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1 1. Introduction 

1. Introduction 

1.1. The plants 

Many volatile oil (or essential) oil-producing plants are particular interesting because of 

their high economic value. The term ‘volatile oil’ is preferred because it refers to the fact 

that most components of the oils, which are stored in extra cellular spaces in the epider-

mis or mesophyll, have low boiling points and can be recovered from the plant tissues by 

steam distillation. Volatile oils are quite distinct from more common triglyceride oils and 

fats, which are known as ‘fixed’, because of their high boiling point [1]. Vast amounts of 

volatile oils are terpenoids that are made up of five-carbon isoprene or isopentenoid units. 

Other biological molecules belong to this family, are for example; porphyrins, chloro-

phylls, carotenoids, steroids, gibberellins and natural rubber [2]. The production and ac-

cumulation of volatile, low molecular weight terpenes [mono-(C10), most sesqui-(C15), 

and some diterpenes (C20)] are not restricted to one specialized taxonomic group but oc-

cur throughout the plant kingdom. Volatile oils can be obtained from various tissues of 

Gymnosperms (Pinaceae: conifers; Taxaceae: the yew family; Cupressaceae: cypresses 

and junipers; Cycadaceae: the tree fern family). The ability to accumulate terpenes is 

widely distributed in Angiosperms (subphylum: Magnoliophytina), too. By temperate and 

tropical dicotyledons (Chenopodiaceae: beets and goosefoots; Compositae: the daisy 

family; Geraniaceae: the geranium family; Guttiferae/Hypericaceae: including St. Johns 

worts; Lamiaceae: the mint family; Cannabaceae: hemp and hop; Lauraceae: including 

bays; Myricacea; Myristicaceae: nutmeg and mace; Myrtaceae: myrtles, eucalypts and 

clove; Scrophulariaceae: olives and lilacs; Piperaceae: the pepper family; Rosaceae: the 

rose family; Rutaceae: the citrus family; Santalaceae: sandalwood; Apiaceae: the carrot 

family; Verbenaceae: including verbenas; Violaceae: violets and pansies) and monocoty-

ledons (Araceae: the aroid family; Cyperaceae: the sedge family; Poaceae: the grass fam-

ily; Zingiberaceae: the ginger family). This indicates that the accumulation of terpenes 

was a feature of the earliest seed plants [1]. In this doctoral thesis two volatile oil pro-

ducing plants were investigated, due to their ability to produce economically valuable 

terpenoids, Cannabis sativa L. and Salvia sclarea L.. 

 

 



 

 

2 1. Introduction 

1.1.1. Cannabis sativa L. 

Cannabis sativa L.; family: Cannabaceae; order: Rosales, eurosids I, rosids; subphylum 

Magnoliopsida; phylum: Spermatophyta. Cannabis (hemp) and Humulus (hop) were pre-

viously subdivided into mulberry plants (Moraceae) and stinging-nettle plants (Urtica-

ceae). Today both plants belong to the family of the hemp plants (Cannabaceae). Canna-

bis is comprised of three subspecies (C. sativa L., C. indica, C. ruderalis); this is contro-

versial and some scientists suggest that all belong to one species, like hop (Humulus lu-

pulus, H. japonicus, H. yunnanensis). Mankind has used the plant since the Stone Age 

(6500 bc) as evidenced by fossil plant remains such as pollen, fibers, seeds and half-

burned trichomes. The origin of the plant is until now unknown but three regions are pos-

sible due to the long cultivation there; China (4200-1150 bc) in the region of the 

Huanghe-river (Yellow-river) and the Jangtse, Central Asia from the Caucasus- to the 

Altai-mountains or south Asia in the Himalaya and Hindukush regions. As a hemerophi-

lous species, the plant is now found all over Asia, Africa, Europe and the Americans. 

Cannabis is a 1-5 m tall, cultivated annual plant, and is used for fiber, crop, oil, and me-

dicinal purposes, but also as a stress relaxation and religious drug. [3, 4] Beside the fiber 

industry, the pharmaceutical industry is interested in the use of the plant. Cannabis pro-

duces a variety of medicinally active cannabinoids like THC (∆9-tetrahydrocannabinol) 

[5]. THC is used as a prescription treatment for nausea that can accompany chemotherapy 

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

 

1.1.2. Salvia sclarea L. 

Salvia sclarea L., family: Lamiaceae; order: Lamiales, asterids, Magnoliopsida, Sperma-

tophyta. Pliny the Elder, a roman scientist and historian, was the first to use the Latin 

name Salvia, derives from salvare, to heal or save, and salvus, meaning uninjured or 

whole, and refers to the several species of Salvia with medicinal properties. His interest 

in plants was utilitarian, and his encyclopaedic compilation, Natural History, included 

salvias in the vegetable kingdom. He dealt almost exclusively with the agricultural and 

medicinal attributes of plants. Information on the virtues of sage is also being found in 

the old herbals of medieval and renaissance Europe, usually illustrated with woodcuts or 

engravings. Not only are medicinal recipes given, but charms and spells are also de-
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scribed. The common name sage originated in England and is probably a corruption of 

the French sauge. Salvias are members of the mint family, Lamiaceae, and comprise the 

largest genus in that family. The fragrant foliage of many types of Salvia has been used 

for more than 20 centuries to heal the minds and bodies of people of many different cli-

mates and cultures. Salvias are described by growth habit, perennial, biennial, or annual 

herbs, or as evergreen or deciduous shrubs. Some species are scandent and appear to 

climb, but they lack organs such as tendrils for support. The genus is distributed through-

out the temperate and sub-tropical regions of the world, occurring from sea level to ele-

vations of 3,400 m (11,000 ft) or more. The temperature ranges where they are found are 

equally great. Some habitats experience -18°C (0°F) or lower, while others may have 

readings of more than 38°C (100°F). Salvias are easy to determine. First look for opposite 

leaves and square stems that with age sometimes become round. Next, observe an indi-

vidual flower closely. The corolla, the colorful tube, can have a variety of shapes, but it 

must have two lips of unequal length; the upper one is variable in shape and the lower is 

usually spreading. The calyx must also be two lipped. The upper one may have two or 

three teeth or it may be undivided. The lower one is often two-toothed. There are always 

two fertile stamens and sometimes two infertile ones called staminodes. Usually four 

seeds are produced; they are frequently mucilaginous when dampened. More than 900 

species of Salvia exist worldwide, with well over half occurring in the Americas, but 

none occur in Australasia. Add to that number cultivated hybrids and natural hybrids 

from the wild as well as gardens, and the total figure increases by several hundred more. 

Salvia sclarea Linnaeus (clary sage) is a striking herbaceous plant that is classified as 

both biennial and perennial; Salvia sclarea L. has been recognized for its essential oils 

and was used extensively since well before the birth of Christ. Theophrastus, Discorides 

and Pliny, all wrote at length about its useful properties. In the wild, it is found through-

out the northern Mediterranean region and in limited parts of North Africa and central 

Asia. It is commonly known as toute-bonne or sauge sclarée in France, sclarea in Italy, 

hierba de los ojos (herb of the eyes) in Spain, Muskateller or Römischer Salbei in Ger-

many, and clary in Britain. Requiring little water or attention and being adaptable to tem-

peratures below -18°C (0°F), this Salvia has become naturalized in central Europe. An 

early summer-blooming plant, Salvia sclarea L. 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 when in flower. Stems are square and covered with 

hairs and oil globules (trichomes). Leaves vary in size from 30 cm (1 ft) long at the bot-

tom of the plant to less than half that size at the top. They may be sessile or have a short 

petiole when growing at the top of the plant. The length of the petiole varies too. The leaf 

surface is rugose and covered with short hairs and few oil globules. Leaves are grassy 

green on the surface, and on the underside there are pronounced creamy veins. The entire 

edge is saw-toothed. Flowers number between two and six in each verticil and are held in 

large, colorful floral bracts that are pale mauve to lilac or white to pink with a pink 

marking at the edge. The lilac or pale blue corolla is about 2.5 cm (1 in) in length, and the 

lips are held wide open in the shape of a scythe blade. Salvia sclarea L. is not suitable as 

a cut flower because of the powerful odor of penetrating oils. These essential oils are 

widely used in making perfume and in imparting a muscatel flavor to wines, vermouths, 

and liqueurs. The oils are one source of the plant’s healing qualities; the seeds are an-

other. The plant seeds have traditionally been placed in the eye as a means of producing 

thick mucilage; this practice is said to clean the eye of impurities. The name “sclarea” 

carries the connotation of clear and bright, and it is said the “clary” is an English corrup-

tion of clear-eye [9].  

 

1.1.3 Glandular Trichomes 

Volatile oils are synthesized, stored and released by a variety of epidermal or mesophyll 

structures. These structures include: oil cells (ginger, turmeric, vanilla and pepper) se-

cretory glands (bay, clove, Citrus and Eucalyptus); secretory ducts (vittae) or canals 

(anis, Angelica, Pinus and Artemisia); and glandular trichomes (Labiatae, Cannabaceae, 

Compositae, Geraniceae and Solanaceae). Here the report of glandular trichomes (hairs, 

scales) is focused on the Lamiaceae family, but the Cannabaceae family feature the same 

elements. Labiates carry different epidermal hairs, glandular or non-glandular, sometimes 

on the same leaf. Most of them are capitate or peltate type. Each type of glandular 

trichome is made up of a basal cell, located in the epidermis, supporting a stalk of one to 

three cells, and either a single head cell (capitate trichome) or a more complex head, typi-

cally of four to ten cells (peltate trichome). These two main types of trichomes can be 

further subdivided according to the number of stalk cells, and whether the basal cell is 
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continuous with the epidermal surface or sinks into an epidermal pit. A glandular 

trichome develops from a single epidermal cell that is similar in size to epidermal cells, 

but has a larger nucleus, a smaller central vacuole and a more electron-dense cytoplasm. 

Successive divisions in the direction of the long axis of the future trichome give a struc-

ture made up of a basal cell, up to three stalk cells in series, culminating in a head cell. 

This completes cell division for capitate trichomes, but in the development of peltate 

trichomes, the head cell then undergoes a series of further divisions to give the appropri-

ate number of head cells. Once the synthesis and accumulation of the terpenes begin, the 

Golgi apparatus and the endoplasmatic reticulum within trichome cells become more 

prominent, and the vacuoles become more osmiophilic the mature trichome’s sub cellular 

integrity deteriorates. The oils produced by capitate trichomes appear to be lost to the 

surrounding environment, possibly through pores in the cuticle of the head cell. In peltate 

trichomes, the oil accumulates in spaces formed by separation of the head cell walls from 

their covering cuticle, from an expansion in its surface area. Oil storage capacity varies 

amongst trichomes and species [1].  

 

1.2 Terpenoids 

Terpenoids form the largest class of plant-derived specialized secondary metabolites, ex-

ceeding the alkaloids, cyanogenic glucosides and other secondary metabolites [10]. More 

than 36,000 different terpenoids are currently known [11]. You can find them in primary 

and secondary metabolism. These compounds have a wide range of functions in the plant 

kingdom. The volatile terpenoids are known to be involved in direct defence, feeding, 

oviposition deterrents and toxins [12], or indirect defence to attract predators of herbi-

vores [13, 14]. They are available in relatively large amounts as resins, waxes and essen-

tial oils, are important renewable resources and provide a range of commercially useful 

products including solvents, flavorings and fragrances, coatings, adhesives and synthetic 

intermediates. Some of them are industrially useful polymers (rubber, chicle or bubble-

gum), pharmaceuticals (artemisinin, taxol) and agrochemicals (pyrethrins, azadirachtin) 

[15].  
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1.2.1. Terpenoid biosynthesis  

Biosynthesis of terpenoids is based in general on the condensation of two activated iso-

prene C5-units; isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate 

(DMAPP). To understand terpenoid biosynthesis it is necessary to understand the bio-

synthesis of these two C5-units. An exemption is isoprene (hemiterpenoid), which is the 

simplest terpenoid, that is derived from DMAPP by diphosphate elimination by a divalent 

metal dependent (Mg2+, Mn2+) isoprene synthase, known from aspen (Populus subsp.) 

and velvet beans (Mucuna pruriens). Isoprene is produced and emitted by leaves of many 

plants and accounts for a significant proportion of atmospheric hydrocarbons [16].  

 

1.2.2. Isopentenyl pyrophosphate biosynthesis 

Since the enlightenment of the mevalonate-pathway to IPP and its isomerization to 

DMAPP (by Bloch, Conforth and Lynen in the 50s and 60s) which works on the sterol 

biosynthesis in animal and yeast cells, it has been widely believed that all organisms use 

only this pathway to build up huge amounts of isoprenoids [15, 17, 18]. But early feeding 

studies in this field using labeled mevalonate show that only small amounts of integration 

rates were found in the biosynthesis of monoterpenes and carotenoids [19, 20]. Feeding 

experiments with NaH14CO3[U-14C]3-phosphoglycerate and [2-14C]-pyruvate and isotope 

dilution studies showed labeling of carotenoids in purified spinach chloroplasts. And be-

side this, mevinolin that normally blocks the mevalonate-pathway (hydroxymethylglu-

taryl-CoA-reductase) had no effect on carotenoid and plastochinone biosynthesis [21]. 

This led to the speculation that the cytoplasm was not the only place for isopentenylpyro-

phosphate biosynthesis and a second location had to exist in plants. The alternative terpe-

noid biosynthesis pathway was unravelled, using 13C-labeling experiments in bacteria and 

plants, by the independent groups of D. Arigoni and M. Rohmer. Application experi-

ments showed labeling deviation from the acetate/mevalonate-pathway [22, 23]. Rohmer 

and Sahm hypothesized that the basic modules of the terpenoid biosynthesis were based 

on the condensation of pyruvate and a triose. Instead Arigoni’s working group thought 

that the basic modules were based on a condensation of an activated acetaldehyde, de-

rived from thiaminpyrophosphate mediated decarboxylation of pyruvate, with glyceral-

dehyde-3-phosphate. Later Arigoni could show that the condensation product 1-desoxy-
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D-xyulose after application to bacteria and plants was found in the corresponding terpe-

noids [24, 25]. Since this time the alternative terpenoid biosynthesis pathway has been 

named after the first intermediate the DOXP- or desoxyxylulosephosphate-pathway. It 

was shown that desoxyxylulosephosphate was the precursor of thiamin (vitamin B1) [26] 

and pyridoxol (vitamin B6) biosynthesis [27]. Until now we know that animals and fungi 

use only the acetate-mevalonate pathway to synthesize terpenoids [28]. In bacteria the 

pathway is different; we have here for example the acetate-mevalonate pathway in 

Chloroflexus aurantiacus [29] and the Archeabacteria, but in Pseudomonas aeruginosa, 

Salmonella typhimurium, Heliobacter pylori, Mycobacteria and the Cyanobacteria the 

DOXP-pathway is followed [30]. Instead in plants both pathways may exist together in 

the same organism; the DOXP-pathway in plastids, where carotenoids, plastoquinone, 

phytol and mono- and diterpenes are synthesized, and the acetate-mevalonate pathway in 

the cytosol, where sesqui- and triterpenoids, and the ubiquinone side chains in the mito-

chondria are synthesized [31]. This is not always the case, for example in glandular cells 

of Mentha x piperita mono- and sesquiterpenoids are synthesized by leucoplasts [32]. 

Rhodophyta (Cyanidium caldarium) synthesize phytol over the DOXP-pathway and ster-

ols over the mevalonate-acetate pathway, whereas chlorophyta (Scenedesmus obliquus, 

Chlorella fusca, Chlamydomonas reinhardtii) synthesize sterols, phytol and β-carotin 

over the DOXP-pathway and Euglena gracilis use exclusively the mevalonate-acetate 

pathway [33]. The appearance of the DOXP-pathway in plastids of plants and bacteria is 

another sign for the endosymbiotic theory, that the plastids are cyanobacteria-derived and 

that the eukaryotes are methanobacteria-derived [34]. There is evidence of a cross talk of 

both pathways in the biosynthesis of certain metabolites. As an example the Matricaria 

recutila (chamomile) sesquiterpenes are composed of two C5 isoprenoid units formed via 

the DOXP-pathway, with the third unit being derived from the MVA-pathway [35]. An 

interaction of both pathways is reported too, in lima bean for the biosynthesis of mono- 

and sesquiterpenoids [36]. In Arabidopsis the inhibition of the MVA-pathway by lovas-

tatin (mevinolin) shows an upregulation of the DOXP-pathway metabolites, it is the same 

vice versa with inhibition of the DOXP-pathway by fosmidomycin. With the difference 

that sterol levels in lovastatin treated plants recovered to normal, but fosmidomycin 

treated plants show chlorophyll deficiency. This regulation is based on protein level but 
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not on significant alterations in the expression levels of the pathway genes [37]. Lovas-

tatin treated Arabidopsis shows a change of the phenotype to dwarf growth, short hypo-

cotyls and roots, and contracted cotyledons. DOXP-pathway deficient mutant show 

similar phenotypes in growth plus an albino form, but 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 which acetyl-CoA is converted into isoprene 

C5-units (IPP and DMAPP) by a series of reactions that begins with the formation of hy-

droxymethylglutaryl-CoA (HMG-CoA). The synthesis of HMG-CoA in animals and in 

yeast requires two enzymes, a thiolase (acetyl-CoA acetyltransferase) and a HMG-CoA 

Synthase (HMGS). The thiolase condenses two molecules of acetyl-CoA to acetoacetyl-

CoA, the HMG-CoA synthase condenses acetoacetyl-CoA with a third acetyl-CoA to 

HMG-CoA. There are situations in plants where these steps require only one enzyme, 

which uses Fe2+ and quinone cofactors, to yield HMG-CoA [39, 40]. The CoA thioester 

group of the HMG-CoA is reduced to an alcohol in an NADPH-dependent four-electron 

reduction catalyzed by HMG-CoA reductase (HMGR), yielding R-mevalonate. The 5-OH 

group is phosphorylated, with ATP, by mevalonate-5-phosphotransferase (or kinase, 

MVK) to phosphomevalonate. The phosphate group is then phosphorylated, with ATP, 

by phosphomevalonate kinase (PMK) to 5-pyrophosphomevalonate (MVPP). This mole-

cule is then decarboxylated by pyrophosphomevalonate decarboxylase (PMD), in an 

ATP-dependent and divalent metal ion-dependent step, to isopentenyl pyrophosphate. 

The isopentenyl pyrophosphate isomerase (IDI; divalent metal ion-dependent) intercon-

verts IPP to DMAPP by a concerted protonation/deprotonation reaction thus keeping 

equilibrium between both products [15, 18, 41, 42]. 

 

1.2.2.2. The methylerythritolphosphate-pathway (MEP-pathway) 

The reaction begins with the formation of 1-deoxy-D-xylulose-5-phosphate (DXP). The 

deoxy-xylulose-phosphate-synthase (DXS) leads to an acyloin condensation reaction of 

pyruvate and glyceral-aldehyde-3-P (G3P), whereas pyruvate reacts with thiamin pyro-

phosphate (TPP) to yield a two-carbon fragment, hydroxyethyl-TPP, which condenses 
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with G3P. TPP is released to form the five carbon intermediate DXP, which is also the 

precursor of pyridoxal and thiamin. Further studies revealed that the DXS exists in differ-

ent isoforms within the plant kingdom, one is responsible for the biosynthesis of house-

keeping genes, and the other is responsible for the biosynthesis of secondary metabolites 

like monoterpenes, diterpenes and carotenoids. The DXP-reductase (DXR) rearranges 

and reduces DXP to form 2-C-methyl-D-erythritol-4-phosphate (MEP). It is common to 

name this pathway according to the intermediate MEP, because DOXP/DXP is the pre-

cursor of another pathway, but not the initial compound of this pathway. The cytidine 

diphosphate methylerithritol-synthase (CMS) phosphorylates with CTP MEP, which is 

then phosphorylated an additional time by the cytidyl-methyl-kinase (CMK) to 4-diphos-

phocytidyl-2C-methyl-D-erythritol-2-P (CDP-MEP). The following reaction is a cycliza-

tion, by which the dissociation of cytidine monophosphate (CMP) leads to a phospho-

diester between C2 and C4. The cyclization to 2-C-methyl-D-erythritol-2,4-cyclodiphos-

phate (ME-cPP) is done by the methyl-erithritol-cyclo-diphosphate-synthase (MCS). The 

hydroxyl-methyl-butenyl-diphosphate-sythase (HDS) then catalyze the turnover to (E)-4-

hydroxy-3-methylbut-2-enyldiphosphate (HMBPP), and the following enzyme the 

IPP/DMAPP-synthase (IDS) produces IPP and DMAPP in a 5:1 ratio. The hint that all of 

the enzymes above are part of this pathway is the fact that all contain a chloroplast -tran-

sit -peptide [43, 44]  

 

1.3. Prenyltransferases 

Prenyltransferases or polyprenyldiphosphate synthases are responsible for a prenyl trans-

fer reaction. This biological process, in which a terpene fragment is attached to another 

moiety, is a bi-substrate reaction in which one of the partners is an allylic, terpene pyro-

phosphate and the other can be one of a variety of terpene or nonterpene compounds. 

This alkylation reaction provides the polyprenyl pyrophosphate precursors for the various 

terpenoid families [45, 46]. The prenyltransferases are 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 prenyltransferases type I , we include the geranyl 

pyrophosphate synthase (GPPS), farnesyl pyrophosphate synthase (FPPS) and the gera-

nylgeranyl pyrophosphate synthase (GGPPS) which require either Mg2+ or Mn2+ to sup-

port enzyme activity as cofactors. They bear the characteristic DD(X)2-4D-motif and are 

on the average 70-80 kDa big in size. They consist mainly of homodimer, heterodimer 

and heterotetramer which are tightly bound together, and are found in gymnosperms and 

angiosperms. Small subunits of GPPS lack the characteristic DD(X)2-4D-motif. The en-

zymes bind the pyrophosphates in the absence of the divalent cations and only bind the 

cations when a pyrophosphate moiety is present; it is reasonable to assume that the metal-

ion is assisting the catalytic step. GPPS catalyzes the condensation of IPP and DMAPP to 

give GPP (C10), FPPS catalyzes the successive condensations of IPP with both DMAPP 

and GPP to give FPP (C15), whereas GGPPS catalyzes the condensation step between 

FPP and IPP, GPP and two IPP or DMAPP and three IPP to give GGPP (C20) [15, 45, 46, 

47, 48, 49, 50]. The prenyltransferase reaction is initiated by a head-to-tail (1´-4) conden-

sation of DMAPP and IPP to form GPP and so on. For this reaction two different me-

chanisms are in discussion. The first is an SN1 mechanism in which an allylic carbocation 

forms by the elimination of PPi (pyrophosphate). IPP then condenses with this carboca-

tion, forming a new carbocation, and then a proton is eliminated to form a product. The 

second mechanism is an SN2 reaction in which the allylic PPi is displaced in a concerted 

manner. In this case, an enzyme nucleophile, X, assists in the reaction. This group is 

eliminated in the second step with the loss of a proton to form a product. Stereochemical 

studies were not sufficient to permit a distinction between ionization-condensation-elimi-

nation (SN1), and condensation-elimination (SN2) mechanisms [42, 46]. The chain elon-

gation proceeds in two ways, cis- or (Z)-chain and trans- or (E)-chain elongation. Addi-

tion of an IPP occurs with stereo-specific removal of a proton at the 2-position, pro-R for 

(E)-type condensation or pro-S for (Z)-type condensation, respectively, to form a new C-

C and a new double bound in the product, in which one C5-isoprene unit elongation oc-

curs [47]. 
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1.3.2. Long-chain prenyltransferases 

Long-chain prenyltransferases are subdivided into three different groups prenyltransfe-

rases II-IV . Prenyltranferases II  synthesize medium chain prenyl diphosphates like (all-

E)-hexaprenyl- (HexPPi, C30) or (all-E)-heptaprenyl diphosphates (HepPPi, C35). They 

comprise two non-identical protein components that do covalently bind with each other. 

Neither of them has any catalytic activity by itself but the activity returns when the two 

components are mixed together. Prenyltransferases III  are octaprenyl diphosphates syn-

thases, solanesyl (nonaprenyl diphosphate synthase) and decaprenyl diphosphate syn-

thase, which catalyze the formation of (all-E)-long chain prenyl diphosphates. The prenyl 

chain length C40-C50, require additional protein activation factors that may be involved in 

removing the hydrophobic polyprenyl products from their active sites to facilitate and 

maintain the turnover of catalysis. The (Z)-prenyl chain elongation (Prenyltransferases 

IV ) requires phospholipids or detergents for their catalytic function. All the enzymes in 

this group as well as in Prenyltransferases III  have homodimer structures like Prenyl-

transferases I [47]. The majority of the polyprenyl diphosphates are the side chains of 

ubiquinones, phylloquinones, plastoquinones and menaquinones that are components of 

the electron-transfer system of the respiratory chain and vitamins (Vitamin K group). 

This group will be discussed in more detail under the aromatic-prenyltransferases [51, 52, 

53]. A very important group of the polyprenyl diphosphate synthases is responsible for 

the biosynthesis of the precursors from steroids and carotenoids. The squalene synthases 

synthesizes by a head to head condensation from two FPPs, squalene, which is the initial 

component of the steroid biosynthesis [42]. Phytoene is the carotenoid precursor, in this 

reaction the squalene synthase complex (IPP-isomerase, GPPS, geranylgeranyl pyro-

phosphate-geranylgeranyl transferase and phytoene synthase) synthesize in a head- to- 

head condensation from two GGPPs, phytoene [54]. The steroid and carotenoid biosyn-

thesis is not further discussed because of the complexity of this issue. The biggest known 

terpenoid structure is natural rubber, which consists of 400-100,000 isoprene units and is 

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

The products of the short- and long-chain prenyltransferases are mostly intermediates for 

other specific prenyltransferases, the aromatic-prenyltransferases. One important aro-

matic moiety is homogentisate (HGA), which is derived from chorismate over tyrosine to 

p-hydroxyphenyl-pyruvate in plants (shikimate pathway). Tocopherols and tocotrienols 

comprise the vitamin E family of antioxidants and are synthesized by plants and other 

photosynthetic organisms. The molecule consists of a chromanol head group; formed by a 

tocopherol/tocotrienol cyclase from a benzoquinol intermediate, linked to an isoprenoid-

derived hydrophobic tail. The aliphatic tail of tocopherols is fully saturated (phytyl-PP), 

while the side chain of tocotrienols contains three trans double bonds (GGPP). Phytyl-PP 

is synthesized by geranylgeranyl reductase, and is part of chlorophyll biosynthesis, too. 

The prenyl transfer reaction (condensation) to homogentisate is done by the homogenti-

sate geranylgeranyl- and phytyl-transferase, further modifications by synthases and me-

thyltransferases lead then to various Vitamins E [55]. Plastoquinone as part of the photo-

system II respiratory-chain is derived from HGA as well, which is prenylated with so-

lanyl-PP (C45) by a homogentisate-solanyl-transferase, a methylation of the formed in-

termediate leads then to plastoquinone [56]. Whereas phylloquinone (Vitamin K1), mena-

quinone (Vitamin K2) and ubiquinone, as part of the photosystem I and bac-

terial/eukaryotic-respiratory-chain, are synthesize in a different manner. All of them are 

derived from chorismate as well. In animals ubiquinone biosynthesis starts with the up-

take of the essential amino acid phenylalanine to form tyrosine, which is transaminated 

into 4-hydroxy-phenylpyruvate and then prenylated. The E. coli and yeast ubiquinone is 

derived from a prenylation of p-hydroxybenzoate (PHB) with PHB-hexaprenyl or octa-

prenyl diphosphate synthase with later modifications (decarboxylations, methylations for 

example) [51, 57]. Vitamin K1 is an essential component (not endogenous) of the ani-

mal/human diet, because it serves as a cofactor for γ-carboxylation of glutamyl residues 

in different proteins, such as a blood coagulation factor. The phylloquinone component is 

composed of a naphthoquinone ring, derived from chorismate, which is converted into 

1,4-dihydroxy-2-naphthonate (DHNA) and a prenyl side chain (phytyl-PP). The prenyl 

transfer reaction is mediated by the DHNA phytyl transferase, later methylation of the 

naphthoquinone ring leads to Vitamin K1. The bacterial menaquinone (Vitamin K2), car-
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ries an unsaturated prenyl-side-chain with up to 15 isoprene units [53, 57]. In the second-

ary metabolism of plants we can find for example the geranylpyrophosphate olivetolate-

geranyltransferase, which is a part of the biosynthesis of cannabinoids [58]. And an aro-

matic prenyltransferase from H. lupulus is responsible for the prenylation of the polyke-

tide intermediates in humulone and cohumulone biosynthesis [59]. 

 

1.3.4. Protein-prenyltransferases 

Protein prenyltransferases have only been found up to now in eukaryotic cell systems. 

Protein prenylation is a posttranslational process in which either a geranylgeranyl or a 

farnesyl group is attached via a thioether linkage (-C-S-C-) to a cysteine at or near the 

carboxyl terminus of the protein. In humans we have three different protein prenyltrans-

ferases: a FarnesylTransferase (FT) and GeranylGeranylTransferase 1 (GGT1). Both of 

them share the same motif (the CaaX box) around the cysteine and their substrates, which 

gives them the name CaaX prenyltransferases, whereas the third one the GeranylGer-

anylTransferase 2 (GGT2, also called Rab geranylgeranyltransferase) recognizes a differ-

ent motif and is thus called the non-CaaX prenyltransferase. The proteins contain α and β 

subunits, these subunits are found in many other prenyltransferases, like squalene-hopene 

synthases and lanosterol and cycloartenol synthases. Lipid anchors are common post-

translational modifications and are mainly important for attachment of the proteins to 

membranes, but lipid modifications by protein prenyltransferases seem to have a more 

complex role: the farnesyl and geranylgeranyl moieties attached to the substrates are di-

rectly involved in protein-protein interactions as well as in protein-membrane interac-

tions. The importance of protein prenyltransferases is illustrated by the involvement of 

their substrates in critical cellular pathways and diseases. The FT farnesylates include 

many members of the Ras superfamily of small GTPases (H-Ras, K-Ras, N-Ras, Ras2, 

Rap2, RhoB (which is also geranylgeranylated), RhoE, Rheb, TC10 and TC21), as well as 

the nuclear lamina proteins lamin A and B, the kinetochore proteins CENP-E and CNEP-

F, fungal mating factors, cGMP phosphosphodiesterase α, γ subunit variants of G pro-

teins, DnaJ heat-shock protein homologs, rhodospsin kinase, the peroxisomal membrane 

proteins Pex19 and PxF and paralemmin (neural protein). GGT1 geranylgeranylates small 

GTPases (Rac1, Rac2, RalA, Rap1A, Rap1B, RhoA, RhoB, RhoC, Cdc42, Rab8 (which is 
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also geranylgeranylated by GGT2), Rab11, and Rab13, and some γ-subunits variants of G 

proteins, cGMP phosphodiesterase β and the plant calmodulin CaM53). GGT2 geranyl-

geranylates proteins of the Rab family in general, the largest group of small GTPases in 

the Ras superfamily. There are at least 60 different Rabs in humans and they interact with 

the Rab escort protein REP, which is required for the prenylation of Rabs by GGT2, and 

are involved in the docking of transport vesicles to their specific target membranes. There 

are many diseases and cancer types that are affected by the protein prenylation factory, 

less effective drugs (FTinhibitors) have been found to treat these diseases [60]. 

 

1.4. Terpene synthases or cyclases 

Various amounts of cyclic and acyclic plant terpenoids are formed by terpene synthases 

(TPS) through a divalent metal ion-assisted (Mg2+, Mn2+ etc.) generation of enzyme-

bound allylic carbocation intermediates from the prenyl pyrophosphate precursors (GPP, 

FPP and GGPP). This ionization step is common among most of the terpene synthases. 

The amino acids (aa) that are likely involved in the ionization are usually conserved in 

terpene synthases, for example the DDXXD-motif, and serve as an indicator of this en-

zyme class. The allylic carbocation formed in the ionization leads to cyclization reactions 

by internal double bonds, methyl migrations, hydride shifts, or Wagner-Meerwein rear-

rangements before deprotonation or nucleophile capture terminates the reaction [61, 62]. 

Terpenoids can be further modified by cytochrome P450 enzymes that hydroxlate, for 

example, monoterpenes in Mentha [63], and phophatases solvolyze diphosphate esters for 

example in Croton stellatopilosus Ohba [64]. Less is known about the transport of terpe-

noids out of the cell compartment, an ATP binding cassette-type transporter is suitable to 

transport diterpenes (sclareolide) out of the cell [65]. 

 

1.4.1. Monoterpene synthases 

GPP the major precursor of the monoterpenoids undergoes an ionization and isomeriza-

tion to enzyme-bound linalyl diphosphate (LPP) to permit subsequent cyclization. For 

gymnosperms, it has been proposed that the enantiomeric p-menthane type monoterpenes 

undergo a divergent, mirror image pathway in which enzymes that produce the (+)-series 

of products convert GPP to the (3R)-linalyl intermediate. Enzymes that produce the (-)-
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series of products involve the (3S)-linalyl intermediate [66]. After LPP intermediate is 

formed, a second ionization and C1-C6 cyclization generates the corresponding α-ter-

pinyl cation intermediate common to all cyclic monoterpenes. Alternatively, a deproto-

nation can occur that leads to the acyclic monoterpenes such as myrcene. The biosyn-

thetic pathways diverge after these initial steps to produce the various monoterpene prod-

ucts. (-)-Limonene is formed by a double bond formation from (3S)-linalyl to the (4S)-α-

terpinyl cation intermediate with a subsequent deprotonation, whereas (+)-α-pinene is 

formed by a double bond formation from (3R)-linalyl intermediate to the (4R)-α-terpinyl 

cation intermediate with a subsequent Markovnikov addition (C2-C8 ring closure) to a 

pinyl cation followed by a deprotonation [61, 66, 67, 68, 69]. The molecular weight of 

plant derived monoterpene synthases are in general between 50 kDa and 100 kDa (either 

monomers or homodimers), have a pI of ~5 and the pH optimum in the neutrality area. 

They bear chloroplast transit sequences (CTS), which are known to be 50-60 aa long and 

have a high serine and threonine and low acidic aa content. Monoterpene synthases con-

tain a tandem ariginine motif (RR(X8)W-motif), which was predicted to play a role in the 

isomerization of the monoterpene cyclization and to approximate the CTS, and a con-

served tandem tryptophan-motif (WW-motif) [61, 70, 71]. The use of GPP as the only 

substrate for the monoterpene biosynthesis isn’t a strict rule. A Chrysanthemyl diphos-

phate synthase catalyzes the condensation of two molecules DMAPP to produce chry-

santhemyl diphosphate, a monoterpene with a non-head-to-tail or irregular c1’-2-3 link-

age between isoprenoid units. The reaction is similar to the mechanism of the squalene or 

phytoene synthase complex discussed above (1.3.2.) Irregular monoterpenes are common 

in Chrysanthemum cinerariaefolium and related members of the Asteraceae family; chry-

santhemyl diphosphate is an intermediate in the biosynthesis of the pyrethrin ester insec-

ticides. [72] 

 

1.4.2. Sesquiterpene synthases 

Sesquiterpene synthases produce acyclic and cyclic terpenoids out of FPP. An acyclic 

sesquiterpene synthase is the (E)-β-farnesene synthase from Mentha piperita, which is an 

aphid alarm pheromone. It is produced in the presence of Mg2+ from FPP via cation for-

mation and proton loss, with (Z)-β-farnesene and the bicyclic δ-cadinene via nerolidyl-
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PP, as co-products [73]. A cyclic sesquiterpene synthase like 5-epi-aristocholene synthase 

(TEAS) from Nicotiana tabacum, the recombinant crystal structure was unravelled, cy-

clizes FPP to the germacryl cation and by a subsequent rearrangement via the triene ger-

macrene A and the eudesmyl cation to (+)-aristocholene. Aristocholene synthases are 

known from Aspergillus tereus and Capsicum annuum, whereas the latter one is part of a 

sequence to phytoalexins e.g. capsidiol, when plants are challenged by fungi. A related 

enzyme is the vetispiradiene synthase from Hyoscamus muticus, using eudesmyl cation as 

an intermediate [74, 75, 76, 77].  

 

1.4.3. Diterpene synthases 

One of the largest subgroups of diterpenoids is the labdane-related group, which contains 

over 5000 compounds, defined here as minimally containing bicyclic hydrocarbon struc-

ture. This core structure can be further cyclized and/or rearranged, as in the re-

lated/derived structural classes like gibberellins, abietanes, (iso)-pimaranes, and kauranes. 

Their biosyntheses requires the initial (bi)-cyclization of (E,E,E)-GGPP into the charac-

teristic bicyclic backbone in forming labdadienyl/copalyl pyrophosphate (CPP). Two dif-

ferent kinds of CPP-synthases exists, a (-)- or ent-CPP-synthase, also known as kaurene 

synthase A, which uses the chair-chair conformation of GGPP to produce (-)-CPP, and a 

(+)- or syn-CPP-synthase which uses the chair-boat conformation to produce (+)-CPP. 

Both synthases could be identified in Oryza sativa; (-)-CPP and (+)-CPP are precursors 

of phytoalexins and allelophatic natural products, with ent-kaurene as the key precursor 

of gibberellins [78]. The biosynthesis of abietadiene involves two distinct intermediates 

and two active sides. The first step of the sequence is a proton-initiated cyclization of 

(E,E,E)-GGPP which leads to the closure of the A and B ring to yield (+)-CPP at the first 

active site, in a reaction analogous to that mediated by kaurene synthase, of the gibberel-

lin biosynthesis pathway but with opposite enantiospecifity. After internal channeling of 

(+)-CPP to the second active site an ionization leads to the formation of the C ring of a 

pimarane-type intermediate, in a reaction that corresponds to that mediated by kaurene 

synthase B. The final step, a 1,2-methyl shift in the pimarane intermediate generates the 

C13 isopropyl group characteristic for the abietan skeleton, 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 and described from McGarvey and Croteau 

in 1995 [15]. Since that time, changes in the pathways have occurred due to the obtain-

ment of new data e.g. the unravelling of IPP-pathways. Based on this review, changes 

and new data are presented in this chapter. Two individual pathway exists leading to IPP 

and DMAPP, the mevalonate- and the MEP-pathway, which are found in the cytosol or in 

the plastids [44]. The synthesis of the prenyltransferase products seem to be clear. Syn-

thesis of FPP and its derived sesquiterpenes takes place in the cytosol and the cytosol/ER 

boundary, as does the synthesis of triterpenes, including the phytosterols. Plastids are the 

exclusive site of synthesis for GPP, GGPP, monoterpenes, diterpenes, tetraterpenoids 

(carotenoids), chlorophylls, prenylquinones and tocopherols. The mitochondria appear to 

have an independent system for the biosynthesis of ubiquinones from IPP. Ubiquinone 

and plastoquinone formation appears to take place in microsomes as well, possibly in the 

Golgi apparatus. They summarize that at least three distinct semiautonomous subcellular 

compartments that segregate terpenoid biosynthesis exist: the cytosol/ER for sesquiterpe-

noid and triterpenoid biosynthesis; plastids for monoterpenoid, diterpenoid, and tetrater-

penoid biosynthesis (as well as for the prenyl moieties of chlorophyll, plastoquinones, 

and tocopherols); and mitochondria (and/or Golgi apparatus) for ubiquinone biosynthesis. 

They mention that a transfer of metabolites from plastids to sites of secondary transfor-

mations, such ER-bound cytochrome P450 oxygenases and various cytosolic redox en-

zymes exists. New studies revealed that FPP synthases from A. thaliana are localized to 

the mitochondria [80] and in O. sativa, wheat and tobacco to the plastid [81], A. thaliana 

GGPP synthases are located in addition to plastids, to mitochondria and to the endoplas-

mic reticulum [82]. A maize FPP synthase is capable of producing FPP and GGPP [83]. 

In Fragaria vesca a cytosolic pinene synthase exists. And terpene synthases, with a high 

sequence identity to monoterpene synthases, of F. vesca and F. ananassa synthesize li-

nalool, a monoterpene, beside the sesquiterpene nerolidol and are located to the mito-

chondria and/or plastids, depends on the isoform. There are hints that monoterpenes may 

be produced in the cytosol in non photosynthetic tissues such as fruit, glands, or other 

secretory tissues. Because an A. thaliana GPP synthase encoded two isoforms, one tar-

geted to the plastid and the other to the cytosol. Similarly, the formation of shikonin, a 
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monoterpene derivative, was reported to occur in the cytosol of Lithospermum erythror-

hizon cells [84] 

 

1.6. Preliminary results and aim of the thesis 

During my Diploma thesis two putative Cannabis sativa L. cv. Skunk monoterpene syn-

thases, CsTPS1 and CsTPS2 were isolated from cDNA prepared from trichome-specific 

RNA. The pET101/D-TOPO vector (Invitrogen) was used for expression in E. coli. Oli-

gonucleotides with a partial vector sequence and a gene specific sequence were used to 

truncate the possible chloroplast transit sequence (CTS) preceding the RR(X8)W-motif, 

and some clones were constructed to contain a C-terminal hexa histidine extension. Since 

the transit sequence prediction was only an approximation, two different N-terminal 

starting points were used, immediately preceding the RR-motif; as already mentioned the 

RR motif was not required for the catalysis, but lack of it leads to a decrease in monoter-

pene synthase activity (1.4.1.) [70, 85]. The analysis of the full-length terpene synthases 

showed for CsTPS1 2046 bp with an ORF of 1869 nt encoding 622 aa, and for CsTPS2 

2016 bp with an ORF of 1848 nt encoding 615 aa. To determine the tissue-specific ex-

pression of each CsTPS, RNA was isolated from different parts of the female and male 

Cannabis plant, including roots, stems, old leaves, young leaves, female blossoms, fe-

male blossoms without trichomes, trichomes, mature male blossoms, and young male 

blossoms. The RNA gel blot analysis indicated a trichome-specific expression of each 

CsTPS. GC-MS analysis of C. sativa var. “skunk” trichomes was performed. The major 

monoterpenes were limonene, α-pinene, β-pinene, trans-β-ocimene, myrcene and α-ter-

pinolene, with the latter two being dominant. The sesquiterpenes trans-β-caryophyllene, 

γ-elemene, α-guaiene, trans-β-farnesene, α-humulene, E-E α-farnesene, ∆-guaiene, 

selina-3,7(11)-diene, germacrene, guaiol, γ-eudesmol, α-eudesmol and 5-azulenemetha-

nol were found The terpenophenolic compounds detected were ∆-9-tetrahydrocannabinol 

and cannabigerol. All recombinant CsTPSs were assayed in a crude lysate and the reac-

tion mixtures were analyzed by HSPME-(headspace solid-phase micro extraction)-GC-

MS and were shown to be enzymatically active. CsTPS1 produced (-)-limonene, in addi-

tion to minor amounts of α-pinene, β-pinene, β-myrcene and α-terpinolene. CsTPS2 pro-

duced, (+)-α-pinene, as well as minor amounts of β-pinene, β-myrcene and limonene. 
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Although limonene and pinene synthases are common to many plant species, until now 

few have been characterized with respect to kinetic parameters [71]. The aim of the thesis 

was at this time point the determination the kinetic parameters of both terpene synthases, 

with respect to temperature-optima, pH-optima and Michaelis constant (Km and Vmax). A 

size exclusion chromatography was performed and the evolutionary relationship of each 

with respect to other plant families was also demonstrated.  

During a research internship (2002-2003) Dr. Kum-Boo Choi (Korea) established a 

trichome specific EST-project of Salvia sclarea L. cv. Trakystra at the Leibniz Institute 

of Plant Biochemistry, to unravel the biosynthesis of the flavor and fragrance compound 

sclareol. Several terpenoid metabolism-related EST’s were found by the end of the in-

ternship. The project was continued as part of my Ph.D. thesis. This work here represents 

the cloning and characterization of the novel mainly trichome expressed, sclareol diter-

pene synthase. Size exclusion chromatography and the evolutionary relationship with 

respect to other plant families were demonstrated too. 
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2. Materials and Methods 

2.1. Materials 

2.1.1 Organisms 

2.1.1.1. Plants 

Cannabis sativa L. cv. Skunk plants were grown in a greenhouse or in a growth chamber. 

Plants were grown in the greenhouse under a high pressure sodium lightning system 

(Philips, SON-T AGRO 400 W) in a 18 h. light (20°C -24°C)/6 h. dark (18°C-20°C) cy-

cle with a relative humidity of ≈60%, or for the flower induction in a growth chamber in 

a 12 h. light (25°C)/12 h. dark (23°C) cycle at ≈60% humidity. 

Salvia sclarea L. cv. Trakystra from Pharmasaat with high yields and high essential oil 

content was used for the research. The recommendations for cultivation of the plant were 

for the drilling; 6-10 kg/ha in April, and for the planting; 6 plants/m2 also in April, the 

distance for the rows was 50 cm and the harvesting time was during the flowering period. 

The plants were grown in an open field at the Leibniz Institute for Plant Biochemistry in 

Halle/Saale (Germany; IPB) or in a greenhouse at the Donald Danforth Plant Science 

Center in St. Louis, MO (United States of America). Growing conditions of Salvia 

sclarea in St. Louis: Plants were grown at 21°C with 16 hours of supplemental light. In 

order to get the plants to flower they were placed outside when it was around 0°C until 

the plant froze back. The plants were watered as needed and were fertilized using Excel 

15-5-15 Cal-Mag with a target of around 200 ppm N 2-3 times per week. 

 

2.1.1.2. Bacterial hosts 

DH5α (Clontech): F-, deoR, endA1, gyrA96, hsdR17, (rk
-mk

+), recA1, relA1, supE44, 

Φ80lacZ∆M15, thi-1, ∆(lacZYA-argFV)U169 

 

BM25.8 (Novagen): [F' traD36 lacIqlacZ∆M15 proA+B+] supE thi ∆(lac-proAB) P1 

CmRhsdR (rK12
– mK12

+) (λimm434KanR) 

 

TOP10 (Invitrogen): F-, mcrA, ∆(mrr-hsdRMS-mcrBC), ∆lacX74, Φ80lacZ∆M15, deoR, 

recA1, endA1, galK, nupG, araD139, ∆(ara-leu)7697, rpsL, (StrR), galU  
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TOP10F´ (Invitrogen): mcrA, ∆(mcrBC-hsdRMS-mrr), endA1, recA1, relA1, gyrA96, 

Φ80lacZ∆M15, deoR, nupG, araD139,F{lacIq, Tn10(Tetr)}, galU, ∆lacX74, galK, 

∆(ara-leu)7697 

 

BL21(DE3) (Stratagene): F – dcm ompT hsdS (r B– m B–)gal .(DE3) 

 

BL21(DE3)pLysS (Novagen): F – dcm ompT hsdS (r B– mB–)gal .((DE3)[pLysS Cam r] 

 

BL21(DE3)RIL (Stratagene): F – ompT hsdS (r B– mB–)dcm+Tet r gal . (DE3)endA Hte 

[argU ileY leuW Cam r ] 

 

XL1-Blue (Stratagene): recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB 
lacIqZ∆M15 Tn10 (Tetr)] 
 

2.1.2 Plasmids and oligonucleotides 

2.1.2.1. Plasmids 

pTripleEX2 (Clontech): This 3.6 kb vector has the E. coli lac promoter and operator to 

provide regulated expression of inserts in E. coli hosts expressing the lac repressor 

(lacIq). The 5' untranslated region (UTR) from the E. coli ompA gene stabilizes the 

mRNA, thereby increasing expression. pTriplEx2 incorporates a triple-reading-frame 

translation cassette consisting of translation initiation signals from the E. coli ompA and 

lacZ genes, in two different reading frames, followed by a transcription/translation slip 

site. Downstream of this cassette is the pTriplEx2 MCS, which is embedded within the 

lacZ α-peptide allowing, clones with inserts to be identified by blue/white screening in an 

appropriate host strain. The T7 RNA polymerase promoter downstream of the MCS al-

lows production of single-stranded RNA in vitro for use as a probe. In the presence of 

helper phage, the f1 origin in pTriplEx packages the non coding strand of the lacZ gene 

into phage particles, and this single-stranded DNA can be used for sequencing or 

mutagenesis procedures. The ampicillin resistance gene and pUC origin of replication 

allow selection and propagation, respectively, of pTriplEx2 in E. coli. 
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pGEM/T-Easy (Promega): This 3.0 kb linear cloning-vector has a 3’Thymidin overhang, 

which allows to clone Taq DNA-Polymerase amplified PCR-products. The general speci-

fications are: a T7 and SP6 transcriptions- and promotor site, a MCS, lacO, a lacZ start 

codon, a β-lactamase sequence plus pUC/M13 forward and reverse sequencing starting 

points. 

 

pET101/D-TOPO (Invitrogen): This 5.7 kb vector contains a TOPO cloning site with a 5´ 

”sticky-end“ and GTGG antisense overhang and a 3' ”blunt-end“. The phosphorus rest is 

covalently linked with a topoisomerase I (Vaccinia virus), which activates the vector. The 

amplified PCR-products attackes with the 5´-OH group to the 3´-phosphorus of the vec-

tor, the ligation works with the help of the binding enthalpy. This composes a directed 

ligation. The vector also contains a T7-promotor and a transcription-termination site, a 

T7r-Primer site, a ribosome binding site (RBS), a lac-operator (lacO), a V5-epitope, a C-

terminal 6x His-tag, a pBR322 origin of replication, and an ampicillin resistance.  

 

pET100/D-TOPO (Invitrogen): This 5.7 kb vector bearing the same features like the 

pET101/D-TOPO vector, except that we have here an N-terminal 6 x His-tag. 

 

2.1.2.2. Oligonucleotides 

All primers below are written in 5'- to -3' direction. 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 CGA TAA CCC 66,5°C 
7G10 5'RR TOPO CAC CAT GCG AAG ATC AGC CAA CTA TGG 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 AAT C 56,5°C 
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 CAA CTA TGA T 63,7°C 
14A9 3'stop TTA TAA AGG AAT AGG ATT AAT AAT TA 50,6°C 
14A9 3'nostop TAA AGG AAT AGG ATT AAT AAT TAA AT 50,6°C 
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C. sativa L. TPS-sequencing oligonucleotides: 

7G10 5'sp3 TCC CAT TTG GTC TTT TGA TT 51.2°C 
7G10 5'sp5b CAA GAA ACT GAT GGT AGA GTT GTG 59.3°C 
7G10 5'sp4 AGG CTT CTA CGC CAA TAT GG 57.3°C 
7G10 3'sp1 ATT GTG GCT CAA ATC TTA CTC C 56.5°C 
7G10 3'sp2 CAG ACA ACC ATC CAT TCT CA 55.3°C 
14A9 sp1 TTT ATA TGC CAC TGC TCT CG 55.3°C 
14A9 sp2 GGT TGG TTT GTA TCC GCT AT 55.3°C 
14A9 5'sp5 TGC TCT AAT TAC AAT CAT AGA TGA CA 56.9°C 
14A9 3'sp6 TGA ACC ACT TAG CTT CTG CTC 57.9°C 
S. sclarea L. TPS- RACE oligonucleotides: 

5'RACECop1antisense GGT GAC ACG CTT ATT CGC CCG TCG CCC G 73.9°C 
5'RACECop2antisense TCG TCG CCC CAT GAG CCA TCA GCC AGT 

TGG TGG T 
>75.0°C 

3'RACECop1sense TGC GCC GGC CTC AAC GAA GAC GTG TTG 71.0°C 
S. sclarea L. TPS-cloning: 

5'CopfullTOPO-2 CAC CAT GAC TTC TGT AAA TTT GAG CAG 
AGC 

65.4°C 

3'CopfullTOPO-stop TCA TAC AAC CGG TCG AAA GAG TAC 61.0°C 
3'CopfullTOPO-ns TAC AAC CGG TCG AAA GAG TAC 59.0°C 
3'CopfullTOPO-ns2 TAC AAC CGG TCG AAA GAG TAC TTT G 61.3°C 
5'CopfullTOPO+RR CAC CAT GCG CAG GCT GCA GCT ACA G 69.5°C 
5'CopfullTOPO-RR CAC CAT GCA GCT ACA GCC GGA ATT TC 66.4°C 
5'CopfullTOPO-W CAC CAT GCT GAA AAG CAG CAG CAA ACA C 66.6°C 
5'CopfullTOPO-SP CAC CAT GCA CGC GCC CTT GAC CTT G 69.5°C 
5'CopTOPOipsort CAC CAT GCC AGC AGC GAT TAC CCG G 65.9°C 
S. sclarea L. TPS-sequencing oligonucleotides: 

5'RACE_K1_SP6 AGG TTG CCA GCA GAG TC 55.2°C 
5'RACE_K2_SP6 ATC TCA TCA AAT AAG TGG TCG G 56.5°C 
5'RACE_K3_SP6 TAT CGA TTG CCC AAA GTC TTG 55.9°C 
5'RACE_K4_SP6 ATG AGC CAT CAG CCA GTT G  56.7°C 
CopfullGap1 GTG TCA CCC TAT GAC ACG 56.0°C 
CopfullGap2 AGT GGA ACA ACA CTA TCT TTG G 56.5°C 
Additional oligonucleotides: 

T7 GAA TTG TAA TAC GAC TCA CTA TAG 55.9°C 
T7 reverse TAG TTA TTG CTC AGC GGT GG 57.3°C 
pHIS8 T7 CGA AAT TAA TAC GAC TCA CTA TAG 55.9°C 
TriplEx_Insert CTC GGG AAG CGC GCC ATT GTG TTG GT 69.5°C 
pTriplex 5'long CAA GCT CCG AGA TCT GGA CGA GC 66.0°C 
pTriplex 3'long ATA CGA CTC ACT ATA GGG CGA ATT GGC C 66.6°C 
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2.1.2.3. Nucleotides 
32P-α-dATP (ICN, PerkinElmer); dATP, dTTP, dCTP, dGTP (Promega, Sigma); 1 kb 

Base ladder [New England Biolabs (NEB)]. 

 

2.1.3. Biochemicals (enzymes, proteins, antibiotics and antibody) 

Enzymes: Pfu-Polymerase (Promega, Stratagene); Taq-Polymerase (Jörg Ziegler 

IPB, Promega, NEB, Sigma); Herculase Hotstart DNA Polymerase 

(Stratagene); Lysozyme (Sigma, PIERCE); T4-DNA Ligase (Roche, 

NEB); Restriction Endonucleases: EcoRI, SacI, XbaI, BamHI, NdeI 

(NEB); Wheat germ acid phosphatase (Sigma), Trypsin sequencing grade 

modified (Promega); Benzoase (DNase). 

 

Proteins: Proteinmarker Fermentas (SM0671; PageRuler Prestained Protein Ladder, 

SM0431; Unstained Protein Molecular Weight Marker); Prestained SDS-

PAGE Standards (BIO RAD 161-0305; Broad Range), bovine serum al-

bumin (BSA; Fisher Scientific, Serva), ovalbumin, aldolase, catalase, 

ferritin (all Serva). 

 

Antibiotics: Ampicillin disodium salt 50 mg/ml (Sigma, Fisher Scientific, Roth); 

chloramphenicol 50 mg/ml or 34 mg/ml (Sigma, Fisher Scientific, Serva); 

kanamycinsulfate 50 mg/ml (Roth). 

 

Antibody: monoclonal Anti-polyhistidine-Alkaline Phosphatase antibody produced in 

mouse (Sigma) 

 

2.1.4. Chemicals 

Acetic acid, glacial    Roth, ACROS Organics 

Acetone     ACROS Organics 

Acetonitrile (ACN, CH3CN)   ACROS Organics, Fisher Scientific 

Acrylamide/Bisacrylamide 37.5 : 1 (40%) ACROS Organics 

Agar      Serva, Fisher Scientific 
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APS (ammoniumpersulfate)    Serva, ACROS Organics 

Ammoniumhydrogen carbonate  Sigma 

p-Anisaldehyde    Fluka 

ATA (aurintricarboxylicacid or  

aluminon reagent)    Sigma 

β-Mercaptoethanol (β-EtSH)   Roth, ACROS Organics 

Bromophenolblue     Sigma, Fisher Scientific 

CaCl (Calcium chloride)   ACROS Organics 

BCIP  

(5-Bromo-4-chloro-3-Indolyl phosphate) ACROS Organics 

Chloroform     Roth, ACROS Organics 

Coomassie Brilliant Blue G-250  Serva, ACROS Organics 

Dichlormethane    Roth, ACROS Organics 

Dimethylformamide    ACROS Organics 

DTT (Dithiothreitole)    Roth, ACROS Organics 

EDTA (Ethylen-diamin-tetra-acetate)  Roth, ACROS Organics 

Ethanol     Merck, AAPER Alcohol and Chemical Co. 

Ethidium bromide    Sigma, PerBio, Pierce 

FPP (Farnesyl pyrophosphate)  Marco Dessoy (IPB) 

Formaldehyde     Merck, ACROS Organics 

Formic acid     Sigma 

Formamide     Fluka, Fisher Scientific 

Ficoll 400     Sigma 

GPP (Geranyl pyrophosphate )  BioTrend, Roman Weber (IPB) 

1-3H-GPP     ARC, American Radiolabeld Chemicals 

Geranylgeraniol    MPI 

GGPP (Geranylgeranyl pyrophosphate) Echelon, Sigma, Günther Scheid (IPB) 

1-3H-GGPP     PerkinElmer 

Glucose     Merck, ACROS Organics 

Glycerol     Roth, ACROS Organics 

Glycine     Roth, Fisher Scientific 
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HCl (Hydrochloric acid)   Roth, ACROS Organics 

HEPES (2-[2-Hydroxyethyl) 

-1-piperazinyl]-ethansulfonacid)  Merck, ACROS Organics 

Hexane     Roth, ACROS Organics 

Imidazole     Roth, ACROS Organics 

IPTG  

(Isopropyl-1-thio-β-galactopyranoside)  Peqlab, Gold Bio, Roth 

Isopropanole (2-Propanol)   Merck, ACROS Organics 

LiCl (Lithiumchloride)   Merck, ACROS Organics 

Manool     Sigma-Aldrich 

MES (2-(N-Morpholino)ethansulfoneacid) Serva, ACROS Organics 

Methanol     Merck, ACROS Organics 

Methylcellulose    Sigma  

MnCl2 x 6 H2O (Manganese chloride) ACROS Organics 

MgCl2 x 4 H2O (Magnesium chloride) Roth, Sigma 

MgCl2 x 6 H2O (Magnesium chloride) Roth, ACROS Organics 

MgSO4 (Magnesium sulfate)   Sigma, Fisher Scientific 

MOPS (3-(N-Morpholino)-2 

-propansulfonacid  Roth, ACROS Organics 

MOPSO(3-(N-Morpholino)-2 

-hydroxypropansulfonacid)  Roth, ACROS Organics   

NBT (Nitrobluetetrazolium)   RPI, Research Product International Corp. 

NPP (neryl pyrophosphate)   Roman Weber (IPB) 

NiSO4 (Nickel sulfate)   Merck 

H2SO4 (Sulfuric acid)    ACROS Organics 

Orange G     Sigma, ACROS Organics 

Peptone     Difco, Fisher Scientific 

Phenol      ACROS Organics 

Phenol-Chloroform    Roth, ACROS Organics 

PVPP (Polyvinylpolypyrrolidon)  Sigma, Fisher Scientific 

PVP (Polyvinylpyrrolidon)   Sigma, ACROS Organics 



 

 

27 2. Materials and Methods 

Potassium acetate    ACROS Organics 

KCl x 2 H2O (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 Scientific 

Sephadex G-50 Superfine   Amersham Pharmacia 

Sorbitole     Roth, Sigma 

TEMED  

(N’,N’,N',N'-Tetramethylethylen-diamine) Roth, ACROS Organics 

Thiourea     Sigma 

Tris (Tris-(hydroxymethyl)-aminomethane) Roth, ACROS Organics 

TRIzol reagent    Invitrogen 

Tryptone     Fisher Scientific, BD Biosciences 

Tween 20     Roth, Fisher Scientific 

XAD-4     Sigma 

X-Gal (5-Brom-4-chlor-indolyl-β−D- 

   galacto pyranosid) Roth, Gold Bio 

Yeast extract     Difco, Fisher Scientific 

 

2.1.5. Miscellaneous (columns, reagents, etc.) 

Phosphor imager screen   Molecular Dynamics, FUJI Film 

Filter paper      “common“ 

GB 004 Gel Blotting paper    Schleicher & Schuell (Whatman) 

Sterile Filter 25 µm and 45 µm GD/X Schleicher & Schuell (Whatman) 

Synthetic filter floss    Common from a pet shop 

Biodyne® B 0.45 µm (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 Biosciences (GE) 

HisTrap™ HP 1 ml or 5 ml   Amersham Biosciences (GE) 

HisTrap™ FF crude 1 ml or 5 ml  Amersham Biosciences (GE) 

Superdex 200 16/60 SEC-column  GE Healthcare 

Bio-Rad Protein Assay solution  BIO-RAD 

Microcentrifuge tubes siliconized  Sigma-Aldrich 

NEBlot® Kit     NEB 

 

2.1.6. Equipment 

PCR-Machines; GenAmp PCR System 9700 PE and 2720ThermalCycler (Applied Bio-

systems), PTC 200 Peltier Thermal Cycler (MJ Research), Mastercycler gradient (Eppen-

dorf). Power supplies; Standard Power Pack P25 (Biometra), E455 (Consort), PHERO-

stab 500 (Biotec-Fischer), FB300 (Fisher Scientific). Centrifuges, shakers and stir-

rer/mixer; Centrifuge 5810R and 5415D or C (Eppendorf), 4K10 and 3K18 (Sigma), Sor-

vall RC 26 Plus (DuPont), Avanti J-25 and J-20 XP (Beckman/Coulter). Shaker I26 and 

C25KC (New Bruinswick), Incubator Shaker Orbit (LabLine), Platform Shaker Isotemp 

series (FisherScientific). Stirrer and Mixer Isotemp series (Fisher Scientific). Autoclaves 

and heat systems; Varioklav Dampfsterilisator Typ 250T (H+T), Primus (Sterilizer CO. 

INC.), Heatblock Isotemp series (Fisher Scientific). Sequencer; ABI 310 and ABI 3100-

Avant Genetic Analyzer (Applied Biosystems). Sterile technology; Hera Safe Laminar 

Box (Heraeus), Incubator Isotemp series (Fisher Scientific) MilliQ Biocel A10 (Milli-

pore) Analyzer; Storm Phosphor imager (Molecular Dynamics), Scintillation counter 

(Beckman LS 6000 TA), Fluorimeter (Molecular Devices), UV Analyzer Ultrospec 3000 

(Pharmacia Biotech). pH-Meter; inoLab pH Level 1 (WTW) and SevenEasy (Mettler-

Toledo). Bead beater (Biospec Products). Cool techniques; -80°C (Sanyo, NewBruns-

wickScientific), -20°C (Fridgidare Commercial), +4°C (Kenmore Elite). Balances; 

PB3002-S/FACT Delta Range and XS105 Dual Range (MettlerToledo), TE3102S (Sarto-

rius), Omnilab. Sonic Dismembrator; Model 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) was used, with 1% (w/v) 

Peptone/Tryptone, 0,5% (w/v) yeast extract, and 1% (w/v) NaCl dissolved in 1 liter H2O 

at a pH of 7.0 adjusted with NaOH (Germany) or HCl (USA). For agars 1.5% (w/v) Agar 

was added to the LB-media. For the preparation of competent cells SOB-Medium was 

used. This contains 2% (w/v) peptone/tryptone, 0.5% (w/v) yeast extract, 10 mM NaCl, 

2,5 mM KCl, pH 7.0, after autoclaving 10 mM MgCl2 x 6H2O, 10 mM MgSO4 x 7 H2O 

was added, previously autoclaved or sterile filtered. For transformations of E. coli cells 

SOC-Medium was used. This is SOB-Medium plus 20 mM glucose; previously sterile 

filtered [86]. 

 

2.2.2. Transformation  

An aliquot of competent cells was taken out of a -80°C freezer, and thawed on ice. 100 µl 

of the cells were transferred into a falcon tube, and 2 µl plasmid or ligation reaction was 

added. The preparation was swirled and incubated for 30 min on ice. After the incubation 

the cells were heat shocked for 25 sec. in a 42°C water bath, and chilled for 2 min on ice. 

900 µl pre warmed SOC-media were added and the cells were incubated at 37°C by 200 

rpm on a shaker for 1 h. Different aliquots were then plated on agar plates with the ap-

propriate antibiotics and incubated at 37°C overnight. 

 

2.2.3. Preparation of competent cells 

To transform bacteria with recombinant plasmids, we needed competent cells with an 

efficiency of transformation of 106-107 colonies/µg plasmid. The modified preparation of 

the cells was done according to the CaCl2 method of Hanahan [87]. 3 ml of SOB-media 

(2.2.1.), supplemented with the appropriate antibiotic was inoculated with the glycerol 

stock of the used bacterial host/cells, and incubated at 37°C overnight. The following day 

100 ml SOC-media (2.2.1.) was inoculated with 10 µl of the overnight culture (1:10,000 

dilution factor), and incubated under vigorous shaking at 37°C, until the culture reached 

an OD550nm of 0.280. The cells were then centrifuged for 5 min at 1000 x g at 4°C, the 

cells were then resuspended in 15 ml of ice cooled TfB I-Buffer (30 mM potassium ace-



 

 

30 2. Materials and Methods 

tate; 100 mM KCl x 2 H2O; 50 mM MnCl2 x 6 H2O; 10 mM CaCl2; 15% glycerol; ad-

justed with 10% acetic acid to pH 5.8; sterile filtrated or autoclaved). After a 10 min in-

cubation on ice the cells were centrifuged again, as above, and the pellet was carefully 

resuspended during a time period of 45 min in an ice water bath with 4 ml of TfB II-

Buffer (10 mM MOPS; 10 mM KCl x 2 H2O; 75 mM CaCl2; 15% glycerol; adjusted with 

0.1 M NaOH to pH 7.0; sterile filtrated or autoclaved). Afterwards the cells were ali-

quoted in dry-ice cooled reaction tubes and were frozen at -80°C. The transformation 

efficiency was tested with a test plasmid (pUC18); the efficiency had to be 106-107 colo-

nies/µg plasmid. 

 

2.3. Gel electrophoresis 

2.3.1. DNA/RNA-agarose gels 

Agarose gel electrophoresis was used to separate and identify DNA fragments, with a 

length of 0.5-25 kb. Agarose (0.5%-2%, dependent on the size of the DNA fragments) 

and 1 x TAE-buffer (50 x TAE: 242 g Tris-Base, 57.1 ml glacial acetic acid, 100 ml 0.5 

M EDTA pH 8.0 add 1000 ml H2O, adjust to pH 8.5; diluted) was boiled, and ethidium 

bromide (0.4 µg/ml) was added, and poured into a gel chamber. To the samples 5 x 

loading buffer (sucrose (20% w/v), Orange G (0.035% w/v)) was added, and the gel was 

separated between 60-100 V. To identify the length of the fragments a length-marker was 

also added. For the analysis of RNA, a 1.2% formaldehyde-agarose gel was used. 1.2% 

agarose (w/v) was added into 1 x FA-buffer (10 x FA buffer diluted: 200 mM MOPS; 50 

mM sodium acetate; 10 mM EDTA; adjust with NaOH pellets the pH to 7.0 and 

autoclaved) and was then boiled. When the gel was cooled down to ~50°C, formaldehyde 

(0.22 M) plus ethidium bromide (0.4  µg/ml) was added, and poured into a gel chamber. 

The samples were diluted with 5 x loading buffer (80 µl 500 mM EDTA, pH 8.0; 16 µl 

saturated aqueous bromphenol blue solution; 720 µl 37% (12.3 M) formaldehyde; 2 ml 

glycerol; 3,084 ml formamide; 4 ml 10 x FA-buffer ad 10 ml) and denatured for 5 min at 

65°C, chilled on ice, centrifuged and then loaded. The electrophoresis was done at 60-80 

V in a 1 x running buffer (100 ml 10x FA-buffer; 880 ml RNase free water; 20 ml 37% 

(12.3 M) formaldehyde).  
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2.3.2. Protein polyacrylamide gel electrophoresis (SDS-PAGE) 

To determine protein expression a modified denaturing SDS-polyacrylamide-gel-electro-

phoresis (SDS-PAGE) [88] was used. The SDS-PAGE was composed of a 7%-15% 

separating acrylamide/bis-acrylamide gel (0.375 M Tris-HCl pH8.8, 0.1% SDS (w/v), 

0.05% APS, 0.05% [v/v] TEMED), overlaid with a 4% stacking or acrylamide/bis-

acrylamide gel (0.125M Tris pH6.8, 0.1% SDS (w/v), 0.05% APS, 0.1% [v/v] TEMED). 

The expression pellets were charged with 1 x SDS-PAGE loading-buffer (50 µl for the 

pre- and 100 µl for the post-induction; according to the QIAexpressionist; 0.045 M Tris 

HCl pH 6.5, 10% [v/v] glycerol, 1% SDS (w/v), 0.01% bromphenol blue (w/v) and 0.05 

M DTT); protein samples were charged and diluted according to their volume with 5 x 

loading-buffer. The sample was mixed, at 95°C 5 min denatured and later chilled for 2 

min on ice, then centrifuged at 16,100 x g. Some samples contained DNA, which dis-

turbed the loading procedure; to reduce this problem an ultrasonication was performed. 

10-20 µl of the supernatant were loaded on the gel, and separated first by 80-90 V during 

the passage of the stacking gel and later at 120-135 V in the separating gel. A protein 

marker was included in each run (Fermentas #SM0431 116.0 kDa, 66.2 kDa, 45.0 kDa, 

35.0 kDa, 25.0 kDa, 18.4 kDa, 14.4 kDa; #SM0671 170 kDa, 130 kDa, 100 kDa, 70 kDa, 

55 kDa, 40 kDa, 35 kDa, 25 kDa, 15 kDa, 10 kDa; BIO RAD #161-0305 103 kDa, 77 

kDa, 50 kDa, 34.4 kDa, 28.8 kDa, 20.7 kDa). The production of the gel was dependent on 

the apparatus used, here equipment from Biometra was used, the gels were run with 1 x 

running buffer (5 x running buffer 1:5 diluted; 15 g Tris-Base ph 8.8, 72 g glycine and 5 

g SDS ad 1 L H2O). The gel was stained for 40 min on a platform shaker with stain solu-

tion (100 ml glacial acetic acid, 300 ml methanol, 600 ml H2O and 1 g Coomasie Brilliant 

Blue G-250), and destained with the destain solution (stain solution without Coomasie 

Brilliant Blue G-250), or destained with 7% glacial acetic acid. 

 

2.3.2.1. SDS-PAGE for protein-sequencing with a mass-spectrometer 

During the whole procedure nitrile gloves had to be worn, to protect samples from con-

tamination with skin proteins (i.e. keratin). A normal 10% SDS-Gel with the protein 

samples was run (2.3.3.). After the run, the gel was rinsed 3 times in MilliQ-H2O and 

then 3 times 30 min in 100 ml Sypro Fix/Destain buffer (10% methanol and 7% acetic 
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acid); the buffer was disposed in non-chlorinated hazardous waste. Next the gel was 

stained with 50 ml Sypro Ruby Gel Stain™ (Invitrogen), at least 3 h, but best overnight. 

After this the gel was placed in the dark. Next the gel was rinsed again 3 times in the 

Fix/Destain buffer and the MilliQ-H2O, as above. For bigger SDS-Gels (~ 17 cm) 200ml 

Fix/Destain buffer and 200 ml Sypro Ruby Gel Stain™ was used. For imaging the with 

UV detectable dye stained gel the GEL PIX spot picker of GENEPIX was used, and the 

picture was taken with a cooled CCD-Camera using blue light. Afterwards the appropri-

ate band was cut out of the gel with a scalpel under UV-light, cut in ~1 mm pieces and 

placed into a reaction tube. Only USA Scientific 1.5 ml Seal-Rite microcentrifuge tubes 

(polypropylene) catalog #1615-5500 were used for all procedures, other tubes might have 

leached plasticizers into the sample, which would adversely affect mass spec analysis. 

300 µl of Milli-Q H 2O was added to the tube which was then shaken for 15 min The H2O 

was removed by pipetting: A 10 µl pipet tip attached to a 1000 µl pipette tip was used 

(the small opening of the 10 µl tip made it easier to avoid aspirating the gel pieces). The 

Sypro stained bands were destained by adding 300 µl ACN (CH3CN; acetonitrile) to the 

tube and shaking for 15 min The ACN was discarded, 300 µl of 50 mM NH4HCO3/50% 

ACN was added, and then shaken again for 15 min. Supernatant was removed and 

discarded, and the washing step above was repeated at least three times. After destaining 

was complete, the supernatant was removed and discarded. 200 µl ACN was added and 

the sample was shaken again 5 min, removed and the supernatant was discarded, then the 

gel pieces were air-dried for a few minutes. For the digestion a trypsin digestion buffer (5 

µl of 100 ng/ µl trypsin, 40 µl H2O and 40 µl 100 mM ACN) was prepared. For gel 

bands, 30-40 µl of the buffer was used, after 5 min, if the gel pieces were not completely 

covered by the buffer, wait 5 min; wait time was added as needed (to allow more trypsin 

to be absorbed), then enough 100 mM ACN was added to cover it. The tube was placed 

in a 37°C incubator for 8-12 hrs or was stored at 4°C until it was convenient to prepare 

the sample. At this time point the sample could be stored at -20°C for later analysis. It 

was important that the tube was sealed tightly and the gel pieces were settled in the bot-

tom of the tube. To extract the proteins 30 µl 1% formic acid/2% ACN were added to the 

digest, and the reaction was incubated for 30 min on a platform shaker. The supernatant 

was removed to a new tube with the tip to tip method described above to avoid transfer-
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ring gel pieces. 24 µl 60% ACN was added to the gel pieces, which were then shaken for 

30 min, the supernatant was removed and combined with that of the previous extraction, 

the gel pieces were discarded. The extracted digests were placed, into a SpeedVac. There 

they were lyophilized until all of the liquid has evaporated, leaving a tiny pellet (~1h). 

Dried samples were stored until needed, or, if ready to proceed, went directly to ZipTip-

ping, rehydrated with 10 µl 1% formic acid/2% ACN. For the following step the ZipTip 

sample clean up was done by the DDPSC MS-facility (Jeanne Sheffield). A µ-C18 Zip-

Tip (Omix Tips are Varian’s brand of ZipTip; Millipore) was used for cleaning up pep-

tide samples. The sample had to be in an aqueous buffer to bind to the ZipTip. If the 

sample was dry it was rehydrated first in 1% formic acid/2% ACN, freshly prepared. A 4 

µl aliquot of elution buffer (60% ACN/0.1% formic acid) was prepared for the sample 

before beginning (to avoid contamination). It was important to avoid drawing air through 

the tip during the procedure (from equilibration to elution). If you found that there are too 

many bubbles in the tip, try pulling the buffers in more slowly. The pipette was set to 10 

µl and the ZipTip was attached. The ZipTip was equilibrated using 3 x 100% ACN and 3 

x 0.1% formic acid, the buffer was pipetted and then discarded it in the waste, these steps 

act as a gradient for the mini column, which wets the resin and conditions it to be ready to 

bind peptides. The next step was then, loading the peptides by pipetting the protein digest 

10 x up and down (it was discarded back into its tube). The ZipTip was then washed by 

pipetting 6 x 0.1% formic acid buffer. The peptides were eluted by pipetting the ZipTip 

10 x up and down in the elution buffer (4 µl aliquot of elution buffer; 60% ACN/0.1% 

formic acid). The organic phase elutes the peptides off the resin and into the buffer. Now 

the sample is desalted and is concentrated in 4 µl of solution appropriate for analysis by 

MALDI-TOF-MS (Matrix-assisted laser desorption/ionisation-time of flight mass spec-

trometry) and ESI-Q-TOF-MS (electrospray ionization quadrupole-time of flight mass 

spectrometry). If mass spec analysis will not be performed on the same day, freeze the 

samples at –80°C until needed. 

 

2.3.2.2. SDS-PAGE drying 

The drying method used was based on TUT’S TOMB Gel Dryer (RPI; Research Products 

International Corp.), but it is further described here because it has been modified from the 
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original user’s manual. A dual sheet method was used. This is the most commonly used 

method for long-term storage. The gel was stained and destained as normal. Two pieces 

of cellophane were cut to the size of the solid backing plate, the cellophane and the gel 

were soaked in gel drying buffer (20% [v/v] methanol and 10% [v/v] glycerol) for around 

1-2 min. The curly nature of the cellophane was allowed to re-roll the cellophane. The 

cellophane was smoothed over the backing plate, and then the gel plate was centered. A 

second sheet of soaked cellophane was smoothed over the gel, then the frame clamped 

over this sheet with several binder clips, and was dried horizontally overnight. The dried 

gel was removed from the frame, excess cellophane was cut off and the gel stored flat. 

Gels could be stored indefinitely if not exposed to humidity fluctuations. 

 

2.4. Isolation of nucleic acids 

2.4.1. DNA mini and midi preparation 

The DNA mini preparation was used to isolate plasmids out of bacterial cultures. For this 

6 ml of LB-media containing the appropriate antibiotics were inoculated with a glycerol 

stock or a bacterial colony, and incubated at 37°C overnight at around 180 rpm. The 

overnight culture was then centrifuged at 4°C and 3220 x g for 5 min. The plasmid puri-

fication was then done with the QIAprep Spin Miniprep Kit (Qiagen), according to the 

manufacturer’s protocol for micro centrifuges. The DNA midi preparation procedure was 

used to increase the yield of plasmids. For this a 50 ml overnight culture was used. The 

solution was centrifuged in a 50 ml falcon-tube at 4°C by 1811 x g, for 10 min. The 

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

the manufacturer’s protocol. 

 

2.4.2. Purification of PCR products 

The purification of PCR products was done to get rid of the dNTP’s, salts, and primer. 

Here the QIAquick PCR Purification Kit (Qiagen) was used according to the manufac-

turer’s protocol. For some applications like restriction digests, ligations, and PCR, an 

agarose gel extraction was done. For this a preparative gel was poured, which allowed the 

loading of a reaction volume of 50 µl and more. After the separation, appropriate bands 

were cut out under UV-light, and transferred into a tube. The purification out of the gel 
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was then done with the MinElute Gel Extraction Kit (Qiagen), according to the 

manufacture’s protocol. 

 

2.4.3. Nucleic acid purification 

This procedure was used to isolate DNA and RNA out of plant-specific tissues. 1g of 

plant tissue was placed in liquid N2, ground with mortar and pestle to a homogenous 

powder, and transferred to a 15 ml falcon-tube, 3.5 ml cooled lysis-buffer (10 mM Tris-

HCl pH 7.5; 50 mM NaCl; 1% SDS; 4% PVPP; 1 mM EDTA pH 8.0; 14 mM β−EtSH 

(freshly added)) was added + 3,5 ml phenol/chloroform and extracted 30 min on a shaker 

at RT, centrifuged 10 min 3220 x g at RT, the aqueous phase was taken + 3,5 ml 

phenol/chloroform, 10 min 3220 x g at RT, the aqueous phase was taken + 3 ml 

chloroform, 10 min 3220 x g at RT, the aqueous phase was taken + 0,1 [v/v] 3 M Na-

acetate pH 5,2 + 1 [v/v] isopropyl alcohol placed at -20°C for 1h - 2h, 20 min 3220 x g, 

the supernatant was discarded and the pellet was washed with 500 µl 70% EtOH (do not 

resolve the pellet), 10 min 3220 x g at RT, the supernatant was discarded and the pellet 

was dried, the pellet was resolved with 300µl TE-buffer (10 mM Tris-HCl pH 8.0 ; 1 mM 

EDTA pH 8.0), a pipet-tip was used (do not vortex), 300 µl 6 M LiCl was added, RNA 

precipitated overnight at 4°C; on the next day the RNA was centrifuged for 15 min by 

16.100 x g at 4°C, IMPORTANT  supernatant contains the genomic DNA. To precipitate 

the genomic DNA 0.1 volumes 3 M Na-acetate pH 5,2 + 1 volume isopropyl alcohol was 

added and later stored at -20°C for 20 min, IMPORTANT  pellet contains the total RNA, 

the pellet was washed with 500 µl 70% EtOH (do not resolve the pellet), 10 min 3220 x g 

at 4°C, the pellet was dried and resolved in 50 µl TE-buffer by mixing and pipetting = 

total RNA, to quantify the RNA with a photometer (OD260nm) it was diluted 1:20 – 1:50 

(2.5.1.). The genomic DNA supernatant was centrifuged for 15 min (16.100 x g) at 4°C, 

the pellet was washed with 500 µl EtOH (do not resolve the pellet) and centrifuged for 10 

min (16.100 x g) at 4°C, the pellet was dried and resuspended in 50 µl TE-buffer (do not 

vortex) = genomic DNA, to quantify the DNA (OD260nm) dilute it 1:50 - 1:100 (2.5.1.). 

RNA and DNA were stored at -80°C. 
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2.4.4. TRIzol RNA purification  

Plant tissue frozen in liquid N2 was homogenized, using a mortar and pestle, ground to a 

homogenous powder. Each sample was dissolved in 1 ml of TRIzol Reagent (0.1 M so-

dium acetate pH 5.0, 0.8 M guanidinium thiocyanate, 0.4 M ammonium thiocyanate, 5% 

[v/v] glycerol, 38% [v/v] aqueous phenol per 50-100 mg of plant tissue [89]. The reagent 

freezes at this step, wait until the mixture is thawed and ground it in between, until you 

can pour it into a reagent tube. The homogenized phase was incubated for 5 min at 15°C 

to 30°C to permit the complete dissociation of nucleoprotein complexes, 0.2 ml of chlo-

roform per 1 ml TRIzol Reagent was added. Sample tubes were capped securely. The 

tube was vigorously shaken for ca. 15 sec. and then incubated for 2-3 min at 15°C to 

30°C. The samples were centrifuged for 15 min at 12,000 x g by 2-8°C. In the following 

centrifugation, the mixture separated into a lower red, phenol chloroform phase, an 

interphase, and a colorless upper aqueous phase. RNA remained exclusively in the 

aqueous phase. The volume of the aqueous phase was about 60% of the volume of TRI-

zol Reagent used for homogenization. The aqueous phase was transferred to a fresh tube; 

the organic phase was saved if isolation of DNA or protein was desired (optional). The 

RNA from the aqueous phase was precipitated by mixing with 0.5 ml isopropyl alcohol 

per 1 ml TRIzol Reagent. The samples were incubated for 10 min at 15-30°C, and then 

the samples were centrifuged for 15 min (12,000 x g) at 2-8°C. The RNA precipitation 

was often invisible before centrifugation, and formed a gel-like pellet on the side and 

bottom of the tube. The supernatant was removed and the pellet was washed once with 1 

ml 75% ethanol per 1 ml TRIzol Reagent. The sample was mixed using a Vortex or 

similar equipment and centrifuged for 5 min (7,500 x g) by 2-8°C. At the end of the 

procedure, the RNA pellet was briefly dried, for not longer than 10 min, and the RNA 

samples were dissolved into 100 µl of RNase free H2O, 0.5% SDS solution or TE-Buffer 

(2.4.5.) and the concentration was determined (2.5.1.). The RNA was incubated for 10 

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

2.5.1. Nucleic acid concentration determination with a UV-spectrophotometer 

The concentration of nucleic acids was performed photometrically at 260 nm. Absorption 

of 1.0 was equivalent to the following concentrations: 

DNA (double strand)  50 µg/ml 

RNA    40 µg/ml 

 

2.5.2. Protein concentration determination 

For this a calibration curve with BSA (0-30 µg/ml) was done at 595 nm, using 800 µl of 

the BSA standards and 200 µl Bio-Rad protein assay solution [90]. 

 

2.6. Polymerase chain reaction (PCR)  

This procedure was used to duplicate DNA fragments in an exponential way, with primer 

and thermo stable DNA-polymerases [91]. A PCR program was 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  ∞ 

 

Preparation:   
10x polymerase buffer 3 - 5 µl 
dNTP’s   0.2 mM each 
5' and 3' Primer   0.2 µM 
DNA    100-200 ng/1 µl E. coli miniculture 
DNA-Polymerase  2.5 U 
dH2O    ad 30-50 µl 
 

2.6.1. RACE-PCR 

Is a method for performing both 5'- and 3'-rapid amplification of cDNA ends (RACE). 

For this the “BD SMARTTM RACE cDNA amplification kit” (BD-biosciences) was used. 
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2.7. Sequencing of DNA 

The DNA was sequenced according to Sanger et al. 1977 [92]. Laser detectable fluores-

cence marked dNTP’s were used. The plasmid sequencing was performed according to 

the BigDye V 1.1. protocol of the manufacturer (Applied Biosystems). 

Preparation:     Sequencing cycle (25cycles): 
1-5 µl plasmid DNA (500 ng)   denaturing 96°C  10 sec. 
1 µl primer (10 pmol)    annealing 50-55°C  5 sec. 
4 µl BigDyeMix V 1.1.    extension 60°C  4 min 
ad 10 µl dH2O      reaction stop 4°C  ∞ 
  

The sequencing reaction was purified over Sephadex and loaded on the ABI-sequencer. A 

96-well multiscreen plate (Millipore) was loaded with Sephadex G-50 Superfine. To the 

Sephadex 300 µl H2O was added and the gel was placed at 4°C, to allow swelling, for 3-4 

hrs. The plate was then centrifuged for 5 min at 910 x g in another plate, afterwards 10 µl 

H2O was added to the sequencing reaction, and centrifuged over the Sephadex for 5 min 

at 910 x g in a sequencing plate, or the SigmaSpinTM Post-Reaction Purification Columns 

were used according to the manufacturer’s protocol. The sequencing reaction was then 

placed in an ABI 310 Genetic Analyzer or in an ABI 3100-Avant Genetic Analyzer (both 

Applied Biosystems). Otherwise, the sequencing was done by Washington University in 

St. Louis. 

 

2.8. Cloning techniques 

2.8.1. TOPO-ligation 

The ligation of PCR products into a TOPO vector was based on the system described un-

der 2.1.2. 

Preparation: 
PCR-product   10 ng 
1.2 M NaCl, 60 mM MgCl2 1 µl 
TOPO vector   1 µl 
dH2O    ad 6 µl; incubate for 30 min at RT and chill on ice 
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2.8.2. Taq-tailing and pGEM-T Easy cloning of PCR products 

The Taq-polymerase has a matrices-independent activity; making it capable to bind ade-

nine on a double stranded blunt-end DNA. For this a plasmid was used for PCR and the 

product was purified. 

General reaction preparation: 
Purified PCR product  30 µl 
10 x Taq-buffer  5 µl 
dATP    1 µl 
Taq-polymerase  0.5 µl 
dH2O    ad 50 µl; incubated 30 min at 72°C. 

The reaction was purified (2.4.2.) and cloned into a thymine overhang containing pGEM-

T Easy vector. 

General reaction preparation: 
2 x rapid ligation buffer 5 µl 
 pGEM-T Easy vector 1 µl 
PCR-product   3 µl 
T4-ligase   1 µl 
dH2O    ad 10 µl; incubated overnight at 4°C. 

Afterwards 2 µl of the product were transformed into DH5α and plated on LB-amp 

(50 µg/ml) with X-Gal (80 µg/ml) and IPTG (1mM). 

 

2.8.3. Restriction digest 

Double stranded DNA could cut on palindrome-like sequences with the help of specific 

restriction enzymes. With this technique DNA fragments were yielded to clone in other 

vector systems. As an example EcoRI and BamHI were used as restriction endonucleases. 

Preparation: 
DNA   1-2 µg 
EcoRI   10 U 
BamHI   10 U 
EcoRI 10 x buffer  5 µl  
dH2O   ad 50 µl; incubated for 2 h. at 37°C, than to 4°C. 

The digest was purified (2.4.2.), and the concentration was determined (2.5.1.). 

 

 

 



 

 

40 2. Materials and Methods 

2.8.4. Ligation and Blunting of PCR products 

With the help of T4-ligase a DNA fragment was cloned into a vector. The reaction was 

done under a usage of dATP (contained the reaction buffer); whereas the 3'-hydroxyend 

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

binding. 

Preparation: 
Vector-DNA   50 ng 
Insert-DNA  x ng 
10 x Ligase-buffer 1 µl 
T4 DNA-Ligase 1 µl 
H2O   ad 10 µl, incubated overnight at 4°C. 

For determination of the insert, the molar measure vector : insert ratio is 1 : 3. For the cal-

culation the following formula was used: (ng vector x kb insert / kb vector) x molar 

measure vector:insert = ng insert. DNA polymerases such as Taq or DNA polymerase 

mixtures like Herculase Hotstart or BD Advantage 2, containing Taq- and proof reading 

polymerases, produced adenosine overhangs which had to be removed for cloning into 

blunt-end vectors, for this blunting is recommended before ligation. 

Preparation: 
PCR product  x  
10 x Pfu Buffer y 
dNTP’s  0.2 mM each 
Pfu-polymerase 2.5 U 
dH2O    ad 30-50 µl; incubated at 72°C for 30 min and placed on ice. 
 
2.9. Trichome isolation 

The trichome isolation was done according to Gershenzon et al., 1992 [93]  

 

2.10. Blotting 

2.10.1. Transfer of RNA on nylon membranes 

The RNA blot (northern blot) was used to determine the tissue-specific expression of re-

searched genes, by radioactive labelling of DNA and hybridization on the RNA. The fol-

lowing buffer components were used: 20 x SSC buffer: 0.3 M Na-Citrate, pH 7.3, 3 M 

NaCl; 2 x SSC buffer: 20 x SSC 1:10 diluted with H2O; 2 x SSC buffer with 0.1% [v/v] 

SDS: 20 x SSC 1:10 diluted with H2O 0.1% [v/v] SDS; 0.1 x SSC buffer with 0.1% [v/v] 

SDS: 20 x SSC 1:200 diluted with H2O 0.1% [v/v] SDS. A 1.2% RNA agarose gel was 
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loaded with 10  µg of the isolated RNA (2.4.5.), which was previously denatured at 65°C 

for 5 min and chilled on ice. The electrophoresis was done at 60-80 V, until the front 

reached 4 cm. The gel was then placed on a filter paper, which was previously rinsed in 

20 x SSC buffer. The filter paper built a bridge between two 20 x SSC containing reser-

voirs. The gel was then sealed on every side with parafilm. Afterwards the following 

components were placed on the gel: a nylon membrane, first rinsed in H2O and then 

rinsed in 20 x SSC; three slides of GB 004 Gel Blotting Paper; approx. 5 cm high filter 

paper; approx. 10-15 cm high paper towels; finished with a glass plate on which a weight 

of 250-500 g was laid. The nylon membrane had to have the same size as the gel. The 

blot was done overnight at RT. All components used had 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 the appropriate gene in the MCS, was 

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

Common cycle:      Preparation: 
denaturing   93°C 3 min   10 x Taq-buffer 5 µl 
30 cycles      dNTP’s 10 mM 1 µl 
denaturing   94°C 30 sec.   5’-primer 10 pmol 1 µl 
annealing  50°C  30 sec.   3’-primer 10 pmol 1 µl 
elongation  72°C 1-1.5 min   Taq-polymerase 0.5 µl 
final elongation 72°C  7 min    dH2O   40.5 µl 
reaction stop   4°C ∞ 
plasmid  1 µl 

The PCR product was then purified (2.4.3.), and the concentration was determined 

(2.5.1.) 
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2.10.1.2. Hybridisation probe preparation of the RNA-Blot 

To hybridize an RNA-Blot a radioactive labelled hybridization probe has to be prepared. 

General reaction preparation: 
x µl  25 ng DNA-sample 
5 µl  random primer (nonameres) 
ad 22 µl  dH2O; denatured for 5 min at 95°C and placed on ice 
  
4 µl  of each nucleotide (dCTP, dTTP, dGTP) 
5µl  10 x reaction buffer 
2 µl  klenow fragment 
y µl  [32P-α-dATP] 30-50 µCi (3000 Ci/mmol), 3-5 µl 
ad 50 µl  dH2O; incubated for 10 min at 37°C 
 

For the purification of the reaction SampleQuant G-50 microtubes were used; the tubes 

were mixed to resuspend the column material. After decapping of the column-end the 

tube was transferred to a reaction tube and centrifuged (735 x g) for 1 min and the flow 

through was discarded. The hybridization probe was then transferred to the column and 

centrifuged (735 x g) for 2 min; afterwards the hybridization probe was denatured for 1 

min at 95°C and was placed on ice. Here it was possible to determine the incubation rate 

of radioactivity with liquid scintillation counting, 1 µl diluted in 49 µl H2O prior and post 

column purification. The nylon membrane was short rinsed in H2O and the lines were 

labelled, then the blot was checked with UV-light. To fix the RNA on the nylon-mem-

brane a UV-crosslinking was carried out for 1 min and the membrane was placed on a 

humid chromatography paper. Afterward the membrane was washed in H2O or 2 x SSC-

buffer. Then the nylon-membrane was transferred into a hybridisation glass tube; for this 

step there were two choices of procedures. Adding ~15 ml hybridisation solution (BD 

Biosciences) prewarmed and incubated for 30 min at 68°C. Or self-made hybridisation 

solution (6.3 ml H2O, 2.5 ml 20 x SSC, 100 µl 10% SDS, 1 ml 50 x Dehnhard’s reagent 

(2 g Ficoll 400, 2 g Polyvinylpyrrolidone, 2 g BSA ad 200 ml H2O), 125µl 100 µg/ml 

herring sperm DNA) prior denatured for 5 min at 95°C and then 3-4 hrs incubated at 

68°C. To label the membrane 25 µl of the hybridization probe were added, and incubated 

overnight in a hybridisation oven at 68°C. The remaining DNA-sample was stored at -

20°C, for a possible rehybridisation. On the next day the membrane was washed 3 x at 

RT with 2 x SSC; 0.1% SDS and then 2 x at 50°C with 0.1 SSC; 0.1% SDS. The mem-
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brane was then sealed in plastic wrap and placed overnight on a phosphor-imaging 

screen. The visualisation of the screen was done with a phosphor imager. 

 

2.10.2. Transfer of proteins on nylon membranes (western blot) 

A 10% SDS-PAGE was run (2.3.3.), but instead of the normal protein-ladder a pre 

stained ladder was used (Prestained SDS-PAGE Standards, Broad Range: BIO RAD). 

The SDS-sample-buffer front was allowed to run out of the gel. The Trans-Blot® SD 

Semi-Dry Electrophoretic Transfer Cell (BIO RAD) was used for the transfer of the pro-

teins to the nylon membrane (Biodyne® B 0.45 µm; Pall Corporation). The blotting 

buffer was prepared according to Bjerrum and Schafer-Nielsen 1986 [94] (for 1 liter: 48 

mM Tris (5.82 g), 39 mM glycine (2.93 g), 20% methanol HPLC-grade and 3.75 ml 10% 

SDS, the pH was between pH 9.0 and pH 9.5, with no adjustment necessary). The SDS-

PAGE, extra thick GB-blotting paper and the nylon membrane was incubated for 1 h, at 

RT, in the blotting buffer; afterwards blotting paper, nylon membrane, SDS-PAGE and 

additional time blotting paper were placed on the moist (blotting-buffer) surface of the 

Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell. The apparatus was assembled 

and the transfer of proteins to the nylon membrane was performed for 1 h. at 25 Volt. The 

nylon membrane or blot was blocked (to avoid unspecific labelling of proteins) with 

TBS-T buffer [20 mM Tris HCl (2.4 g) pH 7.5, 150 mM NaCl (8.8 g), 0.05% Tween 20 

(500 µl)/liter] containing 3-5% milk powder, and incubated for 1 h. at RT or overnight at 

4°C, on a platform shaker. Prior to the labelling of the searched His-tagged protein with 

the antibody, the blot was washed 3 x 5 min with 20 ml TBS-T buffer. Monoclonal Anti-

polyhistidine-Alkaline Phosphatase antibody produced in mouse (Sigma; primary and 

secondary antibody are here together) was used for the labelling, then the nylon 

membrane was incubated for 2 hrs at RT with 20 ml TBS-buffer [20 mM Tris-HCl pH 

9.5 (2.4 g), 150 mM NaCl (8.8 g)/liter] containing 1:2000 diluted antibody (10 µl) and 

1% BSA (0.2 g); afterwards the blot was washed an additional 3 x 5 min with 20 ml TBS-

T buffer. To start the color reaction 20 ml TBS-buffer [20 mM Tris-HCl pH 9.5 (2.4 g), 

150 mM NaCl (8.8 g)] containing 90 µl NBT (Nitrobluetetrazolium 75mg/ml in 70% 

DMF), 70 µl BCIP (5-Bromo-4-chloro-3-Indolyl phosphate 50mg/ml in dimethylform-

amide or as a salt in H2O) and 200 µl 0.5 M MgCl were added. The color reaction was 
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stopped with 20 ml TBS buffer containing 800 µl 0.5 M EDTA, afterwards the western 

blot was dried and scanned. 

 

2.11. Protein expression and purification 

Volumes and amounts given for 1 l expression cultures, scaled accordingly. The lysis and 

the purification steps were done at 4°C, if not else stated. 

 

2.11.1. Bacterial culture 

A 50 ml LB media culture (starter culture) was inoculated out of the glycerol stock with 

the appropriate antibiotics (1% glucose, was included to the starter culture if the express-

able protein seem to be toxic for the host, to inhibit basal transcription by catabolite re-

pression (diauxie), over decreasing cAMP level). The culture was grown to a density 

between OD600nm = 0.6-0.7 at 28-37ºC by 200 rpm shaking. Starter culture could be 

stored at 4ºC until use. 1 liter of LB and antibiotics was used in a 2 l flask to initiate ex-

pression culture by transferring 50 ml starter culture to the media. If more than 1 liter of 

expression culture was used, the starter cultures were combined and spread prior to the 

inoculation. The culture was incubated at 37ºC with 200 rpm shaking until OD600nm = 0.6, 

which usually took about 4 hours. A shaker/incubator was cooled to 28ºC or to the ap-

propriate expression temperature. During the expression, many expressed proteins could 

have toxic effects on the host, by decreasing the expression temperature this effect was 

minimized. After the culture reached OD600nm = 0.6 the flask containing the culture was 

placed on ice for 5 min or in a fridge. Two 1 ml aliquots of the culture were transferred to 

separate 1.5 ml micro centrifuge tubes as 'preinduction samples'. The tubes were centri-

fuged for 5 min at 16,100 x g to pellet the cells, the supernatant was discarded and the 

cell pellet was frozen at -20ºC for later SDS-PAGE analysis. Add IPTG to a concentra-

tion of 1 mM/ml (i. e. 1 ml of 1 M solution) to the culture to start the expression (the 

vector contains a partial lacOperon with the LacI repressor gene. The 1,6-allolactose 

normally inhibits the repressor and IPTG mimics this molecule). The culture was incu-

bated for 4 hours to overnight at 28ºC (16-22 hrs) with 200 rpm shaking. After the ex-

pression was complete 2 × 1 ml aliquots of the culture were transferred to separate 1.5 ml 

micro centrifuge tubes as 'postinduction samples', stored as above for 'preinduction sam-
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ples'. The culture was centrifuged for 10 minutes at 10,000 × g at 4ºC to pellet the cells. 

The supernatant decanted and remaining media was removed by pipette. At this point you 

have three options: a) freezing the cells at -80ºC; b) resuspending the cells in HLB (His-

Tag-lysis-buffer; 20 ml/L of expression culture, 50 mM Tris-HCl pH 7, 500 mM NaCl, 

10 mM imidazole, 10% [v/v] glycerol, 10 mM β-EtSH, 1% Tween 20, 750 µg/ml 

lysozyme) and then freezing the cell suspension at -80ºC; or c) resuspending the cell 

pellets in HLB (20 ml/l of expression culture) and continuing with the purification 

protocol. Glycerol neutralizes non-specific hydrophobic interactions and stabilized the 

enzyme during freezing process; β-EtSH is a protease inhibitor as or like PMSF and 

imidazole is identical to the histidine side chain (active site competitor). 

 

2.11.2. Bacterial lysis 

The frozen cells or the cell suspension was placed on ice, and mixed occasionally to ac-

celerate the thawing process, then transferred to a centrifuge tube that has been precooled 

on ice. Subsequently the cell suspension was incubated on ice or in a cold room for 1 h., 

to allow lysozyme to lyse cells. The cell suspension was sonicated with an ultrasonic 

sample for 2-3 × 30 sec at ∼75% power, and cooled on ice for 1 min between sonications. 

Then the bacterial lysate was centrifuged for 25 min at 12,000 × g at 4°C. The su-

pernatant was decanted into a new 50 ml falcon tube that has been precooled on ice. A 

500 µl aliquot was removed as a ‘crude lysate sample’ and stored at -20°C for later SDS-

PAGE analysis. 

 

2.11.3. Protein purification with Talon resin 

The Talon resin suspension was removed from 4°C and inverted to resuspend. Two ml of 

the suspension (= 1 ml Talon resin) were transferred by pipette into a 15 ml falcon tube, 

centrifuged at 700 × g for 2 min and the supernatant was discarded. The pelleted resin 

was resuspended with 2 x ~10 ml of HWB (His-tag-wash-buffer; 50 mM Tris-HCl pH 7, 

500 mM NaCl, 10 mM imidazole, 10% glycerol, 10 mM β-EtSH), centrifuged like above 

and the supernatant was discarded. Afterwards the pelleted resin was resuspended in 5 ml 

of crude bacterial lysate and then transferred into a 50 ml tube, containing the remaining 

crude lysate. The resin and lysate were gently agitated for 60 min on a platform shaker to 
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allow the His-tag to bind the resin. Then the resin was centrifuged at 700 × g for 5 min 

and the supernatant decanted, a ‘Talon supernatant fraction’ was kept for later SDS-

PAGE analysis. The resin was then transferred into a new 15 ml tube and resuspended in 

∼12-14 ml of HWB and agitated it on platform shaker for 10 min, and then centrifuged at 

700 × g for 5 min The supernatant was discarded and this process was repeated a second 

time. 1-2 ml of HWB were added to the resin and resuspended by mixing. All of the resin 

was transferred to a 2 ml gravity flow column (end-capped) and the resin was allowed to 

settle, or the column was short spinned down at 700 x g to avoid this time consuming 

step, but this could lead to a decrease in the purification amount. As the resin settles, the 

column was tapped to force air bubbles to the top. The end-cap was removed, and buffer 

was drained to the top of the resin. The resin was washed with 5 ml HWB. The protein 

was eluted by adding 5 ml of HEB (His-tag-elution-buffer; 50 mM Tris-HCl pH 7, 500 

mM NaCl, 500 mM imidazole, 10% glycerol, 10 mM β-EtSH) to the column. 5 × 1ml 

fractions were collected; fractions where kept (20 µl) as ‘Talon fraction’ for later SDS-

PAGE analysis. Usually His-tagged protein elutes in fraction 1.-3. The protein con-

centrations of the fractions were determined, only to know which fractions contain pro-

teins, this is known as short-Bradford assay, without a real measurement of the concen-

tration. 20 µl of each fraction, 780 µl of HEB and 200 µl of Bio-Rad protein assay solu-

tion were mixed. A blank is made by mixing 800 µl of HEB with 200 µl of Bio-Rad pro-

tein assay solution. The Abs595nm of each fraction is then determined. Protein containing 

fractions were combined to a volume of ~2.5 ml, with a storage buffer appropriate for 

your enzyme. Protein was then applied to a PD10 column that has been equilibrated in 5 

column volumes of enzyme storage buffer. The protein was eluted in 1 ml fractions and 

the protein concentration of each fraction was determined like above, PD10 column ali-

quots (20 µl) were kept for later SDS-PAGE analysis, and the protein concentration was 

determined (2.5.2.). Store the protein as appropriate at 4ºC, -20ºC or -80ºC. I stored the 

protein at -80ºC, frozen prior in liquid N2. Optional: the Talon resin was washed with 10-

column volumes (10 ml) of 20 mM MES pH 5.0 to remove bound imidazole and β-EtSH. 

Fix capped and end-capped; stored at 4ºC or throw it away. Talon resin can be re-used 3-

4 times. 

 



 

 

47 2. Materials and Methods 

2.11.4. FPLC-protein purification 

The separation was done using an ÄKTA-FPLC-system (Explorer), at 4°C with a detec-

tion wavelength of 280nm. The affinity chromatography columns used, were HisTrap™ 

HP (1 ml, 5 ml) or HisTrap™ FF crude (1 ml, 5 ml) from Amersham Biosciences. The 

whole Talon purification protocol was followed, bacterial lysis included (2.11.2., 2.11.3.). 

In general the crude lysate was too viscous for the His-tag column because of DNA re-

mains and mostly it clogged during the loading process, on this step there were some 

choices. Incubate the lysate supernatant additional with a DNase (benzoase). Add to the 

supernatant 5 mM MgCl2 and 0.5 U/ml benzoase, incubate the reaction slightly shaking 

30 min at 4°C, and centrifuge again 20 min at 12 000 × g . To avoid this time and money 

consuming step pass the lysate supernatant through a syringe half filled with synthetic 

filter floss, purchased at a pet store, this will be sufficient to remove all of the viscous 

material [95], the supernatant should be clear without disturbing components before 

loading on the ÄKTA-system. The ÄKTA system and the column stand normally under 

20% ethanol (degassed by a sonicator-bath) conditions to minimize bacterial growing. 

The first step is to wash the ethanol away, for this we use Milliq H2O, which is degassed 

like the ethanol. Later the system was equilibrated with sterile filtrated HWB (50 mM 

Tris/HCl pH 7.0, 500 mM NaCl, 10 mM imidazole, 10% [v/v] glycerol, 10 mM β-EtSH) 

before loading the crude lysate on the system. The terpene synthase activity was eluted by 

a linear gradient between HWB and HEB (50 mM Tris/HCl pH 7.0, 500 mM NaCl, 500 

mM imidazole, 10% [v/v] glycerol, 10 mM β-EtSH), collected in 1 ml fractions. In the 

appropriate storage or assay buffer the fractions where pooled and desalted over a 

PD10column. Protein concentration was determined (2.5.2.). The system was washed 

afterwards with Millq H2O and placed under storage conditions with 20% ethanol.  

 

2.11.4.1. His-tag column regeneration  

The column was recharged after 5-7 purifications. The column was stripped by washing 

with at least 5-10 column volumes of stripping buffer (20 mM sodium phosphate pH 7.4, 

0.5 M NaCl, 50 mM EDTA). Before recharging, the column was equilibrated with at 

least 5-10 column volumes of binding buffer (HWB; 2.11.4.) and 5-10 column volumes 
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of distilled water. The equilibrated column was recharged then by loading 0.5 ml or 2.5 

ml of 0.1 M NiSO4 in MilliQ H 2O on HisTrap HP 1 ml and 5 ml column, respectively. 

Salts of other metals, chlorides, or sulphates may also be used. The column was subse-

quently equilibrated with 5 column volumes distilled water, 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 molecular mass of a protein, or better the hydro-

dynamic or Stokes radius, and to distinguish between monomeric and multimeric en-

zymes (homodimer, heteromer etc.). For this a ÄKTA-FPLC-system with a HiLoad Su-

perdex 200 16/60 (GE Healthcare) column, with a total volume of 120.63 ml (Vt), was 

equilibrated with the TPS-Buffer (2.12.1.) containing 150 mM NaCl and 5% glycerol 

instead of 10% glycerol, or with DSB (2.12.2.) containing 150 mM NaCl. The void vol-

ume of 41.5 ml (V0) was determined using Blue Dextran (2000 kDa). The buffer was 

sterile filtered and degassed in a sonicator-bath. To calibrate the ÄKTA-FPLC-system 

calibration proteins with a defined molecular mass were used, bovine serum albumin 

(BSA; 67 kDa), catalase (240 kDa), aldolase (158 kDa), ovalbumin (45 kDa) and ferritin 

(450 kDa). A mixture of 2 mg/ml BSA and 1 mg/ml catalase (in H2O) was first applied 

on the system. Then a mixture of 1 mg/ml aldolase and 1 mg/ml ovalbumin (in 150 mM 

NaCl, 5% glycerol, 20 mM KPi, pH 7.5). Ferritin was applied alone in a concentration of 

2 mg/ml (in H2O), ferritin appears in 3 different forms (69.4% monomer, 19.5% dimer 

and 11.1% trimer) [96]. The purified and enriched (Amicon 30 kDa - 50 kDa) protein of 

interest was centrifuged (5 min, 16.100 x g) and then applied in a concentration of 1 - 2 

mg/ml.  

 

2.12. Enzyme assays 

2.12.1. Monoterpene synthase assay 

The monoterpenes synthase buffer (TPS-buffer) was based on the buffer described by 

Schnee et al. 2002 [97] and modified for the characterization of CsTPS1 and CsTPS2. 

The buffer used here contained 10 mM MOPSO pH 7.0, 1 mM DTT, 20 mM MgCl2 x 

6H2O and 10% [v/v] glycerol. The original buffer contained additional 0.2 mM MnCl2, 
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0.2 mM NaWO4 and 0.1 mM NaF. The assay buffer was used without MnCl2, because it 

would disturb competition inhibition studies, if planned. NaWO4 and NaF are phos-

phatase inhibitors, but cannot be used because during the purification of the enzyme both 

components, shown by the protein concentration measurement, interfere with the Bio-

Rad Protein Assay solution. The enzyme assay was performed in siliconized 

polypropylene tubes to avoid the substrate and product binding to walls of the tube. The 

assay was done in a volume of 500 µl containing TPS-buffer, the recombinant purified 

enzyme and unlabeled and/or 1-3H labelled GPP (in a negligible amount). The assay was 

then overlaid with 500 µl n-hexane, to trap the volatile terpenes, incubated for various 

time points (1-20 min the previously determined linear production time) at 30°C, and 

then the enzymatic reaction was stopped on ice. After incubation, the assay was mixed 

vigorously and centrifuged down (0.5 min, 16,100 x g), 300 µl of the hexane phase were 

taken for liquid scintillation counting. During each assay time point, a boiling control was 

performed, too, and subtracted from the average of an enzyme assay triplicate. The 

substrate conversion was measured by scaling up the GPP conversion (1-3H GPP). 

 

2.12.2. Diterpene synthase assay 

The diterpene synthase buffer (DSB) was based on the buffer described by Xu et al. 2004 

[78]. The buffer used here contained 50 mM HEPES pH 7.2, 5 mM DTT, 100 mM KCl, 

7.5 mM MgCl2 x 6H2O and 5% [v/v] glycerol. The diterpene synthase activity assay was 

performed in a final volume of 500 µl DSB including 400 µM GPP, NPP, FPP and 

GGPP, overlaid with 500 µl hexane to trap the products. After incubation for ~1-3 h. at 

30°C, the assay was hydrolyzed for 30 min at 30°C using 20µl 3 N HCl or 500 µl 100 

mM sodium acetate buffer plus 5 units of a wheat germ acid phosphatase (Sigma) were 

added to the assay for the hydrolysis, and incubated for 2 h. at 30°C. Mixtures were ex-

tracted 3x with 500 µl hexane, by mixing at (0.5 min, 16,100 x g). The hexane phases 

were combined and evaporated under an N2-stream to a final volume of ~200 µl 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 Voyager/Trace GC 2000 (Thermo Quest 

CE Instruments) under the following conditions: EI 70 eV, source temperature 200-°C; 

column DB-5MS (J&W, 30 m x 0.25 mm, 0.25 µm film thickness); injection temperature 

250-°C, interface temperature 300-°C; carrier gas He, flow rate 1.0 ml/min, constant flow 

mode; splitless injection, column temperature program: 60-°C for 1 min, then raised to 

300-°C at a rate of 10-°C min-1 and then hold on 300-°C for 10 min. All products were 

identified by comparison of their EI-MS spectra with those of the NIST library (V 1.6d), 

respectively, or purchased authentic standards. 
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3. Results 

3.1. Cannabis sativa L . 

At the Leibniz Institute of Plant Biochemistry in Halle/Saale Germany, a group under the 

guidance of Prof. Toni M. Kutchan, was established to unravel the biosynthesis pathways 

of terpenophenolics (Cannabinoids) and terpenoids in Cannabis sativa L.. Dr. Jonathan 

Page took over this C. sativa trichome specific EST (expressed sequence tag) project. 

1202 ESTs were isolated; a sequence comparison (blastx) showed that 23% were putative 

involved in the metabolism (primary and secondary) of the plant, and 7% of them were 

most likely in the cannabinoid and terpenoid metabolism. Out of these three putative 

monoterpene synthases and three putative prenyltransferases EST’s were used for further 

research. During my diploma thesis two of the putative monoterpene synthases and the 

putative prenyltransferases were used for cloning and expression experiments. It could be 

shown, that the monoterpene synthases were a limonene and a pinene synthase, and the 

prenyltransferases were a FPP-synthase, a GGPP-synthase and most likely a subunit of a 

GPP-synthase. Although limonene and pinene synthases are common to many plant spe-

cies, until now few have been characterized with respect to kinetic parameters [71]. The 

evolutionary relationship of the C. sativa L. terpene synthases with respect to other plant 

families has also been reported, and a SEC chromatography was performed to determine 

the size. For the characterization of the monoterpene synthases from C. sativa L. one 

clone of each synthase generated during the diploma thesis was used. Bacterial strain E. 

coli BL21(DE3)RIL/CsTPS1c and BL21(DE3)RIL/CsTPS2c in pET101/D-TOPO ex-

pression vector truncated after aa 60 respectively aa 55 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 was grown to A600 = 0.6 at 37°C 

in 1-4 L LB medium supplemented with 100 µg/ml ampicillin and 50 µg/ml chloram-

phenicol as determined by the vector and the host strain. Cultures were then induced by 

addition of IPTG to a final concentration of 1 mM and grown for another 10-14 h at 28°C 

(2.11.1). Cells were harvested by centrifugation and lysed (2.11.2.). The lysate of 

CsTPS1c was purified by column chromatography using an ÄKTA-FPLC-system, with a 
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gradient between HWB and HEB. The FPLC-purification started with HWB (flow rate: 5 

ml/min for 3 min), followed by a gradient of 0-100% HEB (flow rate: 0.7 ml/min; 75 ml; 

~107 min) (Figure 1). The activity was eluted in general at a maximum conductivity of 

43 mS cm-1 (≈65% HEB). Due to limited protein quantities caused by low expression 

levels, CsTPS2c was enriched by affinity chromatography using Talon purification (BD 

Biosciences) according to the manufacturer’s instructions, with HWB (wash/binding 

buffer) and HEB (elution buffer) (Figure 1). The terpene synthase fractions were 

combined and desalted using a PD-10-column (Amersham) equilibrated with 5 column 

volumes of TPS-assay-buffer (10 mM MOPSO pH 7.0, 1 mM DTT, 20 mM MgCl2, 10% 

[v/v] glycerol) (2.11.3., 2.11.4.). Protein concentration was determined (2.5.2.), and 

aliquots of the purification were checked on an SDS-PAGE (Figure 2 +3). 

 

 
Figure 1: CsTPS1c FPLC-purification-chromatogram, the first peak corresponds to unspecifically bound 
proteins, the second peak corresponds to the enriched CsTPS1c. CsTPS1c is eluted at a maximum conduc-
tivity of 43 mS cm-1 (≈65% HEB).  
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Figure 2: CsTPS1c FPLC-purification-SDS-PAGE, [L]adder and Fractions D2-D10 of the FPLC-purifica-
tion (Figure 1) show an enriched and clean CsTPS1c. 
 

 

Figure 3: SDS-PAGE of CsTPS2c purification over a TalonTMcolumn: 1. ladder; 2. pre-induction; 3. post-
induction (overnight); 4. crude lysate; 5. TalonTMsupernatant; 6.+7. TalonTMfraction 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 performed in a final volume of 500 µl TPS-

assay-buffer including 10 µM of GPP and 1-3H-GPP (10-20 Ci/mmol, 5 pmol/assay, 

ARC), overlaid with 500 µl hexane to trap the volatile products, in siliconized tubes 

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

determined linear range (1 min; 4min; 8min; 12 min; 16 min and 20 min), the mixture 

(1.25 µg CsTPS1c or CsTPS2c per 500 µl) was mixed vigorously for ~10 sec. and centri-

fuged 30 sec. at 16,100 x g, the reaction was stopped on ice and 300 µl of the hexane 

phase were added to 4 ml Ultima gold MV scintillation cocktail and counted in a Beck-

man LS 6000 TA scintillation counter. For each time point, a boiled enzyme control was 

included to determine the background value of the assay (2.12.1).  

 

3.1.2.1. pH-Optimum of the CsTPSs 

The pH has an important effect on the activity of enzymes. The acidity of a solution alters 

the charge of functional groups from different amino acids, which can lead to a confor-

mational change of the structure and the active site of enzymes, influencing the activity. 

For CsTPS1c the pH optimum was measured between pH 4.0 and pH 8.5 in 0.5 pH steps 

with TPS-assay-buffer containing sodium acetate, MES, Bis-Tris, sodium acetate or 

MOPSO (at 10 mM concentration), the pH optimum was determined at pH 6.5, with a 

half-maximal velocity at pH 5.7 and 7.4 (Figure 4), and a predicted isoelectric point (pI) 

of 6.7 (DNAstar Inc.). For CsTPS2c the pH optimum was measured between pH 5.5 and 

pH 8.5 in 0.5 pH steps, here with TPS-assay-buffer containing only MES and MOPSO, 

because of the now known range from CsTPS1c. The pH optimum was determined at pH 

7.0, with a half-maximal velocity at pH 5.9 and 7.5 (Figure 5), and a predicted pI of 6.1 

(DNAstar Inc.). 
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Figure 4: pH-Optimum determination of CsTPS1c at pH 6.5 using MOPSO, MES, Na-acetate and BIS/Tris 
as buffers. 
 

 
Figure 5: pH-Optimum determination of CsTPS2c at pH 7.0 using MOPSO and MES as buffers. 
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3.1.2.2. Temperature optimum of the CsTPSs 

Each enzyme shows a temperature activity dependency. With increasing temperature the 

activity of the enzyme increases as well. Until characteristic optima, at which point the 

activity decreases. The temperature dependence measurement was performed in the TPS-

assay-buffer containing MOPSO, between 10-60°C for CsTPS1c, and between 10-50°C 

for CsTPS2c in 10°C steps. For CsTPS1c the temperature optimum was determined at 

40°C, with a half-maximal velocity at ca. 14.5°C and 47.5°C. For CsTPS2c the 

temperature optimum was determined at 30°C, with a half-maximal velocity at ca 21°C 

and 42.5°C (Figure 6). 

 

 
Figure 6: Temperature optimum of CsTPS1 at 40°C and CsTPS2 at 30°C. 
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2.45 µM, resulting in a kcat value of 0.13 s-1 and a catalytic efficiency (kcat/Km) of 1.1 × 

104 s-1 M-1, respectively. Although the hyperbolic fit yielded reasonable kinetic parame-

ters, the visual inspection of the data suggests a rather sigmoid curve progression. This 

assumption was supported by various linearizations’ procedures. A double reciprocal plot 

revealed a strong deviation from linearity, even if the values at the lowest and, hence 

most error prone substrate concentrations are omitted (not shown). Moreover, in a Hanes-

Woolfe plot of the data a systematic deviation from linearity was obvious (insert Figure 

7). A sigmoid behavior, regardless of the exact mechanism, implies the presence of a 

second substrate-binding site. The modeled structure of CsTPS1c revealed, however, no 

such allosteric binding site [98]. But CsTPS1c adopts a dimeric state in solution, as was 

shown by gel filtration experiments (3.1.3.4.). Thus, an activation mechanism involving 

two subunits seems conceivable, in terms of a positive cooperativity. A regression ac-

cording to the Hill mechanism was applied to the data (Figure 7, solid line). This treat-

ment yielded a better fit (in visual inspection and regression statistics by evaluation soft-

ware; SigmaPlot 8.0, Systat Software Inc. Chicago), resulting in a Vmax value of 0.08 ± 

0.003 µmol min-1 mg-1, a half saturation concentration of 6.25 ± 0.41 µM, resulting in an 

kcat of 0.09 s-1, a apparent value of kcat/Km 1.5× 104 s-1 M-1 and a Hill coefficient of 1.7. 

The initial reaction rates of CsTPS2c plotted against the concentrations of GPP are pre-

sented in (Figure 8). Although the apparent deviations from Michaelis-Menten-behavior 

seem less pronounced (and at least to a small degree due to data scattering) than in the 

case of CsTPS2c, the same considerations regarding the sigmoid curve progression and 

an appropriate substrate activation mechanism hold true. The hyperbolic fit according to 

Michaelis-Menten yielded a Vmax value of (0.16 ± 0.02) µmol min-1 mg-1 and a Km of 

7.91 ± 2.23 µM, resulting in a kcat value of 0.19 s-1 and a kcat/Km of 2.4 × 104 s-1 M-1, re-

spectively. Alternatively, a sigmoid regression according to Hill resulted in a Vmax value 

of 0.13 ± 0.01 µmol min-1 mg-1, a half saturation concentration of 4.96 ± 0.38 µM, re-

sulting in an kcat of 0.14 s-1, a apparent value of kcat/Km 2.9× 104 s-1 M-1 and a Hill coeffi-

cient of 1.8. Generally, GPP seems to be a slightly better substrate for CsTPS2c than for 

CsTPS1c. 
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Figure 7: ν/[S] characteristic of CsTPS1c including a Hanes-Woolfe plot (small figure insert). 
 

 

 

Figure 8: ν/[S] characteristic of CsTPS2c including a Hanes-Woolfe plot (small figure insert). 
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3.1.2.4. Size exclusion chromatography (SEC) of the CsTPSs 

A SEC is used to estimate the molecular mass and the hydrodynamic or Stokes radius of 

a protein and to distinguish between monomeric and multimeric enzymes (dimer, trimer 

etc.). ÄKTA-FPLC-system (Explorer) with a HiLoad Superdex 200 16/60 (GE Health-

care) column was equilibrated with the TPS-Buffer containing 150 mM NaCl and 5% 

glycerol instead of 10% glycerol. To calibrate the ÄKTA-FPLC-system calibration pro-

teins with known molecular mass and Stokes radius where used: aldolase (158 kDa; 4.81 

nm) and ovalbumin (45 kDa; 3.05 nm) (Figure 9), bovine serum albumin (BSA; 67 kDa; 

3.55 nm) and catalase (240 kDa; 5.22 nm) (Figure 10) as well as ferritin (450 kDa 

monomer; 6.1 nm) (Figure 11) [99, 100]. The elution volumes of the calibration proteins 

were 45 ml (trimeric ferritin). and 56 ml (monomeric ferritin), 77 ml (BSA), 66 ml (cata-

lase), 69 ml (aldolase) and 83 ml (ovalbumin) (2.11.5.). Ferritin appeared in 3 different 

forms (69.4% monomer, 19.5% dimer and 11.1% trimer), and most likely the elution 

peaks corresponds to the monomer and trimer (1350 kDa), which is supported by the 

calibration curve (Figure 12) [101]. Dimer did not appear in this run under the buffer 

conditions used here or is represented under the peak area [96]. The Stokes radius was 

determined using the distribution coefficient. The distribution coefficient is determined 

by Kav = (Ve-Vo)/(Vt-V0) (V0 = void volume; Ve = elution volume and Vt = total volume) 

(Figure 13) [102].  
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Figure 9: Calibration of the SEC-column with aldolase and ovalbumin as calibration proteins. 
 

 
Figure 10: Calibration of the SEC-column with catalase and BSA as calibration proteins. 
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Figure 11: Calibration of the SEC-column with ferritin as calibration protein. 
 

 

Figure 12: SEC-calibration curve for the determination of the molecular mass (Mr), using ovalbumin (45 
kDa); BSA (67 kDa); aldolase (158 kDa); catalase (240 kDa) and ferritinmon. (450 kDa) and Ferritintrim. 
(1350 kDa). 
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Figure 13: SEC-calibration curve for the determination of stokes or hydrodynamic radius-, using ovalbu-
min (3.05 nm); BSA (3.55 nm); aldolase (4.81 nm); catalase (5.22 nm) and monomeric ferritin (6.1 nm). 
 

CsTPS1c and CsTPS2c have a calculated molecular mass of 70.03 kDa respectively 

69.29 kDa (DNAstar Inc.). They elute both by a maximum at ≈70 ml (69.941 ml; 69.995 

ml) (Figure 14 + 16), checked by SDS-PAGE (Figure 15 + 17), according to the cali-

bration curve, they would have a molecular mass of ≈154 kDa which leads to the specu-

lation that in vitro and under the buffer conditions used here both enzymes seem to be 

dimers, with the Stokes radius of 4.47 nm (Table 1). 

 

Protein M r [kDa] Stokes radius 
[nm] 

Ve [ml] V e/Vo (-log Kav)
1/2 

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 mon. 440 6.10 56 1.349 0.858 
Ferritin trim.  1350 9.46 45 1.08 1.163 
CsTPS1c ~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 and molecular weight of the C. sativa L. monoter-
pene synthases. In the table are the calibration proteins with their molecular weight (kDa), Stokes radius, 
elution volume (Ve) and the determined parameters Ve/V0 and (-log Kav)

1/2. The possible stokes radius of 
the ferritin trimer is determined by the calibration curve. 
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Figure 14: SEC of CsTPS1c. 

 

 
Figure 15: [L]adder [Lo]ad and fractions 12-19 of the CsTPS1c SEC (Figure 14) 
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Figure 16: SEC of CsTPS2c. 

 

 
Figure 17: [L]adder, [Lo]ad and fractions 2+3, 12+13, 22+23 and 32+33 of the CsTPS2c SEC (Figure 16). 
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3.1.3. Phylogenetic (identity tree) analysis of the CsTPSs 

The TPSs have a high homology (http://www.ncbi.nih.gov/ ; blastx) to both (-)-α-ter-

pineol synthases of Vitis vinifera and to γ-terpinene and β-pinene synthases of Citrus 

limon and Citrus unshiu. On the basis of this, an identity tree (Figure 18) was prepared 

with 37 aa sequences, including CsTPS1 and CsTPS2, from gymnosperm and angiosperm 

monoterpene-; sesquiterpene-, and diterpene synthases. ClustalW 

(http://www.ebi.ac.uk/clustalw/) in fasta format and GeneBee in the Clastw .phb format 

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

were: scale-random; algorithm-cluster and topological; matrix-blosum 62; with bootstrap 

values. Amino acid sequence relatedness of plant terpenoid synthases allowed subdivi-

sion of the Tps gene family into six subfamilies, designated Tpsa through Tpsf, each dis-

tinguished by sharing a minimum of 40% identity among members. Each CsTPS placed 

within the Tpsb subfamily of terpene synthases alongside other diverse monoterpenoid 

synthases from angiosperms [61]. The new Tpsg familiy, that represents monoterpene 

synthases lacks the RR(X8)W-motif, and could have within the CTS instead a 

XXR(X7)W-motif, is not represented in this identity tree [103] 



 

 

66 3. Results 

 
Figure 18: Identity tree analysis of 37 aa sequences of monoterpene-; sesquiterpene-; and diterpene syn-
thases from gymnosperms and angiosperms using ClustalW and 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 (Mw)/truncated version 72.383 kDa/70,03 kDa (CsTPS1c) 71.84 kDa /69,29 kDa (CsTPS2c) 
size (aa)/truncated version 622/601 615/593 
pH-optimum 6.5 7.0 
isoelectric point (pI) 6.7 6.1 
temperature-optimum 40°C 30°C 
Km 6.25 ± 0.41 µM 4.96 ± 0.38 µM 
Vmax 0.08 ± 0.003 µmol min-1 mg-1 0.13 ± 0.01 µmol min-1 mg-1 
kcat 0.09 s-1 0.14 s-1 

kcat/Km 1.5 104 s-1 M-1 2.9 104 s-1 M-1 
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 Tpsb 
Table 2: Graphical summary of the CsTPS’s. 
 

 limonene synthase P. frutescens (AF317695) 
4S-limonene synthase M. spicata (L13459) 
1,8-cineole synthase S. officinales (AF051899) 
(+)-sabinene synthase S. officinales (AF051901) 
monoterpene synthase 2 L. esculentum (AY840092) 
monoterpene synthase 1 L. esculentum (AY840091) 

(-)-αααα-terpineol synthase V. vinifera (AY572987) 

(-)-αααα-terpineol synthase V. vinifera (AY572986) 

γγγγ-terpinene synthase C. unshiu (AB110640) 

γγγγ-terpinene synthase C. unshiu (AB110639) 

γγγγ-terpinene synthase C. limon (AF514286) 

(-)-ββββ-pinene synthase C. limon (AF514288) 

(-)-ββββ-pinene synthase C. limon (Q8L5K2) 

ββββ-pinene synthase C. unshiu (AB110641) 
1,8 cineole synthase C. unshiu (AB110638) 
CsTPS1 (DQ839404)  
CsTPS2 (DQ839405)  
d-limonene synthase C. unshiu (AB110636) 

(+)-δδδδ-cadinene synthase G. hiristum (P93655) 

(+)-δδδδ-cadinene synthase G. arboreum (Y16432) 

(+)-δδδδ-cadinene synthase G. arboreum (Y18484) 

germacrene C synthase L. esculentum (AF035631) 
5-epi-aristocholene synthase N. tabacum (Q40577) 
vetispiradiene synthase L. esculentum (AF171218) 
(-)-(1S,5S)-pinene synthase A. grandis (U87909) 
(-)-pinene synthase P. sitchensis (AY237645) 
(-)-camphene synthase A. grandis (U87910) 
myrcene synthase A. grandis (U87908) 

(+)-αααα-pinene synthase P. taeda (AF543530) 
(-)-4S-limonene synthase A. grandis (AF006193) 
Ent-kaurene synthase A A. thaliana (Q38802) 
Ent-kaurene synthase A P. sativum (O04408) 
Ent-kaurene synthase A Z. mays (AY562491) 
Abietadiene synthase A. grandis (AF326516) 
taxadiene synthase T. brevifolia (Q41594) 
Ent-kaurene synthase B C. maxima (U43904) 
S-linalool synthase C. breweri (U58314) 
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3.2. Salvia sclarea L. 

3.2.1. EST Sequencing of the putative diterpene synthase 

Purified mRNA (2.4.3.) isolated from S. sclarea trichomes was reverse transcribed and 

used for construction of a directional cDNA library following the instructions for Clon-

tech SMART cDNA synthesis and introduction into pTriplEx2 with an ABI Prism Big-

Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) with the T7 

primer. Sequencing reactions were run after excess dye removal on the ABI Prism 3100-

Avant Genetic Analyzer Sequencer (2.7.). After trimming for vector, the sequences were 

clustered and assembled using the SeqManII (DNAstar Inc.) application using a mini-

mum match size of 20 and a minimum match percentage of 85. A total amount of 53 pu-

tative EST’s involved in the terpenoid metabolism were found. One candidate a putative 

diterpene synthase with a high homology to copalyl pyrophosphate synthases (from here 

on named in this manner) was taken for further RACE-PCR trials (all this done by Kum-

Boo Choi). 

 

3.2.2. RACE-PCR of the putative diterpene synthase 

The putative copalyl pyrophosphate RACE clones of Kum-Boo Choi were resequenced 

with the primers (2.1.2.2.) SP6, T7, 5'RACE-K1-SP6, 5'RACE-K2-SP6, 5'RACE-K3-

SP6, and 5'RACE-K4-SP6 an insert of ≈1.9 kb was found. The final RACE was then 

done with 5'RACECop1antisense, 5'RACECop2antisense, and 3RACECop1sense primer, 

the latter two primers were sufficient to get the remaining part of the full-length clone. 

3'RACECop1sense primer RACE-PCR showed bands of 0.5 kb, 1.1 kb and 1.2 kb, and 

5'RACECop2antisense primer RACE-PCR showed a band of 0.6 kb (2.6.1.). The bands 

were gel-purified (2.4.2.), taq-tailed, and cloned into pGEM T-Easy (2.8.2.), and then 

transformed into DH5α 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 sequencing the putative 3' and 5' region of the 

copalylpyrophosphate synthase (2.7.). A sequence of 2.756 bp was found with an ORF of 

2.358 bp coding 785 aa (Figure). The predicted molecular weight was 89.758 kDa with a 

pI at 5.708 (DNAstar Inc.). Several PCR attempts (5'CopfullTOPO-2, 3'CopfullTOPO-

stop, 3'CopfullTOPOns, 3'CopfullTOPOns-2) to clone the full-length clone out of a 

cDNA with a Pfu polymerase were unsuccessful, until an Advantage 2 polymerase (mix-
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ture of a proofreading- and a Taq-polymerase) gradient PCR obtained the right fragment 

size (2.6.). The fragment was gel-purified (2.4.2.) and the sample was blunted (2.8.3.) for 

a TOPO cloning into the pET101 D-TOPO vector (2.8.1.) and transformed into TOP10 

cells (2.2.2.). In general a miniculture PCR (2.6.) was done to verify the correctness of 

the transformation; positives were then chosen for a plasmid preparation (2.4.1.) with a 

following sequencing reaction (2.7.). The full-length clone (5'CopfullTOPO-2 x 

3'CopfullTOPOns-2) was used in an expressiontest, but no expression was detectable 

(2.11.). In the literature it is often described that the possible CTS is bound by E. coli 

chaperons resulting in inclusion body formation or the protein folding was altered. Due to 

this additional clones were designed to truncate the CTS from its original sequence. To 

determine the truncation site, transit sequence prediction programs from the Internet were 

used (http://www.cbs.dtu.dk/services/; ChloroP, TargetP, SignalP and TatP and 

http://hc.ims.u-tokyo.ac.jp/iPSORT/) [61, 70]. All of the constructs (5'CopfullTOPO+RR 

x 3'CopfullTOPOns-2, 5'CopfullTOPO-RR x 3'CopfullTOPOns-2, 5'CopfullTOPO-W x 

3'CopfullTOPOns-2, 5'CopfullTOPO-SP x 3'CopfullTOPOns-2) were cloned into 

pET101 D-TOPO (2.8.1.), containing a C-terminal His-tag, and transformed into 

BL21(DE3)RIL (2.2.2.), in neither case a expression was detectable (2.11.). A clone with 

predicted CTS from the IPSORT program, preceding the putative RR-motif, was de-

signed and cloned into pET101 D-TOPO (5'CopTOPOipsort x 3'CopfullTOPOns-2) and 

pET100 D-TOPO (5'CopTOPOipsort x 3'CopfullTOPO-stop). Only the clone in the latter 

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

purification over a Talon column. The start of the coding region of 5'CopTOPOipsort is 

shown underlined in Figure 19. The calculated molecular weight was 88.929 kDa with a 

pI at 5.647; the expressable clone with pET100 D-TOPO vector sequence had a molecu-

lar weight of 92.94 kDa with a pI at 5.794 (DNAstar Inc.). 

 

1     ATGACTTCTGTAAATTTGAGCAGAGCACCAGCAGCGATTACCCGGCGCAGGCTGCAGCTA   60 
   1  M  T  S  V  N  L  S  R  A  P  A  A  I  T  R  R  R  L  Q  L   20 
61    CAGCCGGAATTTCATGCCGAGTGTTCATGGCTGAAAAGCAGCAGCAAACACGCGCCCTTG  120 
  21  Q  P  E  F  H  A  E  C  S  W  L  K  S  S  S  K  H  A  P  L   40 
121   ACCTTGAGTTGCCAAATCCGTCCTAAGCAACTCTCCCAAATAGCTGAATTGAGAGTAACA  180 
  41  T  L  S  C  Q  I  R  P  K  Q  L  S  Q  I  A  E  L  R  V  T   60 
181   AGCCTGGATGCGTCGCAAGCGAGTGAAAAAGACATTTCCCTTGTTCAAACTCCGCATAAG  240 
  61  S  L  D  A  S  Q  A  S  E  K  D  I  S  L  V  Q  T  P  H  K   80 
241   GTTGAGGTTAATGAAAAGATCGAGGAGTCAATCGAGTACGTCCAAAATCTGTTGATGACG  300 
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  81  V  E  V  N  E  K  I  E  E  S  I  E  Y  V  Q  N  L  L  M  T  100 
301   TCGGGCGACGGGCGAATAAGCGTGTCACCCTATGACACGGCAGTGATCGCCCTGATCAAG  360 
  101 S  G  D  G  R  I  S  V  S  P  Y  D  T  A  V  I  A  L  I  K 120 
361   GACTTGAAAGGGCGCGACGCCCCGCAGTTTCCGTCATGTCTCGAGTGGATCGCGCACCAC  420 
  121 D  L  K  G  R  D  A  P  Q  F  P  S  C  L  E  W  I  A  H  H  140  
421   CAACTGGCTGATGGCTCATGGGGCGACGAATTCTTCTGTATTTATGATCGGATTCTAAAT  480 
  141 Q  L  A  D  G  S  W  G  D  E  F  F  C  I  Y  D  R  I  L  N  160 
481   ACATTGGCATGTGTCGTAGCCTTGAAATCATGGAACCTTCACTCTGATATTATTGAAAAA  540 
  161 T  L  A  C  V  V  A  L  K  S  W  N  L  H  S  D  I  I  E  K  180 
541   GGAGTGACGTACATCAAGGAGAATGTGCATAAACTTAAAGGTGCAAATGTTGAGCACAGG  600 
  181 G  V  T  Y  I  K  E  N  V  H  K  L  K  G  A  N  V  E  H  R  200 
601   ACAGCGGGGTTCGAACTTGTGGTTCCTACTTTTATGCAAATGGCCACAGATTTGGGCATC  660 
  201 T  A  G  F  E  L  V  V  P  T  F  M  Q  M  A  T  D  L  G  I  220 
661   CAAGATCTGCCCTATGATCATCCCCTCATCAAGGAGATTGCTGACACAAAACAACAAAGA  720 
  221 Q  D  L  P  Y  D  H  P  L  I  K  E  I  A  D  T  K  Q  Q  R  240  
721   TTGAAAGAGATACCCAAGGATTTGGTTTACCAAATGCCAACGAATTTACTGTACAGTTTA  780 
  241 L  K  E  I  P  K  D  L  V  Y  Q  M  P  T  N  L  L  Y  S  L  260 
781   GAAGGGTTAGGAGATTTGGAGTGGGAAAGGCTACTGAAACTGCAGTCGGGCAATGGCTCC  840 
  261 E  G  L  G  D  L  E  W  E  R  L  L  K  L  Q  S  G  N  G  S  280 
841   TTCCTCACTTCGCCGTCGTCCACCGCCGCCGTCTTGATGCATACCAAAGATGAAAAATGT  900 
  281 F  L  T  S  P  S  S  T  A  A  V  L  M  H  T  K  D  E  K  C  300 
901   TTGAAATACATCGAAAACGCCCTCAAGAATTGCGACGGAGGAGCACCACATACTTATCCA  960 
  301 L  K  Y  I  E  N  A  L  K  N  C  D  G  G  A  P  H  T  Y  P  320 
961   GTCGATATCTTCTCAAGACTTTGGGCAATCGATAGGCTACAACGCCTAGGAATTTCTCGT 1020 
  321 V  D  I  F  S  R  L  W  A  I  D  R  L  Q  R  L  G  I  S  R  340 
1021  TTCTTCCAGCACGAGATCAAGTATTTCTTAGATCACATCGAAAGCGTTTGGGAGGAGACC 1080 
  341 F  F  Q  H  E  I  K  Y  F  L  D  H  I  E  S  V  W  E  E  T  360 
1081  GGAGTTTTCAGTGGAAGATATACGAAATTTAGCGATATTGATGACACGTCCATGGGCGTT 1140 
  361 G  V  F  S  G  R  Y  T  K  F  S  D  I  D  D  T  S  M  G  V  380 
1141  AGGCTTCTCAAAATGCACGGATACGACGTCGATCCAAATGTACTAAAACATTTCAAGCAA 1200 
  381 R  L  L  K  M  H  G  Y  D  V  D  P  N  V  L  K  H  F  K  Q  400 
1201  CAAGATGGTAAATTTTCCTGCTACATTGGTCAATCGGTCGAGTCTGCATCTCCAATGTAC 1260 
  401 Q  D  G  K  F  S  C  Y  I  G  Q  S  V  E  S  A  S  P  M  Y  420 
1261  AATCTTTATAGGGCTGCTCAACTAAGATTTCCAGGAGAAGAAGTTCTTGAAGAAGCCACT 1320 
  421 N  L  Y  R  A  A  Q  L  R  F  P  G  E  E  V  L  E  E  A  T  440 
1321  AAATTTGCCTTTAACTTCTTGCAAGAAATGCTAGTCAAAGATCGACTTCAAGAAAGATGG 1380 
  441 K  F  A  F  N  F  L  Q  E  M  L  V  K  D  R  L  Q  E  R  W  460 
1381  GTGATATCCGACCACTTATTTGATGAGATAAAGCTGGGGTTGAAGATGCCATGGTACGCC 1440 
  461 V  I  S  D  H  L  F  D  E  I  K  L  G  L  K  M  P  W  Y  A  480 
1441  ACTCTACCCCGAGTCGAGGCTGCATATTATCTAGACCATTATGCTGGTTCTGGTGATGTA 1500 
  481 T  L  P  R  V  E  A  A  Y  Y  L  D  H  Y  A  G  S  G  D  V  500 
1501  TGGATTGGCAAGAGTTTCTACAGGATGCCAGAAATCAGCAATGATACATACAAGGAGCTT 1560 
  501 W  I  G  K  S  F  Y  R  M  P  E  I  S  N  D  T  Y  K  E  L  520 
1561  GCGATATTGGATTTCAACAGATGCCAAACACAACATCAGTTGGAGTGGATCCATATGCAG 1620 
  521 A  I  L  D  F  N  R  C  Q  T  Q  H  Q  L  E  W  I  H  M  Q  540 
1621  GAATGGTACGACAGATGCAGCCTTAGCGAATTCGGGATAAGCAAAAGAGAGTTGCTTCGC 1680 
  541 E  W  Y  D  R  C  S  L  S  E  F  G  I  S  K  R  E  L  L  R  560 
1681  TCTTACTTTCTGGCCGCAGCAACCATATTCGAACCGGAGAGAACTCAAGAGAGGCTTCTG 1740 
  561 S  Y  F  L  A  A  A  T  I  F  E  P  E  R  T  Q  E  R  L  L  580 
1741  TGGGCCAAAACCAGAATTCTTTCTAAGATGATCACTTCATTTGTCAAAATTAGTGGAACA 1800 
  581 W  A  K  T  R  I  L  S  K  M  I  T  S  F  V  K  I  S  G  T  600 
1801  ACACTATCTTTGGACTACAATTTCAATGGCCTCGATGAAATAATTAGTAGTGCCAATGAA 1860 
  601 T  L  S  L  D  Y  N  F  N  G  L  D  E  I  I  S  S  A  N  E  620 
1861  GATCAAGGACTGGCTGGGACTCTGCTGGCAACCTTCCATCAACTTCTAGACGGATTCGAT 1920 
  621 D  Q  G  L  A  G  T  L  L  A  T  F  H  Q  L  L  D  G  F  D  640 
1921  ATATACACTCTCCATCAACTCAAACATGTTTGGAGCCAATGGTTCATGAAAGTGCAGCAA 1980 
  641 I  Y  T  L  H  Q  L  K  H  V  W  S  Q  W  F  M  K  V  Q  Q  660 
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1981  GGAGAGGGAAGCGGCGGGGATGACGCGGTGCTCCAAGCGAACGCGCTCAACATCTGCGCC 2040 
  661 G  E  G  S  G  G  D  D  A  V  L  Q  A  N  A  L  N  I  C  A  680 
2041  GGCCTCAACGAAGACGTGTTGTCCAACAACGAATACACGGCTCTGTCCACCCTCACAAAT 2100 
  681 G  L  N  E  D  V  L  S  N  N  E  Y  T  A  L  S  T  L  T  N  700 
2101  AAAATCTGCAATCGCCTCGCCCAAATCCAAGACAATAAGATTCTCCAAGTTGTGGATGGG 2160 
  701 K  I  C  N  R  L  A  Q  I  Q  D  N  K  I  L  Q  V  V  D  G  720 
2161  AGCATAAAGGATAAGGAGCTAGAACAGGATATGCAGGCGTTGGTGAAGTTAGTGCTTCAA 2220 
  721 S  I  K  D  K  E  L  E  Q  D  M  Q  A  L  V  K  L  V  L  Q  740 
2221  GAAAATGGCGGCGCCGTAGACAGAAACATCAGACACACGTTTTTGTCGGTTTCCAAGACT 2280 
  741 E  N  G  G  A  V  D  R  N  I  R  H  T  F  L  S  V  S  K  T  760 
2281  TTCTACTACGATGCCTACCACGACGATGAGACGACCGATCTTCATATCTTCAAAGTACTC 2340 
  761 F  Y  Y  D  A  Y  H  D  D  E  T  T  D  L  H  I  F  K  V  L  780 
2341  TTTCGACCGGTTGTATGA   2358 nucleotides 
  781 F  R  P  V  V  stop 785 amino acids 
Figure 19: Nucleotide and amino acid sequence of the SscTPS1 cDNA clone from S. sclarea L.. The un-
derlining show the gene specific region of the 5'CopTOPOipsort primer, bold amino acids are motif which 
will be discussed in chapter 3.2.8.. 
 

3.2.3. RNA-Blot of the putative diterpene synthase 

To determine the tissue-specific expression of the putative diterpene synthase, RNA was 

isolated from different parts of the Salvia plant (stems, leaves, sepals, buds and 

trichomes). The isolated trichomes were monitored for purity by light microscopy [93]. 

The RNA blot (Figure 20) analysis indicated a mainly trichome-specific expression of 

the putative diterpene synthase; we saw a slight expression in stems, sepals and buds too. 

This data is supported by RT-PCR, where the same results of a slight expression were 

seen (data not shown).(2.4.3.; 2.4.4.). 

 

 
Figure 20: RNA blot of the putative Salvia sclarea diterpene synthase. For the blot, 10 µg of a total RNA-
extraction of following tissues were used: stems (1), leaves (2), sepals (3), buds (4), trichomes (5). 
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3.2.4. Purification of the putative diterpene synthase 

Bacterial strain E. coli BL21(DE3)RIL/Ssc 5'Copipsort x 3'stop in pET100/D-TOPO 

(SscTPS1) was grown to A600 = 0.6 at 37°C in 1 L LB medium supplemented with 100 

µg/ml ampicillin and 50 µg/ml chloramphenicol as determined by the vector and the host 

strain. Cultures were then induced by addition of isopropyl-1-thio-β-D-galactopyranoside 

to a final concentration of 1 mM and grown for another 10-18 h. at 28°C. Cells were 

harvested by centrifugation (10,000 x g, 10 min) and resuspended in HLB (50 mM 

Tris/HCl pH 7.0, 500 mM NaCl, 10 mM imidazole, 10% [v/v] glycerol, 1% [v/v] Tween 

20, 10 mM β-EtSH, 75 µg/ml lysozyme) and incubated for 1 h on a platform shaker. 

After 3 x of mild sonication (~30 sec, cool between on ice) the crude lysate was filtered 

through synthetic filter floss placed in a syringe [95] and centrifuged (12, 000 x g, 25 

min). The lysate was purified by column chromatography using the Talon purification 

(BD Biosciences) according to the manufacturer’s instructions, with HWB (wash/binding 

buffer) and HEB (Elution buffer). The Copipsort fractions were combined and desalted 

over a PD-10-colum (Amersham) equilibrated with 5 column volumes of DSB (50 mM 

HEPES pH 7.2, 5 mM DTT, 100 mM KCl, 7.5 mM MgCl2 x 6 H2O, 5% [v/v] glycerol 

[78] (2.11.1. +2. +3.). The protein concentration was determined (2.5.2.) and aliquots of 

the purification were checked on an SDS-PAGE (Figure 21). To verify the correctness of 

the expression and cloning a positive western blot with Monoclonal Anti-polyhistidine-

Alkaline Phosphatase antibody was performed (data not shown; 2.10.2.), and the protein 

sequence was confirmed using a mass spectrometer (2.3.2.1.). 
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Figure 21: SDS-PAGE of SscTPS1 over a TalonTMcolumn: 1. ladder; 2. pre-induction; 3. post-induction 
(overnight); 4. crude lysate; 5.TalonTMsupernatant; 6. + 7. TalonTMfraction 1 and 2; 8. - 10. PD10column 
desalting fractions 4. - 6. 
 

3.2.5. Protein sequencing of the putative diterpene synthase 

The putative diterpene synthase Ssc 5’Copipsort x 3’stop was digested out of a SDS-

PAGE (Figure 22; Ssc 5’Copipsort x 3’stop protein bands in fraction 8+9 which were 

marked with an arrow were cut out of the gel) according to the modified in-gel protein 

digestion and ZipTip sample clean-up protocol (2.3.3.1.), sequenced with an ESI-MS/MS 

and blasted against the full-length sequence of the putative diterpene synthase. The se-

quencing and the mass spectrometry was done at the Donald Danforth Plant Science 

Center Proteomics and Mass Spectrometry Facility (http://www.danforthcenter.org/msb/) 

by Leslie Hicks, Ph.D. and Jeanne Sheffield, Msc. (2.3.2.1.). The protein identification 

was confirmed through tryptic digestion (cuts C-term side of KR unless next residue is P) 

and ESI-MS/MS with 37% sequence coverage. Amino acid sequences of 34 internal pep-

tides were found (Table 3), overlapped it leads to 18 confirmed internal peptides, shown 

in bold red (Figure 23). Nominal mass of 89.703 kDa and pI of 5.58 were calculated, 

which is in the range of native full-length protein 89.758 kDa and the cloned construct 

92.94 kDa (3.2.2.; DNAstar Inc.). 
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Figure 22: SDS-PAGE of SscTPS1 for sequencing stained with Sypro Ruby Gel Stain™ (Invitrogen), 
purified over a TalonTMcolumn: 1. Ladder; 2. pre-induction; 3. post-induction (overnight); 4. crude lysate; 
5. TalonTMsupernatant; 6. + 7. TalonTMfraction 1 and 2; 8. + 9. PD10column desalting fractions 4. and 5. 
The arrow represents the two bands that are cut out of the gel.  
 

1 LLWAK 
2 LWAIDR 
3 MITSFVK 
4 VLFRPVV 
5 MITSFVK + Oxidation (M) 
6 YIENALK 
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17 LVLQENGGAVDR 
18 LVLQENGGAVDR 
19 ILQVVDGSIKDK 
20 SWNLHSDIIEK 
21 FSDIDDTSMGVR + Oxidation (M) 
22 MHGYDVDPNVLK + Oxidation (M) 
23 WVISDHLFDEIK 
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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 from the recombinant SscTPS1 of S. sclarea L.. 
With a calculated nominal mass of 89702 kDa, and pI value of 5.58. The variable modifications were Oxi-
dation of M. The cleavage was done by Trypsin: (cuts C-term side of KR unless next residue is P Se-
quence). The sequence coverage was 37% 
 
 001 MTSVNLSRAP AAITRRRLQL QPEFHAECSW LKSSSKHAPL TLSCQIRPKQ  
 051 LSQIAELRVT SLDASQASEK  DISLVQTPHK VEVNEKIEES IEYVQNLLMT  
 101 SGDGRISVSP YDTAVIALIK DLKGRDAPQF PSCLEWIAHH QLADGSWGDE  
 151 FFCIYDRILN TLACVVALK S WNLHSDIIEK  GVTYIKENVH KLKGANVEHR  
 201 TAGFELVVPT FMQMATDLGI QDLPYDHPLI KEIADTKQQR LKEIPKDLVY  
 251 QMPTNLLYSL EGLGDLEWER LLK LQSGNGS FLTSPSSTAA VLMHTKDEK C  
 301 LKYIENALK N CDGGAPHTYP VDIFSRLWAI DR LQRLGISR FFQHEIK YFL  
 351 DHIESVWEET GVFSGRYTKF SDIDDTSMGV RLLK MHGYDV  DPNVLK HFKQ  
 401 QDGKFSCYIG QSVESASPMY NLYRAAQLRF PGEEVLEEAT KFAFNFLQEM   
 451 LVKDR LQERW VISDHLFDEI K LGLKMPWYA TLPRVEAAYY LDHYAGSGDV  
 501 WIGK SFYRMP EISNDTYKEL AILDFNR CQT QHQLEWIHMQ EWYDRCSLSE  
 551 FGISKRELLR SYFLAAA TIF EPERTQERLL WAK TRILSKM ITSFVK ISGT  
 601 TLSLDYNFNG LDEIISSANE DQGLAGTLLA TFHQLLDGFD IYTLHQLKHV  
 651 WSQWFMKVQQ GEGSGGDDAV LQANALNICA GLNEDVLSNN EYTALSTLTN  
 701 KICNRLAQIQ DNKILQVVDG SIKDKELEQD MQALVKLVLQ ENGGAVDR NI  
 751 RHTFLSVSKT  FYYDAYHDDE TTDLHIFKVL FRPVV  
Figure 23: Overlapped amino acid sequences, shown in bold red, of the 34 internal peptides. 
 

3.2.6. Diterpene synthase assay for the characterization 

The putative diterpene synthase activity assay was performed in DSB including GPP, 

NPP, FPP and GGPP in siliconized tubes (Sigma-Aldrich), overlaid with hexane, to trap 

the hydrophobic products. After incubation, the mixture was hydrolized using HCl or a 

wheat germ acid phosphatase (Sigma), to solvolyze the allylic diphosphate esters present. 

The assay was mixed vigorously and extracted in total 3 times with hexane. Boiling con-

trols were performed too. The hexane phase was concentrated under N2-stream and were 

analyzed using GC-MS. Boiling controls were performed too. 
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3.2.7. GC-MS analysis of the putative diterpene synthase 

The aim of the herewith-presented work was to find a diterpene synthase being respon-

sible for the formation of sclareol. The unambiguous detection of sclareol demonstrated 

that putative diterpene synthase, now named SscTPS1, forms it from GGPP. Additional it 

is shown that the enzyme has a promiscuous behavior with respect to different substrates; 

mono-, sesqui- and diterpenes are formed. The GC-MS procedure is described under 

chapter 2.13..In the following figures and tables are the GC-MS results of the SscTPS1 

assay with GPP, NPP, FPP and GGPP, using a wheat germ acid phosphatase (Figure 24-

28; Table 4-7) or HCl (Figure 29-32; Table 8-11) as hydrolysis agents. All products 

were identified and determined by comparison of the EI-MS spectra with those of the 

NIST library (V 1.6b), respectively, or purchased authentic standards. A comparison of 

the formed sclareol ((27), Figure 33) with authentic standard is shown in Figure 34, and 

found in the literature [104]. The structures of the products were shown in the Appendix 

(Figure 41+42) [105, 106, 107]. 
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Figure 24: GC-MS analysis (Rt = 7 - 11.5 min) of the wheat germ acid phosphatase hydrolized GPP 
monoterpene products of SscTPS1: β-pinene (1), limonene (2), α-pinene (3),  β-cis-ocimene (4), terpino-
lene (5), β-linalool (6), not-identified monoterpene (7), α-pyronene (8),  α-terpineol (9), not-identified 
monoterpene (10), cis-geraniol (11), Appendix (WER440d). 
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Figure 25: GC-MS analysis (Rt = 11 - 15 min) of the wheat germ acid phosphatase hydrolized GPP 
monoterpene products of SscTPS1: cis-geraniol (11), trans-geraniol (12), and nerol-acetate (13), Appendix 
(WER440d). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
1 β-pinene 7.53 136 (M+, 4), 121 ([M-Me]+, 4), 93 ([M-C3H7]

+, 100), 79 (21), 69 (81), 67 (2), 53 
(18) 

2 limonene 8.24 136 (M+, 22), 121 ([M-Me]+, 20), 93 ([M-C3H7]
+,39), 79 (34), 69 (5), 68 (100) 67 

(92), 53(26) 
3 α-pinene 8.28 136 (M+, 10), 121 ([M-Me]+, 11), 93 ([M-C3H7]

+,100), 79 (42), 69 (3), 67 (16), 53 
(15) 

4 β-cis-
ocimene  

8.47 136 (M+, 6), 121 ([M-Me]+, 16), 93 ([M-C3H7]
+, 100), 79 (54), 69 (3), 67 (13), 53 

(21) 
5 terpinolene 9.14 136 (M+, 72), 121 ([M-Me]+, 91), 93 ([M-C3H7]

+, 100), 79 (44), 69 (-), 67 (12), 53 
(16) 

6 β-linalool 9.32 154 (M+, 54), 139 ([M-Me]+, 1), 136 ([M-H2O]+,6), 93 ([M-H2O-C3H7]
+, 60), 79 

(15), 71 (100), 69 (39), 67 (22), 53 (16) 
7 not-

identified 
9.77 136 (M+, 40), 121 ([M-Me]+, 100), 136 ([M-H2O]+, -), 93 ([M-C3H7]

+, 30), 79 (41), 
69 (-), 67 (9), 53 (9) 

8 α-pyronene 9.96 136 (M+, 42), 121 ([M-Me]+, 100), 93 ([M-C3H7]
+, 24), 79 (41), 69 (-), 67 (7), 53 

(14) 
9 α-terpineol 10.85 154 (M+, -), 139 ([M-Me]+, 8), 136 ([M-H2O]+, 49), 93 ([M-H2O-C3H7]

+, 71), 79 
(30), 69 (6), 67 (36), 59 (100), 53 (18) 

10 not-
identified 

11.15 136 (M+, 5), 121 ([M-Me]+, 18), 93 ([M-C3H7]
+, 23), 79 (8), 69 (100), 67 (41), 53 

(19) 
11 cis-geraniol 11.23 154 (M+, 1), 139 ([M-Me]+, 5), 136 ([M-H2O]+, 7), 121 (15), 93 ([M-H2O-C3H7]

+, 
45), 84 (15), 79 (16), 69 (100), 67 (30), 53 (19), 41 (89) 

12 trans-
geraniol 

11.64 154 (M+, 9), 139 ([M-Me]+, 28), 136 ([M-H2O]+, 25), 93 ([M-H2O-C3H7]
+, 82), 79 

(35), 69 (100), 67 (71), 53 (44) 
13 nerol 

acetate 
13.35 196 (M+, 1), 154 ([M-CH2CO]+, 1), 136 ([M-HOAc]+, 13), 93 ([M-Ac-H2O-C3H7]

+, 
58), 79 (19), 69 (100), 67 (29), 53 (21) 

Table 4: EI mass spectra of the monoterpene product profile of SscTPS1, using GPP as the substrate and a 
wheat germ acid phosphatase as the hydrolysis agent, showing four cyclic, one olefinic, two oxygenated, 
two not identified, two oxygenated olefinic compounds, and an acetylated products. TIC’s shown in the 
Appendix (WER440d). 



 

 

77 3. Results 

 RT: 7.00 - 11.50 

7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 
Time (min) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Re
lati
ve 
Ab
un
da
nc
e 

11.28 

10.86 8.28 9.32 8.60 7.55 9.15 8.48 8.70 9.40 8.06 7.63 7.33 7.88 10.74 7.14 11.45 8.88 9.77 9.02 9.57 10.00 11.07 10.08 10.40 
11.28 

10.86 8.28 7.55 8.48 9.33 9.15 7.64 8.05 7.88 8.71 8.84 7.35 11.07 10.65 8.92 7.27 7.01 9.78 9.51 10.14 10.43 10.01 9.71 

NL: 
6.13E7 
TIC  MS  
WER440c 

NL: 
3.78E6 
m/z=  
92.5-93.5   
MS  
WER440c 

1 14 15 
2 

16 5 
9 

  11 

 
Figure 26: GC-MS analysis (Rt = 7 - 11.5 min) of the wheat germ acid phosphatase hydrolized NPP 
monoterpene products of SscTPS1: β-pinene (1), α-phellandrene(14), α-terpinene (15), limonene (2),  γ-
terpinene (16), terpinolene (5), α-terpineol (9), cis-geraniol (11), Appendix (WER440c). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
1 β-pinene 7.55 136 (M+, 4), 121 ([M-Me]+, 5), 93 ([M-C3H7]

+, 86), 79 (19), 69 (67), 67 (17), 53 
(19), 41 (100) 

14 α-
phellandrene 

7.88 136 (M+, 29), 121 ([M-Me]+, 1), 93 ([M-C3H7]
+, 100), 79 (9), 69 (-), 67 (-), 53 (4) 

15 α-terpinene 8.05 136 (M+, 52), 121 ([M-Me]+, 96), 93 ([M-C3H7]
+, 100), 79 (31), 69 (-), 67 (39), 53 

(12) 
2 limonene 8.26 136 (M+, 27), 121 ([M-Me]+, 28), 93 ([M-C3H7]

+, 81), 79 (52), 69 (3), 67 (100), 53 
(35) 

16 γ-terpinene 8.71 136 (M+, 38), 121 ([M-Me]+, 29), 93 ([M-C3H7]
+, 95), 79 (22), 69 (11), 67 (5), 53 

(10), 43 (100) 
5 terpinolene 9.15 136 (M+, 76), 121 ([M-Me]+, 90), 93 ([M-C3H7]

+, 100), 79 (48), 69 (-), 67 (13), 53 
(18) 

9 α-terpineol 10.86 154 (M+, 1), 139 ([M-Me]+, 9), 136 ([M-H2O]+, 50), 93 ([M-H2O-C3H7]
+, 74), 79 

(32), 69 (6), 67 (38), 59 (100), 53 (19) 
11 cis-geraniol 11.28 154 (M+, 6), 139 ([M-Me]+, 18), 136 ([M-H2O]+, 23), 93 ([M-H2O-C3H7]

+, 84), 79 
(31), 69 (100), 67 (59), 53 (27) 

Table 5: EI mass spectra of the monoterpene product profile of SscTPS1, using NPP as the substrate and a 
wheat germ acid phosphatase as the hydrolysis agent, showing six cyclic, one oxygenated and one 
oxygenated olefinic products. TIC’s shown in the Appendix (WER440c). 
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Figure 27: GC-MS analysis (Rt = 13.55 - 17.45 min) of the wheat germ acid phosphatase hydrolized FPP 
sesquiterpene products of SscTPS1: β-farnesene (17), (Ζ,Ε)-α-farnesene (18), nerolidol (19), not-identified 
(20), farnesol (21), Appendix (WER440b). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
17 β-farnesene 14.38 204 (M+, 2), 189 ([M-Me]+, 2), 161 ([M-C3H7]

+, 12), 148 (2) 136 (-), 135(1), 121 
(4), 107 (10), 93 (50), 79 (30), 55 (17), 43 (7), 41 (100) 

18 (Ζ,Ε)-α-
farnesene 

14.85 204 (M+, 1), 189 ([M-Me]+, 1), 161 ([M-C3H7]
+, 1), 148 (1) 136 (1), 135(2), 121 

(4), 107 (35), 93 (85), 79 (45), 55 (39), 43 (20), 41 (100) 
19 nerolidol 15.67 222 (M+, -), 204 ([M-H2O]+, 1), 189 (3), 161 (10), 148 (2) 136 (8), 135(4), 121 (9), 

107 (34), 93 (56), 79 (27), 55 (33), 43 (56), 41 (100) 
20 not-

identified* 
16.80 222 (M+, -), 204 ([M-H2O]+, 6), 189 (3), 161 (7), 148 (2) 136 (2), 135(2), 121 (8), 

107 (19), 93 (44), 79 (27), 55 (23), 43 (21), 41 (100) 
21 farnesol 16.95 222 (M+, -), 204 ([M-H2O]+, 1), 189 (2), 161 (7), 148 (2) 136 (6), 135(3), 121 (8), 

107 (20), 93 (43), 79 (25), 69 (100), 55 (19), 43 (12), 41 (91) 

Table 6: EI mass spectra of the sesquiterpene product profile of SscTPS1 using FPP as the substrate and a 
wheat germ acid phosphatase as the hydrolysis agent showing two olefinic and three oxygenated olefinic 
products. TIC’s shown in the Appendix (WER440b). * Mass spectra suggest a similarity to farnesol. 
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Figure 28: GC-MS analysis (Rt = 17 min - 20.45 min) of the wheat germ acid phosphatase hydrolized 
GGPP diterpene products of SscTPS1: (13R)-manoyl oxide (22), (13S)-manoyl oxide (23), Appendix 
(WER440a). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
22 (13R)-manoyl oxide 18.69 290 (M+, -), 275 ([M-Me]+, 100), 257 ([M-H2O-Me]+, 99), 204 (2), 

191(27), 189 (9), 175 (8), 163 (9), 149 (22), 121 (25), 109 (30), 95 (44), 
81 (66), 69 (98), 

23 (13S)-manoyl oxide 18.79 290 (M+, -), 275 ([M-Me]+, 85), 257 ([M-H2O-Me]+, 100), 204 (-), 
191(44), 189 (7), 175 (6), 163 (7), 149 (14), 121 (22), 109 (36), 95 (38), 
81 (46), 69 (35), 

Table 7: Diterpene product profile of SscTPS1 using GGPP as the substrate and a wheat germ acid 
phosphatase as the hydrolysis agent showing two cyclic products. TIC’s shown in the Appendix 
(WER440a). 
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Figure 29: GC-MS analysis (Rt = 7- 12.5 min) of the acid (HCl) hydrolized GPP monoterpene products of 
SscTPS1: β-pinene (1), limonene (2), β-trans-ocimene (24), β-cis-ocimene (4), β-linalool (6),  α-terpineol 
(9), cis-geraniol (11). trans-geraniol (12), Appendix (NG_GPP08v2). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
1 β-pinene 

 
7.61 136 (M+, 3), 121 ([M-Me]+, 5), 93 ([M-C3H7]

+, 100), 79 (17), 69 (91), 67 (14), 53 
(10) 

2 limonene 8.28 136 (M+, 17), 121 ([M-Me]+, 23), 93 ([M-C3H7]
+, 78), 79 (37), 69 (6), 68 (100), 67 

(88), 53 (22) 
24 β-trans-

ocimene 
8.31 136 (M+, 2), 121 ([M-Me]+, 10), 93 ([M-C3H7]

+, 100), 79 (45), 69 (2), 67 (12), 53 
(14) 

4 β-cis-
ocimene 

8.48 136 (M+, 7), 121 ([M-Me]+, 17), 93 ([M-C3H7]
+, 100), 79 (51), 69 (2), 67 (14), 53 

(15) 
6 β-linalool 9.31 154 (M+, -), 139 ([M-Me]+, 3), 136 ([M-H2O]+, 14), 93 ([M-H2O-C3H7]

+, 83), 79 
(27), 70 (100), 69 (66), 67 (38), 53 (19) 

9 α-terpineol 10.83 154 (M+, -), 139 ([M-Me]+, 7), 136 ([M-H2O]+, 40), 93 ([M-H2O-C3H7]
+, 58), 79 

(19), 69 (4), 67 (14), 59 (100), 53 (8) 
11 cis-geraniol 11.19 154 (M+, 1), 139 ([M-Me]+, 3), 136 ([M-H2O]+, 3), 93 ([M-H2O-C3H7]

+, 27), 79 
(8), 69 (100), 67 (20), 53 (10) 

12 trans-
geraniol 

11.54 154 (M+, 1), 139 ([M-Me]+, 4), 136 ([M-H2O]+, 4), 93 ([M-H2O-C3H7]
+, 26), 79 

(9), 69 (100), 67 (44), 53 (16) 
Table 8: EI mass spectra of the monoterpene product profile of SscTPS1, using GPP as the substrate and an 
acid (HCl) as the hydrolysis agent, showing two cyclic, two olefinic and two oxygenated cyclic and two 
oxygenated olefinic products. TIC’s shown in the Appendix (NG_GPP08v2). 
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Figure 30: GC-MS analysis (Rt = 8 - 11.6 min) of the acid (HCl) hydrolized NPP monoterpene products of 
SscTPS1: limonene (2), terpinolene (5), β-linalool (6),  (-)-terpinen-4-ol (25),  α-terpineol (9), cis-geraniol 
(11), Appendix (NG_NPP08v2). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
2 limonene 8.26 136 (M+, 22), 121 ([M-Me]+, 22), 93 ([M-C3H7]

+, 67), 79 (34), 69 (7), 68 (100),67 
(84), 53 (24) 

5 terpinolene 9.13 136 (M+, 74), 121 ([M-Me]+, 84), 93 ([M-C3H7]
+, 100), 79 (36), 67 (9), 53 (10) 

6 β-linalool 9.31 154 (M+, 1), 139 ([M-Me]+, 3), 136 ([M-H2O]+, 13), 93 ([M-H2O-C3H7]
+, 89), 79 

(26), 70 (100), 69 (66), 67 (36), 53 (20) 
25 (-)-terpinen 

-4-ol 
10.62 154 (M+, 13), 139 ([M-Me]+, 2), 136 ([M-H2O]+, 14), 93 ([M-H2O-C3H7]

+, 54), 79 
(7), 71 (100), 69 (18), 67 (17), 53 (9) 

9 α-terpineol 10.84 154 (M+, -), 139 ([M-Me]+, 27), 136 ([M-H2O]+, 65), 93 ([M-H2O-C3H7]
+, 100), 79 

(100), 69 (15), 67 (58), 53 (28) 
11 cis-geraniol 11.19 154 (M+, 1), 139 ([M-Me]+, 4), 136 ([M-H2O]+, 4), 93 ([M-H2O-C3H7]

+, 30), 79 
(8), 69 (100), 67 (20), 53 (11) 

Table 9: EI mass spectra of the monoterpene product profile of SscTPS1 using NPP as the substrate and an 
acid (HCl) as the hydrolysis agent, showing two cyclic three oxygenated cyclic and one oxygenated olefinic 
products. TIC’s shown in the Appendix (NG_NPP08v2). 
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Figure 31: GC-MS analysis (Rt = 13.25 - 20.55 min) of the acid (HCl) hydrolized FPP sesquiterpene 
products of SscTPS1: nerolidol (19), α-bisabolol (26), farnesol (21), Appendix (NG_FPP08). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
19 nerolidol 15.62 222 (M+, -),207 ([M-Me]+, 2), 204 ([M-H2O]+, 7), 189 (19), 161 (52), 148 (17) 136 

(58), 135(32), 121 (45), 107 (71), 93 (100), 79 (28), 55 (61), 43 (67), 41 (71) 

26 α-bisabolol 16.74 222 (M+, -),207 ([M-Me]+, 1), 204 ([M-H2O]+, 16), 189 (4), 161 (10), 148 (4) 136 
(2), 135(4), 121 (23), 107 (16), 93 (47), 96 (100), 79 (23), 55 (28), 43 (82), 41 (66) 

21 farnesol 16.90 222 (M+, 1),207 ([M-Me]+, 1), 204 ([M-H2O]+, 3), 189 (5), 161 (14), 148 (4) 136 
(41), 135(14), 121 (36), 107 (46), 93 (68), 68 (100), 79 (38), 55 (36),43 (30), 41 
(62) 

Table 10: EI mass spectra of the sesquiterpene product profile of SscTPS1 using NPP as the substrate and 
an acid (HCl) as the hydrolysis agent showing one oxygenated cyclic and two oxygenated olefinic products. 
TIC’s shown in the Appendix (NG_FPP08). 
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Figure 32: GC-MS analysis (Rt = 18 - 22 min) of the acid (HCl) hydrolized GGPP diterpene products of 
SscTPS1: sclareol (27), Appendix (NG_GGPP08). 
 
No. Compound Rt (min) EI-MS (m/z, rel int.) 
27 sclareol 19.57 308 (M+, -), 290 ([M-H2O]+, 3), 275 (2), 272 ([M-2H2O]+, 2), 257 ([M-2H2O-Me]+, 

4), 204 (2), 191(13), 189 (6), 175 (4), 163 (8), 149 (11), 121 (24), 109 (44), 95 
(60), 81 (70), 69 (74), 59 (10), 43 (100) 

Table 11: EI mass spectra of the diterpene product profile of SscTPS1 using GGPP as the substrate and an 
acid (HCl) as the hydrolysis agent showing the cyclic diterpene sclareol as the only product. TIC shown in 
the Appendix (NG_GGPP08). 
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 Ng-ggpp08 # 1784-1787 RT: 19.56-19.58 AV: 4 SB: 16 19.46-19.51, 19.62-19.69 NL: 8.08E5 
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Figure 33: Mass spectrum of sclareol (27) at Rt = 19.57 min, formed by SscTPS1 using GGPP as substrate 
and HCl as the hydrolysis agent. 
 

 Sclareol_Fluk1 # 1747-1752 RT: 19.64-19.69 AV: 6 SB: 15 19.47-19.49, 19.98-20.06 NL: 1.15E6 
T: {0,0} + c EI det=500.00 Full ms [ 50.00-600.00] 
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Figure 34: Mass spectrum from authentic sclareol (Fluka) which exhibits a similar total ion chromatogram 
and a Rt = 19.66 min in the range of the sclareol product formed by SscTPS1.  
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3.2.8. Phylogenetic (identity tree) analysis and sequence comparison of SscTPS1 

SscTPS1 had a high homology (http://www.ncbi.nih.gov/ ; blastx) to copalyl diphosphate 

synthase of Lycoperiscum esculentum (now Solanum lycopersicum), Lactuca sativa and 

ent-kaurene synthase A of Pisum sativum. On the basis of this, an identity tree (Figure 

35) was prepared with 31 aa sequences, including SscTPS1, CsTPS1 and CsTPS2, from 

gymnosperm and angiosperm monoterpene-; sesquiterpene-; and diterpene synthases. 

ClustalW (http://www.ebi.ac.uk/clustalw/) in fasta format and GeneBee in the Clastw.phb 

format file (http://www.genebee.msu.su/services/phtree_full.html) were used. The condi-

tions were: scale-random; algorithm-cluster and topological; matrix-blosum 62; with 

bootstrap values. SscTPS1 placed within the Tpsc subfamily of terpene synthases along-

side other diverse diterpene synthases from angiosperms [61]. 

 

 
Figure 35: Identity tree analysis of 31 aa sequences of monoterpene-; sesquiterpene-; and diterpene syn-

thases from gymnosperms and angiosperms using ClustalW and GeneBee (algorithm-cluster and topologi-

cal; matrix-blosum 62) with bootstrap values 
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Further analysis of the full-length diterpene synthase showed SscTPS1 bearing typical 

features of other diterpene synthases. As previously reported, the first 59 N-terminal aa 

are rich in serine and threonine (22% for SccTPS1), and the estimated pI of this region is 

close to 11 (10.89 for SccTPS1). These features of a diterpene synthase are common 

characteristics of transit peptides, which target the proteins to plastids [108, 109]. This 

information was also supported by the prediction for SscTPS1 to have an N-terminal 

transit peptide for plastidial targeting (http://hc.ims.u-tokyo.ac.jp/iPSORT/). Two kinds 

of terpene synthases/cyclases exist, with a different domain structure and different metal 

binding motifs. Class I terpene synthases contain an N-terminal and a C-terminal domain 

with DDXXD-motif for metal binding. Class II terpene synthases contain an insertional-, 

central and C-terminal domain whereas the central domain harbors the DXDD-motif for 

metal binding. The biosynthesis of labdane-related terpenes requires two cyclization 

steps. The first is the cyclization of GGPP to the characteristic bicyclic copalyldiphos-

phate, by stereo specific class II terpene synthases. Further modifications of CPP were 

done by stereoselective class I terpene synthases. Both terpene synthases classes cata-

lyzed reactions involving electrophilic cyclization/rearrangement, and were biochemi-

cally distinct. Class I enzymes facilitated, the metal ion assisted allylic diphosphate ioni-

zation reactions commonly associated with terpene synthases, whereas class II enzymes 

mediated protonation of a carbon-carbon double bond in an acid/base catalyzed reaction. 

SscTPS1 contained the DXDD-motif and is a class II terpene synthase. The sequence 

comparison also showed that most diterpene synthases contained the highly conserved 

SAYDTAW, although the first A in the motif of SscTPS1 is replaced by other unpolar aa 

P like in OsDTC1 (ent-cassa-12,15-diene synthase; Oryza sativa) and just like the W, 

which is replaced by V (SPYDTAV). The second known conserved motif, the 

QXXDGSW-motif, was fully represented in SscTPS1 (Figure 36) [78]. The roles of the 

motifs remain unknown, whereas the latter one was suggested in bacterial squalene 

hopene synthases to be involved in the stabilization of the whole enzyme [109].  
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Figure 36: Sequence comparison of SscTPS1 with other diterpene synthases. This alignment represents 

class II terpene synthases (AtCPSent; NP_192187) and ‘insertional’ element containing class I terpene 

synthases, kaurene synthases (AtKs; Q9SAK2), from Arabidopsis, as well as bifunctional class II/I syn-

thase, abietadiene synthase from Abies grandis (AgAs; Q38710). The boundaries used for domain compari-

sons are marked with arrows, and the class II DXDD motif marked with an overhead line. Oryza sativa 

syn-copalyldiphophate synthase (OsCPSsyn; AAS98158) and ent-cassa-12,15-diene synthase (OsDTC1; 

BAC56714), and Cucurbita maxima kaurene synthase (CmKs; AAB39482). 
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3.2.9. Size exclusion chromatography (SEC) of SscTPS1 

A SEC was also used for SscTPS1, to estimate the molecular mass of a protein and to 

distinguish between monomeric and multimeric enzymes, which is already mentioned for 

the CsTPS’s. ÄKTA-FPLC-system with a HiLoad Superdex 200 16/60 (GE Healthcare) 

column was equilibrated with the DSB-Buffer containing 150 mM NaCl and 5% glycerol 

instead of 10% glycerol. SscTPS1 has a calculated molecular weight of 92.94 kDa 

(DNAstar Inc.). SscTPS1 eluted at ~56.5 ml (Figure 37), checked by SDS-PAGE (Fig-

ure 38; the fractions 15.-17. corresponds to the elution volume of ~56.5 ml), according to 

the calibration curve, would have a molecular mass of ~476.5 kDa which led to the 

speculation that in vitro and under the buffer conditions used here, the enzymes seemed 

to be most likely a pentamer or at least a oligomer; the stokes radius was determined at 

6.32 nm (Table 12; 2.11.5.). 

 

 
Figure 37: SEC of SscTPS1 

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

184.0

186.0

188.0

190.0

192.0

194.0

mAU

0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 ml

4 5 6 7 8 9 1011121314151617181920212223242526272829303132333435363738394041424344 45

Purified protein loaded 1 mg/ml

GE Healthcare Superdex 200 16/60  1 ml /min

 SscTPS1 SEC



 

 

89 3. Results 

 

Figure 38: [L]adder, [Lo]ad, AmiconTM [F]low thru and fractions 3.+4., 15.-17. and 24.+25. of the 
SscTPS1 SEC (Figure). 
 

Protein M r [kDa] Stokes radius 
[nm] 

Ve [ml] V e/Vo (-log kav)
1/2 

SscTPS1 476.5 6.32 56.5 1.361 0.850 
Table 12: Determination of the calculated stokes radius and molecular weight of S. sclarea L. SscTPS1, 
according to the monoterpene synthases of C. sativa L. (3.1.2.4.) 
 

3.2.10. Graphical overview of SscTPS1 

Parameter SscTPS1 
size (nt)/truncated version  2.358 kb/2.328 kb 
size (Mw)/truncated version 89.758 kDa/88,929 kDa 
size (aa)/truncated version 785/776 
isoelectric point (pI) 5.708 
3D structure most likely a pentamer 
stokes radius 6.32 nm 
phylogenetic subfamily Tpsc 
diterpene class II 
Table 13: Graphical overview of SscTPS1. 
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4. Discussion 

4.1. Discussion of C. sativa L. monoterpene synthases 

During the course of a trichome-specific secondary metabolism Cannabis sativa EST-

project within the research group of Prof. Dr. Toni M. Kutchan and under the guidance of 

Dr. Jonathan E. Page, putative prenyltransferases and terpenoid synthases were found. 

Due to the ecological importance of terpenoids in the plant kingdom, their uses as fra-

grances in perfumery, as flavoring agents in the food industry, and also in pharmaceutical 

applications, an attempt was made to characterize these enzymes. Two putative monoter-

pene synthases were investigated that might be involved in the scent and defense of the 

Cannabis plant [12, 13, 14, 110]. During my diploma thesis both were cloned and ex-

pressed in E. coli, and afterwards the product profile was determinated. One monoterpene 

synthase was identified to be a (-)-limonene synthase. (-)-limonene is broadly used by 

industry as a flavour and fragrance compound (turpentine, orange scent), whereas its en-

antiomer (+)-limonene is known to have antineoplastic activities [111]. The second 

monoterpene synthase found was a (+)-α-pinene synthase; which is known in plants as a 

defense compound against predators [12]. It is shown that each CsTPS produces, in addi-

tion to a major monoterpene product, several minor products. CsTPS1 produced, besides 

limonene, minor amounts of α-pinene, β-pinene, β-myrcene and α-terpinolene. CsTPS2 

produced α-pinene and minor amounts of β-pinene, β-myrcene and limonene, which are 

known from other monoterpene synthases as well. Mentha piperita and Mentha spicata 

limonene synthases produced α-pinene, β-pinene and myrcene as minor products and a (-

)-α-terpineol synthase from Vitis vinifera produced in total fourteen different monoter-

penes. The biosynthesis of multiple products by monoterpene synthases can be explained 

by the formation of the minor products from carbocationic intermediates that are formed 

in the course of the conversion of GPP to the various monoterpenes [112, 113, 114]. The 

minor products could all have the same stereochemistry, as proposed for the gymnosperm 

mirror image pathway of monoterpene biosynthesis [66] or be enantiomeric mixtures, as 

shown for the angiosperm (-)-α-terpineol synthase from V. vinifera [114]. The accumula-

tion of terpenoids in the plant family of the Cannabaceae was localized to the glandular 

trichomes. This tissue specificity was previously reported for angiosperms from other 

species, for example the glandular trichomes of Mentha x piperita [115], the trichomes of 
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Nicotiana tabacum [116], the scent producing floral tissues of Clarkia breweri [117] and 

the flower anthesis and leaves of Citrus unshiu [118]. A de novo formation of traumatic 

resin ducts in the wood and the specific production of terpenoids in these ducts were re-

ported for gymnosperms such as Picea abies [12]. Within the tissue, the terpene synthase 

expression was organelle-specific; the monoterpenoids and diterpenoids were produced in 

the plastids [119, 120]. This is similar to all other published monoterpene synthases that 

contain an N-terminal transit peptide. The nuclear-encoded monoterpene synthases are 

preproteins that are proteolytically processed into their mature form upon transport into 

the plastid. All terpene synthase transit peptides are rich in serine and threonine, low in 

acidic and basic aa, and they are about 45-70 aa long. Both of the characterized C. sativa 

terpene synthase N-terminal transit peptides are consistent with these characteristics, but 

show little aa sequence identity to other transit peptides [85]. During my PhD thesis, I 

have reported the first characterization of enzymes involved in terpenoid metabolism of 

C. sativa L. with respect to basic kinetic characteristics, molecular mass and the Stokes-, 

or hydrodynamic radius. The phylogenetic (identity tree) integration of these enzymes in 

the plant kingdom is also represented. The kinetic parameters of previously characterized 

terpene synthases varied between the native form, full-length preprotein and truncated 

versions as has been shown for a limonene synthase of Mentha spicata. The concentra-

tions of divalent metal cations in the buffer can also affect the enzymatic activities, as 

shown with various monoterpene synthases of Citrus limon [70, 85]. The kinetic pa-

rameters of limonene synthases varied between 0.7 µM and 32.4 µM, which lies within 

the range of monoterpene synthases reported here [70, 85, 112, 121]. The applied pH was 

in the range of previously characterized monoterpene synthases from other angiosperm 

species such as Thymus vulgaris, Mentha piperita, Ricciocarpos natans, Citrus limon, 

Mentha citrata [122, 85, 112, 121, 123]. The pH optima of gymnosperms such as Pinus 

taeda are generally around pH 7.5 [71]. The predicted isoelectric points are within 6.0-

7.0, somewhat higher than known monoterpene synthases, which have mostly isoelectric 

points in the range of 4.0-6.0 [112, 118, 124]. Little has been done to characterize tem-

perature optima of terpene synthases. Protein extracts of leaves of Picea abies and 

Quercus ilex demonstrated monoterpene production at 40°C, determined in a range of 

10°C – 60°C [125]. A temperature optimum of a pinene cyclase from Abies grandis has 
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been reported at 42°C [126]. The temperature optimum of CsTPS1c was in the range of 

those previously reported, whereas the temperature optimum of CsTPS2c was determined 

at a lower temperature. Past 50°C, pipetting of the hexane was problematic, because of 

evaporation of the organic phase. After this project was ended, the advice of Prof. Dr. 

M.H. Zenk to avoid this problem by adding mineral oil came unfortunately too late. The 

results above including an identity tree, discussed below, are published in Günnewich et 

al. 2007 [95]. Monoterpene synthases could exist either in monomers or homodimers. 

Known monoterpene synthases with molecular weights between 80 kDa – 100 kDa ap-

pear to be dimers of two identical subunits, whereas synthases, such as limonene syn-

thases with molecular weights of approximately 40 kDa – 60 kDa, are apparently mono-

mers [61, 127]. Due to the fact that both CsTPS’s are around ~70 kDa in molecular 

weight, a size exclusion chromatography (SEC) was done to analyze the oligomeric state. 

It could be shown that both enzymes are homodimers under the buffer conditions used. 

The stokes- or hydrodynamic radiuses were determined at 4.47 nm according to Andrews 

1965 [101] and Laurent & Killander 1964 [102]. As a result of the SEC the kinetic data 

of the dimers was rechecked on the basis of a sigmoid behavior. The kinetic properties 

change slightly, but they are still in the range of data known from other monoterpene 

synthases already discussed, but GPP seems to be a slightly better substrate for CsTPS2c 

than for CsTPS1c. Previous studies of the identity tree origin and sub-grouping of plant 

terpene synthases were based on a minimum sequence identity of 40 % along these 

groups; it was shown here that the terpene synthases were grouped into the Tpsb family 

alongside other angiosperm monoterpene synthases. The dendrogram analysis in Figure 

18 showed that abietadiene synthase (A. grandis) and a taxadiene synthase (T. brevifolia) 

grouped within the Tpsd family, contrary to other comparisons that placed them alongside 

other gymnosperm terpene synthases [61]. As shown previously, the clustering of both 

terpene synthases in the sequence analysis was according to their plant family and not 

with limonene and pinene synthases from other angiosperm species [85]. This clustering 

based on plant family has been reported for Citrus, Arabidopsis, Mentha, Artemisia and 

Salvia monoterpenes synthases and has been described as an interesting parallel molecu-

lar evolution for these plants [118]. This evolution of the monoterpene synthases and 

clustering is described to have occurred in ancient times. For example, four monoterpenes 
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synthase lemon (Citrus) genes exist whereas only two at a time cluster together [85]. Two 

cluster with monoterpenes synthase genes of Artemisia and two with a monoterpene 

synthase of Quercus; it is supposed that divergence occurred before Quercus and 

Artemisia separated from Citrus. One can see that the identities of both lemon gene clus-

ters with respect to their N-terminal target sequence and the gene coding sequence is 

relatively low. This tight clustering leads to very specific functional roles in different 

plants [85, 118, 128]. Further study should address the functional identification of any 

remaining C. sativa monoterpene synthases. In our research, only seven different 

monoterpenes have been found in C. sativa and CsTPS1 and CsTPS2 are likely to pro-

duce five of these compounds [95] this leads to the conclusion that at least one additional 

monoterpene synthase is present in the plant. The unravelling of monoterpene biosyn-

thesis will contribute to our understanding of the complex fragrance components pro-

duced by C. sativa [110]. For other projects both enzymes were provided to the working 

group of Prof. Dr. Ludger A. Wessjohann (department head of Bioorganic Chemistry; 

IPB). A modelling study and site-directed-mutagenesis with CsTPS1 and CsTPS2 was 

done by Lars Bräuer (Dept. PD Dr. W. Brandt, IPB ) during his PhD thesis [98].For the 

computer modelling, a known bornyl diphosphate synthase X-ray 3D structure from 

Salvia officinalis L., with ~44% sequence identity to CsTPS1 and CsTPS2, was used. The 

C-terminus is known to be the catalytic site, whereas the function of the N-terminus is not 

unravelled. The active site was determined by a comparison of the crystal structure and 

the DDXXD-motif, the binding site of the divalent-metal-ions (Mg2+, Mn2+, etc.). The 

active site pocket of the CsTPSs was calculated by docking programs, using the GPP sub-

strate. The calculated complexation of the GPP was done over the conserved aa arginine 

and aspartate, beside the DDXXD-motif. The unpolar moiety of the GPP was stabilizing 

over the π-electron-system of tryptophan. Beside this, other aa site-chains were deter-

mined to be involved in the catalytic mechanism. It could be shown that the active site of 

CsTPS1 compared to CsTPS2 is differing only at one position (CsTPS1: C343, CsTPS2: 

A337); this alanine might be responsible for the formation of pinene instead of limonene. 

The template differs in 3 positions (F578, S320 and I344) (Figure 39). Aim of the project 

was to verify the computer model by site-directed-mutagenesis of the putative in the ca-

talysis involved amino acids. For this the active site of CsTPS1 was mutated by single-, 
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double- and triple-mutations to mimic the one of CsTPS2 or the bornyl diphosphate syn-

thase. The changes were detected by the alteration of the product formation. During this 

research traces of more side products of CsTPS1 compared to the already known 

products, were discovered. CsTPS1 produce traces of linalool, fenchol, trans-pinan-2-ol, 

cis-pinan-2-ol, α-terpineol, geraniol, camphen, menthenol, and trans-citral. After treat-

ment of the assay with wheat germ acid phosphatase, bornyl diphosphate (borneol) was 

discovered, too. The conclusion of remaining monoterpene synthases above still persists, 

although we found new monoterpenes here, dominant products are still missing. Site-di-

rected-mutagenesis constructs could show that the product profile changed from limo-

nene to linalool, which is a sign of involvement of the researched aa of the putative active 

site. A change in the direction of the product profile to CsTPS2 or the bornyl diphosphate 

synthase was not determined; it is most likely that more aa are involved in product for-

mation. The catalytic mechanism of the cyclization reaction from monoterpene synthases 

could be more enlighten. A putative catalytic diade, of an aspartate and a histidine, is in-

volved by increasing the histidine basicity. This leads to a deprotonation to a cation and 

the release of the diphosphate-moiety, complexed to an arginine. The postulated allyl-re-

arrangement of the GPP leads now to the linalyl-diphosphate. The second elimination of 

the diphosphate moiety by the arginine resulted in a cyclization to the terpinyl-cation, and 

a subsequent deprotonation by the histidine leads to the end product limonene. The lack 

of a histidine (having instead phenylalanine; F578; Figure) by the bornyl diphosphate 

synthase tends to result in no diphosphate elimination and deprotonation. Due to later 

results of a different subunit architecture, C. sativa L. monoterpene synthases seem to be 

dimeric, the model is currently recalculated (Diana Schulz; Dept. PD Dr. W. Brandt, 

IPB). Another study is a substrate specificity study to investigate the capability of both 

enzymes to convert artificial GPP like substrates (Roman Weber; Dept. Prof. L. A. 

Wessjohann, IPB). 
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Figure 39: Calculated active site with the amino acids, of CsTPS1 (limonene synthase), CsTPS2 (pinene 
synthase) and the bornyl-diphosphate synthase (Salvia officinalis) 
 

4.2. Discussion of S. sclarea L. diterpene synthase 

During another course of a trichome-specific, secondary metabolism S. sclarea L. EST-

project, started by Dr. Kum-Boo Choi, putative terpenoid synthases were found, too. Due 

to the economical importance of sclareol as a fragrance in perfumery, an attempt was 

made to characterize its biosynthetic pathway. This project was continued. Sclareol is 

widely used in the industry as a fragrance and flavor starting compound (ambrox®) it re-

sembles the odor of the legendary amber or ambergris (33 tons of sclareol are needed per 

year), which is a pathological metabolite of the sperm whale intestines, a compound 

which has had a high value in perfumery since antiquity [129, 130, 131, 132]. Sclareol 

and its derivatives have antibacterial properties [133, 134, 135] and have been shown 

more and more to be active against several types of cancer [136, 137, 138]. Herein, we 

have reported the first cloning and characterization of an enzyme involved in terpenoid 

metabolism of S. sclarea L. with respect to tissue specificity, sequence comparisons, and 

identity tree integration of these enzyme in the plant kingdom. The full-length clone of 

the putative diterpene synthase EST, which had a high homology to known copalyl pyro-
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phosphate synthases, was obtained by RACE-PCR. Copalyl pyrophosphate is a possible 

intermediate in the sclareol biosynthesis. In the past, mainly the expression of truncated 

terpenoid synthase full-length clones were successful [70, 85]. This was confirmed here 

also for the putative diterpene synthase of S. sclarea L.. The truncation was done pre-

ceding an internal R3-motif, which is not a characterisic motif of diterpene synthases 

compared to those of the monoterpene synthases. Some diterpene synthases contain RRX-

motifs, some not (Figure 36). Until know this issue is not discussed, and a conclusion 

about this cannot yet be reached. The putative diterpene synthase named SscTPS1, shows 

the same characteristics (nucleotide and amino acid sequence length, molecular weight 

and pI) such as known diterpene synthases [109, 139, 140, 141, 142, 143]. Recombinant 

SscTPS1was assayed using the general terpene synthase substrates (GPP, NPP, FPP and 

GGPP). In general, NPP and linalyl pyrophosphate (LPP; not available, not used), iso-

mers of GPP and intermediates in the monoterpene biosynthesis, were often used for the 

determination of stereochemical distinct cyclization reactions of monoterpene synthases. 

NPP was taken here to show the capability of SscTPS1 to use different substrates, not for 

studies about different stereochemistry [144]. It could be shown that the enzyme has a 

promiscuous behavior with respect to the substrates; mono-, sesqui- and diterpenes are 

formed. All the terpenoid products formed here are known from wild growing Salvia 

sclarea L. etheric oil extracts [145, 146, 147]. Although nerol-acetate (13) is known from 

the etheric oil, it could be here an artefact incurred by the extraction method. The acetate 

of the sodium acetate buffer, used for the wheat germ acid phosphatase extraction, could 

have formed an ester with cis-geraniol (11). Just as well α-pyronene (8) could be an arte-

fact too, it is known from the etheric oil too, but in general it is known to be a thermolysis 

product of α-pinene. This raises the question whether is it formed by lower temperature 

during the GC-MS than described in the literature [107]. A thermolytic isomerization is 

also possible for α-phellandrene (14), α-terpinene (15) and γ-terpinene (16). That terpene 

synthases could use different substrates is already known from a sesquiterpene synthase 

from A. thaliana (At5g44630) that uses GPP to form in addition to sesquiterpenes, seven 

different monoterpenes like myrcene, limonene, (Z)-β-ocimene, (E)-β-ocimene, terpino-

lene, α-terpinolene and one unidentified compound. The formation of theses compounds 

by the enzyme in vivo is rather unlikely, as the protein lacks an N-terminal transit peptide 
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and therefore is not expected to be present in plastids, where GPP is thought to be pro-

duced. This conclusion is supported by analysis of an At5g44630 T-DNA insertion line, 

that showed no difference in monoterpene emission profiles in comparison to the wild 

type [148]. Contrary to this, in Fragaria terpene synthases are located in the cyto-

sol/plastids/mitochondria depending on the isoform (containing or not containing N-ter-

minal transit sequences) and synthesize a monoterpenoid (linalool) and a sesquiterpenoid 

(nerolidol), already mentioned in chapter 1.5.. A transformation of A. thaliana with the 

Fragaria synthase (FaNES1), which is located to the cytosol, leads to mono- and ses-

quiterpenoid formation in vivo, and feeding labelled 1-deoxy-D-xylulose did not result in 

labelled linalool in Fragaria [84]. It could be suggested, that we should be careful to give 

statements about compartmentation of terpenoid production in vivo; it could be that one 

enzyme like SscTPS1 is responsible for the mono-, sesqui-, and diterpene production in 

S. sclarea L.. All needed substrates could be synthesized in the plastid where SscTPS1 is 

located, GPP and GGPP are endogenous, known FPP synthases are located into the plas-

tid as already mentioned in chapter 1.5., too [81]. It is possible that FPP is freely avail-

able from GGPP synthases located in the plastids, based on product-substrate changes in 

the equilibrium and competition of the active site with the IPP and DMAPP substrates. 

The extraction methods used here are common for terpenoid synthases; the resulting sol-

volysis products of any allylic diphosphate esters are present (i.e. geraniol and farnesol) 

[78, 79]. Both were used here to investigate differences between the acid and the phos-

phatase procedure. One of the methods used here is necessary, because unsolvolized ra-

dioactive assays resulted in almost no radioactivity in the organic phase (data not shown). 

Other methods do not work with solvolysis, here only the hydrophobic products should 

be trapped in an organic phase. MgSO4 columns are often use to trap the remaining aque-

ous components or hydroxylated substrates (geranylgeraniol i. e.). A problem of this pro-

cedure is that the MgSO4 matrices could lead to rearrangements [67]. In general, we can 

see that the phosphatase treatment yielded a wider distribution in the product formation. 

It is assumed that (13R)- and (13S)-manoyl oxide (22 and 23) are derived from sclareol 

(27). The OH group C13 of sclareol might be activated to an anion, most likely by the 

buffer, and a following nucleophilic attack of it at C8, under water elimination, leads to 

both manoyl oxides (22, 23). An enzymatic reaction should be excluded due to the fact 
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that we have a consistent stereocenter at C8 (personal communication Prof. B. Wester-

mann; Dept. Prof. L. Wessjohann, IPB), and that SscTPS1 belongs to the class II terpene 

synthases. For further cyclizations, to manoyl oxide i. e., a class I terpene synthase like 

ent-kaurene synthases or a bifunctional class I/II terpene synthase like an abietadiene 

synthase is required [78]. In the beginning of our research the biosynthetic pathway to 

sclareol was proposed to proceed through the formation of copalyl diphosphate and its 

following allyl rearrangement and a dephosphorylation and hydroxylation by CytP450 

enzymes. Nevertheless other possibilities where discussed in the literature. The biosyn-

thesis of sclareol from mevalonate, acetate, and CO2 in sage leaves has been reported by 

Nicholas 1964 [149], and the direct formation of manool and sclareol via cyclization of 

geranylgeraniol has been proposed by Geissman and Crout 1969 [150] and Ruzicka et al. 

1994 [151], but the speculative scheme lacked experimental evidence. The biosynthesis 

of cis-abienol was shown to be done by a direct cyclization of GGPP [152], the same 

group showed in cell free extracts of trichome bearing tobacco tissue the direct cycliza-

tion of GGPP to sclareol [116]. We can now verify their research for the first time by 

showing direct cyclization with a recombinant sclareol synthase, without any CytP450 

enzymes involved in this process. That involvement of phosphatases could not be ex-

cluded as discussed above. An exclusively trichome specific expression could not be 

shown, we found a slightly expression in other tissues as well. The RNA-blot (Figure 20) 

was supported by an RT-PCR. That this low expression could be come from remnant 

trichomes on the analyzed tissues could be excluded, as shown for C. sativa monoterpene 

synthases [95]. Contrary to the findings here, Schmiderer et al. 2008 reported an exclu-

sively trichome specific incurrence of sclareol. It could be shown that capitate trichomes 

contain sclareol beside linalool and linalyl acetate and peltate ones accumulate noticeable 

concentrations of sesquiterpenoids [153]. The commercial aspect of this thesis is undeni-

able. In the late nineties the S. sclarea market, as a volatile oil producing plant, had a 

value of 5.4 million $US [1]. When this project started, there was a need of 33 tons 

sclareol per anno to yield 20 tons Ambrox® [132]. In the past, the biotechnological pro-

duction of plant secondary metabolites was based on tissue and cell culture engineering. 

Later modern approaches to the genetic manipulation of volatile and medicinal plants 

where done, by Agrobacterium rizhogenes and tumefaciens transformation for example 
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[1]. In the future, after the kinetic characterization of SscTPS1, it is possible to establish a 

fermentative sclareol production. This could lead to a decrease in the waste production 

during the synthesis of Ambrox®. From the planting of S. sclarea L. to the end product 

206 tons waste are produced to yield 1 ton of Ambrox® [132]. That sclareol is a natural 

product in S. sclarea is undeniable [153] but the final question is, is a phosphatase in-

volved in the biosynthetic pathway to sclareol or not. If not we have to search for the oc-

currence of non-enzymatically dephosphorylations in the cell. If yes we have to search 

for a phosphatase to unravel the biosynthetic pathway of sclareol fully. But for the tech-

nical production this doesn’t matter, with the addition of hydrochloric acid to the 

SscTPS1 reaction, this problem is circumvented. 

The aim of my thesis was to unravel the biosynthetic pathway of sclareol in Salvia 

sclarea L., this is hereby done. And I can report here that we found a novel diterpene 

synthase the first sclareol synthase, so far I know. 
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5. Summary 

5.1. Summary of C. sativa L. monoterpene synthases 

Two recombinant, stereospecific and dimeric monoterpene synthases, a (-)-limonene 

synthase (CsTPS1) and a (+)-α-pinene synthase (CsTPS2), encoded by Cannabis sativa 

L. cv. Skunk trichome mRNA, have been isolated and characterized. Recombinant 

CsTPS1 shows a Km value at 6.25 µM and a Kcat at 0.09 s-1, the pH optimum was deter-

mined at pH 6.5, and a temperature optimum at 40°C. Recombinant CsTPS2 shows a Km 

values at 4.96 µM and a Kcat at 0.14 s-1, the pH optimum was determined at pH 7.0, and a 

temperature optimum at 30°C. The Stokes radius was determined at 4.47 nm. Phy-

logenetic analysis showed that both CsTPSs group within the angiosperm family and be-

long to the Tpsb subgroup of monoterpene synthases. The enzymatic products (-)-limo-

nene and (+)-α-pinene were detected as natural products in C. sativa trichomes. 

 

5.2. Summary of S. sclarea L. diterpene synthase 

One recombinant oligomeric (most likely a pentamer) diterpene synthase, a sclareol syn-

thase (SscTPS1), encoded by Salvia sclarea L. cv Trakystra trichome mRNA, has been 

isolated and partially characterized for the first time. It could be shown that SscTPS1 has 

a promiscous behavior in its ability to use different substrates. Beside GGPP as the sub-

strate for diterpene synthases, SscTPS1 is capable to produce various mono- and ses-

quiterpenoids, out of GPP, NPP and FPP. The stokes radius was determined at 6.32 nm. 

Phylogenetic analysis showed that SscTPS1 group within the angiosperm family and be-

longs to the Tpsc subgroup and is a Class II diterpene synthase. The enzymatic products 

are known as natural products of S. sclarea L. 
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Figure 41: SscTPS1 monoterpenoid products using GPP and NPP as substrates 
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Figure 42: SscTPS1 sesqui- and diterpenoid products using FPP and 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 43 (WER440d): MS-spectrum of compound β-pinene (1) Rt = 7.53 min obtained by GC-MS. 
 

 
Figure 44 (WER440d): MS- spectrum of compound limonene (2) Rt = 8.24 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} + c EI det=500.00 Full ms [ 40.00-500.00]
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Figure 45 (WER440d): MS- spectrum of compound α-pinene (3) Rt = 8.28 min obtained by GC-MS. 
 

 WER440d # 475-478 RT: 8.46-8.48 AV: 4 SB: 2 8.43, 8.55 NL: 1.23E5 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 46 (WER440d): MS- spectrum of compound β-cis-ocimene (4) Rt = 8.47 min obtained by GC-MS. 
 

WER440d#452-457 RT: 8.27-8.31 AV: 6 SB: 5 8.07-8.09, 8.41 NL: 1.34E5
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00]
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 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 47 (WER440d): MS- spectrum of compound terpinolene (5) Rt = 9.13 min obtained by GC-MS. 
 

 WER440d # 576-582 RT: 9.30-9.35 AV: 7 SB: 36 9.27, 9.37-9.65 NL: 1.48E5 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 48 (WER440d): MS- spectrum of compound β-linalool (6) Rt = 9.32 min obtained by GC-MS. 
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 WER440d # 629-636 RT: 9.74-9.80 AV: 8 SB: 5 9.71, 9.87-9.89 NL: 1.36E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 49 (WER440d): MS- spectrum of compound not-identified monterpene (7) Rt = 9.77 min obtained 
by GC-MS. 
 

 WER440d # 653-659 RT: 9.94-9.99 AV: 7 SB: 5 9.90, 10.05-10.08 NL: 8.05E3 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 50 (WER440d): MS- spectrum of compound α-pyronene (8) Rt = 9.96 min obtained by GC-MS. 
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 WER440d # 761-764 RT: 10.84-10.87 AV: 4 SB: 5 9.90, 10.05-10.08 NL: 2.68E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 51 (WER440d): MS- spectrum of compound α-terpineol (9) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 

40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 
m/z 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

Re
lati
ve 
Ab
un
da
nc
e 

69.2 

41.2 

67.2 

85.2 
93.2 

53.2 121.2 
45.2 

123.3 
94.3 98.3 81.2 80.2 

55.2 65.1 99.2 95.3 77.2 70.3 83.2 111.2 91.2 136.3 107.3 51.2 125.3 59.2 44.2 138.3 87.3 105.3 117.0 147.4 50.2 

 
Figure 52 (WER440d): MS- spectrum of compound not-identified monoterpene (10) Rt = 11.15 min 
obtained by GC-MS. 
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 WER440d # 806-810 RT: 11.22-11.25 AV: 5 SB: 5 11.04, 11.34-11.37 NL: 4.26E5 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 53 (WER440d): MS-spectrum of compound cis-geraniol (11) Rt = 11.23 min obtained by GC-MS. 
 

 WER440d # 854-857 RT: 11.62-11.64 AV: 4 SB: 7 11.54-11.55, 11.69-11.72 NL: 4.50E6 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 54 (WER440d): MS-spectrum of compound trans-geraniol (12) Rt = 11.64 min obtained by GC-
MS. 
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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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 55 (WER440d): MS-spectrum of compound neryl acetate (13) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 56 (WER440c): MS-spectrum of compound β-pinene (1) Rt = 7.55 min obtained by GC-MS. 
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 WER440c # 403-405 RT: 7.86-7.88 AV: 3 SB: 2 7.83, 7.94 NL: 1.21E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 57 (WER440c): MS-spectrum of compound α-phellandrene (14) Rt = 7.88 min obtained by GC-
MS. 
 

 WER440c # 423-426 RT: 8.03-8.05 AV: 4 SB: 4 7.99, 8.18-8.19 NL: 1.59E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 58 (WER440c): MS-spectrum of compound α-terpinene (15) Rt = 8.05 min obtained by GC-MS. 
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 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 59 (WER440c): MS-spectrum of compound limonene (2) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 60 (WER440c): MS-spectrum of compound γ-terpinene (16) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 61 (WER440c): MS-spectrum of compound terpinolene (5) Rt = 9.15 min obtained by GC-MS. 
 

 WER440c # 762-765 RT: 10.85-10.88 AV: 4 SB: 4 10.79, 10.95-10.97 NL: 2.40E5 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 62 (WER440c): MS-spectrum of compound α-terpineol (9) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 63 (WER440c): MS-spectrum of compound cis-geraniol (11) Rt = 11.28 min obtained by GC-MS. 
 

 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 64 (WER440b): MS-spectrum of compound β-farnesene (17) Rt = 14.38 min obtained by GC-MS. 
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 WER440b # 1240-1243 RT: 14.84-14.86 AV: 4 SB: 5 14.74, 14.89-14.92 NL: 2.66E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 65 (WER440b): MS-spectrum of compound (Z,E)-α-farnesene (18) Rt = 14.85 min obtained by 
GC-MS. 
 

 WER440b # 1339-1342 RT: 15.66-15.69 AV: 4 SB: 5 15.62, 15.72-15.74 NL: 3.30E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 66 (WER440b): MS-spectrum of compound nerolidol (19) Rt = 15.67 min obtained by GC-MS. 
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 WER440b # 1473-1476 RT: 16.78-16.80 AV: 4 SB: 2 16.72, 16.90 NL: 1.99E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 67 (WER440b): MS-spectrum of compound not-identified (20) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 68 (WER440b): MS-spectrum of compound farnesol (21) Rt = 16.95 min obtained by GC-MS. 
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 WER440a # 1698-1700 RT: 18.67-18.69 AV: 3 SB: 2 18.65, 18.74 NL: 3.58E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 69 (WER440a): MS-spectrum of compound (13R)-manoyl-oxide (22) Rt = 18.69 min obtained by 
GC-MS. 
 

 WER440a # 1711-1713 RT: 18.78-18.80 AV: 3 SB: 2 18.73, 18.85 NL: 3.51E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 70 (WER440a): MS-spectrum of compound (13S)-manoyl-oxide (23) Rt = 18.79 min obtained by 
GC-MS. 
 



 

 

131 7. Appendix 

 
NG-GPP08v2 # 371-375 RT: 7.59-7.63 AV: 5 SB: 7 7.53-7.54, 7.65-7.68 NL: 6.52E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 71 (NG_GPP08v2): MS-spectrum of compound β-pinene (1) Rt = 7.61 min obtained by GC-MS. 
 

 NG-GPP08v2 # 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 72 (NG_GPP08v2): MS-spectrum of compound limonene (2) Rt = 8.28 min obtained by GC-MS. 
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NG-GPP08v2 # 457-458 RT: 8.31-8.32 AV: 2 SB: 7 8.14, 8.33-8.37 NL: 8.20E4 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 73 (NG_GPP08v2): MS-spectrum of compound β-trans-ocimene (24) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 74 (NG_GPP08v2): MS-spectrum of compound β-cis-ocimene (4) Rt = 8.48 min obtained by GC-
MS. 
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NG-GPP08v2 # 577 RT: 9.31 AV: 1 SB: 5 8.44, 8.53-8.55 NL: 5.19E6 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 75 (NG_GPP08v2): MS-spectrum of compound β-linalool (6) Rt = 9.31 min obtained by GC-MS. 
 

 NG-GPP08v2 # 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 76 (NG_GPP08v2): MS-spectrum of compound α-terpineol (9) Rt = 10.83 min obtained by GC-
MS. 
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 NG-GPP08v2 # 802-804 RT: 11.19-11.20 AV: 3 SB: 4 11.15-11.16, 11.21-11.22 NL: 1.68E5 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 77 (NG_GPP08v2): MS-spectrum of compound cis-geraniol (11) Rt = 11.19 min obtained by GC- 
MS. 
 

 NG-GPP08v2 # 844-846 RT: 11.54-11.55 AV: 3 SB: 6 11.44-11.45, 11.62-11.64 NL: 4.26E6 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 78 (NG_GPP08v2): MS-spectrum of compound trans-geraniol (12) Rt = 11.54 min obtained by  
GC-MS. 
 



 

 

135 7. Appendix 

 NG-NPP08v2 # 454-456 RT: 8.25-8.27 AV: 3 SB: 4 8.23, 8.29-8.31 NL: 3.62E5 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 79 (NG_NPP08v2): MS-spectrum of compound limonene (2) Rt = 8.26 min obtained by GC-MS. 
 

 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} + c EI det=500.00 Full ms [ 40.00-500.00] 

40 50 60 70 80 90 100 110 120 130 140 150 160 170 
m/z 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

Re
lati
ve 
Ab
un
da
nc
e 

93.0 

121.1 

136.1 

91.1 

79.1 
77.1 

105.0 

41.1 119.1 107.1 
53.1 

67.1 65.1 43.1 94.2 137.2 122.2 51.1 55.0 80.1 
103.0 108.2 134.1 115.1 63.1 81.1 68.2 50.1 58.2 89.0 95.2 126.2 75.1 133.1 138.2 109.2 87.2 149.1 163.1 167.1 152.4 174.5 

 
Figure 80 (NG_NPP08v2): MS-spectrum of compound terpinolene (5) Rt = 9.13 min obtained by GC-MS. 
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 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} + c EI det=500.00 Full ms [ 40.00-500.00] 

40 50 60 70 80 90 100 110 120 130 140 150 160 170 
m/z 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 
95 

100 

Re
lati
ve 
Ab
un
da
nc
e 

71.0 

93.1 
55.0 

41.1 
43.1 

69.1 

80.1 

67.1 
121.1 

83.1 
92.1 79.0 

91.1 
53.1 

94.2 
56.1 

96.1 136.1 107.1 72.2 
109.1 105.1 

57.1 84.2 
59.1 

111.1 51.1 97.2 122.2 139.1 86.1 44.1 119.1 98.2 73.1 63.1 127.2 154.1 87.2 140.2 48.1 134.2 156.2 152.2 162.4 168.3 171.4 
 

Figure 81 (NG_NPP08v2): MS-spectrum of compound β-linalool (6) Rt = 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: 1.04E5 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 82 (NG_NPP08v2): MS-spectrum of compound (-)-terpine-4-ol (25) Rt = 10.62 min obtained by  
GC-MS. 
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 NG-NPP08v2 # 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 83 (NG_NPP08v2): MS-spectrum of compound α-terpineol (9) Rt = 10.84 min obtained by GC- 
MS. 
 

 NG-NPP08v2 # 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 84 (NG_NPP08v2): MS-spectrum of compound cis-geraniol (11) Rt = 11.19 min obtained by GC- 
MS. 
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 Ng-fpp08 # 1315-1319 RT: 15.60-15.63 AV: 5 SB: 7 15.53, 15.70-15.74 NL: 7.96E6 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 85 (NG_FPP08): MS-spectrum of compound nerolidol (19) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 86 (NG_FPP08): MS-spectrum of compound α-bisabolol (26) Rt = 16.74 min obtained by GC-MS. 
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 Ng-fpp08 # 1471 RT: 16.90 AV: 1 SB: 7 16.86, 17.00-17.05 NL: 8.12E6 
T: {0,0} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 87 (NG_FPP08): MS-spectrum of compound farnesol (21) Rt = 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} + c EI det=500.00 Full ms [ 40.00-500.00] 
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Figure 88 (NG_GGPP08): MS-spectrum of compound sclareol (27) Rt = 19.57 min obtained by GC-MS. 
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