mentioned the
RR motif was not required for the catalysis, buklaf it leads to a decrease in monoter-
pene synthase activity @.1) [70, 85]. The analysis of the full-length terpesyathases
showed forCsTPS12046 bp with an ORF of 1869 nt encoding 622 ad,fanCsTPS2
2016 bp with an ORF of 1848 nt encoding 615 aadd@®rmine the tissue-specific ex-
pression of eacllsTPS RNA was isolated from different parts of the féenand male
Cannabisplant, including roots, stems, old leaves, yourayés, female blossoms, fe-
male blossoms without trichomes, trichomes, mataede blossoms, and young male
blossoms. The RNA gel blot analysis indicated ehtvme-specific expression of each
CsTPS. GC-MS analysis @. sativavar. “skunk” trichomes was performed. The major
monoterpenes were limonereepinene,3-pinene, trang-ocimene, myrcene anak-ter-
pinolene, with the latter two being dominant. Tkesquiterpenes trarfscaryophyllene,
y-elemene, a-guaiene, tranf-farnesene, a-humulene, E-Ex-farnesene,A-guaiene,
selina-3,7(11)-diene, germacrene, guaygéudesmolpa-eudesmol and 5-azulenemetha-
nol were found The terpenophenolic compounds dedlesereA-9-tetrahydrocannabinol
and cannabigerol. All recombinant CsTPSs were askaya crude lysate and the reac-
tion mixtures were analyzed by HSPME-(headspacel-pblase micro extraction)-GC-
MS and were shown to be enzymatically active. C4Tp®duced (-)-limonene, in addi-
tion to minor amounts ak-pinene 3-pinene3-myrcene anai-terpinolene. CSTPS2 pro-

duced, (+)a-pinene, as well as minor amounts [(Bpinene,-myrcene and limonene.
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Although limonene and pinene synthases are commanany plant species, until now
few have been characterized with respect to kirpatrameters [71]The aim of the thesis
was at this time point the determination the kmetrameters of both terpene synthases,
with respect to temperature-optima, pH-optima andhislelis constant, andVmay. A
size exclusion chromatography was performed ancetiodutionary relationship of each
with respect to other plant families was also destrated.

During a research internship (2002-2003) Dr. KuneBohoi (Korea) established a
trichome specific EST-project @alvia sclarea.. cv. Trakystra at the Leibniz Institute
of Plant Biochemistry, to unravel the biosynthesishe flavor and fragrance compound
sclareol. Several terpenoid metabolism-related ESWére found by the end of the in-
ternship. The project was continued as part of imypPthesis. This work here represents
the cloning and characterization of the novel matnchome expressed, sclareol diter-
pene synthase. Size exclusion chromatography amcdevblutionary relationship with
respect to other plant families were demonstrated t
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2. Materials and Methods

2.1. Materials

2.1.1 Organisms

2.1.1.1. Plants

Cannabis sativd.. cv. Skunk plants were grown in a greenhouse argnowth chamber.
Plants were grown in the greenhouse under a highspre sodium lightning system
(Philips, SON-T AGRO 400 W) in a 18 h. light (20224°C)/6 h. dark (18°C-20°C) cy-
cle with a relative humidity o£60%, or for the flower induction in a growth chambe

a 12 h. light (25°C)/12 h. dark (23°C) cycle=80% humidity.

Salvia sclareal. cv. Trakystra from Pharmasaat with high yietasl high essential oil
content was used for the research. The recommenddtr cultivation of the plant were
for the drilling; 6-10 kg/ha in April, and for thelanting; 6 plants/falso in April, the
distance for the rows was 50 cm and the harvestimg was during the flowering period.
The plants were grown in an open field at the Leihnstitute for Plant Biochemistry in
Halle/Saale (Germany; IPB) or in a greenhouse @tDbnald Danforth Plant Science
Center in St. Louis, MO (United States of Americ&rowing conditions ofSalvia
sclareain St. Louis:Plants were grown at 21°C with 16 hours of supplgaldight. In
order to get the plants to flower they were plaocatside when it was around 0°C until
the plant froze back. The plants were watered aglet and were fertilized using Excel
15-5-15 Cal-Mag with a target of around 200 ppm-Blténes per week.

2.1.1.2. Bacterial hosts
DH5a (Clontech):F, dedR, endAl, gyrA96, hscdR17, (kmy’), recAl, relAl, sug=44,
®80lacZAM15, thi-1, A(lacZYA-argFV)U169

BM25.8 (Novagen):[F' traD36 lacflacZAM15 proAB*] supE thi A(lac-proAB P1
CmthsdR(rK 12~ mKi2") (imni*Kan®)

TOP10 (Invitrogen)F, maA, A(mrr-hsdRMS-mciBC), AlacX74, ®80acZAM15, dedR,
recAl, endAl, galK, nupG, araD139, A(ara-leu)7697,rpsL, (StrY), galu
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TOP10F" (Invitrogen)mcrA, A(mcBC-hscRMS-mrr), endAl, recAl, relAl, gyrA96,
®80acZAM15, deR, nupG, araD139,F{lacl?, Tn10(Tet)}, galU, AlacX74, galK,
A(ara-leuy7697

BL21(DE3) (Stratagenef — dcm ompT hsdS (r B— m B-)gal .(DE3)

BL21(DE3)pLysS (Novagen} —dcm ompT hsdS (r B—- mB-)gal .((DE3)[pLysS Cam r

BL21(DE3)RIL (Stratagenef — ompT hsdS (r B- mB-)dcm+Tet r gal . (DE3)end& H
[argU ileY leuw Cam r ]

XL1-Blue (Stratagene)ecAl endAl gyrA96 thi-1 hsdR17 supE44 relAl[FacproAB
laclqgZAM15Tn10 (Tetr)]

2.1.2 Plasmids and oligonucleotides
2.1.2.1. Plasmids
pTripleEX2 (Clontech)This 3.6 kb vector has tHe. coli lac promoter and operator to

provide regulated expression of insertsEn coli hosts expressing the lac repressor
(laclg). The 5' untranslated region (UTR) from tBe coli ompA gene stabilizes the
MRNA, thereby increasing expression. pTriplEx2 npowates a triple-reading-frame
translation cassette consisting of translationatidn signals from th&. coli ompA and
lacZ genes, in two different reading frames, fokalby a transcription/translation slip
site. Downstream of this cassette is the pTriplB&2S, which is embedded within the
lacZ a-peptide allowing, clones with inserts to be idiedi by blue/white screening in an
appropriate host strain. The T7 RNA polymerase mtemdownstream of the MCS al-
lows production of single-stranded RNA in vitro fase as a probe. In the presence of
helper phage, the f1 origin in pTriplEx packages tlon coding strand of the lacZ gene
into phage particles, and this single-stranded Dbdh be used for sequencing or
mutagenesis procedures. The ampicillin resistarese gagnd pUC origin of replication

allow selection and propagation, respectively, DfidEx2 in E. coli
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pGEM/T-Easy (Promega)his 3.0 kb linear cloning-vector has a 3'Thymidiverhang,

which allows to clondag DNA-Polymerase amplified PCR-products. The gengpaki-
fications are: a T7 and SP6 transcriptions- ananptor site, a MCS, lacO, a lacZ start
codon, aB-lactamase sequence plus pUC/M13 forward and rev&guencing starting

points.

pET101/D-TOPO (Invitrogen)rhis 5.7 kb vector contains a TOPO cloning sitdhwi 5
"sticky-end” and GTGG antisense overhang and’®l8ht-end”. The phosphorus rest is

covalently linked with a topoisomeraseViacciniavirus), which activates the vector. The
amplified PCR-products attackes with the 5°-OH grémi the 3"-phosphorus of the vec-
tor, the ligation works with the help of the bindienthalpy. This composes a directed
ligation. The vector also contains a T7-promotod antranscription-termination site, a
T7r-Primer site, a ribosome binding site (RBS)aadperator (lacO), a V5-epitope, a C-

terminal 6x His-tag, a pBR322 origin of replicati@md an ampicillin resistance.

pET100/D-TOPO (Invitrogen)This 5.7 kb vector bearing the same features tiitee
pET101/D-TOPO vector, except that we have here-teridinal 6 x His-tag.

2.1.2.2. Oligonucleotides
All primers below are written in 5'- to -3' direati. The temperatures mentioned are the
melting temperatures of the primers.

C. sativa L.TPS-cloning oligonucleotides:

7G10 5'60 TOPO CAC CAT GTG TAC TGT GGT CGATAA CCC| 66,5°C
7G10 5’RR TOPO CAC CAT GCG AAG ATC AGC CAACTATGG]| 66,5°C
7G10 3'stop TTA CAT GGG GAT AGG AGT AAT A 54,7°C
7G10 3'nostop CAT GGG GAT AGG AGT AAT AATC 56,59C
14A9 5'55 TOPO CAC CAT GTG TAG TTT GGC CAA AAG CCC | 66,5°C
14A9 5'RR TOPO CAC CAT GAG AAG ATC AGC CAACTATGA | 63,7°C
14A9 3'stop TTA TAA AGG AAT AGG ATT AAT AAT TA 50,8C
14A9 3'nostop TAA AGG AAT AGG ATT AAT AAT TAA AT 506°C
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C. sativa L.TPS-sequencing oligonucleotides:

7G10 5'sp3 TCCCATTTG GTCTTTTGATT 51.27C
7G10 5'sp5b CAA GAA ACT GAT GGT AGA GTT GTG 59.3¢C
7G10 5'sp4 AGG CTT CTA CGC CAA TAT GG 57.3fC
7G10 3'spl ATT GTG GCT CAAATC TTACTCC 56.57C
7G10 3'sp2 CAG ACA ACC ATC CAT TCT CA 55.39C
14A9 spl TTT ATATGC CAC TGC TCT CG 55.31C
14A9 sp2 GGT TGG TTT GTATCC GCT AT 55.37C
14A9 5'sp5 TGC TCT AAT TAC AAT CAT AGA TGA CA 56.
14A9 3'sp6 TGA ACC ACT TAG CTT CTG CTC 57.97C
S. sclarea LTPS- RACE oligonucleotides:

5'RACECoplantisense  GGT GAC ACG CTT ATT CGC CCG TCGC G 73.9°C

[CA L)

TCG TCG CCC CAT GAG CCA TCA G&&T >75.0°C
TGGTGGT

5'RACECop2antisens

3'RACECoplsense TGC GCC GGC CTC AACGAAGACGTG TTG 71.0°C

S. sclarea LTPS-cloning:

5'CopfullTOPO-2 CAC CAT GAC TTC TGT AAATTT GAG CAG 65.4°C
AGC

3'CopfullTOPO-stop | TCA TAC AAC CGG TCG AAA GAG TAC 61.0°C

3'CopfullTOPO-ns TAC AAC CGG TCG AAA GAG TAC 59.09C

3'Copfull TOPO-ns2 TAC AAC CGG TCG AAAGAG TACTTT G 61.3°C

5'CopfullTOPO+RR CAC CAT GCG CAG GCT GCAGCT ACAG 69.5°C

5'Copfull TOPO-RR CAC CAT GCA GCT ACAGCC GGAATTTC 66.4°C

5'Copfull TOPO-W CAC CAT GCT GAA AAG CAG CAG CAAACAK | 66.6°C

5'CopfullTOPO-SP CAC CATGCACGCGCCCTITGACCTTG 69.5°C

5'CopTOPOipsort CAC CAT GCC AGC AGC GAT TAC CCG G 5.9°C
S. sclarea LTPS-sequencing oligonucleotides:

5'RACE_K1 SP6 AGG TTG CCA GCA GAG TC 55.2FC
5'RACE_K2 SP6 ATC TCA TCA AAT AAG TGG TCG G 56.5iC
5'RACE_K3 SP6 TAT CGATTG CCC AAAGTCTTG 55.9rC
5'RACE_K4 SP6 ATG AGC CAT CAG CCAGTT G 56.77C
CopfullGapl GTG TCA CCC TAT GAC ACG 56.09C
CopfullGap2 AGT GGA ACAACACTATCTTTG G 56.5°C
Additional oligonucleotides:

T7 GAATTG TAA TAC GAC TCA CTATAG 55.9°C
T7 reverse TAG TTATTG CTC AGC GGT GG 57.3°C
pHIS8 T7 CGA AAT TAATAC GAC TCA CTATAG 55.9°C
TriplEx_Insert CTC GGG AAG CGC GCCATT GTG TTG GT 9.6°C
pTriplex 5'ong CAA GCT CCG AGA TCT GGA CGA GC 660

pTriplex 3'long ATA CGA CTC ACT ATA GGG CGA ATT GGC | 66.6°C
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2.1.2.3. Nucleotides
%p.a-dATP (ICN, PerkinElmer); dATP, dTTP, dCTP, dGTRdfega, Sigma); 1 kb
Base ladder [New England Biolabs (NEB)].

2.1.3. Biochemicals (enzymes, proteins, antibiotieshd antibody)

Enzymes: Pfu-Polymerase (Promega, Stratagen@&ggPolymerase (Jorg Ziegler
IPB, Promega, NEB, Sigma); Herculase Hotstart DNAlyferase
(Stratagene); Lysozyme (Sigma, PIERCE); T4-DNA bkma(Roche,
NEB); Restriction Endonuclease€cdRl, Sad, Xba, BanHl, Ndd
(NEB); Wheat germ acid phosphatase (Sigma), Trypsguencing grade

modified (Promega); Benzoase (DNase).

Proteins: Proteinmarker Fermentas (SM0671; PageRuler Pnestdtrotein Ladder,
SMO0431; Unstained Protein Molecular Weight Markétjestained SDS-
PAGE Standards (BIO RAD 161-0305; Broad Range),r®gerum al-
bumin (BSA,; Fisher Scientific, Serva), ovalbuminddase, catalase,

ferritin (all Serva).
Antibiotics: Ampicillin disodium salt 50 mg/ml (Sigma, Fisherciéntific, Roth);
chloramphenicol 50 mg/ml or 34 mg/ml (Sigma, FisBerentific, Serva);

kanamycinsulfate 50 mg/ml (Roth).

Antibody:  monoclonal Anti-polyhistidine-Alkaline Phosphatas#ibody produced in

mouse (Sigma)

2.1.4. Chemicals

Acetic acid, glacial Roth, ACROS Organics
Acetone ACROS Organics
Acetonitrile (ACN, CHCN) ACROS Organics, Fisher Scientific

Acrylamide/Bisacrylamide 37.5 : 1 (40%) ACROS Organ
Agar Serva, Fisher Scientific



APS (ammoniumpersulfate)
Ammoniumhydrogen carbonate
p-Anisaldehyde

ATA (aurintricarboxylicacid or
aluminon reagent)
B-Mercaptoethanol3-EtSH)
Bromophenolblue

CacCl (Calcium chloride)

BCIP
(5-Bromo-4-chloro-3-Indolyl phosphate)
Chloroform

Coomassie Brilliant Blue G-250
Dichlormethane
Dimethylformamide

DTT (Dithiothreitole)

EDTA (Ethylen-diamin-tetra-acetate)
Ethanol

Ethidium bromide

FPP (Farnesyl pyrophosphate)
Formaldehyde

Formic acid

Formamide

Ficoll 400

GPP (Geranyl pyrophosphate)
1-°H-GPP

Geranylgeraniol

GGPP (Geranylgeranyl pyrophosphate)
1-°*H-GGPP

Glucose

Glycerol

Glycine
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Serva, ACROS Organics
Sigma
Fluka

Sigma

Roth, ACROS Organics
Sigma, Fisher Scientific
ACROS Organics

ACROS Organi
Roth, ACROS Organics
Serva, ACROS Orgsani
Roth, ACROS Organics
ACROS Organics
Roth, ACROS Organics
Roth, ACROSénics
Merck, AAPER Alcohol and Chemical Co.
Sigma, PerBio, Pierce
Marco Dessoy (IPB)
Merck, ACROS Organics
Sigma
Fluka, Fisher Scientific
Sigma
BioTrend, Roman WHB&)
ARC, American Radiolabeld Chemicals
MPI
Echelon, Si@tiather Scheid (IPB)
PerkinElmer
Merck, ACROS Organics
Roth, ACROS Organics
Roth, Fisher Scientific



HCI (Hydrochloric acid)

HEPES (2-[2-Hydroxyethyl)
-1-piperazinyl]-ethansulfonacid)
Hexane

Imidazole

IPTG
(Isopropyl-1-thioB-galactopyranoside)
Isopropanole (2-Propanol)

LiClI (Lithiumchloride)

Manool
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Roth, ACROS Organics

Merck, ACROS Qnga
Roth, ACROS Organics
Roth, ACROS Organics

Peglab, Gold Bio, Roth

Merck, ACROS Organics
Merck, ACROS Organics
Sigma-Aldrich

MES (2-(N-Morpholino)ethansulfoneacid) Serva, ACROanics

Methanol

Methylcellulose

MnCl; x 6 HO (Manganese chloride)

MgCl, x 4 H,O (Magnesium chloride)

MgCl,x 6 H,O (Magnesium chloride)

MgSOy (Magnesium sulfate)

MOPS (3-(N-Morpholino)-2

-propansulfonacid

MOPSO(3-(N-Morpholino)-2
-hydroxypropansulfonacid)

NBT (Nitrobluetetrazolium)

NPP (neryl pyrophosphate)

NiSOq4 (Nickel sulfate)

H,SO, (Sulfuric acid)

Orange G

Peptone

Phenol

Phenol-Chloroform

PVPP (Polyvinylpolypyrrolidon)

PVP (Polyvinylpyrrolidon)

Merck, ACROS Organics
Sigma
ACROS Organics
Roth, Sigma
Roth, ACROS Organics

Sigma, Fisher Scientific

Roth, ACROS Organics

Roth, ACROS Organics
RPI, Research Prodaternational Corp.
Roman Weber (IPB)
Merck
ACROS Organics
Sigma, ACROS Organics
Difco, Fisher Scientific
ACROS Organics
Roth, ACROS Organics
Sigma, Fisher Sdién
Sigma, ACROS Organics
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Potassium acetate ACROS Organics

KCI x 2 H,O (Potassium chloride) ACROS Organics
Sclareol Collection Prof. M.H. Zenk, Fluka
Sodium acetate Merck, Fisher Scientific
NaCl (Sodium chloride) Roth, ACROS Organics
Sodium citrate(citric acid

trisodium hydrate) Roth, Fisher Scientific
NaOH (Sodium hydroxide) Roth, ACROS Organics
Saccharose Roth, Schnucks

SDS (Sodium lauryl sulfate) Roth, Fisher Sciéntif
Sephadex G-50 Superfine Amersham Pharmacia
Sorbitole Roth, Sigma

TEMED

(N’,N’,N',N'-Tetramethylethylen-diamine) Roth, ACRB3Organics
Thiourea Sigma

Tris (Tris-(hydroxymethyl)-aminomethane) Roth, ACRQrganics

TRIzol reagent Invitrogen

Tryptone Fisher Scientific, BD Biosciences
Tween 20 Roth, Fisher Scientific

XAD-4 Sigma

X-Gal (5-Brom-4-chlor-indolylB—D-
galacto pyranosid)  Roth, Gold Bio

Yeast extract Difco, Fisher Scientific

2.1.5. Miscellaneous (columns, reagents, etc.)

Phosphor imager screen Molecular Dynamics, FU F
Filter paper “common”

GB 004 Gel Blotting paper Schleicher & Schudh@atman)
Sterile Filter 25 pum and 45 pm GD/X Schleicher &&ell (Whatman)
Synthetic filter floss Common from a pet shop

Biodyne® B 0.45um (nylon membrane)  Pall Corporation
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BigDye Terminators Version 1.1 Applied Biosystems
Talon Resin Clontech

Talon 2 ml Disposable Gravity Column Clontech

PD10 Column (Sephadex™ G-25M) Amersham Bioscie(G&y
HisTrap™ HP 1 ml or 5 ml Amersham Biosciences \GE
HisTrap™ FF crude 1 ml or 5 ml Amersham Bioscien(®E)
Superdex 200 16/60 SEC-column GE Healthcare

Bio-Rad Protein Assay solution BIO-RAD

Microcentrifuge tubes siliconized Sigma-Aldrich

NEBIot® Kit NEB

2.1.6. Equipment

PCR-MachinesGenAmp PCR System 9700 PE and 2720ThermalCyclepl{@d Bio-
systems), PTC 200 Peltier Thermal Cycler (MJ RetgaMastercycler gradient (Eppen-
dorf). Power suppliesStandard Power Pack P25 (Biometra), E455 (CondeHERO-
stab 500 (Biotec-Fischer), FB300 (Fisher Scientifi€entrifuges, shakers and stir-
rer/mixer; Centrifuge 5810R and 5415D or C (Eppendorf), 406 3K18 (Sigma), Sor-
vall RC 26 Plus (DuPont), Avanti J-25 and J-20 Xedkman/Coulter). Shaker 126 and
C25KC (New Bruinswick), Incubator Shaker Orbit (Lake), Platform Shaker Isotemp
series (FisherScientific). Stirrer and Mixer Isoteseries (Fisher Scientific). Autoclaves
and heat system§/arioklav Dampfsterilisator Typ 250T (H+T), Prim(Sterilizer CO.
INC.), Heatblock Isotemp series (Fisher Scientif8@quencerABI 310 and ABI 3100-
Avant Genetic Analyzer (Applied Biosystems). Sterilehteglogy; Hera Safe Laminar
Box (Heraeus), Incubator Isotemp series (Fisheeridic) MilliQ Biocel A10 (Milli-
pore) Analyzer;Storm Phosphor imager (Molecular Dynamics), Sikatidbn counter
(Beckman LS 6000 TA), Fluorimeter (Molecular DewgeJV Analyzer Ultrospec 3000
(Pharmacia Biotech). pH-MetemoLab pH Level 1 (WTW) and SevenEasy (Mettler-
Toledo). Bead beatgBiospec Products). Cool technique80°C (Sanyo, NewBruns-

wickScientific), -20C (Fridgidare Commercial), +€ (Kenmore Elite)._Balances;
PB3002-S/FACT Delta Range and XS105 Dual Ranget(®f&bledo), TE3102S (Sarto-
rius), Omnilab, Sonic Dismembratdvodel 100 or 550 (Fisher Scientific).
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2.2. Microbiological methods

2.2.1. Media and agar plates

For E. coli cultures mostly LB-media (Luria-Bertani-media) wased, with 1% (w/v)
Peptone/Tryptone, 0,5% (w/v) yeast extract, and(4#%) NaCl dissolved in 1 liter }O
at a pH of 7.0 adjusted with NaOH (Germany) or KITSA). For agars 1.5% (w/v) Agar
was added to the LB-media. For the preparationoofipetent cells SOB-Medium was
used. This contains 2% (w/v) peptone/tryptone, 0(8%) yeast extract, 10 mM NacCl,
2,5 mM KCI, pH 7.0, after autoclaving 10 mM Mg& 6H,0, 10 mM MgSQ x 7 H,O
was added, previously autoclaved or sterile filledéor transformations d&. coli cells
SOC-Medium was used. This is SOB-Medium plus 20 giitose; previously sterile
filtered [86].

2.2.2. Transformation

An aliquot of competent cells was taken out of @ @Bfreezer, and thawed on ice. 300
of the cells were transferred into a falcon tulve a2ul plasmid or ligation reaction was
added. The preparation was swirled and incubate@8fanin on ice. After the incubation
the cells were heat shocked for 25 sec. in a 424@mbath, and chilled for 2 min on ice.
900ul pre warmed SOC-media were added and the cells imeubated at 37°C by 200
rpm on a shaker for 1 h. Different aliquots werertiplated on agar plates with the ap-
propriate antibiotics and incubated at 37°C ovérhig

2.2.3. Preparation of competent cells

To transform bacteria with recombinant plasmids, veeded competent cells with an
efficiency of transformation of 10’ coloniesjig plasmid. The modified preparation of
the cells was done according to the Ga@Géthod of Hanahan [87]. 3 ml of SOB-media
(2.2.1), supplemented with the appropriate antibiotic wasculated with the glycerol
stock of the used bacterial host/cells, and in@wat 37°C overnight. The following day
100 ml SOC-media2(2.1) was inoculated with 1Ql of the overnight culture (1:10,000
dilution factor), and incubated under vigorous shglat 37°C, until the culture reached
an ODysonm Of 0.280. The cells were then centrifuged for % rat 1000 x g at 4°C, the

cells were then resuspended in 15 ml of ice codk&ll-Buffer (30 mM potassium ace-
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tate; 100 mM KCI x 2 BO; 50 mM MnC} x 6 HO; 10 mM CaCJ; 15% glycerol; ad-
justed with 10% acetic acid to pH 5.8; sterileréited or autoclaved). After a 10 min in-
cubation on ice the cells were centrifuged agasnalaove, and the pellet was carefully
resuspended during a time period of 45 min in anwater bath with 4 ml of TfB II-
Buffer (10 mM MOPS; 10 mM KCI x 2 0; 75 mM CadJ; 15% glycerol; adjusted with
0.1 M NaOH to pH 7.0; sterile filtrated or autoctal. Afterwards the cells were ali-
quoted in dry-ice cooled reaction tubes and weoeein at -80°C. The transformation
efficiency was tested with a test plasmid (pUC1B efficiency had to be 110’ colo-

niesfitg plasmid.

2.3. Gel electrophoresis

2.3.1. DNA/RNA-agarose gels

Agarose gel electrophoresis was used to separdtedantify DNA fragments, with a
length of 0.5-25 kb. Agarose (0.5%-2%, dependenthensize of the DNA fragments)
and 1 x TAE-buffer (50 x TAE: 242 g Tris-Base, 5l glacial acetic acid, 100 ml 0.5
M EDTA pH 8.0 add 1000 ml $}©, adjust to pH 8.5; diluted) was boiled, and atd
bromide (0.4pg/ml) was added, and poured into a gel chamberth€samples 5 x
loading buffer (sucrose (20% wi/v), Orange G (0.038A6) was added, and the gel was
separated between 60-100 V. To identify the lemdttme fragments a length-marker was
also added. For the analysis of RNA, a 1.2% foretayde-agarose gel was used. 1.2%
agarose (w/v) was added into 1 x FA-buffer (10 xibtAfer diluted: 200 mM MOPS; 50
mM sodium acetate; 10 mM EDTA; adjust with NaOH Igtsl the pH to 7.0 and
autoclaved) and was then boiled. When the gel waked down to ~50°C, formaldehyde
(0.22 M) plus ethidium bromide (0.4g/ml) was added, and poured into a gel chamber.
The samples were diluted with 5 x loading buffed (8 500 mM EDTA, pH 8.0; 16 pl
saturated aqueous bromphenol blue solution; 72874 (12.3 M) formaldehyde; 2 ml
glycerol; 3,084 ml formamide; 4 ml 10 x FA-buffest &0 ml) and denatured for 5 min at
65°C, chilled on ice, centrifuged and then loaddtk electrophoresis was done at 60-80
Vin a 1 x running buffer (100 ml 10x FA-buffer; 88nl RNase free water; 20 ml 37%
(12.3 M) formaldehyde).
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2.3.2. Protein polyacrylamide gel electrophoresiSPS-PAGE)

To determine protein expression a modified denagu8DS-polyacrylamide-gel-electro-
phoresis (SDS-PAGE[88] was used. The SDS-PAGE was composed of a 5%-1
separating acrylamide/bis-acrylamide gel (0.375 N&-HCI pH8.8, 0.1% SDS (w/v),
0.05% APS, 0.05% [v/v] TEMED), overlaid with a 4%aecking or acrylamide/bis-
acrylamide gel (0.125M Tris pH6.8,1% SDS (w/v), 0.05% APS, 0.1% [v/v] TEMED).
The expression pellets were charged with 1 x SD&PAoading-buffer (5Qul for the
pre- and 10Qul for the post-induction; according to the QlAexgsm®nist; 0.045 M Tris
HCI pH 6.5, 10% [v/v] glycerol, 1% SDS (w/v), 0.0186omphenol blue (w/v) and 0.05
M DTT); protein samples were charged and dilutecbeting to their volume with 5 x
loading-buffer. The sample was mixed, at 95°C 5 denatured and later chilled for 2
min on ice, then centrifuged at 16,100 x g. Sonmapas contained DNA, which dis-
turbed the loading procedure; to reduce this prolbde ultrasonication was performed.
10-20pl of the supernatant were loaded on the gel, apdraged first by 80-90 V during
the passage of the stacking gel and later at 180vV1# the separating gel. A protein
marker was included in each run (Fermentas #SM04%10 kDa, 66.2 kDa, 45.0 kDa,
35.0 kDa, 25.0 kDa, 18.4 kDa, 14.4 kDa; #SM0671 KA, 130 kDa, 100 kDa, 70 kDa,
55 kDa, 40 kDa, 35 kDa, 25 kDa, 15 kDa, 10 kDa; BR@D #161-0305 103 kDa, 77
kDa, 50 kDa, 34.4 kDa, 28.8 kDa, 20.7 kDa). Thedpation of the gel was dependent on
the apparatus used, here equipment from Biometsausad, the gels were run with 1 x
running buffer (5 x running buffer 1:5 diluted; §5Tris-Base ph 8.8, 72 g glycine and 5
g SDS ad 1 L BKD). The gel was stained for 40 min on a platforrakehn with stain solu-
tion (100 ml glacial acetic acid, 300 ml methar@@ ml HO and 1 g Coomasie Brilliant
Blue G-250), and destained with the destain satu¢giain solution without Coomasie
Brilliant Blue G-250), or destained with 7% glacsaetic acid.

2.3.2.1. SDS-PAGE for protein-sequencing with a masspectrometer

During the whole procedure nitrile gloves had towasn, to protect samples from con-
tamination with skin proteins (i.e. keratin). A nmal 10% SDS-Gel with the protein
samples was rur2(3.3). After the run, the gel was rinsed 3 times inli@QiH,O and
then 3 times 30 min in 100 ml Sypro Fix/Destainfeu{10% methanol and 7% acetic
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acid); the buffer was disposed in non-chlorinatedandous waste. Next the gel was
stained with 50 ml Sypro Ruby Gel Stain™ (Invitropeat least 3 h, but best overnight.
After this the gel was placed in the dark. Next & was rinsed again 3 times in the
Fix/Destain buffer and the MilliQ-D, as above. For bigger SDS-Gels (~ 17 cm) 200ml|
Fix/Destain buffer and 200 ml Sypro Ruby Gel Staimfs used. For imaging the with
UV detectable dye stained gel the GEL PIX spot @iakf GENEPIX was used, and the
picture was taken with a cooled CCD-Camera using bght. Afterwards the appropri-
ate band was cut out of the gel with a scalpel uktiélight, cut in ~1 mm pieces and
placed into a reaction tube. Only USA Scientifib inl Seal-Rite microcentrifuge tubes
(polypropylene) catalog #1615-5500 were used figpralcedures, other tubes might have
leached plasticizers into the sample, which wouddeasely affect mass spec analysis.
300l of Milli-Q H >0 was added to the tube which was then shakerbfonith The HO
was removed by pipetting: A 1@ pipet tip attached to a 10Q0 pipette tip was used
(the small opening of the 1@ tip made it easier to avoid aspirating the gelcps). The
Sypro stained bands were destained by addinguB&@N (CH3;CN; acetonitrile) to the
tube and shaking for 15 min The ACN was discar@@@,ul of 50 mM NHHCO5/50%
ACN was added, and then shaken again for 15 mipe/®atant was removed and
discarded, and the washing step above was repattedst three times. After destaining
was complete, the supernatant was removed andrdésta200ul ACN was added and
the sample was shaken again 5 min, removed amsliffernatant was discarded, then the
gel pieces were air-dried for a few minutes. Ferdigestion a trypsin digestion buffer (5
pl of 100 ng/ul trypsin, 40l H,O and 4Qul 100 mM ACN) was prepared. For gel
bands, 30-4Qul of the buffer was used, after 5 min, if the gElges were not completely
covered by the buffer, wait 5 min; wait time waslad as needed (to allow more trypsin
to be absorbed), then enough 100 mM ACN was addedver it. The tube was placed
in a 37°C incubator for 8-12 hrs or was stored°& dntil it was convenient to prepare
the sample. At this time point the sample couldstred at -20°C for later analysis. It
was important that the tube was sealed tightly thedgel pieces were settled in the bot-
tom of the tube. To extract the proteins| 8A % formic acid/2% ACN were added to the
digest, and the reaction was incubated for 30 mira @latform shaker. The supernatant

was removed to a new tube with the tip to tip mdttescribed above to avoid transfer-
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ring gel pieces. 24l 60% ACN was added to the gel pieces, which wieea shaken for
30 min, the supernatant was removed and combintdthat of the previous extraction,
the gel pieces were discarded. The extracted digeste placed, into a SpeedVac. There
they were lyophilized until all of the liquid hasaporated, leaving a tiny pellet (~1h).
Dried samples were stored until needed, or, if ydadoroceed, went directly to ZipTip-
ping, rehydrated with 10l 1% formic acid/2% ACN. For the following step tEgTip
sample clean up was done by the DDPSC MS-faciligaine Sheffield). ;-C18 Zip-
Tip (Omix Tips are Varian's brand of ZipTip; Millgge) was used for cleaning up pep-
tide samples. The sample had to be in an aquedier ba bind to the ZipTip. If the
sample was dry it was rehydrated first in 1% foremed/2% ACN, freshly prepared. A 4
pl aliquot of elution buffer (60% ACN/0.1% formic id¢ was prepared for the sample
before beginning (to avoid contamination). It waportant to avoid drawing air through
the tip during the procedure (from equilibratioretation). If you found that there are too
many bubbles in the tip, try pulling the buffersniore slowly. The pipette was set to 10
pl and the ZipTip was attached. The ZipTip was egrated using 3 x 100% ACN and 3
x 0.1% formic acid, the buffer was pipetted anchtbiescarded it in the waste, these steps
act as a gradient for the mini column, which watsresin and conditions it to be ready to
bind peptides. The next step was then, loadingpémtides by pipetting the protein digest
10 x up and down (it was discarded back into ikejuThe ZipTip was then washed by
pipetting 6 x 0.1% formic acid buffer. The peptidesre eluted by pipetting the ZipTip
10 x up and down in the elution buffer | aliquot of elution buffer; 60% ACN/0.1%
formic acid). The organic phase elutes the peptitiethe resin and into the buffer. Now
the sample is desalted and is concentratedpihct solution appropriate for analysis by
MALDI-TOF-MS (Matrix-assisted laser desorption/isation-time of flight mass spec-
trometry) and ESI-Q-TOF-MS (electrospray ionizatigmadrupole-time of flight mass
spectrometry). If mass spec analysis will not bégomed on the same day, freeze the

samples at —8@ until needed.

2.3.2.2. SDS-PAGE drying
The drying method used was based on TUT'S TOMBIGgér (RPI; Research Products
International Corp.), but it is further describeztdbecause it has been modified from the
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original user’s manual. A dual sheet method wasl.ughis is the most commonly used
method for long-term storage. The gel was staimetidestained as normal. Two pieces
of cellophane were cut to the size of the solidkbag plate, the cellophane and the gel
were soaked in gel drying buffer (20% [v/v] methlawed 10% [v/v] glycerol) for around

1-2 min. The curly nature of the cellophane waevedd to re-roll the cellophane. The
cellophane was smoothed over the backing plate tflaemd the gel plate was centered. A
second sheet of soaked cellophane was smoothedtw/gel, then the frame clamped
over this sheet with several binder clips, and dréesd horizontally overnight. The dried

gel was removed from the frame, excess cellophaase aut off and the gel stored flat.

Gels could be stored indefinitely if not exposedhtonidity fluctuations.

2.4. Isolation of nucleic acids

2.4.1. DNA mini and midi preparation

The DNA mini preparation was used to isolate plasnuut of bacterial cultures. For this
6 ml of LB-media containing the appropriate antilti® were inoculated with a glycerol

stock or a bacterial colony, and incubated at 3@%€rnight at around 180 rpm. The
overnight culture was then centrifuged at 4°C apa03x g for 5 min. The plasmid puri-

fication was then done with the QlAprep Spin MimprKit (Qiagen), according to the
manufacturer’s protocol for micro centrifuges. TOEA midi preparation procedure was
used to increase the yield of plasmids. For thi® anl overnight culture was used. The
solution was centrifuged in a 50 ml falcon-tube4a€ by 1811 x g, for 10 min. The

plasmid purification was done with the QIAfilteraBmid Midi Kit (Qiagen), according to

the manufacturer’s protocol.

2.4.2. Purification of PCR products

The purification of PCR products was done to getafi the dNTP’s, salts, and primer.
Here the QIAquick PCR Purification Kit (Qiagen) wased according to the manufac-
turer’s protocol. For some applications like region digests, ligations, and PCR, an
agarose gel extraction was done. For this a praparmgel was poured, which allowed the
loading of a reaction volume of %0 and more. After the separation, appropriate bands

were cut out under UV-light, and transferred inttulbe. The purification out of the gel
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was then done with the MinElute Gel Extraction K@iagen), according to the

manufacture’s protocol.

2.4.3. Nucleic acid purification

This procedure was used to isolate DNA and RNA auplant-specific tissues. 1g of
plant tissue was placed in liquid, N\ground with mortar and pestle to a homogenous
powder, and transferred to a 15 ml falcon-tube,8l.®ooled lysis-buffer (10 mM Tris-
HCI pH 7.5; 50 mM NacCl; 1% SDS; 4% PVPP; 1 mM EDpPA 8.0; 14 mMB-EtSH
(freshly added)) was added + 3,5 ml phenol/chlarafand extracted 30 min on a shaker
at RT, centrifuged 10 min 3220 x g at RT, the agsephase was taken + 3,5 ml
phenol/chloroform, 10 min 3220 x g at RT, the agqsee@hase was taken + 3 ml
chloroform, 10 min 3220 x g at RT, the aqueous ehaas taken + 0,1 [v/V] 3 M Na-
acetate pH 5,2 + 1 [v/v] isopropyl alcohol placeéd29°C for 1h - 2h, 20 min 3220 x g,
the supernatant was discarded and the pellet waadawith 500 pl 70% EtOH (do not
resolve the pellet), 10 min 3220 x g at RT, theesoatant was discarded and the pellet
was dried, the pellet was resolved with 300ul THdy (10 mM Tris-HCI pH 8.0 ; 1 mM
EDTA pH 8.0), a pipet-tip was used (do not vorte8Q0 pl 6 M LiCl was added, RNA
precipitated overnight at 4°C; on the next day RiA was centrifuged for 15 min by
16.100 x g at 4°AMPORTANT supernatant contains the genomic DNA. To predipita
the genomic DNA 0.1 volumes 3 M Na-acetate pH 52vblume isopropyl alcohol was
added and later stored at -20°C for 20 niiPORTANT pellet contains the total RNA,
the pellet was washed with 500 pl 70% EtOH (doresblve the pellet), 10 min 3220 x g
at 4°C, the pellet was dried and resolved in 50 dbuffer by mixing and pipetting =
total RNA, to quantify the RNA with a photometer (@hn) it was diluted 1:20 — 1:50
(2.5.1). The genomic DNA supernatant was centrifugedlfomin (16.100 x g) at 4°C,
the pellet was washed with 500 pl EtOH (do notIkesthe pellet) and centrifuged for 10
min (16.100 x g) at 4°C, the pellet was dried agglispended in 50 ul TE-buffer (do not
vortex) =genomic DNA,to quantify the DNA (OBRsonn) dilute it 1:50 - 1:1004.5.1).
RNA and DNA were stored at -80°C.
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2.4.4. TRIzol RNA purification

Plant tissue frozen in liquid Nvas homogenizedsing a mortar and pestle, ground to a
homogenous powder. Each sample was dissolved ihdf RIzol Reagent (0.1 M so-
dium acetate pH 5.0, 0.8 M guanidinium thiocyan@té,M ammonium thiocyanate, 5%
[v/v] glycerol, 38% [v/v] aqueous phenol per 50-180§ of plant tissue [89]. The reagent
freezes at this step, wait until the mixture iswtbd and ground it in between, until you
can pour it into a reagent tube. The homogenizegelvas incubated for 5 min at’ts

to 30°C to permit the complete dissociation of nucleogrocomplexes, 0.2 ml of chlo-
roform per 1 ml TRIzol Reagent was added. Sampbeduvere capped securely. The
tube was vigorously shaken for ca. 15 sec. and ihewbated for 2-3 min at I& to
30°C. The samples were centrifuged for 15 min at 12,09 by 2-8C. In the following
centrifugation, the mixture separated into a lowed, phenol chloroform phase, an
interphase, and a colorless upper aqueous phasA. reiMained exclusively in the
agueous phase. The volume of the aqueous phasabaat 60% of the volume of TRI-
zol Reagent used for homogenization. The aqueoasepivas transferred to a fresh tube;
the organic phase was saved if isolation of DNAtein was desired (optional). The
RNA from the aqueous phase was precipitated byngiwith 0.5 ml isopropyl alcohol
per 1 ml TRIzol Reagent. The samples were incubftied0 min at 1530°C, and then
the samples were centrifuged for 15 min (12,000 at2-8 C. The RNA precipitation
was often invisible before centrifugation, and fedna gel-like pellet on the side and
bottom of the tube. The supernatant was removedtangellet was washed once with 1
ml 75% ethanol per 1 ml TRIzol Reagent. The samyds mixed using a Vortex or
similar equipment and centrifuged for 5 min (7,50@) by 2-8C. At the end of the
procedure, the RNA pellet was briefly dried, fort flanger than 10 min, and the RNA
samples were dissolved into 1@0of RNase free kD, 0.5% SDS solution or TE-Buffer
(2.4.5) and the concentration was determined (2.5.1.& RNA was incubated for 10

min at 55-60C, prior to running it onto a gel or storing it fater use at -80C.
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2.5. Concentration determinations

2.5.1. Nucleic acid concentration determination wit a UV-spectrophotometer

The concentration of nucleic acids was performeatginetrically at 260 nm. Absorption
of 1.0 was equivalent to the following concentrasip

DNA (double strand) 50g/ml

RNA 40pg/ml

2.5.2. Protein concentration determination
For this a calibration curve with BSA (0-8@/ml) was done at 595 nm, using 8@l0of
the BSA standards and 2Q0Bio-Rad protein assay solution [90].

2.6. Polymerase chain reaction (PCR)

This procedure was used to duplicate DNA fragman# exponential way, with primer
and thermo stable DNA-polymerases [91]. A PCR mogwas based on 3 steps, a de-
naturing-, an annealing, and an elongation part.

General PCR-cycle:

denaturing 94°C 10 sec.-5 min
25-45 cycles:

denaturing 94°C 30-45 sec.
annealing 50-60°C 30-45 sec.
elongation 72°C 1-5 min

final elongation 72°C 5-7 min
reaction stop 4°C 0

Preparation:

10x polymerase buffer 3-5ul

dNTP’s 0.2 mM each

5"and 3' Primer 0.2 uM

DNA 100-200 ng/1 pE. coliminiculture
DNA-Polymerase 25U

dH,O ad 30-50 pl

2.6.1. RACE-PCR
Is a method for performing both 5'- and 3'-rapidpification of cDNA ends (RACE).
For this the “BD SMART" RACE cDNA amplification kit” (BD-biosciences) wased.
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2.7. Sequencing of DNA
The DNA was sequenced according to Samgexl 1977 [92]. Laser detectable fluores-
cence marked dNTP’s were used. The plasmid sequencas performed according to

the BigDye V 1.1. protocol of the manufacturer (Ap@ Biosystems).

Preparation: Sequencing cycle (25cycles):

1-5 ul plasmid DNA (500 ng) denaturing 96°C £80.s
1 pl primer (10 pmol) annealing 50-55°C 5 sec.
4 ul BigDyeMix V 1.1. extension 60°C 4 min
ad 10 pl dHO reaction stop 4°C o0

The sequencing reaction was purified over SephaddxXoaded on the ABI-sequencer. A
96-well multiscreen plate (Millipore) was loadedtvSephadex G-50 Superfine. To the
Sephadex 300 pl @ was added and the gel was placed at 4°C, to aNeslling, for 3-4
hrs. The plate was then centrifuged for 5 min & 93 in another plate, afterwards 10 pl
H,O was added to the sequencing reaction, and aggedfover the Sephadex for 5 min
at 910 x g in a sequencing plate, or the Sigmd8pitost-Reaction Purification Columns
were used according to the manufacturer’s prototleé sequencing reaction was then
placed in an ABI 310 Genetic Analyzer or in an ABI00AvantGenetic Analyzer (both
Applied Biosystems). Otherwise, the sequencing eage by Washington University in
St. Louis.

2.8. Cloning techniques

2.8.1. TOPO-ligation

The ligation of PCR products into a TOPO vector Wwased on the system described un-
der2.1.2.

Preparation:

PCR-product 10 ng
1.2 M NaCl, 60 mM MgCGl 1ul
TOPO vector 1l

dH.,O ad qul; incubate for 30 min at RT and chill on ice
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2.8.2.Tag-tailing and pGEM-T Easy cloning of PCR products

The Tagpolymerase has a matrices-independent activitkimgat capable to bind ade-
nine on a double stranded blunt-end DNA. For th@asmid was used for PCR and the
product was purified.

General reaction preparation:

Purified PCR product 3al

10 x Tagbuffer 5ul

dATP 1ul

Tagpolymerase 0.hl

dH,O ad 5Qul; incubated 30 min at 72°C.

The reaction was purified (2.4.2.) and cloned mthymine overhang containing pGEM-
T Easy vector.

General reaction preparation:
2 x rapid ligation buffer Bl

pGEM-T Easy vector ful
PCR-product 3
T4-ligase ul
dH,O ad 1Qul; incubated overnight at 4°C.

Afterwards 2l of the product were transformed into Did&nd plated on LB-amp
(50 pg/ml) with X-Gal (80ug/ml) and IPTG (1mM).

2.8.3. Restriction digest
Double stranded DNA could cut on palindrome-likgsences with the help of specific
restriction enzymes. With this technique DNA fragisewere yielded to clone in other

vector systems. As an examidedR| andBanH| were used as restriction endonucleases.
Preparation:

DNA 1-2ug

EcaRl 10U

BanHl 10U

EcoRI 10 x buffer  Hul

dH.,O ad 5Qul; incubated for 2 h. at 37°C, than to 4°C.

The digest was purified (2.4.2.), and the concéiomavas determined (2.5.1.).
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2.8.4. Ligation and Blunting of PCR products
With the help of T4-ligase a DNA fragment was cldneto a vector. The reaction was
done under a usage of dATP (contained the reabtibier); whereas the 3'-hydroxyend

led a nucleophilic attack on the 5'phosphorus attid AMP rest, which leads to the

binding.

Preparation:

Vector-DNA 50 ng
Insert-DNA X ng

10 x Ligase-buffer 1l
T4 DNA-Ligase ul
H.0 ad 1Qul, incubated overnight at 4°C.

For determination of the insert, the molar measeitor : insert ratio is 1 : 3. For the cal-
culation the following formula was used: (ng vectokb insert / kb vector) x molar
measure vector:insert = ng insert. DNA polymeraagsh asTag or DNA polymerase
mixtures like Herculase Hotstart or BD Advantage@tainingTag and proof reading
polymerases, produced adenosine overhangs whictiohad removed for cloning into

blunt-end vectors, for this blunting is recommendtetbre ligation.
Preparation:

PCR product X

10 x Pfu Buffer y

dNTP’s 0.2 mM each

Pfu-polymerase 25U

dH.,O ad 30-5Qul; incubated at 72°C for 30 min and placed on ice.

2.9. Trichome isolation
The trichome isolation was done according to Gerabeet al.,1992 [93]

2.10. Blotting

2.10.1. Transfer of RNA on nylon membranes

The RNA blot (northern blot) was used to deterntimee tissue-specific expression of re-
searched genes, by radioactive labelling of DNA laylaridization on the RNA. The fol-
lowing buffer components were used: 20 x SSC bufie§ M Na-Citrate, pH 7.3, 3 M
NacCl; 2 x SSC buffer: 20 x SSC 1:10 diluted withCH 2 x SSC buffer with 0.1% [v/v]
SDS: 20 x SSC 1:10 diluted with,@ 0.1% [v/v] SDS; 0.1 x SSC buffer with 0.1% [v/v]
SDS: 20 x SSC 1:200 diluted with,® 0.1% [v/v] SDS. A 1.2% RNA agarose gel was
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loaded with 10ug of the isolated RNA2.4.5), which was previously denatured at 65°C
for 5 min and chilled on ice. The electrophoresesvdone at 60-80 V, until the front
reached 4 cm. The gel was then placed on a fikpep which was previously rinsed in
20 x SSC buffer. The filter paper built a bridgeévieen two 20 x SSC containing reser-
voirs. The gel was then sealed on every side wéttafgm. Afterwards the following
components were placed on the gel: a nylon membdfase rinsed in HO and then
rinsed in 20 x SSC; three slides of GB 004 Gel BigtPaper; approx. 5 cm high filter
paper; approx. 10-15 cm high paper towels; finisivétl a glass plate on which a weight
of 250-500 g was laid. The nylon membrane had i@ hhe same size as the gel. The
blot was done overnight at RT. All components usad to be washed previously with

ethanol, to reduce contamination with RNases.

2.10.1.1. Amplifying the cDNA hybridization probe
To produce the cDNA a plasmid, that contained thigr@priate gene in the MCS, was

used for a PCR. Two gene-specific 5'- and 3'-primegre used.

Common cycle Preparation:

denaturing 93°C 3 min 10Pagbuffer 5ul
30 cycles dNTP’s 10 mM vl
denaturing 94°C 30 sec. 5'-primer 10 pmol pl1
annealing 50°C 30 sec. 3’-primer 10 pmol pl1
elongation 72°C 1-1.5min Tagpolymerase 0.pl
final elongation 72°C 7 min ¢33 40.5ul
reaction stop 4°C

plasmid ul

The PCR product was then purifie@.4.3), and the concentration was determined
(2.5.1)
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2.10.1.2. Hybridisation probe preparation of the RM-Blot
To hybridize an RNA-Blot a radioactive labelled hgization probe has to be prepared.

General reaction preparation:

X ul 25 ng DNA-sample

5 ul random primer (nonameres)

ad 22 pl dHO; denatured for 5 min at 95°C and placed on ice
4 pul of each nucleotide (dCTP, dTTP, dGTP)

5ul 10 x reaction buffer

2 ul klenow fragment

y ul [?P-a-dATP] 30-50 pCi (3000 Ci/mmol), 3-5 pl

ad 50 pl dHO; incubated for 10 min at 37°C

For the purification of the reaction SampleQuanb@microtubes were used; the tubes
were mixed to resuspend the column material. Adecapping of the column-end the
tube was transferred to a reaction tube and caeged (735 x g) for 1 min and the flow
through was discarded. The hybridization probe thas transferred to the column and
centrifuged (735 x g) for 2 min; afterwards the hgltzation probe was denatured for 1
min at 95°C and was placed on ice. Here it wasiblesto determine the incubation rate
of radioactivity with liquid scintillation countingdL pl diluted in 49 pl KD prior and post
column purification. The nylon membrane was shorsed in HO and the lines were
labelled, then the blot was checked with UV-light fix the RNA on the nylon-mem-
brane a UV-crosslinking was carried out for 1 mimd dhe membrane was placed on a
humid chromatography paper. Afterward the membraag washed in $0 or 2 x SSC-
buffer. Then the nylon-membrane was transferreal anhybridisation glass tube; for this
step there were two choices of procedures. Addibgy ml hybridisation solution (BD
Biosciences) prewarmed and incubated for 30 miG8a€C. Or self-made hybridisation
solution (6.3 ml HO, 2.5 ml 20 x SSC, 100 pl 10% SDS, 1 ml 50 x Deindls reagent
(2 g Ficoll 400, 2 g Polyvinylpyrrolidone, 2 g BSad 200 ml HO), 125ul 100 pg/ml
herring sperm DNA) prior denatured for 5 min at ©58nd then 3-4 hrs incubated at
68°C. To label the membrane 25 ul of the hybridaraprobe were added, and incubated
overnight in a hybridisation oven at 68°C. The renmg DNA-sample was stored at -
20°C, for a possible rehybridisation. On the nexy the membrane was washed 3 x at
RT with 2 x SSC; 0.1% SDS and then 2 x at 50°C WithSSC; 0.1% SDS. The mem-
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brane was then sealed in plastic wrap and placexinght on a phosphor-imaging

screen. The visualisation of the screen was dotteaywhosphor imager.

2.10.2. Transfer of proteins on nylon membranes (ve¢ern blot)

A 10% SDS-PAGE was run2(3.3), but instead of the normal protein-ladder a pre
stained ladder was used (Prestained SDS-PAGE Stmddroad Range: BIO RAD).
The SDS-sample-buffer front was allowed to run oluthe gel. The Trans-Bl@t SD
Semi-Dry Electrophoretic Transfer Cell (BIO RAD) svased for the transfer of the pro-
teins to the nylon membrane (Biod@eéB 0.45pum; Pall Corporation). The blotting
buffer was prepared according to Bjerrum and ScHdielsen 1986 [94] (for 1 liter: 48
mM Tris (5.82 g), 39 mM glycine (2.93 g), 20% metbhHPLC-grade and 3.75 ml 10%
SDS, the pH was between pH 9.0 and pH 9.5, witldjostment necessary). The SDS-
PAGE, extra thick GB-blotting paper and the nyloambrane was incubated for 1 h, at
RT, in the blotting buffer; afterwards blotting gapnylon membrane, SDS-PAGE and
additional time blotting paper were placed on thasi(blotting-buffer) surface of the
Trans-Blof SD Semi-Dry Electrophoretic Transfer Cell. The agpus was assembled
and the transfer of proteins to the nylon membraag performed for 1 h. at 25 Volt. The
nylon membrane or blot was blocked (to avoid unsjgetabelling of proteins) with
TBS-T buffer [20 mM Tris HCI (2.4 g) pH 7.5, 150 mNRkCI (8.8 g), 0.05% Tween 20
(500 ul)/liter] containing 3-5% milk powder, and incubdtior 1 h. at RT or overnight at
4°C, on a platform shaker. Prior to the labellifghe searched His-tagged protein with
the antibody, the blot was washed 3 x 5 min witm#0'BS-T buffer. Monoclonal Anti-
polyhistidine-Alkaline Phosphatase antibody produde mouse (Sigma; primary and
secondary antibody are here together) was usedthirlabelling, then the nylon
membrane was incubated for 2 hrs at RT with 20 BS-buffer [20 mM Tris-HCI pH
9.5 (2.4 g), 150 mM NacCl (8.8 g)/liter] containidg2000 diluted antibody (1@) and
1% BSA (0.2 g); afterwards the blot was washeddatitimnal 3 x 5 min with 20 ml TBS-
T buffer. To start the color reaction 20 ml TBS{euf[20 mM Tris-HCI pH 9.5 (2.4 g),
150 mM NaCl (8.8 g)] containing 9 NBT (Nitrobluetetrazolium 75mg/ml in 70%
DMF), 70ul BCIP (5-Bromo-4-chloro-3-Indolyl phosphate 50mg/m dimethylform-

amide or as a salt in,®) and 20Qul 0.5 M MgCl were added. The color reaction was
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stopped with 20 ml TBS buffer containing 80I00.5 M EDTA, afterwards the western

blot was dried and scanned.

2.11. Protein expression and purification
Volumes and amounts given for 1 | expression cettuscaled accordingly. The lysis and
the purification steps were done at 4°C, if noé aated.

2.11.1. Bacterial culture

A 50 ml LB media culture (starter culture) was inlated out of the glycerol stock with
the appropriate antibiotics (1% glucose, was inetlitb the starter culture if the express-
able protein seem to be toxic for the host, tokitHhasal transcription by catabolite re-
pression (diauxie), over decreasing CAMP level)e Tulture was grown to a density
between Olgyonm = 0.6-0.7 at 28-37°C by 200 rpm shaking. Startdtuce could be
stored at 4°C until use. 1 liter of LB and antilwstwas used in a 2 | flask to initiate ex-
pression culture by transferring 50 ml starterungtto the media. If more than 1 liter of
expression culture was used, the starter cultuese wombined and spread prior to the
inoculation. The culture was incubated at 37°C &0 rpm shaking until Ofgonm= 0.6,
which usually took about 4 hours. A shaker/incubatas cooled to 28°C or to the ap-
propriate expression temperature. During the espas many expressed proteins could
have toxic effects on the host, by decreasing ¥pgession temperature this effect was
minimized. After the culture reached @&ghm= 0.6 the flask containing the culture was
placed on ice for 5 min or in a fridge. Two 1 nibabts of the culture were transferred to
separate 1.5 ml micro centrifuge tubes as 'preitmlusamples’. The tubes were centri-
fuged for 5 min at 16,100 x g to pellet the cefle supernatant was discarded and the
cell pellet was frozen at -20°C for later SDS-PA&talysis. Add IPTG to a concentra-
tion of 1 mM/ml (i. e. 1 ml of 1 M solution) to theulture to start the expression (the
vector contains a partial lacOperon with the Lagpressor gene. The 1,6-allolactose
normally inhibits the repressor and IPTG mimicsthiolecule). The culture was incu-
bated for 4 hours to overnight at 28°C (16-22 igh 200 rpm shaking. After the ex-
pression was completexX21 ml aliquots of the culture were transferredgparate 1.5 ml

micro centrifuge tubes as 'postinduction sampststed as above for 'preinduction sam-
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ples'. The culture was centrifuged for 10 minute$000x g at 4°C to pellet the cells.
The supernatant decanted and remaining media wasvesl by pipette. At this point you
have three options: a) freezing the cells at -8@)Cgsuspending the cells in HLB (His-
Tag-lysis-buffer; 20 ml/L of expression culture, 88 Tris-HCI pH 7, 500 mM NacCl,
10 mM imidazole, 10% [v/v] glycerol, 10 mN3-EtSH, 1% Tween 20, 75@Qg/ml
lysozyme) and then freezing the cell suspensiorB@RC; or c) resuspending the cell
pellets in HLB (20 ml/l of expression culture) awodntinuing with the purification
protocol. Glycerol neutralizes non-specific hydropit interactions and stabilized the
enzyme during freezing proced%:EtSH is a protease inhibitor as or like PMSF and

imidazole is identical to the histidine side ch@ntive site competitor).

2.11.2. Bacterial lysis

The frozen cells or the cell suspension was plaredte, and mixed occasionally to ac-
celerate the thawing process, then transferredcentrifuge tube that has been precooled
on ice. Subsequently the cell suspension was itedlan ice or in a cold room for 1 h.,
to allow lysozyme to lyse cells. The cell suspensias sonicated with an ultrasonic
sample for 2-% 30 sec atl7'5% power, and cooled on ice for 1 min betweencsdians.
Then the bacterial lysate was centrifuged for 2% @i 12,000x g at 4C. The su-
pernatant was decanted into a new 50 ml falcon thaehas been precooled on ice. A
500l aliquot was removed as a ‘crude lysate sampld’stared at -2TC for later SDS-
PAGE analysis.

2.11.3. Protein purification with Talon resin

The Talon resin suspension was removed fr66 @nd inverted to resuspend. Two ml of
the suspension (= 1 ml Talon resin) were transfielne pipette into a 15 ml falcon tube,
centrifuged at 70& g for 2 min and the supernatant was discarded. pEfieted resin
was resuspended with 2 x ~10 ml of HWB (His-tagtwhsffer; 50 mM Tris-HCI pH 7,
500 mM NacCl, 10 mM imidazole, 10% glycerol, 10 nfiVEtSH), centrifuged like above
and the supernatant was discarded. Afterwardseheted resin was resuspended in 5 ml
of crude bacterial lysate and then transferred an&® ml tube, containing the remaining

crude lysate. The resin and lysate were gentlyaggltfor 60 min on a platform shaker to
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allow the His-tag to bind the resin. Then the regas centrifuged at 700 g for 5 min
and the supernatant decanted, a ‘Talon supern&tiion’ was kept for later SDS-
PAGE analysis. The resin was then transferredantew 15 ml tube and resuspended in
[12-14 ml of HWB and agitated it on platform shaf@r10 min, and then centrifuged at
700x g for 5 min The supernatant was discarded andptioisess was repeated a second
time. 1-2 ml of HWB were added to the resin andispended by mixing. All of the resin
was transferred to a 2 ml gravity flow column (evappped) and the resin was allowed to
settle, or the column was short spinned down at X @0to avoid this time consuming
step, but this could lead to a decrease in thdigation amount. As the resin settles, the
column was tapped to force air bubbles to the &y end-cap was removed, and buffer
was drained to the top of the resin. The resin washed with 5 ml HWB. The protein
was eluted by adding 5 ml of HEB (His-tag-elutiamfbr; 50 mM Tris-HCI pH 7, 500
mM NacCl, 500 mM imidazole, 10% glycerol, 10 mBAEtSH) to the column. % 1ml
fractions were collected; fractions where kept (@0as ‘Talon fraction’ for later SDS-
PAGE analysis. Usually His-tagged protein elutesfraction 1.-3. The protein con-
centrations of the fractions were determined, dalknow which fractions contain pro-
teins, this is known as short-Bradford assay, withe real measurement of the concen-
tration. 20ul of each fraction, 78@l of HEB and 20Qul of Bio-Rad protein assay solu-
tion were mixed. A blank is made by mixing 80of HEB with 200ul of Bio-Rad pro-
tein assay solution. The Adys,mof each fraction is then determined. Protein doirig
fractions were combined to a volume of ~2.5 mlhwat storage buffer appropriate for
your enzyme. Protein was then applied to a PD10neolthat has been equilibrated in 5
column volumes of enzyme storage buffer. The pnoteas eluted in 1 ml fractions and
the protein concentration of each fraction was meiteed like above, PD10 column ali-
quots (20ul) were kept for later SDS-PAGE analysis, and thegn concentration was
determined Z.5.2.). Store the protein as appropriate at 4°C, -20°@@fC. | stored the
protein at -80°C, frozen prior in liquid,NOptional: the Talon resin was washed with 10-
column volumes (10 ml) of 20 mM MES pH 5.0 to reradoound imidazole ang-EtSH.

Fix capped and end-capped; stored at 4°C or tHraway. Talon resin can be re-used 3-

4 times.
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2.11.4. FPLC-protein purification

The separation was done using an AKTA-FPLC-systérplorer), at 4°C with a detec-
tion wavelength of 280nm. The affinity chromatodrgolumns used, were HisTrap™
HP (1 ml, 5 ml) or HisTrap™ FF crude (1 ml, 5 miprh Amersham Biosciences. The
whole Talon purification protocol was followed, bagal lysis includedZ.11.2, 2.11.3).

In general the crude lysate was too viscous forHlsetag column because of DNA re-
mains and mostly it clogged during the loading pes; on this step there were some
choices. Incubate the lysate supernatant additiithl a DNase (benzoase). Add to the
supernatant 5 mM Mgegland 0.5 U/ml benzoase, incubate the reactiontslighaking
30 min at 4°C, and centrifuge again 20 min at 1@ 9@ . To avoid this time and money
consuming step pass the lysate supernatant thrawghinge half filled with synthetic
filter floss, purchased at a pet store, this wél sufficient to remove all of the viscous
material [95], the supernatant should be clear authdisturbing components before
loading on the AKTA-system. The AKTA system and tmumn stand normally under
20% ethanol (degassed by a sonicator-bath) conditio minimize bacterial growing.
The first step is to wash the ethanol away, fas the use Millig HO, which is degassed
like the ethanol. Later the system was equilibratétth sterile filtrated HWB (50 mM
Tris/HCI pH 7.0, 500 mM NacCl, 10 mM imidazole, 1q%v] glycerol, 10 mMp-EtSH)
before loading the crude lysate on the system.t@ipene synthase activity was eluted by
a linear gradient between HWB and HEB (50 mM TrGIpH 7.0, 500 mM NacCl, 500
mM imidazole, 10% [v/v] glycerol, 10 mMN3-EtSH), collected in 1 ml fractions. In the
appropriate storage or assay buffer the fractioherev pooled and desalted over a
PD10column. Protein concentration was determirz8.Z). The system was washed
afterwards with Millg HO and placed under storage conditions with 20%netha

2.11.4.1. His-tag column regeneration

The column was recharged after 5-7 purificatiortse Tolumn was stripped by washing
with at least 5-10 column volumes of stripping leuff20 mM sodium phosphate pH 7.4,
0.5 M NaCl, 50 mM EDTA). Before recharging, the woh was equilibrated with at

least 5-10 column volumes of binding buffer (HWB11.4) and 5-10 column volumes
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of distilled water. The equilibrated column wash@&ged then by loading 0.5 ml or 2.5
ml of 0.1 M NiSQ in MilliQ H,0 on HisTrap HP 1 ml and 5 ml column, respectively.
Salts of other metals, chlorides, or sulphates alag be used. The column was subse-
quently equilibrated with 5 column volumes distilllevater, and 5 column volumes of

HWB before storage in 20% ethanol.

2.11.5. Size exclusion chromatography (SEC)

A SEC was used to determine the right molecularsnads protein, or better the hydro-
dynamic or Stokes radius, and to distinguish betwe®wnomeric and multimeric en-
zymes (homodimer, heteromer etc.). For this a AKAR-C-system with a HiLoad Su-
perdex 200 16/60 (GE Healthcare) column, with alteblume of 120.63 ml (Y, was
equilibrated with the TPS-Buffel2(12.1) containing 150 mM NaCl and 5% glycerol
instead of 10% glycerol, or with DSR.(2.2) containing 150 mM NaCl. The void vol-
ume of 41.5 ml () was determined using Blue Dextran (2000 kDa). Bh#er was
sterile filtered and degassed in a sonicator-b&thcalibrate the AKTA-FPLC-system
calibration proteins with a defined molecular magse used, bovine serum albumin
(BSA; 67 kDa), catalase (240 kDa), aldolase (15&)kDvalbumin (45 kDa) and ferritin
(450 kDa). A mixture of 2 mg/ml BSA and 1 mg/ml aatse (in HO) was first applied
on the system. Then a mixture of 1 mg/ml aldolag® Jamg/ml ovalbumin (in 150 mM
NacCl, 5% glycerol, 20 mM KPi, pH 7.5). Ferritin wapplied alone in a concentration of
2 mg/ml (in HO), ferritin appears in 3 different forms (69.4% momer, 19.5% dimer
and 11.1% trimer) [96]. The purified and enriché@dan{con 30 kDa - 50 kDa) protein of
interest was centrifuged (5 min, 16.100 x g) arehthpplied in a concentration of 1 - 2

mg/ml.

2.12. Enzyme assays

2.12.1. Monoterpene synthase assay

The monoterpenes synthase buffer (TPS-buffer) ves®d on the buffer described by
Schneeet al 2002 [97] and modified for the characterizatidnCsTPS1 and CsTPS2.
The buffer used here contained 10 mM MOPSO pH Z.& WM DTT, 20 mM MgC} x
6H,O and 10% [v/v] glycerol. The original buffer comted additional 0.2 mM MnG]|



2. Materials and Methods

0.2 mM NawQ and 0.1 mM NaF. The assay buffer was used withau€l because it
would disturb competition inhibition studies, ifgpined. NaW@ and NaF are phos-
phatase inhibitors, but cannot be used becausedithé purification of the enzyme both
components, shown by the protein concentration oreagent, interfere with the Bio-
Rad Protein Assay solution. The enzyme assay wasorpeed in siliconized
polypropylene tubes to avoid the substrate andymtobinding to walls of the tube. The
assay was done in a volume of 5@l0containing TPS-buffer, the recombinant purified
enzyme and unlabeled and/ofH4abelled GPP (in a negligiblmount). The assay was
then overlaid with 50Ql n-hexane, to trap the volatile terpenes, incubdite various
time points (1-20 min the previously determinedeéin production time) at 30°C, and
then the enzymatic reaction was stopped on iceerAficubation, the assay was mixed
vigorously and centrifuged down (0.5 min, 16,100)x300 pl of the hexane phase were
taken for liquid scintillation counting. During daassay time point, a boiling control was
performed, too, and subtracted from the averagarnofenzyme assay triplicate. The

substrate conversion was measured by scaling upRtieconversion (IH GPP).

2.12.2. Diterpene synthase assay

The diterpene synthase buffer (DSB) was based@buffer described by Xet al 2004
[78]. The buffer used here contained 50 mM HEPES/@5 mM DTT, 100 mM KClI,
7.5 mM MgCh x 6H,0O and 5% [v/v] glycerol. The diterpene synthasévagtassay was
performed in a final volume of 500 pl DSB includid§0 pM GPP, NPP, FPP and
GGPP, overlaid with 500 pl hexane to trap the petgluAfter incubation for ~1-3 h. at
30°C, the assay was hydrolyzed for 30 min at 30S{tgi20ul 3 N HCI or 500 pl 100
mM sodium acetate buffer plus 5 units of a wheatgacid phosphatase (Sigma) were
added to the assay for the hydrolysis, and incubftie2 h. at 30°C. Mixtures were ex-
tracted 3x with 500 pl hexane, by mixing at (0.511i6,100 x g). The hexane phases
were combined and evaporated under aistheam to a final volume of ~200 pl to ana-

lyze the reaction by GC-MS.
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2.13. Gas chromatography—mass spectrometry (GC-MS)

The GC-MS measurements were performed on a Voyagee GC 2000 (Thermo Quest
CE Instruments) under the following conditions: 7 eV, source temperature 20D-
column DB-5MS (J&W, 30 m x 0.25 mm, 0.25 um filmckness); injection temperature
250-C, interface temperature 300: carrier gas He, flow rate 1.0 ml/min, constdoivf
mode; splitless injection, column temperature paogr60-C for 1 min, then raised to
300-C at a rate of 10 min® and then hold on 30@ for 10 min. All products were
identified by comparison of their EI-MS spectraiwihose of the NIST library (V 1.6d),

respectively, or purchased authentic standards.
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3. Results

3.1.Cannabissativa L.

At the Leibniz Institute of Plant Biochemistry irate/Saale Germany, a group under the
guidance of Prof. Toni M. Kutchan, was establisteednravel the biosynthesis pathways
of terpenophenolics (Cannabinoids) and terpenaidSannabis sativa... Dr. Jonathan
Page took over thi€. sativatrichome specific EST (expressed sequence taggqgiro
1202 ESTs were isolated; a sequence comparisostXpkhowed that 23% were putative
involved in the metabolism (primary and secondafy)he plant, and 7% of them were
most likely in the cannabinoid and terpenoid melisho Out of these three putative
monoterpene synthases and three putative prersfiti@ses EST’s were used for further
research. During my diploma thesis two of the puamonoterpene synthases and the
putative prenyltransferases were used for clonimyexpression experiments. It could be
shown, that the monoterpene synthases were a lmeoaed a pinene synthase, and the
prenyltransferases were a FPP-synthase, a GGPRasgnand most likely a subunit of a
GPP-synthase. Although limonene and pinene syrdhergecommon to many plant spe-
cies, until now few have been characterized widpeet to kinetic parameters [71]. The
evolutionary relationship of th€. sativalL. terpene synthases with respect to other plant
families has also been reported, and a SEC chrgmagiby was performed to determine
the size. For the characterization of the monotepgynthases frort. sativalL. one
clone of each synthase generated during the diptbess was used. Bacterial str&n
coli BL21(DE3)RIL/CsTPS1c and BL21(DE3)RIL/CSTPS2c iET101/D-TOPO ex-
pression vector truncated after aa 60 respectigalyp5 preceding the RR-motif, both

containing a hexahistidine extension were chosen.

3.1.1. Purification of the monoterpene synthases:

BL21(DE3)RIL/CsTPS1c or BL21(DE3)RIL/CsTPS2c waswn to Asoo = 0.6 at 37°C
in 1-4 L LB medium supplemented with 100 pg/ml acipn and 50 pg/ml chloram-
phenicol as determined by the vector and the homins Cultures were then induced by
addition of IPTG to a final concentration of 1 mikidagrown for another 10-14 h at 28°C
(2.11.D. Cells were harvested by centrifugation and ly¢2d1.2). The lysate of
CsTPS1c was purified by column chromatography uaim@KTA-FPLC-system, with a
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gradient between HWB and HEB. The FPLC-purificatitarted with HWB (flow rate: 5
ml/min for 3 min), followed by a gradient of 0-1009&B (flow rate: 0.7 ml/min; 75 ml;
~107 min) Figure 1). The activity was eluted in general at a maximzonductivity of
43 mS cnit (*65% HEB). Due to limited protein quantities caudmdlow expression
levels, CsTPS2c was enriched by affinity chromatphy using Talon purification (BD
Biosciences) according to the manufacturer’s ims$itons, with HWB (wash/binding
buffer) and HEB (elution buffer)Hgure 1). The terpene synthase fractions were
combined and desalted using a PD-10-column (Amersleguilibrated with 5 column
volumes of TPS-assay-buffer (10 mM MOPSO pH 7.0M DTT, 20 mM MgC}, 10%

[viv] glycerol) (2.11.3, 2.11.4). Protein concentration was determinéi5(2), and
aliquots of the purification were checked on an SEXS5E Figure 2 +3).
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Figure 1. CsTPS1c FPLC-purification-chromatogram, the figstik corresponds to unspecifically bound
proteins, the second peak corresponds to the edti€sTPS1c. CsTPS1c is eluted at a maximum conduc-

tivity of 43 mS cnt (=65% HEB).
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Figure 2 CsTPS1c FPLC-purification-SDS-PAGE, [L]adder dmdctions D2-D10 of the FPLC-purifica-
tion (Figure 1) show an enriched and clean CsTPS1c.
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Figure 3: SDS-PAGE of CsTPS2c purification over a Talbeolumn: 1. ladder; 2. pre-induction; 3. post-
induction (overnight); 4. crude lysate; 5. Tdl¥supernatant; 6.+7. Tal8ffraction 2 and 3; 8.,9.+10.
PD10column desalting fractions 4-6.
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3.1.2. Characterization of CsTPS1 and CSTPS2

The monoterpene synthase activity assay was peztbrma final volume of 500 pl TPS-

assay-buffer including 10 uM of GPP andH-GPP (10-20 Ci/mmol, 5 pmol/assay,
ARC), overlaid with 500 pl hexane to trap the vitdaproducts, in siliconized tubes

(Sigma-Aldrich). After incubation at 30°C at varotime points within the previously

determined linear range (1 min; 4min; 8min; 12 nii6; min and 20 min), the mixture

(1.25ug CsTPS1c or CsTPS2c per 5@Pwas mixed vigorously for ~10 sec. and centri-
fuged 30 sec. at 16,100 x g, the reaction was stbgm ice and 300 pl of the hexane
phase were added to 4 ml Ultima gold MV scintibaticocktail and counted in a Beck-
man LS 6000 TA scintillation counter. For each tipwnt, a boiled enzyme control was
included to determine the background value of 8sap2.12.]).

3.1.2.1. pH-Optimum of the CSTPSs

The pH has an important effect on the activity mfyegmes. The acidity of a solution alters
the charge of functional groups from different amacids, which can lead to a confor-
mational change of the structure and the activeditenzymes, influencing the activity.
For CsTPS1c the pH optimum was measured betweeh@Bnd pH 8.5 in 0.5 pH steps
with TPS-assay-buffer containing sodium acetate,SMBIis-Tris, sodium acetate or
MOPSO (at 10 mM concentration), the pH optimum watrmined at pH 6.5, with a
half-maximal velocity at pH 5.7 and 7.Bigure 4), and a predicted isoelectric point (pl)
of 6.7 (DNAstar Inc.). For CsTPS2c the pH optimuswneasured between pH 5.5 and
pH 8.5 in 0.5 pH steps, here with TPS-assay-buféataining only MES and MOPSO,
because of the now known range from CsTPS1c. Thegiifhum was determined at pH
7.0, with a half-maximal velocity at pH 5.9 and TFgure 5), and a predicted pl of 6.1
(DNAstar Inc.).
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Figure 4: pH-Optimum determination of CsTPS1c at pH 6.:1gVIOPSO, MES, Na-acetate and BIS/Tris
as buffers.

pH-Optima-CsTPS2c

0,00003
0,000025

0,00002

—e— MOPSO buffer
0,000015 -

—&— MES buffer

0,00001 -

[dP/dt] in pumol/min.

0,000005

0 T T T T T T

Figure 5. pH-Optimum determination of CsTPS2c at pH 7.0ig9OPSO and MES as buffers.
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3.1.2.2. Temperature optimum of the CSTPSs

Each enzyme shows a temperature activity depend®¥iitly increasing temperature the
activity of the enzyme increases as well. Untilreleteristic optima, at which point the
activity decreases. The temperature dependenceureeaant was performed in the TPS-
assay-buffer containing MOPSO, between 10-60°CCfefPS1c, and between 10-50°C
for CsTPS2c in 10°C steps. For CsTPS1c the temperaptimum was determined at
40°C, with a half-maximal velocity at ca. 14.5°Cdad7.5°C. For CsTPS2c the
temperature optimum was determined at 30°C, witlalemaximal velocity at ca 21°C

and 42.5°CKigure 6).

Temperature Optimum of the Terpenesynthases
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Temperature in °C

Figure 6: Temperature optimum of CsTPS1 at 40°C and CsTé®SR°C.

3.1.2.3 Ky, and Vs of the CSTPSs

For the determination of thK, and V. the standard TPS-assay-buffer with 10 mM
MOPSO at pH 7.0 was used. The final substrate cdrate®ns were 0.5; 1.0; 2.5; 5.0;
7.5; 10.0; 12.5; 15.0; 20.0; 25.0M GPP respectively. At some concentrations thénarit
metic mean of several triplicates or the initidagon rate of an individual triplicate were
taken. For CsTPS1¢&igure 7), the initial reaction rates were plotted agathst concen-
trations of GPP. A hyperbolic fit according to thikchaelis-Menten-mechanism (shown
as a dashed line) yielded a)/value of 0.12 + 0.01 pmol niirmg* and aK, of 11.76 +
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2.45 uM, resulting in &z value of 0.13 S and a catalytic efficiencykda/Kn) of 1.1 x
10" s* M, respectively. Although the hyperbolic fit yieldeeasonable kinetic parame-
ters, the visual inspection of the data suggestsheer sigmoid curve progression. This
assumption was supported by various linearizatipnstedures. A double reciprocal plot
revealed a strong deviation from linearity, everihé values at the lowest and, hence
most error prone substrate concentrations are @anjttot shown). Moreover, in a Hanes-
Woolfe plot of the data a systematic deviation friomearity was obvious (inseRigure

7). A sigmoid behavior, regardless of the exact rma@m, implies the presence of a
second substrate-binding site. The modeled stre@tiCsTPS1c revealed, however, no
such allosteric binding site [98]. But CsSTPS1c ddadimeric state in solution, as was
shown by gel filtration experiment8.(L.3.4). Thus, an activation mechanism involving
two subunits seems conceivable, in terms of a ipesd@ooperativity. A regression ac-
cording to the Hill mechanism was applied to theadgigure 7, solid line). This treat-
ment yielded a better fit (in visual inspection aedression statistics by evaluation soft-
ware; SigmaPlot 8.0, Systat Software Inc. Chicagegulting in a Wax value of 0.08 +
0.003 umol mift mg*, a half saturation concentration of 6.25 + 0.41, pdéulting in an
keat Of 0.09 &', a apparent value éf./Km 1.5%x 1d s* M and a Hill coefficient of 1.7.
The initial reaction rates of CSTPS2c plotted aglaihe concentrations of GPP are pre-
sented infigure 8). Although the apparent deviations from Michadlisnten-behavior
seem less pronounced (and at least to a small @lelyre to data scattering) than in the
case of CsTPS2c, the same considerations regattigngigmoid curve progression and
an appropriate substrate activation mechanism tno&d The hyperbolic fit according to
Michaelis-Menten vyielded a ), value of (0.16 + 0.02) pmol minmg* and aK, of
7.91 + 2.23 pM, resulting in ke value of 0.19 8 and akealKm of 2.4 x 14 s* M7, re-
spectively. Alternatively, a sigmoid regressionading to Hill resulted in a Max value

of 0.13 # 0.01 pmol mih mg?, a half saturation concentration of 4.96 + 0.38, 14
sulting in ank.s of 0.14 &, a apparent value &f./Km 2.9x 1d s* M™* and a Hill coeffi-
cient of 1.8. Generally, GPP seems to be a slighglyer substrate for CsTPS2c than for
CsTPSlc.
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Figure 7: v/[S] characteristic of CsTPS1c including a Hanese\féoplot (small figure insert).
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Figure 8: v/[S] characteristic of CsTPS2c including a Haneseliéoplot (small figure insert).




3. Reslts

3.1.2.4. Size exclusion chromatography (SEC) of tig&sTPSs

A SEC is used to estimate the molecular mass antiytirodynamic or Stokes radius of
a protein and to distinguish between monomeric rantimeric enzymes (dimer, trimer
etc.). AKTA-FPLC-system (Explorer) with a HiLoad @rdex 200 16/60 (GE Health-
care) column was equilibrated with the TPS-Buffentaining 150 mM NaCl and 5%
glycerol instead of 10% glycerol. To calibrate thi€TA-FPLC-system calibration pro-
teins with known molecular mass and Stokes radivsrgvused: aldolase (158 kDa; 4.81
nm) and ovalbumin (45 kDa; 3.05 nnijigure 9), bovine serum albumin (BSA; 67 kDa;
3.55 nm) and catalase (240 kDa; 5.22 nfipygre 10) as well as ferritin (450 kDa
monomer; 6.1 nm)Higure 11) [99, 100]. The elution volumes of the calibratjmmoteins
were 45 ml (trimeric ferritinand 56 ml (monomeric ferritin), 77 ml (BSA), 66 (chta-
lase), 69 ml (aldolase) and 83 ml (ovalbumid)1(.5). Ferritin appeared in 3 different
forms (69.4% monomer, 19.5% dimer and 11.1% trimend most likely the elution
peaks corresponds to the monomer and trimer (1¥%), kwhich is supported by the
calibration curve Kigure 12) [101]. Dimer did not appear in this run under thefer
conditions used here or is represented under thk aeea [96]. The Stokes radius was
determined using the distribution coefficient. Tdistribution coefficient is determined
by Kav = (Ve-Vo)/(V+-Vo) (Vo = void volume; \ = elution volume and M= total volume)
(Figure 13) [102].
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Figure 9: Calibration of the SEC-column with aldolase ardlbumin as calibration proteins.
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Figure 10 Calibration of the SEC-column with catalase ai8ARas calibration proteins.
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Figure 11 Calibration of the SEC-column with ferritin adibaation protein.
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Figure 12 SEC-calibration curve for the determination o tinolecular masd\,), using ovalbumin (45
kDa); BSA (67 kDa); aldolase (158 kDa); catalasé0(XDa) and ferritipon. (450 kDa) and Ferritify,.
(1350 kDa).
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Calibration curve of the stokes radii
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Figure 13 SEC-calibration curve for the determination afkets or hydrodynamic radius-, using ovalbu-
min (3.05 nm); BSA (3.55 nm); aldolase (4.81 nnafatase (5.22 nm) and monomeric ferritin (6.1 nm).
CsTPS1c and CsTPS2c have a calculated moleculas ofag0.03 kDa respectively
69.29 kDa (DNAstar Inc.). They elute both by a maum at~70 ml (69.941 ml; 69.995
ml) (Figure 14 + 16), checked by SDS-PAGH-igure 15 + 17), according to the cali-
bration curve, they would have a molecular massl&4 kDa which leads to the specu-
lation that in vitro and under the buffer conditonsed here both enzymes seem to be
dimers, with the Stokes radius of 4.47 nhalfle 1).

Protein M, [kDa] Stokes radius V, [ml] VdV, (-log Kay)*?
[nm]

Ovalbumin 45 3.05 83 2.0 0.529
BSA 67 3.55 77 1.588 0.590
Aldolase 158 4.81 69 1.622 0.677
Catalase 240 5.22 66 1.59 0.713
Ferritin yon. 440 6.10 56 1.349 0.858
Ferritin g, 1350 9.46 45 1.08 1.163
CsTPSl1c ~154 4.47 70 1.698 0.666
CsTPS2c ~154 4.47 70 1.698 0.666

Table 1 Determination of the calculated stokes radius mdecular weight of th€. sativalL. monoter-
pene synthases. In the table are the calibratioteims with their molecular weight (kDa), Stokedius,

elution volume (V) and the determined parameterg\W and (-log K,)“2. The possible stokes radius of
the ferritin trimer is determined by the calibraticurve.
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—— Manual run 6:1_UV1_280nm Manual run 6:1_UV2_254nm Manual run 6:1_Fractions —— Manual run 6:1_Inject
ImAU
CsTPS1c SEC
GE Healthcare Superdex 200 16/60 1 ml/min.
b20.0 Purified protein loaded in 1,2 mg/1,2 ml
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Figure 14: SEC of CsTPSlc.
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Figure 15 [L]adder [Lo]ad and fractions 12-19 of the CSTESEC Figure 14)
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CsTPS2c SEC

GE Healthcare Superdex 200 16/60 1ml/min

Purified protein loaded in 1 mg/ml

I T A

2. 3. A2 13. 22. 23. 32. 33
170 kDa}
130 kDa
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70 kDa -
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25 kDa -

15 kDa -

Figure 17 [L]adder, [Lo]ad and fractions 2+3, 12+13, 22481 32+33 of the CsTPS2c SH&dure 16).
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3.1.3. Phylogenetic (identity tree) analysis of thEsTPSs
The TPSs have a high homology (http://www.ncbignl/ ; blastx) to both (-p-ter-

pineol synthases of¥itis vinifera and toy-terpinene andg3-pinene synthases @itrus
limon andCitrus unshiu On the basis of this, an identity trdggure 18) was prepared
with 37 aa sequences, including CsTPS1 and CsTR#2,gymnosperm and angiosperm
monoterpene-; sesquiterpene-, and diterpene sydhas ClustalW

(http://www.ebi.ac.uk/clustaly/in fasta format and GeneBee in the Clastw .phin&b

file (http://www.genebee.msu.su/services/phtred.Huhl) were used. The conditions

were: scale-random; algorithm-cluster and topolalgimatrix-blosum 62; with bootstrap
values. Amino acid sequence relatedness of plapeneid synthases allowed subdivi-
sion of theTpsgene family into six subfamilies, designafgasathroughTpsf each dis-
tinguished by sharing a minimum of 40% identity agonembers. Each CsTPS placed
within the Tpsb subfamily of terpene synthases alongside othegrgés monoterpenoid
synthases from angiosperms [61]. The nBvsg familiy, that represents monoterpene
synthases lacks the RR{XV-motif, and could have within the CTS instead a
XXR(X7)W-maotif, is not represented in this identity t[@63]
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limonene synthaseP. frutescens (AF317695
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monoterpene synthase 2. esculentum (AY840092)

monoterpene synthase L. esculentum (AY840091)

10ig (-)-a-terpineol synthaseV. vinifera (AY572987)

100

71 1

=|
=

im0

1 (-)-a-terpineol synthaseV. vinifera (AY572986)

m q5p Yterpinene synthaseC. unshiu (AB110640)
&E y-terpinene synthaseC. unshiu (AB110639)

y-terpinene synthaseC. limon (AF514286)

10 (-)-B-pinene synthaseC. limon (AF514288)
Lid (-)-B-pinene synthaseC. limon (Q8L5K2)
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Figure 18 ldentity tree analysis of 37 aa sequences of mewpene-; sesquiterpene-; and diterpene syn-

thases from gymnosperms and angiosperms usingalMistnd GeneBee (algorithm-cluster and topologi-
cal; matrix-blosum 62) with bootstrap values.

3.1.4. Graphical summary of the CsTPSs

Parameter CsTPS1 CsTPS2

size (nt)/truncated version 1.896 kb/1.785 kb 1.848 kb/1.78 kb
size (M,)/truncated version 72.383 kDa/70,03 kDa (CsTPS1cYy1.84 kDa /69,29 kDa (CSTPS2f)
size (aa)/truncated version 622/601 615/593
pH-optimum 6.5 7.0

isoelectric point (pl) 6.7 6.1
temperature-optimum 40°C 30°C

Km 6.25+0.41 uM 4.96 + 0.38 uM
Ve 0.08 + 0.003 pmol mihmg" 0.13 +0.01 pmol minmg"
Keat 0.09 &' 0.14 &

Keat/Kim 1.510s*Mm* 291ds'm?

Hill coefficient 1.8 1.7

3D structure most likely dimer most likely dimer
stokes radius 4.47 nm 4.47 nm
phylogenetic subfamily Tpsb Tpsh

Table 2 Graphical summary of the CsTPS's.
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3.2.Salviasclarea L.

3.2.1. EST Sequencing of the putative diterpene syrase

Purified mRNA @.4.3) isolated fromS. sclareatrichomes was reverse transcribed and
used for construction of a directional cDNA librdpllowing the instructions for Clon-
tech SMART cDNA synthesis and introduction into ipIEx2 with an ABI Prism Big-
Dye Terminator Cycle Sequencing Ready Reactior{Applied Biosystems) with the T7
primer. Sequencing reactions were run after exdgggemoval on the ABI Prism 3100-
AvantGenetic Analyzer Sequence&.7). After trimming for vector, the sequences were
clustered and assembled using the SegManll (DNAs@) application using a mini-
mum match size of 20 and a minimum match perceraég®. A total amount of 53 pu-
tative EST’s involved in the terpenoid metabolismre/found. One candidate a putative
diterpene synthase with a high homology to copayybphosphate synthases (from here
on named in this manner) was taken for further RATIR trials (all this done by Kum-
Boo Choi).

3.2.2. RACE-PCR of the putative diterpene synthase

The putative copalyl pyrophosphate RACE clones omkBoo Choi were resequenced
with the primers Z.1.2.2) SP6, T7, 5’RACE-K1-SP6, 5’RACE-K2-SP6, 5’'RACE-K3-
SP6, and 5’'RACE-K4-SP6 an insert~df.9 kb was found. The final RACE was then
done with 5’RACECoplantisense, 5’'RACECop2antisearse 3RACECoplsense primer,
the latter two primers were sufficient to get tleenaining part of the full-length clone.
3'RACECoplsense primer RACE-PCR showed bands okif).3.1 kb and 1.2 kb, and
5'RACECop2antisense primer RACE-PCR showed a b&fdéokb @.6.1). The bands
were gel-purified 2.4.2), tag-tailed, and cloned into pGEM T-Eas/8.2), and then
transformed into DH& E. coli hosts 2.2.2). The 0.5 kb fragment of the 3'RACE and the
0.6 kb-fragment of the 5'RACE show after sequentiegputative 3' and 5' region of the
copalylpyrophosphate synthageq). A sequence of 2.756 bp was found with an ORF of
2.358 bp coding 785 aa (Figure). The predicted outée weight was 89.758 kDa with a
pl at 5.708 (DNAstar Inc.). Several PCR attempt€¢pfull TOPO-2, 3'Copfull TOPO-
stop, 3'CopfullTOPOnNs, 3'CopfullTOPONs-2) to clame full-length clone out of a

cDNA with aPfu polymerase were unsuccessful, until an Advantagelgmerase (mix-
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ture of a proofreading- andTagpolymerase) gradient PCR obtained the right fragme
size @.6). The fragment was gel-purifie@.4.2) and the sample was blunté§.3) for

a TOPO cloning into the pET101 D-TOPO vect®18(1) and transformed into TOP10
cells 2.2.2). In general a miniculture PCR.6) was done to verify the correctness of
the transformation; positives were then chosermafptasmid preparatior2 @.1) with a
following sequencing reaction2(7). The full-length clone (5'CopfullTOPO-2 x
3'CopfullTOPONs-2) was used in an expressiontast,no expression was detectable
(2.11). In the literature it is often described that phassible CTS is bound . coli
chaperons resulting in inclusion body formatiortta protein folding was altered. Due to
this additional clones were designed to truncageGA'S from its original sequence. To
determine the truncation site, transit sequenceigtien programs from the Internet were
used (http://www.cbs.dtu.dk/servicesChloroP, TargetP, SignalP and TatP and
http://hc.ims.u-tokyo.ac.jp/iPSORTJ61, 70]. All of the constructs (5'Copfull TOPO+RR
X 3'Copfull TOPONs-2, 5'CopfullTOPO-RR x 3'CopfullPOns-2, 5'Copfull TOPO-W x
3'Copfull TOPONs-2, 5'CopfullTOPO-SP x 3'CopfullTO=R) were cloned into
pET101 D-TOPO Z.8.1), containing a C-terminal His-tag, and transformiedo
BL21(DE3)RIL (2.2.2), in neither case a expression was detect@bld ). A clone with
predicted CTS from the IPSORT program, precedirgy ghtative RR-motif, was de-
signed and cloned into pET101 D-TOPO (5'CopTOPOtps®@'CopfullTOPONs-2) and
PET100 D-TOPO (5'CopTOPOQipsort x 3'Copfull TOPO-3t@pnly the clone in the latter

vector with an N-terminal His-tag showed an indleaxpression and was suitable for

purification over a Talon column. The start of teling region of 5'CopTOPOQipsort is
shown underlined ifrigure 19. The calculated molecular weight was 88.929 kDih i

pl at 5.647; the expressable clone with pET100 ORDQrector sequence had a molecu-
lar weight of 92.94 kDa with a pl at 5.794 (DNAsIac.).

1 ATGACTTCTGTAAATTTGAGCAGAGCACCAGCAGCGATTACCCGGECGCAGECTGCAGCTA 60
1 M T SV NLSRAPAAI T RRRL QL 20

61 CAGCCGGAATTTCATGCCGAGT GT TCAT GGCTGAAAAGCAGCAGCAAACACGCGCCCTTG 120
2. Q P EFHAETCSWLKSSSKMHAUZPL 40

121 ACCTTGAGT TGCCAAATCCGT CCTAAGCAACT CTCCCAAATAGCTGAATTGAGAGTAACA 180

41 T L SCQI RPKOQLSOQI AELT RVT 60
181  AGCCTGGATGOGTCGCAAGCGAGT GAAAAAGACATTTCCCTTGTTCAAACTCCGCATAAG 240
61 S L DA S QA SEZKTDI SLVQTZPHTK 80

241 GITGAGGT TAATGAAAAGAT CGAGGAGT CAATCGAGTACGTCCAAAATCTGT TGATGACG 300
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81 V E V NEIKI EESI EYVQNTLTLMT 100
301  TCGGGCGACGGGCGAATAAGCGTGTCACCCTATGACACGGCAGTGATCGOCCTGATCAAG 360
100S G DGR I SV SPYDTAVI AL I K120
361  GACTTGAAAGGGCGCGACGOCCCGCAGT TTCOGT CATGT CTCGAGT GGATCGOGCACCAC 420
121D L K G RDAPO QFUPSCLEMWI A HH 140
421  CAACTGGCTGATGGCTCATGGGGCGACGAATTCTTCTGTATTTATGATCGGATTCTAAAT 480
141Q L A DG S WGDTETFTFTCI YDRI L N 160
481  ACATTGGCATGTGTCGTAGCCTTGAAATCATGGAACCTTCACTCTGATATTATTGAAAAA 540
61T L A CV V AL K S WNULUHSTDI | E K 180
541  GGAGTGACGTACATCAAGGAGAATGTGCATAAACTTAAAGGT GCAAATGTTGAGCACAGG 600
181G V T Y I K E NV HK L K GA NV E H R 200
601  ACAGOGGGGTTCGAACTTGTGGTTCCTACTTTTATGCAAATGGCCACAGATTTGGGCATC 660
20T AGF EL VVPTFMOQQMATTUDTL G 1 220
661  CAAGATCTGCCCTATGATCATCOCCTCATCAAGGAGATTGCT GACACAAAACAACAAAGA 720
221Q DL P YDHPLI KEI1I ADTUKQOQ R 240
721  TTGAAAGAGATACCCAAGGATTTGGTTTACCAAATGCCAACGAATTTACTGTACAGTTTA 780
241L K E 1 PKDLVYQMPTNTLTLY S L 260
781  GAAGGGTTAGGAGATTTGGAGT GGGAAAGGCTACT GAAACT GCAGT CGGGCAATGGCTCC 840
261E G L GDLEMWET RTLTLTIKTLTG OQSGNG S 280
841  TTCCTCACTTCGCCGTOGTCCACCGCCGOCGTCTTGATGCATACCAAAGATGAAAAATGT 900
2l1F L T S PSSTAAVLMHTIKTDE K C 300
901  TTGAAATACATCGAAAACGCCCTCAAGAATTGCGACGGAGGAGCACCACATACTTATCCA 960
301L K YI ENALU KNG CDGGAZPUHTY P 32
961  GTCGATATCTTCTCAAGACTTTGGGCAATCGATAGGCTACAACGCCTAGGAATTTCTCGT 1020
3221V DI F S RLWAI DRLI QQRLGI S R 340
1021 TTCTTCCAGCACGAGATCAAGTATTTCTTAGATCACATCGAAAGCGTTTGGGAGGAGACC 1080
341F F Q HE I KY FLDHI E SV WE E T 360
1081 GGAGTTTTCAGTGGAAGATATACGAAAT TTAGCGATATTGATGACACGTCCATGGGCGTT 1140
316G VF S GRYTKTFSDI DDT S MG V 38
1141 AGGCTTCTCAAAATGCACGGATACGACGTCGATCCAAATGTACTAAAACATTTCAAGCAA 1200
331R L L KMHGYDVDPNVLIKTHTF K Q 400
1201 CAAGATGGTAAATTTTCCTGCTACATTGGTCAATCGGTCGAGTCTGCATCTCCAATGTAC 1260
401Q D G K F SCVYIl GQSVESASZPMY 420
1261 AATCTTTATAGGGCTGCTCAACTAAGAT TTCCAGGAGAAGAAGT TCTTGAAGAAGCCACT 1320
42N L Y RAAQLU RTFPGETEVTLTETEAT 440
1321 AAATTTGCCTTTAACTTCTTGCAAGAAATGCTAGT CAAAGATCGACTTCAAGAAAGATGG 1380
441K F AF NFLQEMLVI KTUDTRTLQE R W 460
1381 GTGATATCCGACCACTTATTTGATGAGATAAAGCT GGGGT TGAAGATGCCATGGTACGCC 1440
461V | S DHLFDTET I KL GL KMP WY A 480
1441 ACTCTACCCCGAGTCGAGGCTGCATATTATCTAGACCATTATGCTGGTTCTGGTGATGTA 1500
481T L P RV EAAY Y LDHYAGS G D V 500
1501 TGGATTGGCAAGAGTTTCTACAGGATGCCAGAAATCAGCAATGATACATACAAGGAGCTT 1560
500W 1l G K SFYRMPTETI SNDTYKE L 52
1561 GOGATATTGGATTTCAACAGAT GCCAAACACAACATCAGT TGGAGT GGATCCATATGCAG 1620
521A 1 L DF NRCQTOQHIOQLTEWI HMQ 540
1621 GAATGGTACGACAGATGCAGCCTTAGCGAAT TCGGGATAAGCAAAAGAGAGTTGCTTCGC 1680
541E WY DR C S L SETFGI SKRTETLL R 560
1681 TCTTACTTTCTGGCCGCAGCAACCATAT TCGAACCGGAGAGAACT CAAGAGAGGCTTCTG 1740
561S Y F L AAAT I FEPETIRTI QETRTL L 580
1741 TGGGCCAAAACCAGAATTCTTTCTAAGATGATCACTTCATTTGTCAAAATTAGTGGAACA 1800
581W A K T RI L SKMI TSFVIKI S G T 600
1801 ACACTATCTTTGGACTACAATTTCAATGGCCTCGATGAAATAATTAGTAGTGCCAATGAA 1860
60l T L S L DY NF NGTLUDTETLI 1 S S AN E 620
1861 GATCAAGGACTGGCTGGGACT CTGCTGGCAACCT TCCATCAACTTCTAGACGGATTCGAT 1920
621 D Q G L A G T L L ATFHUOQLTULTUDGF D 640
1921 ATATACACTCTCCATCAACTCAAACATGTTTGGAGCCAATGGT TCATGAAAGTGCAGCAA 1980
6411 Y T L H QL KHV WS QWFME KV Q Q 660
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1981 GGAGAGGCGAAGCGGCGEEEGEAT GACGCGGT GCTCCAAGCGAACGCGCTCAACATCTGCGCC 2040
661 G E G S G G DDAV L QANAL NI C A 680
2041 GCCCTCAACGAAGACGT GTTGTCCAACAACGAATACACGCECTCTGICCACCCTCACAAAT 2100
681 G L N E DV L S NNZEYTAL STUL T N 700
2101 AAAATCTGCAATCGCCTCGCCCAAAT CCAAGACAATAAGATTCTCCAAGTTGTGGATGGG 2160
700K I C NR L A QI Q DNJIKI L QV V D G 720
2161 AGCATAAAGGATAAGGAGCTAGAACAGGATATGCAGECGTTGGTGAAGITAGTGCTTCAA 2220
722 s | K D K E L EQDMOQAL V KL V L Q 740
2221 GAAAATGGCGGCGCCGTAGACAGAAACATCAGACACACGTTTTTGICGGTTTCCAAGACT 2280
741 E N G G AV DRNI RHTFUL SV S K T 760
2281 TTCTACTACGATGCCTACCACGACGATGAGACGACCGATCTTCATATCTTCAAAGTACTC 2340
761 F Y Y DAY HDDETTDULHI F KV L 780
2341 TTTCGACCGGITGTATGA 2358 nucl eoti des
781l F R P V V stop 785 anino acids
Figure 19 Nucleotide and amino acid sequence of the SscTHPBIA clone fromS. sclareal.. The un-
derlining show the gene specific region of the TOPOipsort primer, bold amino acids are motif viahic
will be discussed in chapt8r2.8.

3.2.3. RNA-Blot of the putative diterpene synthase

To determine the tissue-specific expression ofpiiative diterpene synthase, RNA was
isolated from different parts of th&alvia plant (stems, leaves, sepals, buds and
trichomes). The isolated trichomes were monito@dplurity by light microscopy [93].
The RNA blot Figure 20) analysis indicated a mainly trichome-specific regsion of
the putative diterpene synthase; we saw a slightession in stems, sepals and buds too.
This data is supported by RT-PCR, where the samdtseof a slight expression were
seen (data not showr.4.3; 2.4.4).

SscTPS1

bl B '
- u d b rRNA

- b - -

Figure 20: RNA blot of the putativé&Salvia sclareaiterpene synthase. For the blot, 10 pg of a RNA-
extraction of following tissues were used: stemsléaves (2), sepals (3), buds (4), trichomes (5).
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3.2.4. Purification of the putative diterpene synthse

Bacterial strainE. coli BL21(DE3)RIL/Ssc 5'Copipsort x 3'stop in pET100MP0O
(SscTPS1) was grown togdy = 0.6 at 37°C in 1 L LB medium supplemented wi@® 1
pg/ml ampicillin and 50 pg/ml chloramphenicol asedeined by the vector and the host
strain. Cultures were then induced by additiorsopropyl-1-thioB-D-galactopyranoside
to a final concentration of 1 mM and grown for drest 10-18 h. at 28°C. Cells were
harvested by centrifugation (10,000 x g, 10 minyl aasuspended in HLB (50 mM
Tris/HCI pH 7.0, 500 mM NaCl, 10 mM imidazole, 1Q%v] glycerol, 1% [v/v] Tween
20, 10 mMpB-EtSH, 75 pg/ml lysozyme) and incubated for 1 haoplatform shaker.
After 3 x of mild sonication (~30 sec, cool betwemnice) the crude lysate was filtered
through synthetic filter floss placed in a syrin@®] and centrifuged (12, 000 x g, 25
min). The lysate was purified by column chromatpgrausing the Talon purification
(BD Biosciences) according to the manufacturer&rirctions, with HWB (wash/binding
buffer) and HEB (Elution buffer). The Copipsort dtens were combined and desalted
over a PD-10-colum (Amersham) equilibrated withdlumn volumes of DSB (50 mM
HEPES pH 7.2, 5 mM DTT, 100 mM KCI, 7.5 mM Mg 6 H,0O, 5% [v/v] glycerol
[78] (2.11.1.42. +3)). The protein concentration was determin2d.) and aliquots of
the purification were checked on an SDS-PAGIHre 21). To verify the correctness of
the expression and cloning a positive western Wit Monoclonal Anti-polyhistidine-
Alkaline Phosphatase antibody was performed (datasimown;2.10.2), and the protein

sequence was confirmed using a mass spectron2ede2.q).
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Figure 21: SDS-PAGE of SscTPS1 over a Tal8oolumn: 1. ladder; 2. pre-induction; 3. post-indorct
(overnight); 4. crude lysate; 5.Tal8tsupernatant; 6. + 7. TalBffraction 1 and 2; 8. - 10. PD10column
desalting fractions 4. - 6.

3.2.5. Protein sequencing of the putative diterpengynthase

The putative diterpene synthase Ssc 5’Copipsortstof@ was digested out of a SDS-
PAGE (igure 22; Ssc 5’Copipsort x 3'stop protein bands in fract®&® which were
marked with an arrow were cut out of the gel) adoay to the modified in-gel protein
digestion and ZipTip sample clean-up proto@B(3.1), sequenced with an ESI-MS/MS
and blasted against the full-length sequence ofptitative diterpene synthase. The se-
guencing and the mass spectrometry was done abahald Danforth Plant Science
Center Proteomics and Mass Spectrometry Facilitp:(hwww.danforthcenter.org/msb/
by Leslie Hicks, Ph.D. and Jeanne Sheffield, M&c3.2.1). The protein identification

was confirmed through tryptic digestion (cuts Gxieside of KR unless next residue is P)

and ESI-MS/MS with 37% sequence coverage. Amind sequences of 34 internal pep-
tides were foundTable 3), overlapped it leads to 18 confirmed internaltkgs, shown

in bold red Figure 23). Nominal mass of 89.703 kDa and pl of 5.58 weakdated,
which is in the range of native full-length protéd8.758 kDa and the cloned construct
92.94 kDa 8.2.2; DNAstar Inc.).
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20.7 kDa

Figure 22 SDS-PAGE of SscTPS1 for sequencing stained 8ipro Ruby Gel Stain™ (Invitrogen),
purified over a TaloH'column: 1. Ladder; 2. pre-induction; 3. post-indaict(overnight); 4. crude lysate;
5. Talod“supernatant; 6. + 7. TalBffraction 1 and 2; 8. + 9. PD10column desalting tirats 4. and 5.
The arrow represents the two bands that are cudfdbe gel.

LLWAK

LWAIDR

MITSFVK

VLFRPVV

MITSFVK + Oxidation (M)
YIENALK

HTFLSVSK

LAQIQDNK

FFQHEIK

10 FFQHEIK

11 QLSQIAELR

12 ILQVVDGSIK

13 ELAILDFNR

14 MPWYATLPR + Oxidation (M)
15 MPEISNDTYK + Oxidation (M)
16 VTSLDASQASEK

17 LVLQENGGAVDR

18 LVLQENGGAVDR

19 ILQVVDGSIKDK

20 SWNLHSDIIEK

21 FSDIDDTSMGVR + Oxidation (M)
22 MHGYDVDPNVLK + Oxidation (M)
23 WVISDHLFDEIK

OO(N|O|O|R[W[IN]|F-
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24 FAFNFLQEMLVK + Oxidation (M)

25 DKELEQDMQALVK + Oxidation (M)

26 ISVSPYDTAVIALIK

27 ISVSPYDTAVIALIK

28 SYFLAAATIFEPER

29 FAFNFLQEMLVKDR + Oxidation (M)

30 VEAAYYLDHYAGSGDVWIGK

31 MPEISNDTYKELAILDFNR + Oxidation (M)

32 LQSGNGSFLTSPSSTAAVLMHTK + Oxidation (M)

33 TFYYDAYHDDETTDLHIFK

34 LQSGNGSFLTSPSSTAAVLMHTKDEK + Oxidation (M)
Table 3 Amino acid sequences of 34 internal peptides ftbenrecombinant SscTPS1 8f sclareal..
With a calculated nominal mass &J702 kDa and pl value 06.58 The variable modifications were Oxi-
dation of M. The cleavage was done by Trypsin: dDtterm side of KR unless next residue is P Se-
guence). The sequence coverage 37

001MTSVNLSRAP AAITRRRLQL QPEFHAECSW LKSSSKHAPL TLSCRPKQ
051LSQIAELRVT SLDASQASEK DISLVQTPHK VEVNEKIEES IEYVQNLLMT
101SGDGRSVSP YDTAVIALIK DLKGRDAPQF PSCLEWIAHH QLADGSWGDE
151 FFCIYDRILN TLACVVALK SWNLHSDIIEK GVTYIKENVH KLKGANVEHR
201 TAGFELVVPT FMQMATDLGI QDLPYDHPLI KEIADTKQQR LKEIPKDLVY

251 QMPTNLLYSL EGLGDLEWERLLK LQSGNGS FLTSPSSTAA VLMHTKDEK C
301LKYIENALK N CDGGAPHTYP VDIFSRWAI DR LQRLGISRFFQHEIK YFL
351DHIESVWEET GVFSGRYTK- SDIDDTSMGV RLLK MHGYDV DPNVLK HFKQ
401 QDGKFSCYIG QSVESASPMY NLYRAAQLRF PGEEVLEEAT RAFNFLQEM
451LVKDR LQERW VISDHLFDEI K LGLKMPWYA TLPRVEAAYY LDHYAGSGDV
501WIGK SFYRMVIP EISNDTYKEL AILDFNR CQT QHQLEWIHMQ EWYDRCSLSE
551FGISKRELLRSYFLAAATIF EPERTQERLL WAK TRILSKM ITSFVK ISGT

601 TLSLDYNFNG LDEISSANE DQGLAGTLLA TFHQLLDGFD IYTLHQLKHV

651 WSQWFMKVQQ GEGSGGDDAV LQANALNICA GLNEDVLSNN EYTALSLTN
701KICNRLAQIQ DNKILQVVDG SIKDKELEQD MQALVKLVLQ ENGGAVDR NI
751RHTFLSVSKT FYYDAYHDDE TTDLHIFKVL FRPVV

Figure 23 Overlapped amino acid sequences, showsold red, of the 34 internal peptides.

3.2.6. Diterpene synthase assay for the characteaizon

The putative diterpene synthase activity assay peaformed in DSB including GPP,
NPP, FPP and GGPP in siliconized tubes (Sigma-&tjlrioverlaid with hexane, to trap
the hydrophobic products. After incubation, the tuig was hydrolized using HCI or a
wheat germ acid phosphatase (Sigma), to solvoheallylic diphosphate esters present.
The assay was mixed vigorously and extracted & ®times with hexane. Boiling con-
trols were performed too. The hexane phase wasotrated under Nstream and were

analyzed using GC-MS. Boiling controls were perfedioo.
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3.2.7. GC-MS analysis of the putative diterpene symase

The aim of the herewith-presented work was to finditerpene synthase being respon-
sible for the formation of sclareol. The unambigsi@etection of sclareol demonstrated
that putative diterpene synthase, now named SscTB®ds it from GGPP. Additional it
is shown that the enzyme has a promiscuous behaitiorespect to different substrates;
mono-, sesqui- and diterpenes are formed. The GCpktSedure is described under
chapter2.13.In the following figures and tables are the GC-kSults of the SscTPS1
assay with GPP, NPP, FPP and GGPP, using a whematagéd phosphatas€ifure 24-

28, Table 4-7) or HCI (Figure 2932, Table 811) as hydrolysis agents. All products
were identified and determined by comparison of BS spectra with those of the
NIST library (V 1.6b), respectively, or purchasadhentic standards. A comparison of
the formed sclareol 2{), Figure 33 with authentic standard is shownRigure 34, and
found in the literature [104]. The structures of ffroducts were shown in the Appendix
(Figure 41+42) [105, 106, 107].
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Figure 24 GC-MS analysisK = 7 - 11.5 min) of the wheat germ acid phosphatagirolized GPP
monoterpene products of SscTPBIpinene L), limonene 2), a-pinene 8), B-cis-ocimene 4), terpino-

lene 6), B-linalool (6), not-identified monoterpener); a-pyronene §), a-terpineol @), not-identified
monoterpenel(), cis-geraniol 11), Appendix (WER440d).
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Figure 25. GC-MS analysisR = 11 - 15 min) of the wheat germ acid phosphatagirolized GPP
monoterpene products of SscTPS1: cis-geradit), frans-geraniol12), and nerol-acetatd 8), Appendix
(WER440d).

No. | Compound| R;(min) [EI-MS (m/z, relint.)

1 |B-pinene 7.53 136 (M, 4), 121 ([M-MeJ, 4), 93 ([M-GH-]", 100), 79 (21), 69 (81), 67 (2), 53
(18)
2 |[limonene 8.24 136 (M 22), 121 ([M-Me], 20), 93 ([M-GH-]",39), 79 (34), 69 (5), 68 (100) 67]
(92), 53(26)
3 |a-pinene 8.28 136 (M, 10), 121 ([M-MeJ, 11), 93 ([M-GH,]*,100), 79 (42), 69 (3), 67 (16), 5
(15)
4 | B-cis- 8.47 136 (M, 6), 121 ([M-Me], 16), 93 ([M-GH-]", 100), 79 (54), 69 (3), 67 (13), 53
ocimene (22)
5 [terpinolene 9.14 136 (M72), 121 (M-Me], 91), 93 ([M-GH-]", 100), 79 (44), 69 (-), 67 (12), 53
(16)
6 | B-linalool 9.32 154 (M, 54), 139 ([M-Me], 1), 136 ([M-HOJ",6), 93 ([M-H,0-C;H,]", 60), 79
(15), 71 (100), 69 (39), 67 (22), 53 (16)
7 | not- 9.77 136 (M, 40), 121 ([M-Me], 100), 136 ([M-HOT", -), 93 ([M-GH-]", 30), 79 (41),
identified 69 (-), 67 (9), 53 (9)
8 | a-pyronene 9.96 136 (M, 42), 121 ([M-Me], 100), 93 ([M-GH/]", 24), 79 (41), 69 (-), 67 (7), 53
(14)

9 |o-terpineol | 10.85 | 154 (M, -), 139 ((M-Me], 8), 136 ((M-HOJ", 49), 93 (M-HO-C;H,]", 71), 79
(30), 69 (6), 67 (36), 59 (100), 53 (18)

10 |not- 11.15 | 136 (M, 5), 121 ((M-Me[, 18), 93 ((M-GH-]", 23), 79 (8), 69 (100), 67 (41), 53
identified (19)

11 |cis-geraniol| 11.23 | 154 (M, 1), 139 ([M-MeJ, 5), 136 ([M-HOJ", 7), 121 (15), 93 ([M-ED-CsH-]",
45), 84 (15), 79 (16), 69 (100), 67 (30), 53 (¥),(89)

12 |trans- 11.64 154 (M, 9), 139 ([M-MeJ, 28), 136 ([M-BOJ", 25), 93 ([M-HO-C;H/]", 82), 79
geraniol (35), 69 (100), 67 (71), 53 (44)

13 | nerol 13.35 196 (M, 1), 154 ([M-CHCOT", 1), 136 ([M-HOAcT, 13), 93 ([M-Ac-HO-C:H/]",
acetate 58), 79 (19), 69 (100), 67 (29), 53 (21)

Table 4: EI mass spectra of the monoterpene product profiescTPS1, using GPP as the substrate and a
wheat germ acid phosphatase as the hydrolysis agleowing four cyclic, one olefinic, two oxygenated
two not identified, two oxygenated olefinic compdsnand an acetylated products. TIC's shown in the
Appendix (WER440d).
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Figure 26. GC-MS analysisK = 7 - 11.5 min) of the wheat germ acid phosphatag#olized NPP

monoterpene products of SscTPBipinene 1), a-phellandrene(4), a-terpinene 15), limonene 2), y-
terpinene 16), terpinolene ), a-terpineol @), cis-geraniol 11), Appendix (WER440c).

o>

W

No. | Compound| R, (min) [EI-MS (m/z relint.)
1 |B-pinene 7.55 136 (M, 4), 121 (IM-MeJ, 5), 93 ([M-GH-]", 86), 79 (19), 69 (67), 67 (17), 53
(19), 41 (100)
14 |a- 7.88 136 (M, 29), 121 ([M-Me], 1), 93 ([M-GH-]", 100), 79 (9), 69 (-), 67 (-), 53 (4
phellandreng
15 | a-terpinene 8.05 136 (M, 52), 121 ([M-Me], 96), 93 ([M-GH-]", 100), 79 (31), 69 (-), 67 (39), 5
(12)
2 |limonene 8.26 136 (M 27), 121 ([M-Me], 28), 93 ([M-GH]", 81), 79 (52), 69 (3), 67 (100), 5
(35)
16 |y-terpinene 8.71 136 (M, 38), 121 ([M-Me], 29), 93 ([M-GH-]", 95), 79 (22), 69 (11), 67 (5), 53
(10), 43 (100)
5 |terpinolene 9.15 136 (M, 76), 121 ([M-Me], 90), 93 ([M-GH-]*, 100), 79 (48), 69 (-), 67 (13), 5
(18)
9 | a-terpineol 10.86 | 154 (M, 1), 139 ([M-MeJ, 9), 136 ([M-HOJ", 50), 93 (IM-HO-C;H/]", 74), 79
(32), 69 (6), 67 (38), 59 (100), 53 (19)
11 |cis-geraniol 11.28 | 154 (M, 6), 139 ([M-MeJ, 18), 136 ([M-HOJ", 23), 93 ([M-HO-C;H/]", 84), 79
(31), 69 (100), 67 (59), 53 (27)

Table 5 El mass spectra of the monoterpene product profilSscTPS1, using NPP as the substrate and a
wheat germ acid phosphatase as the hydrolysis ,aghotving six cyclic, one oxygenated and one
oxygenated olefinic products. TIC's shown in thepapdix (WER440c).
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Figure 27: GC-MS analysisR; = 13.55 - 17.45 min) of the wheat germ acid phasge hydrolized FPP
sesquiterpene products of SscTPBtarnesenel(7), (Z,E)-a-farnesenel8), nerolidol (L9), not-identified
(20), farnesol 21), Appendix (WER440b).

No. | Compound| R;(min) [EI-MS (m/z relint.)
17 |B-farneseng 14.38 204 (M, 2), 189 ([M-MeJ, 2), 161 ([M-GH-]", 12), 148 (2) 136 (-), 135(1), 121
(4), 107 (10), 93 (50), 79 (30), 55 (17), 43 (7),(4200)
18 | (Z,EB)-a- 14.85 204 (M, 1), 189 (M-MeJ, 1), 161 ([M-GH-]", 1), 148 (1) 136 (1), 135(2), 121
farnesene (4), 107 (35), 93 (85), 79 (45), 55 (39), 43 (200,(100)
19 | nerolidol 15.67 222 (M -), 204 ([M-H0], 1), 189 (3), 161 (10), 148 (2) 136 (8), 135(2119),
107 (34), 93 (56), 79 (27), 55 (33), 43 (56), 40Q)L
20 |not- 16.80 222 (M, -), 204 (IM-HOJ’, 6), 189 (3), 161 (7), 148 (2) 136 (2), 135(2)118),
identified* 107 (19), 93 (44), 79 (27), 55 (23), 43 (21), 40Q)L
21 |farnesol 16.95 222 (M-), 204 ([M-H0]", 1), 189 (2), 161 (7), 148 (2) 136 (6), 135(3)118),

107 (20), 93 (43), 79 (25), 69 (100), 55 (19), 43)( 41 (91)

Table 6. ElI mass spectra of the sesquiterpene producti@uff SscTPS1 using FPP as the substrate and a
wheat germ acid phosphatase as the hydrolysis apemting two olefinic and three oxygenated olefinic
products. TIC’s shown in the Appendix (WER440bM&ss spectra suggest a similarity to farnesol.
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Figure 28 GC-MS analysisK; = 17 min - 20.45 min) of the wheat germ acid pladase hydrolized
GGPP diterpene products of SscTPS1: (13R)-manoideof?), (13S)-manoyl oxide 23), Appendix

(WER440a).
No. Compound R; (min) | EI-MS (m/z, rel int.)
22 | (13R)-manoyl oxide 18.69 | 290 (M), 275 ([M-MeJ, 100), 257 ([M-HO-Me]’, 99), 204 (2),
191(27), 189 (9), 175 (8), 163 (9), 149 (22), 123)( 109 (30), 95 (44),
81 (66), 69 (98),
23 | (13S)-manoyl oxide 18.79 290 (MH), 275 ([M-MeT, 85), 257 ([M-HO-Me]’, 100), 204 (-),
191(44), 189 (7), 175 (6), 163 (7), 149 (14), 122)( 109 (36), 95 (38),
81 (46), 69 (35),

Table 7. Diterpene product profile of SscTPS1 using GGRPttee substrate and a wheat germ acid
phosphatase as the hydrolysis agent showing twdiccyezoducts. TIC's shown in the Appendix

(WER440a).
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Figure 29 GC-MS analysisR; = 7- 12.5 min) of the acid (HCI) hydrolized GPPmoterpene products of
SscTPS1B-pinene L), limonene ), B-trans-ocimene2d), B-cis-ocimene4), B-linalool (6), a-terpineol
(9), cis-geraniol 11). trans-geranioll2), Appendix (NG_GPP08v2).

~

No. | Compound| R;(min) [EI-MS (m/z rel int.)
1 |B-pinene 7.61 136 (M, 3), 121 ([M-MeJ, 5), 93 ([M-GH-]", 100), 79 (17), 69 (91), 67 (14), 53
(10)
2 |limonene 8.28 136 (M 17), 121 (IM-Me], 23), 93 ([M-GH-]", 78), 79 (37), 69 (6), 68 (100), §
(88), 53 (22)
24 | B-trans- 8.31 136 (M, 2), 121 ([M-Me], 10), 93 ([M-GH-]", 100), 79 (45), 69 (2), 67 (12), 53
ocimene (14)
4 | B-cis- 8.48 136 (M, 7), 121 ([M-Me], 17), 93 ([M-GH-]", 100), 79 (51), 69 (2), 67 (14), 53
ocimene (15)
6 | B-linalool 9.31 154 (M, -), 139 ([M-MeT, 3), 136 ([M-HOJ’, 14), 93 (IM-HO-C;H/]", 83), 79
(27), 70 (100), 69 (66), 67 (38), 53 (19)
9 | a-terpineol 10.83 154 (M, -), 139 ([M-MeT, 7), 136 ([M-HO]", 40), 93 ([M-HO-C;H-]", 58), 79
(19), 69 (4), 67 (14), 59 (100), 53 (8)
11 |cis-geraniol| 11.19 154 (M, 1), 139 ([M-MeJ, 3), 136 ([M-HOJ", 3), 93 ([M-H,0-C;H/]", 27), 79
(8), 69 (100), 67 (20), 53 (10)
12 |trans- 11.54 154 (M, 1), 139 ([M-Me], 4), 136 ([M-HOJ", 4), 93 ([M-HO0-C:H/]", 26), 79
geraniol (9), 69 (100), 67 (44), 53 (16)

Table 8 El mass spectra of the monoterpene product profilSscTPS1, using GPP as the substrate and an
acid (HCI) as the hydrolysis agent, showing twolicyawo olefinic and two oxygenated cyclic and two
oxygenated olefinic products. TIC's shown in thep&pdix (NG_GPP08v2).
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Figure 30. GC-MS analysisR; = 8 - 11.6 min) of the acid (HCI) hydrolized NPPmoterpene products of
SscTPS1: limoneng), terpinolene ), B-linalool (6), (-)-terpinen-4-ol 25), a-terpineol @), cis-geraniol
(12), Appendix (NG_NPPO08v2).

No. | Compound| R;(min) [EI-MS (m/z, relint.)

2 |limonene 8.26 | 136 (M22), 121 (IM-Mef, 22), 93 ([M-GH4]", 67), 79 (34), 69 (7), 68 (100),6]
(84), 53 (24)

5 |terpinolene 9.13 | 136 (M74), 121 ((M-Me], 84), 93 ([M-GH;]*, 100), 79 (36), 67 (9), 53 (10)

6 |p-linalool 9.31 | 154 (M, 1), 139 ((M-Me[, 3), 136 ((M-ROT", 13), 93 ([M-BO-CgH-]", 89), 79
(26), 70 (100), 69 (66), 67 (36), 53 (20)

25 |()-terpinen| 10.62 | 154 (M, 13), 139 ([M-Mef, 2), 136 ([M-BOJ", 14), 93 ((M-RO-C;H7]", 54), 79
-4-ol (7), 71 (100), 69 (18), 67 (17), 53 (9)

9 |o-terpineol| 10.84 | 154 (M, -), 139 ([M-Me], 27), 136 (IM-HOJ, 65), 93 ((M-HO-C;H;]*, 100), 79
(100), 69 (15), 67 (58), 53 (28)

11 |cis-geraniol] 11.19 | 154 (M, 1), 139 ((M-Me[, 4), 136 ((M-ROJ", 4), 93 ([M-RO-CsH;]", 30), 79
(8), 69 (100), 67 (20), 53 (11)

Table 9 EI mass spectra of the monoterpene product profilSscTPS1 using NPP as the substrate and an
acid (HCI) as the hydrolysis agent, showing twalicyihree oxygenated cyclic and one oxygenatedrotef
products. TIC’s shown in the Appendix (NG_NPP08v2).
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Figure 31 GC-MS analysisR = 13.25 - 20.55 min) of the acid (HCI) hydroliz&#P sesquiterpene
products of SscTPS1: neroliddl9), a-bisabolol £6), farnesol 21), Appendix (NG_FPP08).

No. | Compound| R; (min) [EI-MS (m/z relint.)

19 |nerolidol 15.62 | 222 (M -),207 ([M-MeJ, 2), 204 ((M-ROJ", 7), 189 (19), 161 (52), 148 (17) 136
(58), 135(32), 121 (45), 107 (71), 93 (100), 79)(B5 (61), 43 (67), 41 (71)

26 |a-bisabolol| 16.74 | 222 (M, -),207 (IM-MeT, 1), 204 ((M-ROJ", 16), 189 (4), 161 (10), 148 (4) 134
(2), 135(4), 121 (23), 107 (16), 93 (47), 96 (10®,(23), 55 (28), 43 (82), 41 (64

~—

21 |farnesol 16.90 | 222 (M1),207 ((M-Me[, 1), 204 ((M-ROJ’, 3), 189 (5), 161 (14), 148 (4) 136
(41), 135(14), 121 (36), 107 (46), 93 (68), 68 (10® (38), 55 (36),43 (30), 41
(62)

Table 10 EI mass spectra of the sesquiterpene producteaffSscTPS1 using NPP as the substrate and
an acid (HCI) as the hydrolysis agent showing ongenated cyclic and two oxygenated olefinic praduc
TIC’s shown in the Appendix (NG_FPPQ08).
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Figure 32 GC-MS analysisR, = 18 - 22 min) of the acid (HCI) hydrolized GGPiretbene products of

SscTPS1: sclareoRq), Appendix (NG_GGPP(Q8

No. | Compound| R; (min) [EI-MS (m/z rel int.)

27 |sclareol 19.57 | 308 (M-), 290 ([M-HOJ", 3), 275 (2), 272 (IM-2bDJ, 2), 257 (M-2HO-MeT,
4), 204 (2), 191(13), 189 (6), 175 (4), 163 (8)9 141), 121 (24), 109 (44), 95

(60), 81 (70), 69 (74), 59 (10), 43 (100)

Table 11 El mass spectra of the diterpene product profil8scTPS1 using GGPP as the substrate and an
acid (HCI) as the hydrolysis agent showing the icyditerpene sclareol as the only product. TIC sidw

the Appendix (NG_GGPP08).
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Figure 33 Mass spectrum of sclared?) atR = 19.57 min, formed by SscTPS1 using GGPP as subst
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Figure 34 Mass spectrum from authentic sclareol (Fluka)oliteéxhibits a similar total ion chromatogram

and aR = 19.66 min in the range of the sclareol prodoatied by SscTPS1.




3. Results

3.2.8. Phylogenetic (identity tree) analysis and geence comparison of SscTPS1
SscTPS1 had a high homology (http://www.ncbi.nik/gdlastx) to copalyl diphosphate

synthase ot.ycoperiscum esculentufnow Solanum lycopersicuynLactuca sativaand
ent-kaurene synthase A Bisum sativumOn the basis of this, an identity trdégure

35) was prepared with 31 aa sequences, includingPStTCsTPS1 and CsTPS2, from
gymnosperm and angiosperm monoterpene-; sesquitetpand diterpene synthases.
ClustalWw (http://www.ebi.ac.uk/clustaljh fasta format and GeneBee in the Clastw.phb

format file (http://www.genebee.msu.su/serviceggantfull. htm) were used. The condi-

tions were: scale-random; algorithm-cluster andokogical; matrix-blosum 62; with
bootstrap values. SscTPS1 placed withinTpecsubfamily of terpene synthases along-

side other diverse diterpene synthases from angiosp[61].
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Figure 35: Identity tree analysis of 31 aa sequences of nespehe-; sesquiterpene-; and diterpene syn-
thases from gymnosperms and angiosperms usingaBNistnd GeneBee (algorithm-cluster and topologi-

cal; matrix-blosum 62) with bootstrap values
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Further analysis of the full-length diterpene swsth showedscTPSlbearing typical

features of other diterpene synthases. As prewaeglorted, the first 59 N-terminal aa
are rich in serine and threonine (22% for SccTP&44, the estimated pl of this region is
close to 11 (10.89 for SccTPS1). These featurea diterpene synthase are common
characteristics of transit peptides, which tardpet proteins to plastids [108, 109]. This
information was also supported by the prediction $8cTPS1 to have an N-terminal

transit peptide for plastidial targeting (http:/Ahts.u-tokyo.ac.jp/iPSORY/ Two kinds

of terpene synthases/cyclases exist, with a difitedemain structure and different metal
binding motifs. Class | terpene synthases contaiN-#@erminal and a C-terminal domain
with DDXXD-motif for metal binding. Class Il terpersynthases contain an insertional-,
central and C-terminal domain whereas the centvalain harbors the DXDD-motif for
metal binding. The biosynthesis of labdane-relategbenes requires two cyclization
steps. The first is the cyclization of GGPP to tharacteristic bicyclic copalyldiphos-
phate, by stereo specific class Il terpene synthaserther modifications of CPP were
done by stereoselective class | terpene synth&seh. terpene synthases classes cata-
lyzed reactions involving electrophilic cyclizatioearrangement, and were biochemi-
cally distinct. Class | enzymes facilitated, thet@mhéon assisted allylic diphosphate ioni-
zation reactions commonly associated with terpgméhases, whereas class Il enzymes
mediated protonation of a carbon-carbon double borath acid/base catalyzed reaction.
SscTPS1 contained the DXDD-motif and is a clastefpene synthase. The sequence
comparison also showed that most diterpene syrgtheametained the highly conserved
SAYDTAW, although the first A in the motif of SScBR is replaced by other unpolar aa
P like in OsDTC1 (ent-cassa-12,15-diene synth@sgza sativa and just like the W,
which is replaced by V (SPYDTAV). The second knowonserved motif, the
QXXDGSW-moitif, was fully represented in SscTPEig(re 36) [78]. The roles of the
motifs remain unknown, whereas the latter one wagyassted in bacterial squalene

hopene synthases to be involved in the stabilimadfdhe whole enzyme [109].
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Figure 36. Sequence comparison of SscTPS1 with other dibergynthases. This alignment represents
class Il terpene synthases (AtCPSent; NP_19218a)‘iagertional’ element containing class | terpene
synthases, kaurene synthases (AtKs; Q9SAK?2), fAsabidopsis as well as bifunctional class II/l syn-
thase, abietadiene synthase frabries grandifAgAs; Q38710). The boundaries used for domain pamin
sons are marked with arrows, and the class || DXDB@tif marked with an overhead lin®ryza sativa
syn-copalyldiphophate synthase (OsCPSsyn; AAS98&68) ent-cassa-12,15-diene synthase (OsDTC1;
BAC56714), andCucurbita maxim&aurene synthase (CmKs; AAB39482).
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3.2.9. Size exclusion chromatography (SEC) of SscSP

A SEC was also used for SscTPS1, to estimate tHecolar mass of a protein and to
distinguish between monomeric and multimeric enzjméich is already mentioned for
the CsTPS’s. AKTA-FPLC-system with a HiLoad Super@80 16/60 (GE Healthcare)
column was equilibrated with the DSB-Buffer contagn150 mM NaCl and 5% glycerol
instead of 10% glycerol. SscTPS1 has a calculatettaular weight of 92.94 kDa
(DNAstar Inc.). SscTPS1 eluted at ~56.5 FigUre 37), checked by SDS-PAGH-iQ-

ure 38, the fractions 15.-17. corresponds to the elutolnme of ~56.5 ml), according to
the calibration curve, would have a molecular maiss-476.5 kDa which led to the
speculation that in vitro and under the buffer adbods used here, the enzymes seemed
to be most likely a pentamer or at least a oligortiex stokes radius was determined at
6.32 nm Table 12 2.11.5.)

Manual run 1:1_UV1_280nm Manual run 1:1_UV2_254nm Manual run 1:1_Fractions
mAu

SscTPS1 SEC

GE Healthcare Superdex 200 16/60 1 ml /min

194.0

Purified protein loaded 1 mg/ml

192.0

190.0

188.0

186.0

N N i)

Figure 37. SEC of SscTPS1




3. Results IEEHINNEEN

170 kDa}
130 kDa}

100 kDa }
70 kDa -

55 kDa -

40 kDa -

35 kDa -

25 kDa -

10 kDa -

15 kDa - ‘
L

16.

17. 24.

25.

Figure 38 [L]adder, [LoJad, Amicom™ [F]low thru and fractions 3.+4., 15.-17. and 24&+2f the

SscTPS1 SEC (Figure).

Protein M, [kDa] Stokes radius Ve [ml] VdV, (-log kay)*?
[nm]
SscTPS1 476.5 6.32 56.5 1.361 0.850

Table 12 Determination of the calculated stokes radius mrudecular weight o. sclareal. SscTPS1,
according to the monoterpene synthaseS.afatival. (3.1.2.4)

3.2.10. Graphical overview of SscTPS1

Parameter

SscTPS1

size (nt)/truncated version

2.358 kb/2.328 kb

size (My)/truncated version

89.758 kDa/88,929 kDa

size (aa)/truncated version 785/776
isoelectric point (pl) 5.708

3D structure most likely a pentamer
stokes radius 6.32 nm
phylogenetic subfamily Tpsc

diterpene class

Table 13:Graphical overview of SscTPS1.
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4. Discussion

4.1. Discussion oCC. sativa L. monoterpene synthases

During the course of a trichome-specific secondasgtabolismCannabis sativeEST-
project within the research group of Prof. Dr. ThhiKutchan and under the guidance of
Dr. Jonathan E. Page, putative prenyltransferasdsterpenoid synthases were found.
Due to the ecological importance of terpenoidshi& plant kingdom, their uses as fra-
grances in perfumery, as flavoring agents in tloelfimdustry, and also in pharmaceutical
applications, an attempt was made to charactdnzsetenzymes. Two putative monoter-
pene synthases were investigated that might bdvedan the scent and defense of the
Cannabisplant [12, 13, 14, 110]. During my diploma thebisth were cloned and ex-
pressed irkE. coli, and afterwards the product profile was deterneiha®ne monoterpene
synthase was identified to be a (-)-limonene sys#h&-)-limonene is broadly used by
industry as a flavour and fragrance compound (turpe, orange scent), whereas its en-
antiomer (+)-limonene is known to have antineojpdasictivities [111]. The second
monoterpene synthase found was ag+)mene synthase; which is known in plants as a
defense compound against predators [12]. It is shitmat each CsTPS produces, in addi-
tion to a major monoterpene product, several mproducts. CsTPS1 produced, besides
limonene, minor amounts af-pinene,3-pinene,3-myrcene andx-terpinolene. CsTPS2
produceda-pinene and minor amounts Bfpinene,3-myrcene and limonene, which are
known from other monoterpene synthases as Wihtha piperitaand Mentha spicata
limonene synthases produceinene,3-pinene and myrcene as minor products and a (-
)-a-terpineol synthase fronditis vinifera produced in total fourteen different monoter-
penes. The biosynthesis of multiple products by stenpene synthases can be explained
by the formation of the minor products from carl@mac intermediates that are formed
in the course of the conversion of GPP to the warimonoterpenes [112, 113, 114]. The
minor products could all have the same stereochigmess proposed for the gymnosperm
mirror image pathway of monoterpene biosynthest§ (8 be enantiomeric mixtures, as
shown for the angiosperm (g)H-terpineol synthase froM. vinifera[114]. The accumula-
tion of terpenoids in the plant family of tl@annabaceaesvas localized to the glandular
trichomes. This tissue specificity was previoushparted for angiosperms from other

species, for example the glandular trichomeblentha x piperitg115], the trichomes of



4. Discussion [ EGTTEGEGEE

Nicotianatabacum[116], the scent producing floral tissuesGiarkia breweri[117] and
the flower anthesis and leaves@itrus unshiu[118]. A de novoformation of traumatic
resin ducts in the wood and the specific productibterpenoids in these ducts were re-
ported for gymnosperms suchRisea abieq412]. Within the tissue, the terpene synthase
expression was organelle-specific; the monoterpnand diterpenoids were produced in
the plastids [119, 120]. This is similar to all ettpublished monoterpene synthases that
contain an N-terminal transit peptide. The nuclkeacoded monoterpene synthases are
preproteins that are proteolytically processed thigr mature form upon transport into
the plastid. All terpene synthase transit pept@aesrich in serine and threonine, low in
acidic and basic aa, and they are about 45-70rep Both of the characterizétl sativa
terpene synthase N-terminal transit peptides ansistent with these characteristics, but
show little aa sequence identity to other transptles [85]. During my PhD thesis, |
have reported the first characterization of enzymeslved in terpenoid metabolism of
C. sativaL. with respect to basic kinetic characteristit®lecular mass and the Stokes-,
or hydrodynamic radius. The phylogenetic (identige) integration of these enzymes in
the plant kingdom is also represented. The kinmmameters of previously characterized
terpene synthases varied between the native farllalehgth preprotein and truncated
versions as has been shown for a limonene syntifagkentha spicataThe concentra-
tions of divalent metal cations in the buffer cdsoaaffect the enzymatic activities, as
shown with various monoterpene synthase<ufus limon [70, 85]. The kinetic pa-
rameters of limonene synthases varied betweequM.and 32.4uM, which lies within
the range of monoterpene synthases reported her8%7112, 121]. The applied pH was
in the range of previously characterized monotegpgynthases from other angiosperm
species such ashymus vulgarisMentha piperita Ricciocarpos natansCitrus limon
Mentha citrata[122, 85, 112, 121, 123]. The pH optima of gymrevsps such aRinus
taedaare generally around pH 7.5 [71]. The predictextlisctric points are within 6.0-
7.0, somewhat higher than known monoterpene syashaghich have mostly isoelectric
points in the range of 4.0-6.0 [112, 118, 124]tleibas been done to characterize tem-
perature optima of terpene synthases. Protein agtraf leaves ofPicea abiesand
Quercus ilexdemonstrated monoterpene production at 40°C, mated in a range of

10°C — 60°C [125]. A temperature optimum of a pmeyclase fromAbies grandishas
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been reported at 42°C [126]. The temperature optirofl CSTPS1c was in the range of
those previously reported, whereas the temperapitsmum of CsSTPS2c was determined
at a lower temperature. Past 50°C, pipetting ofltteane was problematic, because of
evaporation of the organic phase. After this projgas ended, the advice of Prof. Dr.
M.H. Zenk to avoid this problem by adding minerdlaame unfortunately too late. The
results above including an identity tree, discudseldw, are published in Glinnewieh

al. 2007 [95]. Monoterpene synthases could existeeith monomers or homodimers.
Known monoterpene synthases with molecular weigbtsreen 80 kDa — 100 kDa ap-
pear to be dimers of two identical subunits, whersegnthases, such as limonene syn-
thases with molecular weights of approximately B@ak- 60 kDa, are apparently mono-
mers [61, 127]. Due to the fact that both CsTP3& around ~70 kDa in molecular
weight, a size exclusion chromatography (SEC) vwaagedo analyze the oligomeric state.
It could be shown that both enzymes are homodimeder the buffer conditions used.
The stokes- or hydrodynamic radiuses were detedrand.47 nm according to Andrews
1965 [101] and Laurent & Killander 1964 [102]. Asesult of the SEC the kinetic data
of the dimers was rechecked on the basis of a siyimehavior. The kinetic properties
change slightly, but they are still in the rangedata known from other monoterpene
synthases already discussed, but GPP seems telighatsy better substrate for CsSTPS2c
than for CsTPS1c. Previous studies of the idemtég origin and sub-grouping of plant
terpene synthases were based on a minimum sequesatty of 40 % along these
groups; it was shown here that the terpene syrthaeee grouped into thEpsbfamily
alongside other angiosperm monoterpene synthatesddndrogram analysis Figure

18 showed that abietadiene syntha&edrandig and a taxadiene synthage brevifolig
grouped within th&@ psdfamily, contrary to other comparisons that plattezin alongside
other gymnosperm terpene synthases [61]. As shaewiqusly, the clustering of both
terpene synthases in the sequence analysis wasdimgrdo their plant family and not
with limonene and pinene synthases from other apgion species [85]. This clustering
based on plant family has been reported@drus, Arabidopsis, Mentha, Artemisénd
Salviamonoterpenes synthases and has been describadrdasrasting parallel molecu-
lar evolution for these plants [118]. This evoluatiof the monoterpene synthases and

clustering is described to have occurred in andiergs. For example, four monoterpenes
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synthase lemor(jtrus) genes exist whereas only two at a time clusigetteer [85]. Two
cluster with monoterpenes synthase gene#rtémisia and two with a monoterpene
synthase ofQuercus it is supposed that divergence occurred befQuesrcus and
Artemisiaseparated fronCitrus. One can see that the identities of both lemore gduns-
ters with respect to their N-terminal target seqeeand the gene coding sequence is
relatively low. This tight clustering leads to vespecific functional roles in different
plants [85, 118, 128]. Further study should addthassfunctional identification of any
remaining C. sativa monoterpene synthases. In our research, only selféerent
monoterpenes have been founddnsativaand CsTPS1 and CsTPS2 are likely to pro-
duce five of these compounds [95] this leads toctheclusion that at least one additional
monoterpene synthase is present in the plant. Tinevelling of monoterpene biosyn-
thesis will contribute to our understanding of &@mplex fragrance components pro-
duced byC. sativa[110]. For other projects both enzymes were preditb the working
group of Prof. Dr. Ludger A. Wessjohann (departmiesdd of Bioorganic Chemistry;
IPB). A modelling study and site-directed-mutagénegith CsSTPS1 and CsTPS2 was
done by Lars Brauer (Dept. PD Dr. W. Brandt, IP@&ujing his PhD thesis [98].For the
computer modelling, a known bornyl diphosphate Isgaé X-ray 3D structure from
Salvia officinalisL., with ~44% sequence identity to CSTPS1 and GZ[®Wvas used. The
C-terminus is known to be the catalytic site, whsrthe function of the N-terminus is not
unravelled. The active site was determined by apasison of the crystal structure and
the DDXXD-motif, the binding site of the divalentetal-ions (Mg*, Mn**, etc.). The
active site pocket of the CsTPSs was calculatedioking programs, using the GPP sub-
strate. The calculated complexation of the GPP duea® over the conserved aa arginine
and aspartate, beside the DDXXD-motif. The unpaolarety of the GPP was stabilizing
over therrelectron-system of tryptophan. Beside this, oth@rsite-chains were deter-
mined to be involved in the catalytic mechanisntotld be shown that the active site of
CsTPS1 compared to CsTPS2 is differing only at prstion (CsTPS1: C343, CsTPS2:
A337); this alanine might be responsible for therfation of pinene instead of limonene.
The template differs in 3 positions (F578, S320 B4dl) Figure 39). Aim of the project
was to verify the computer model by site-directegkagenesis of the putative in the ca-

talysis involved amino acids. For this the actiite sf CSTPS1 was mutated by single-,
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double- and triple-mutations to mimic the one offES2 or the bornyl diphosphate syn-
thase. The changes were detected by the alteratithe product formation. During this
research traces of more side products of CsTPSlpa@d to the already known
products, were discovered. CsTPS1 produce tracksabdol, fenchol transpinan-2-ol,
cis-pinan-2-ol, a-terpineol, geraniol, camphen, menthenol, &@ohs<citral. After treat-
ment of the assay with wheat germ acid phosphateseayl diphosphate (borneol) was
discovered, too. The conclusion of remaining momaee synthases above still persists,
although we found new monoterpenes here, dominamalupts are still missing. Site-di-
rected-mutagenesis constructs could show that theéupt profile changed from limo-
nene to linalool, which is a sign of involvementtioé researched aa of the putative active
site. A change in the direction of the product peaio CsTPS2 or the bornyl diphosphate
synthase was not determined; it is most likely thate aa are involved in product for-
mation. The catalytic mechanism of the cyclizatieaction from monoterpene synthases
could be more enlighten. A putative catalytic diaolean aspartate and a histidine, is in-
volved by increasing the histidine basicity. Treads to a deprotonation to a cation and
the release of the diphosphate-moiety, complexethtarginine. The postulated allyl-re-
arrangement of the GPP leads now to the linalyhogphate. The second elimination of
the diphosphate moiety by the arginine resultea @yclization to the terpinyl-cation, and
a subsequent deprotonation by the histidine leadbe end product limonene. The lack
of a histidine (having instead phenylalanine; F5FRBjure) by the bornyl diphosphate
synthase tends to result in no diphosphate elinoinaind deprotonation. Due to later
results of a different subunit architectu@,sativaL. monoterpene synthases seem to be
dimeric, the model is currently recalculated (Dig®ehulz; Dept. PD Dr. W. Brandt,
IPB). Another study is a substrate specificity gttal investigate the capability of both
enzymes to convert artificial GPP like substratBenjan Weber; Dept. Prof. L. A.
Wessjohann, IPB).
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Figure 39 Calculated active site with the amino acids, sTES1 (limonene synthase), CSTPS2 (pinene
synthase) and the bornyl-diphosphate synth@atvi@ officinalid

4.2. Discussion o8. sclarea L. diterpene synthase

During another course of a trichome-specific, sdeoy metabolisns. sclareal. EST-
project, started by Dr. Kum-Boo Choi, putative &pid synthases were found, too. Due
to the economical importance of sclareol as a &mage in perfumery, an attempt was
made to characterize its biosynthetic pathway. Tnggect was continued. Sclareol is
widely used in the industry as a fragrance andofiatarting compound (ambr®xit re-
sembles the odor of the legendary amber or amise(@8i tons of sclareol are needed per
year), which is a pathological metabolite of theersp whale intestines, a compound
which has had a high value in perfumery since aityi129, 130, 131, 132]. Sclareol
and its derivatives have antibacterial propertie33[ 134, 135] and have been shown
more and more to be active against several typesder [136, 137, 138]. Herein, we
have reported the first cloning and characterirattban enzyme involved in terpenoid
metabolism ofS. sclareal.. with respect to tissue specificity, sequencengarisons, and
identity tree integration of these enzyme in thenplkingdom. The full-length clone of

the putative diterpene synthase EST, which hadjla lhomology to known copalyl pyro-
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phosphate synthases, was obtained by RACE-PCR.I{C@yaophosphate is a possible
intermediate in the sclareol biosynthesis. In thstpmainly the expression of truncated
terpenoid synthase full-length clones were sucoé§gd, 85]. This was confirmed here
also for the putative diterpene synthaseSofsclareal.. The truncation was done pre-
ceding an internal |Rmotif, which is not a characterisic motif of dpene synthases
compared to those of the monoterpene synthases 8ibenpene synthases containyRR
motifs, some notHigure 36). Until know this issue is not discussed, and actusion
about this cannot yet be reached. The putativepditee synthase named SscTPS1, shows
the same characteristics (nucleotide and amino smigience length, molecular weight
and pl) such as known diterpene synthases [109, 189 141, 142, 143]. Recombinant
SscTPSlwas assayed using the general terpene syrdinastrates (GPP, NPP, FPP and
GGPP). In general, NPP and linalyl pyrophosphatP(Lnot available, not used), iso-
mers of GPP and intermediates in the monoterpeysyihesis, were often used for the
determination of stereochemical distinct cyclizatreactions of monoterpene synthases.
NPP was taken here to show the capability of SséTtBSise different substrates, not for
studies about different stereochemistry [144].duld be shown that the enzyme has a
promiscuous behavior with respect to the substrateso-, sesqui- and diterpenes are
formed. All the terpenoid products formed here lmewn from wild growingSalvia
sclareal. etheric oil extracts [145, 146, 147]. Althougérol-acetateld) is known from
the etheric oil, it could be here an artefact inedrby the extraction method. The acetate
of the sodium acetate buffer, used for the wheahgecid phosphatase extraction, could
have formed an ester with cis-geranibl)( Just as welt-pyronene §) could be an arte-
fact too, it is known from the etheric oil too, batgeneral it is known to be a thermolysis
product ofa-pinene. This raises the question whether is inéat by lower temperature
during the GC-MS than described in the literatur@7]. A thermolytic isomerization is
also possible foa-phellandreneld), a-terpinene 15) andy-terpinene 16). That terpene
synthases could use different substrates is alrkadwn from a sesquiterpene synthase
from A. thaliana(At5g44630) that uses GPP to form in additiondsggiiterpenes, seven
different monoterpenes like myrcene, limonene, f&eimene, (EB-ocimene, terpino-
lene,a-terpinolene and one unidentified compound. Thenadion of theses compounds

by the enzymen vivois rather unlikely, as the protein lacks an N-teahtransit peptide
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and therefore is not expected to be present irtiggasvhere GPP is thought to be pro-
duced. This conclusion is supported by analysiarmAt5g44630 T-DNA insertion line,
that showed no difference in monoterpene emissrofilgs in comparison to the wild
type [148]. Contrary to this, ifrragaria terpene synthases are located in the cyto-
sol/plastids/mitochondria depending on the isofgoontaining or not containing N-ter-
minal transit sequences) and synthesize a monaoieigp€inalool) and a sesquiterpenoid
(nerolidol), already mentioned in chapteb. A transformation ofA. thalianawith the
Fragaria synthase KaNES), which is located to the cytosol, leads to moand ses-
quiterpenoid formatiom vivo, and feeding labelled 1-deoxy-D-xylulose did notuies
labelled linalool inFragaria [84]. It could be suggested, that we should befcato give
statements about compartmentation of terpenoidyatazh in vivo; it could be that one
enzyme like SscTPSL1 is responsible for the moresqu-, and diterpene production in
S. sclared... All needed substrates could be synthesizeétierplastid where SscTPS1 is
located, GPP and GGPP are endogenous, known FRRasgs are located into the plas-
tid as already mentioned in chapfeb, too [81]. It is possible that FPP is freely avail-
able from GGPP synthases located in the plastasgdon product-substrate changes in
the equilibrium and competition of the active sitgh the IPP and DMAPP substrates.
The extraction methods used here are common fpenerd synthases; the resulting sol-
volysis products of any allylic diphosphate estams present (i.e. geraniol and farnesol)
[78, 79]. Both were used here to investigate d#ffiees between the acid and the phos-
phatase procedure. One of the methods used heeeéssary, because unsolvolized ra-
dioactive assays resulted in almost no radioagtigithe organic phase (data not shown).
Other methods do not work with solvolysis, hereyahle hydrophobic products should
be trapped in an organic phase. Mg®0lumns are often use to trap the remaining aque-
ous components or hydroxylated substrates (geraramgpl i. €.). A problem of this pro-
cedure is that the MgSQnatrices could lead to rearrangements [67]. Iregdnwe can
see that the phosphatase treatment yielded a disteibution in the product formation.

It is assumed that (13R)- and (13S)-manoyl oxRizgnd?23) are derived from sclareol
(27). The OH group C13 of sclareol might be activaiedn anion, most likely by the
buffer, and a following nucleophilic attack of it @8, under water elimination, leads to

both manoyl oxides2@, 23). An enzymatic reaction should be excluded duthéofact
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that we have a consistent stereocenter at C8 (p@Ersommunication Prof. B. Wester-
mann; Dept. Prof. L. Wessjohann, IPB), and thalf881 belongs to the class Il terpene
synthases. For further cyclizations, to manoyl exide., a class | terpene synthase like
ent-kaurene synthases or a bifunctional classtéfipene synthase like an abietadiene
synthase is required [78]. In the beginning of megearch the biosynthetic pathway to
sclareol was proposed to proceed through the feomatf copalyl diphosphate and its
following allyl rearrangement and a dephosphorglatand hydroxylation by CytP450
enzymes. Nevertheless other possibilities whereudsed in the literature. The biosyn-
thesis of sclareol from mevalonate, acetate, andi@®age leaves has been reported by
Nicholas 1964 [149], and the direct formation ofnmal and sclareol via cyclization of
geranylgeraniol has been proposed by Geissman emd €969 [150] and Ruzicka et al.
1994 [151], but the speculative scheme lacked éxjertal evidence. The biosynthesis
of cis-abienol was shown to be done by a directizgiion of GGPP [152], the same
group showed in cell free extracts of trichome lgptobacco tissue the direct cycliza-
tion of GGPP to sclareol [116]. We can now verifigit research for the first time by
showing direct cyclization with a recombinant setdrsynthase, without any CytP450
enzymes involved in this process. That involvema&nphosphatases could not be ex-
cluded as discussed above. An exclusively trich@pecific expression could not be
shown, we found a slightly expression in othenigssas well. The RNA-bloE{gure 20)
was supported by an RT-PCR. That this low expressmuld be come from remnant
trichomes on the analyzed tissues could be exc|uaedhown for C. sativa monoterpene
synthases [95]. Contrary to the findings here, Sdbreret al. 2008 reported an exclu-
sively trichome specific incurrence of sclareolcduld be shown that capitate trichomes
contain sclareol beside linalool and linalyl acetahd peltate ones accumulate noticeable
concentrations of sesquiterpenoids [153]. The coroimeaspect of this thesis is undeni-
able. In the late nineties tl® sclareamarket, as a volatile oil producing plant, had a
value of 5.4 million $US [1]. When this project &, there was a need of 33 tons
sclareol per anno to yield 20 tons Ambtde32]. In the past, the biotechnological pro-
duction of plant secondary metabolites was basetisene and cell culture engineering.
Later modern approaches to the genetic manipulaifowolatile and medicinal plants

where done, byAgrobacterium rizhogenesnd tumefaciengransformation for example
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[1]. In the future, after the kinetic characteriaatof SscTPS1, it is possible to establish a
fermentative sclareol production. This could leadchtdecrease in the waste production
during the synthesis of AmbrBxFrom the planting of S. sclarea L. to the enddpod
206 tons waste are produced to yield 1 ton of AmBid32]. That sclareol is a natural
product inS. sclareais undeniable [153] but the final question isaiphosphatase in-
volved in the biosynthetic pathway to sclareol ot.1if not we have to search for the oc-
currence of non-enzymatically dephosphorylationshim cell. If yes we have to search
for a phosphatase to unravel the biosynthetic payho¥ sclareol fully. But for the tech-
nical production this doesn’t matter, with the didei of hydrochloric acid to the
SscTPS1 reaction, this problem is circumvented.

The aim of my thesis was to unravel the biosyntheathway of sclareol ifsalvia
sclareal., this is hereby done. And | can report here thatfound a novel diterpene

synthase the first sclareol synthase, so far | know

oPP

(Asp,Trp)

\_>

Manool

(23) (13S)-manoyl oxide]

Figure 40. Proposed biosynthetic pathway of sclareol andétsvatives of manoyloxide.
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5.1. Summary ofC. sativa L. monoterpene synthases

Two recombinant, stereospecific and dimeric mompetee synthases, a (-)-limonene
synthase €sTPS) and a (+)a-pinene synthaseC6TPS2, encoded byCannabis sativa
L. cv. Skunk trichome mRNA, have been isolated ahdracterized. Recombinant
CsTPS1 shows K, value at 6.25uM and aKcy at 0.09 &, the pH optimum was deter-
mined at pH 6.5, and a temperature optimum at 4B&ombinant CsTPS2 show&a
values at 4.96 uM andka. at 0.14 &, the pH optimum was determined at pH 7.0, and a
temperature optimum at 30°C. The Stokes radius eedsrmined at 4.47 nm. Phy-
logenetic analysis showed that both CsSTPSs grotlirnwihe angiosperm family and be-
long to theTpsbsubgroup of monoterpene synthases. The enzymadugpts (-)-limo-

nene and (+x-pinene were detected as natural produc@. isativatrichomes.

5.2. Summary ofS. sclarea L. diterpene synthase

One recombinant oligomeric (most likely a pentantktgrpene synthase, a sclareol syn-
thase $scTPS) encoded by Salvia sclarea L. cv Trakystra tnohanRNA, has been
isolated and partially characterized for the finste. It could be shown that SscTPS1 has
a promiscous behavior in its ability to use diffgreubstrates. Beside GGPP as the sub-
strate for diterpene synthases, SscTPS1 is capaljjeoduce various mono- and ses-
quiterpenoids, out of GPP, NPP and FPP. The stadss was determined at 6.32 nm.
Phylogenetic analysis showed that SscTPS1 groupnaihe angiosperm family and be-
longs to theTpscsubgroup and is a Class Il diterpene synthase.ehlagmatic products

are known as natural products®fsclarea L.
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é@@i

(1) B-pinene  (2) limonene  (3) a-pinene (4) B-cis-ocimene (5) terpinolene (6) linalool

(8) a-pyronene (9) a-terpineol (11) cis-geraniol (12) trans-geraniol
(13) nerol acetate (14) a-phellandrengl5) a-terpineng16) y-terpinene

i Q

(24) B-trans-ocimene  (25) (-)-terpinenol-(4)
Figure 41 SscTPS1 monoterpenoid products using GPP andasRBbstrates
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X X Z

(17) B-farnesene

X X N

(18) a-farnesene

OH

X X F

(19) nerolidol

(26) a-bisabolol

(22) (13R)-manoyl oxide

(23) (13S)-manoyl oxide

(27) sclareol
Figure 42 SscTPS1 sesqui- and diterpenoid products usiiydfiel GGPP as substrates
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WER440d#363-367 RT: 7.53-7.56 AV:5 SB:2 7.42,7.96 NL: 2.72E5

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 43(WER440d): MS-spectrum of compoufiepinene () R = 7.53 min obtained by GC-MS.

WER440d#447-450 RT:8.23-8.25 AV:4 SB:2 8.14,8.42 NL: 2.50E4

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 44(WER440d): MS- spectrum of compound Iimoneﬁ)eF{é 8.24 min obtained by GC-MS.
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WER440d#452-457 RT:8.27-8.31 AV:6 SB:5 8.07-8.09,8.41 NL:1.34E5

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 45(WER440d): MS- spectrum of compouoepinene 8) RCzh 8.28 min obtained by GC-MS.

WER4400#475-478 RT: 8.46-8.48 AV:4 SB: 2 8.43, 855 NL: 1.23E5
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 46 (WER440d): MS- spectrum of compoufetis-ocimene4) R = 8.47 min obtained by GC-MS.



WER440d#555-560 RT: 9.13-9.17 AV:6 SB: 8 9.08-9.09, 9.23-9.27 NL: 1.09E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 47 (WER440d): MS- spectrum of compound terpinoleb)ex = 9.13 min obtained by GC-MS.
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WER4400#576-582 RT: 9.30-9.35 AV:7 SB:36 9.27, 9.37-9.65 NL: 148E5
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 48 (WER440d): MS- spectrum of compoufdinalool (6) R = 9.32 min obtained by GC-MS.
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WERA440d#629-636 RT: 9.74-9.80 AV:8 SB: 5 9.71, 9.87-9.89 NL: 1.36E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 49 (WER440d): MS- spectrum of compound not-identifrednterpene?®) R, = 9.77 min obtained

by GC-MS.

WERA440d#653-659 RT: 9.94-9.99 AV:7 SB: 5 9.90, 10.05-10.08 NL: 8.05E3
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 50 (WER440d): MS- spectrum of compouaepyronene §) R = 9.96 min obtained by GC-MS.



WER440d#761-764 RT: 10.84-10.87 AV:4 SB:5 9.90, 10.05-10.08 NL: 2.68E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 51 (WER440d): MS- spectrum of compouaderpineol @) R = 10.85 min obtained by GC-MS.

WER440d#797-800 RT: 11.14-11.17 AV:4 SB:5 11.04,11.34-11.37 NL: 1.81E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 52 (WER440d): MS- spectrum of compound not-identifiednoterpenel0) R = 11.15

obtained by GC-MS.
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Figure 53 (WER440d): MS-spectrum of compound

WER440d#806-810 RT: 11.22-11.25 AV:5 SB:5 11.04, 11.34-11.37 NL: 4.26E5
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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WER4400#854-857 RT: 11.62-11.64 AV:4 SB:7 11.54-1155, 11.69-11.72 NL: 4506
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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cis-gerarnid) R = 11.23 min obtained by GC-MS.
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Figure 54 (WER440d): MS-spectrum of compound trans-gera(i@) R = 11.64 min

MS.

obtained by GC-
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WER440d#1060-1064 RT: 13.34-13.37 AV:5 SB:8 13.24-13.26, 13.44-13.47 NL: 3.04E4

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 55 (WER440d): MS-spectrum of compound neryl acetaB R = 13.34 min obtained by GC-MS.

WER440c#364-369 RT: 7.53-7.58 AV:6 SB: 4 7.47-7.48, 7.73-7.73 NL: 5.90E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 56 (WER440c): MS-spectrum of compoufiepinene 1) R = 7.55 min obtained by GC-MS.



WER440c#403-405 RT: 7.86-7.88 AV:3 SB:2 7.83,7.94 NL: 1.21E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 57 (WER440c): MS-spectrum of compoundphellandrene14) R, = 7.88 min obtained by GC-

MS.

WERA440c#423-426 RT: 8.03-8.05 AV:4 SB:4 7.99, 8.18-8.19 NL: 1L.59E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 58 (WER440c): MS-spectrum of compouaeterpinene 15) R = 8.05 min obtained by GC-MS.



WER440c#449-451 RT: 8.24-8.26 AV:3 SB:20 8.15-8.20, 8.52-8.62 NL: 1.10E5
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 59 (WER440c): MS-spectrum of compound limoneBgR; = 8.26 min obtained by GC-MS.

WER440c#503-507 RT: 8.69-8.73 AV:5 SB: 10 8.63-8.65, 8.88-8.92 NL: 1.48E4
T: {0,0} + ¢ EI det=500.00 Full ms [ 40.00-500.00]
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Figure 60 (WER440c): MS-spectrum of compoupderpinene 16) R = 8.71 min obtained by GC-MS.
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WER440c#556-561 RT: 9.13-9.18 AV:6 SB:9 9.05-9.07, 9.48-9.53 NL: 3.41E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 61 (WER440c): MS-spectrum of compound terpinoles)eR = 9.15 min obtained by GC-MS.
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WER440c#762-765 RT: 10.85-10.88 AV:4 SB:4 10.79, 10.95-10.97 NL: 2.40E5
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 62 (WER440c): MS-spectrum of compouaeterpineol 0) R, = 10.86 min obtained by GC-MS.
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WER440c#811-814 RT: 11.26-11.29 AV:4 SB:9 11.14-11.16, 11.41-11.44 NL: 3.93E6
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 63 (WER440c): MS-spectrum of compound
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WER440b#1184-1186 RT: 14.37-14.39 AV:3 SB:7 14.32-14.34, 14.43-14.45 NL: 2.20E5
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 64 (WER440b): MS-spectrum of compoufdidarnesenel7) R, = 14.38 min obtained by GC-MS.



WER440b#1240-1243 RT: 14.84-14.86 AV:4 SB:5 14.74, 14.89-14.92 NL: 2.66E4
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Figure 65 (WER440b): MS-spectrum of compound (Zgefarnesene 18) R

GC-MS.
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Figure 66 (WER440b): MS-spectrum of compound nerolicﬂﬁ)(R = 15.67 min obtained by GC-MS.



WER440b#1473-1476 RT: 16.78-16.80 AV:4 SB:2 16.72,16.90 NL: 1.99E4

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 67 (WER440b): MS-spectrum of compound not-identiff2d) R, = 16.80 min obtained by GC-MS.

WER440b#1492-1495 RT: 16.94-16.96 AV:4 SB:5 16.90, 17.02-17.05 NL: 2.73E5
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 68 (WER440b): MS-spectrum of compound farnesd) @ = 16.95 min obtained by GC-MS.



WER440a#1698-1700 RT: 18.67-18.69 AV:3 SB:2 18.65, 18.74 NL: 3.58E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 69 (WER440a): MS-spectrum of compound (13R)-manoytiex22) R, = 18.69 min obtained by

GC-MS.

WER440a#1711-1713 RT: 18.78-18.80 AV:3 SB:2 18.73,18.85 NL: 351E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 70 (WER440a): MS-spectrum of compound (13S)-manoytie®x23) R, = 18.79 min obtained by

GC-MS.
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Figure 71 (NG_GPP08v2): MS-spectrum of compouiiginene () R = 7.61 min obtained by GC-MS.

NG-GPP0B\2 #452-455 RT: 8.27-8.29 AV:4 SB: 5 8.12-8.13,8.34-8.36 NL: 3.21E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 72 (NG_GPP08v2): MS-spectrum of compound limone?)d(= 8.28 min obtained by GC-MS.



NG-GPP08v2 #457-458 RT. 8.31-8.32 AV:2 SB: 7 814,8.33-8.37 NL 8.20E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 73 (NG_GPPO08v2): MS-spectrum of compoupdrans-ocimene2d) R = 8.31 min obtained by

GC-MS.

NG-GPP08V2#475-480 RT: 8.46-8.50 AV:6 SB:5 8.44, 8.53-8.55 NL: 6.82E4
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 74 (NG_GPPO08v2): MS-spectrum of compoupdis-ocimene 4) R, = 8.48 min obtained by GC-

MS.



NG-GPP08v2 #577 RT. 9.31 AV:1 SB: 5 844, 8.53-8.55
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 75 (NG_GPP08v2): MS-spectrum of compoyutinalool (6) R = 9.31 min obtained by GC-MS.

NG-GPP082 #757-760 RT: 10.81-10.84 AV:4 SB: 8 10.74-10.76, 10.89-10.92 NL: 1.88E6

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 76 (NG_GPPO08v2): MS-spectrum of compoumderpineol 9) R = 10.83 min obtained by GC-

MS.
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7. Appendix

NG-GPP082#802-804 RT: 11.19-11.20 AV:3 SB: 4 11.15-11.16, 11.21-11.22 NL: 1.68E5
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Figure 77 (NG_GPP08v2): MS-spectrum of compound cis-geradit R = 11.19 min obtained by GC-
MS.
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NG-GPP08\2 #844-846 RT: 11.54-11.55 AV:3 SB: 6 11.44-11.45, 11.62-11.64 NL: 4.26E6
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Figure 78 (NG_GPP08v2): MS-spectrum of compound trans-getdh®?) R, = 11.54 min obtained by
GC-MS.
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NG-NPP08V2 #454-456 RT: 8.25-8.27 AV:3 SB: 4 8.23,8.29-8.31 NL: 3.

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 79 (NG_NPPO08v2): MS-spectrum of compo

NG-NPP08V2 #558-560 RT. 9.12-9.13 AV:3 SB:5 9.03-9.04, 9.20-9.22 NL: 5.46E5

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 80 (NG_NPPO08v2): MS-spectrum of compound terpinol@)édr, = 9.13 min obtained by GC-MS.



NG-NPP08V2 #580-582 RT: 9.30-9.32 AV:3 SB:5 9.25-9.27, 9.38-9.39 NL: 4.40E6

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 81 (NG_NPP08v2): MS-spectrum of compoysinalool (6) R = 9.31 min obtained by GC-MS.

NG-NPP08V2 #737-739 RT. 10.61-10.63 AV:3 SB:7 10.53-10.54, 10.68-10.70 NL: 1.04ES

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]

100 711
931
1111
303
%4 86.1
55.1
69.1
91.1
136.1
1 1542
w1 8L1
{ 952
722
65.1 1101 1211
511 1122 125.1 1302
4, 87.2 107.2 -
1952 L] | ssdsen |, ‘74‘2 gl T ‘H??‘F?DS,\Z S ma | Tozsz wsoa |17 sz asea [1959 asmz sera i
et i it g ol i A i et e e
50 60 70 80 90 100 110 120 130 140 150 160 170
mz

Figure 82 (NG_NPPO08v2): MS-spectrum of compound (-)-terpiret (25) R = 10.62 min obtained by

GC-MS.



7. Appendix

NG-NPP0B\2 #762-765 RT: 10.82-10.84 AV:4 SB: 11 10.74-10.76, 10.89-10.95 NL: 7.49E6

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 83 (NG_NPP08v2): MS-spectrum of compoumderpineol @) R = 10.84 min obtained by GC-

MS.

NG-NPPOBV2 #804-808 RT: 11.17-11.20 AV:5 SB: 8 11.10-11.13, 11.28-11.31 NL: 1.33E6
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 84 (NG_NPP08v2): MS-spectrum of compound cis-gerafiity R, = 11.19 min obtained by GC-

MS.



Ng-fpp08#1315-1319  RT: 15.60-15.63 AV:5 SB:7 1553, 15.70-15.74 NL: 7.96E6
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 85 (NG_FPP08): MS-spectrum of compound nerolid®) R = 15.62 min obtained by GC-MS.

Ng-fpp08#1447-1453  RT: 16.70-16.75 AV:7 SB:6 16.56-16.60, 16.83 NL: 1.72E6
T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 86 (NG_FPP08): MS-spectrum of compoumdbisabolol 6) R = 16.74 min obtained by GC-MS.



Ng-fpp08#1471 RT: 16.90 AV:1 SB:7 16.86, 17.00-17.05 NL: 8.12E6

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 87 (NG_FPP08): MS-spectrum of compound farnea) R = 16.90 min obtained by GC-MS.

Ng-ggpp08 #1784-1787 RT. 19.56-19.58 AV:4 SB: 16 19.46-19.51, 19.62-19.69 NL: 8.08E5

T: {0,0} + ¢ El det=500.00 Full ms [ 40.00-500.00]
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Figure 88 (NG_GGPP08): MS-spectrum of compound sclar2d R = 19.57 min obtained by GC-MS.
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