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1. Introduction

1. INTRODUCTION
1.1. Plant secondary metabolites

The compounds produced by plants have been segpan&beprimary and secondary
metabolites. Primary metabolites, by definitiome anolecules that are found in all
plant cells and are necessary for the life of tamtp Examples of primary metabolites
are simple sugars, amino acids, lipids, and nuckeids. Secondary metabolites, by
contrast, are restricted in their distribution, lbavithin the plant and among the
different species of plants (Ravest,al, 1999). Plant secondary metabolites comprise
all organic compounds that occur usually only iecsal, differentiated cells and are not
necessary for the cells themselves but appares#dfulifor the plant as a whole (Taiz
and Zeiger, 2006).

The distinction between both groups was drawn 8118y Kossel in order to
designate secondary products by their proposed degsficant function (Hadacek,
2002). However, in some cases the distinction betwerimary and secondary
metabolism cannot be easily drawn (Mohr and Schipdfe94; Croteauet al, 2002).
Lignin, the essential structural polymer of woodlaecond only to cellulose as the
most abundant organic substance in plants, is deresi a secondary metabolite rather
than a primary metabolite. Therefore, from thisnp@f view the boundary between
primary and secondary metabolism is still blurr€doteau et al, 2002).

In contrast to the formation of primary metaboljtdse synthesis and accumulation
of secondary metabolites occur during differemiatiof specialized cells. They are
produced at various sites within the cell and &oeesl primarily within vacuoles. Their
production typically occurs in a specific orgasstie, or cell type at specific stages of
development (e.g., during flower, fruit, seed, eedling development). Some secondary
metabolites namely the phytoalexins, are antimiaélobompounds that are produced
only after wounding or after attack by bacteriduwonrgi. The ability of the plant to form
these metabolites thus follows a distinctive pattarspace as well as time, and is often
controlled by environmental factors, e.g. light.efrthconcentration in a plant often
varies greatly during a 24-hours period (Mohr actddpfer, 1994; Ravemt al, 1999).

In the absence of a valid distinction based oneeiitructure or phytochemistry, a
functional definition can be explained, that prignanetabolites participate in nutrition
and essential metabolic processes inside the péad, secondary metabolites are
influencing ecological interactions between thenpland its environment (Croteaet
al., 2002).



1. Introduction

A simple description of the relationships betweerimpry and secondary
metabolism is described in Fig. 1.1 where primaaybon metabolism supplies the
precursors for most of the secondary carbon matabol

CO,
l Photosynthesis

PRIMARY CARBON METABOLISM

N\

Erytrose-4- Phosphoenol- Pyruvate 3-Phospho-
phosphate pyruvate / glycerate
/
Tricarboxylic Acid cycle [*—] Acetyl CoA

Aliphatic amino acids

4 I N
Shikimic acid Malonic acid Mevalonic acid MEP pathway
pathway pathway pathway

v
Aromatic amino acids

Nitrogen-containing
secondary products

» | Phenolic compounds | | Terpenes

SECONDARY CARBON METABOLISM

Figurel.l. The primary metabolism supplies thecmsors for most of the
secondary products (modified from Taiz and Zeigé0e6)

Although there is no direct requirement for plaet@ndary metabolites in the cell,
it would be incorrect to assume that these substagould be regarded as “luxury
molecules”. In general, the physiological significa of these substances becomes
apparent at the level of the whole organism (Matd &chopfer, 1994). They may serve
as plant defenses against predators, competitarasipes and diseases; as agents of
symbiosis between plants and microbes, nematodsscts, and animals; as metal
transporting agents; and as sexual hormones (DeamairFang, 2000). Many serve as
chemical signals that enable the plant to resporghvironmental cues. Some provide
protection from sun radiation, while others aidpwilen and seed dispersal (Raven,
al., 1999). The information of secondary metabolitetherefore an integral activity of
the differentiated plant. This also explains whyhigher plants, almost all species
posses a specific pattern of secondary metabohtbdist basic metabolism hardly
differs (Mohr and Schopfer, 1994).
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The modern chemistry of natural products generddifines secondary metabolites
by a molecular weight of less than 1500 Daltonstahy distinguishing them from high
molecular weight polymers such as proteins or @agbarides. Although the total
number of structures designated as secondary nig¢gbexceeds 139000, nature only
uses a few basic building blocks e.g. the acet@g, (isoprenoid (g and the
phenylpropanoid (€} unit (Verpoorte, 2000). Furthermore, plant se@gdnetabolites
can be divided into three chemically distinct greufamely alkaloids, terpenoids and
phenolic compounds (Ravest, al, 1999; Croteawet al, 2002; Taiz and Zeiger, 2006).
Some classes of secondary metabolites, their sbwancd their biological activity are
resumed in Table 1.1.

Table 1.1 Classes of secondary metabolites, theiding blocks, their sources and
their biological activity

Class Building block Sources Biological activity
alkaloids acetate plants (dicotyle), nitrogen storage,
amino acids marine sponges, algae, detoxification,
terpenoids fungi, bacteria deterrent,
cholesterol (Streptomycesp.), allelochemical,
poison
terpenoids isoprene plants, antimicrobial,
animal glands, neurotoxin,
fungi, intestinal repellent
bacteria
flavonoids malonylCoA + gymnosperms, antibiotic,
cinnamoylCoA angiosperms, coloration/dye

mosses, marine corals
ferns, algae, bacteria

lignins phenylpropanoids gymnosperms, structural support
angiosperms, protective barrier
pteridophytes
lignans phenylpropanoids  gymnosperms, antimicrobial
angiosperms, insecticide
pteridophytes germination
inhibitor
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The alkaloids are a large family of more than 18,8@rogen-containing secondary
metabolites found in approximately 20% of the seeaf vascular plants. The nitrogen
atom in these substances is usually part of a ¢wtelic ring which contains both
nitrogen and carbon atoms. Most alkaloids areliaapositively charged, and water
soluble. Nicotine is an example of alkaloid which derived from ornithine, an
intermediate of arginine biosynthesis. Most alkddoare now believed to function in
defense against predator due to their general itpx@nd deterrence capability
(Hartmann, 1992).

The terpenoids or terpenes are substances deniged dcetyl-CoA or glycolytic
intermediates. All terpenes are built from theomnof five-carbon elements which have
the branched carbon skeleton of isopentane cakegréne units. Terpenes are
biosynthesized from primary metabolites in two @iéint ways: The mevalonic acid
pathway and the methylerythritol phosphate path@aghtenthaler, 1999). They are
classified by their numbers ofsQinits. Ten-carbon terpenes, which contain two C
units, are called monoterpenes. A threed@it is called sesquiterpene, and a 20-carbon
terpene is called diterpene. Giberellins, an irtgour group of plant hormones, are
diterpenes, whereas brassinosteroids are built fribenpenes.

Besides alkaloids and terpenoids, plants also m®dularge variety of secondary
metabolites which contain a phenol group. Thedstamces are classified as phenolic
compounds. Plant phenolic compounds are a chdgivalerogenous group of nearly
10,000 individual compounds. They are biosynthesbsiay two different routes, namely
the shikimic acid pathway and the malonic acid wath The shikimic acid pathway
occurs in the biosynthesis of most plant phenolidsereas the malonic acid pathway
participates in the biosynthesis of phenolic conmutsuin fungi and bacteria.

1.2. The phenylpropanoid metabolism

Most plant phenolics including lignins and lignarsse derived from the
phenylpropanoid pathway (Fig. 1.2) and fulfill ay&road range of physiological roles
in plants (Croteauet al, 2002). All phenylpropanoids ¢C3) are derived fronp-cou-
maric acid and most from cinnamic acid. Thus, thkenftion of cinnamic acid from
phenylalanine by the enzyme phenylalanine ammaoyaisdl is referred to as the branch-
point between primary metabolism (shikimic acidhpedy) and secondary metabolism
(phenylpropanoid pathway).
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COOH

NH,

L-Phenylalanine

1
COOH
G
COOH
Cinnamic acid
NH,
ls
COOH L-Tyrosine
2
G
OH
p-Coumaric acid
OH
l COOH COOH COSCoA

4
CHO OH
F P P F /
—_— —_— — —
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Caffeic acid Eerulic acid Feruloyl CoA Coniferaldehyde Coniferyl alcohol

Figure 1.2. Main elements of the phenylpropanocidhway leading to the
formation of coniferyl alcohol. 1l=phenylalanine ammonia-lyase;
2=tyrosine ammonia-lyase (mainly in grassesj=cinnamate-4-
hydroxylase; 4=hydroxylase; 5=caffeic acid O-methyltransferase;
6=Co0A ligases=cinnamoyl-CoA oxidoreductas8=cinnamyl alcohol
dehydrogenase (modified from Lewet,al.,1998).

Initially the deamination of L-phenylalanine by thenzyme phenylalanine
ammonia-lyase yields cinnamic acid. Further, cinicaatid could be transformed by
cinnamate-4-hydroxylase infg-coumaric acid. The deamination of L-tyrosine bg th
enzyme tyrosine ammonia-lyase yields gbscoumaric acid. The next steps leading to
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the formation of coniferyl alcohol comprise of fotypes of enzymatic reactions:
aromatic hydroxylation, O-methylations, CoA ligations, and NADPH-dependent
reductions (Lewiset al.,1998).

1.3. Lignans

The term lignan was first coined by Haworth in 19@6/res and Loike, 1990;
Moss, 2000; Croteauet al, 2002) for the structures where two units of
phenylpropanoid ar@,p’' (or 8,8’)-linked. However, they are called neabgs, when
the two GCz molecules are coupled in other ways (e.g. 8,18,8i-linked dimers) or
they are called oxyneolignans where the twgC{molecules are linked by an ether
oxygen atom and not directly bonded together withgarent structure (Moss, 2000).

1.3.1. Biosynthesis of lignans

The biosynthetic pathway of lignans from conifeslcohol to matairesinol is
presumed to be similar to the biosynthesis of medaiol in Forsythia x intermedia
(Xia Z.-Q. et al., 2001). A so-called dirigent protein is involvedthre dimerisation of
two molecules of coniferyl alcohol to give enanten pure (+)-pinoresinol (Fig. 1.3).
In order to confer regio- and stereospecificityait8,8’-linked lignan formation Lewis
and Davin have found a 78-kDa glycoprotein beingived (Davin,et al, 1997; Davin
and Lewis, 2000). Although this dirigent proteicka any intrinsic oxidative properties,
in vitro experiments containing the protein, conyfalcohol and an oxidant, resulted in
optical pure (+)-pinoresinol. Subsequent cyclmatsteps and the modifications of
pinoresinol may lead to the formation of podophion or related lignans in plant
species like e.g. ihinum flavum

oH OCH; OCH;
OH OH
A
o o
2X o
PS \ R wH PLR
OCH; H
OH v
coniferyl alcohol Ao inol (+)-lariciresinol
(+)-pinoresino (-)-secoisolariciresinol (-)-matairesinol

OCH; OCH;

Figure 1.3. Biosynthesis of matairesinol Forsythia intermediaPS=pinoresinol-syn-
thase; PLR=pinoresinol-lariciresinol reductasesDH=secoisolariciresinol
dehydrogenase
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(+)-Pinoresinol is transformed to (-)-secoisolaasinol (Fig. 1.4) via (+)-larici-
resinol (Umezawa, 1990, Katayaned,al.,1993). The enzyme pinoresinol-lariciresinol
reductase (PLR) catalyses the two successive stepeduction depending on the
presence of NADPH as a cofactor. The hydride fesrfsom NADPH to the lignans is
highly stereospecific. The formation of (-)-seadésiciresinol and the following con-
version of (-)-secoisolariciresinol into (-)-matminol were first elucidated if.
intermedia(Umezawaegt al, 1991).

(-)-secoisolariciresinol (+)-secoisolariciresinol

Figure 1.4 Stereochemistry of secoisolariciresinol

Umezawa and co-workers (1991) showed that (-)-setaviciresinol could be
converted into (-)-matairesinol by using cell-fredracts ofF. intermedia whereas the
(+)-enantiomer was not metabolized further. At tivae, it was unknown whether this
NAD-dependent enantiospecific conversion involvétiez a bifunctional enzyme or
whether two enzymes were required.

Later on, Xia and co-workers (2001) purified a KB protein fromF. intermedia
which capable in converting (-)-secoisolariciresimto (-)-matairesinol. They cloned
the encoding gene and established the heterologexsiressed recombinant SDH in
E. coli which was able to enantiospecifically convert gejoisolariciresinol into
(-)-matairesinol. Subsequently, they isolated &¥tactol as an intermediate as well as
(-)-matairesinol as the end-product during the m#mimant protein assays using (-)-
secoisolariciresinol as the substrate in the pasen NAD. This result proved that (-)-
matairesinol formation utilized an enantiospedtifunctional NAD-dependent secoiso-
lariciresinol reductase (SDH) and not two distieckzymes.
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The same steps have been confirmed to occlr flavum(Xia, et al, 2000). The
dehydrogenation which is NADP-dependent is sterecfp as well and leads to an
accumulation of (-)-matairesinol. Matairesinotegarded as a key intermediate leading
to two separate groups of lignans, those with a &, 5'-trimethoxy (e.g.
podophyllotoxin) and those with a 4’-hydroxy-3’,8imethoxy substitution pattern (e.qg.
a-peltatin) in the pendant ring (Kamil and Dewick8B).

The occurence of different lignan stereoisomeresemses the diversity of lignans
in the plant kingdom. Up to now, the enantiomerigify in lignan biosynthesis is
determined within these first steps, but on différkevels. In cell cultures dfinum
album and Linum usitatissimum,pinoresinol accumulates as a mixture of both
enantiomers. Secoisolariciresinol (Fig. 1.4) s tinst enantiomeric pure lignan, in its
(+)-form in Linum usitatissimunand in its (-)-form inLinum album(von Heimendabhl,
et al, 2005). On the other side the enantiomeric puntyhin the family of
Thymelaeaceae is not reached before matairesimegdwagt al, 1997).

1.3.2. Stereochemistry of lignans

Most natural lignans or neolignans are opticallyivec In order to indicate the
absolute or relative configuration, and to readiympare related structures, it is
convenient to use a standard orientation of theeoudé (Moss, 2000). Stereochemistry
associated with a ring system which includes pmsit8 is shown by means of
(indicating below the plane) or 3 (indicating abolve plane) for a bridgehead hydrogen
(or substituent) or for a substituent attachedht® ting system. As an example, in
podophyllotoxin (Fig. 1.5), it is assumed that dbs®o configuration is implied by the
configuration symbols.

OMe

Figure 1.5 The lignan (¥, 7'a,8a,8'3)-7-hydroxy-3',4',5'-trimethoxy-4,5-me-
thylenedioxy-2,7'-cyclolignano-9',9-lactone, trivimame: podo-
phyllotoxin (adapted from Moss, 2000).
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If a or B are not applicable, then R or S should bel.ugéth bridged bicyclical
systems the largest ring is considered to be thaepland the stereochemistry of the
shortest bridge is indicated loy or 3. If there are two bridges of equal lengtlisit
recommended to use R or S for each bridgeheadgeoafion. Also, the stereoche-
mistry due to substituents on a bridge should decated by R or S.

Optical isomerism is an example of stereoisomeriknoccurs when substances
have the same molecular and structural formula,obet cannot be superimposed into
the other. Optical isomers can occur when theraniasymmetric carbon atom. An
asymmetric carbon atom is one which is bonded tw &hfferent groups. The groups
can be something hideously complex, or somethingfadably simple likes a
hydrogen or chlorine atom. They can not be inteveaied without breaking bonds and
have mostly identical physical properties and céenoonly be told apart by what we
call “optical activity”. This is the observationahin a pair of enantiomers one will
rotate plane polarized light clockwise, and theeotlin equal amount anticlockwise. The
type of this isomerism can be found in thalidom(Eig. 1.6).

(@]
R-Thalidomide . S-Thalidomide
: : mirror )
(sleep-inducing) (teratogenic)

Figure 1.6 Stereoisomer of thalidomide

Thalidomide was distinguished by its highly sedatisleep-inducing effect. It
appeared to be particularly well tolerated and waishabit-forming. Despite all these
advantages distinguishing it from other sleepiniispit led to a tragedy that was
unpredictable at that time. Administration of tisieeping pill caused deformities in
newborn babies (Grunenthal, 2007). Laboratory teftsr the thalidomide disaster
showed that in some animals the S enantiomer wawtgenic but the R isomer was an
effective sedative. It is now known that even wherstereo selective sample of
thalidomide (only one of the optical isomers) isated, if administered pH in the body,
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can cause racemizing. It means that both enantarerformed in a roughly equal mix
in the blood. So, even if in this case a drug dy ¢he 'R’ isomer had been created, the
disaster would not have been averted.

1.3.3. Functions of lignans

The physiological role of lignans is either theatefe against various pathogens or
they are antioxidants in flowers, seeds, seed cetdms, nuts, bark, leaves, and roots.
In Chinese traditional medicine lignans are usedtfeatment of viral hepatitis and
protection of the liver.

Beside the ecological and toxic effects of lignamcerning their ability to
interfere mitosis, there is an increasing interegplant-derived and non-toxic lignans
such as matairesinol, secoisolariciresinol andngisiool, which are found in e.ginum
usitatissimum L(Meagheregt al, 1999).

Secoisolariciresinol and matairesinol are commonstituents of various plants,
including Forsythia intermediaflax, certain vegetables, and grains (e.g., gtessms
and rye). These lignans have important nutritiohalictions in health protection.
During digestion, intestinal bacteria convert ssol@riciresinol and matairesinol to
enterodiol and enterolactone, respectively (Sekchehl, 1980; Axelsonget al, 1982;
Borriello, et al, 1985; Ingramet al, 1997). The mammalian lignans enterolactone and
enterodiol have some structural similarity to erelogus estrogens and therefore are
included in the family of phytoestrogens (i.e. egémic compounds of plant origin).
These “mammalian” lignans undergo enterohepaticuldtion, in which they are
conjugated in the liver, excreted in the bile, dgagated in the intestine by bacterial
enzymes, absorbed across the intestinal mucosaetumed to the liver in the portal
circulation (Croteauet al, 2002).

Enterolactone can be measured in human serum. Yamthaand co-workers (2002)
described that high serum enterolactone concemtiatire associated with the decrease
of in vivo lipid peroxidation (measured as plasma F2-isoprastoncentration) in men.
Due to the biphenolic structure of enterolactoriecauld act as an antioxidant and
through this contribute to cardiovascular health.

There are published reports of an inverse relatipnsetween dietary lignans such
as matairesinol and breast cancer incidence (Ingedad, 1997). Furthermore, Bylund
and co-workers (2005) suggest that dietary hydratgmesinol inhibits the growth of
the human prostate cancer xenografts in athymie mate.

10
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One of the famous naturally occuring aryltetrabiotbne lignans is podophyllotoxin
(Fig. 1.5). Since the discovery of its potent cgkitity, podophyllotoxin received much
attention in the field of natural product chemistiry order to avoid several side-effects
of podophyllotoxin, like unacceptable gastrointestitoxicity, modifications of the
basic podophyllotoxin skeleton resulted in the ichh introduction. Derivatization
produces the potent and widely used anticancer sdreigposide, teniposide and
etopopho8. These semisynthetic and clinically used denestishow a completely
different mechanism of cytotoxicity than the podglpstoxin itself.

Podophyllotoxin inhibits the continuation of thetasiis by binding the microtubules
and causing the arrest of mitosis in metaphasepki@@maceutical drugs etoposide,
teniposide and etopoplibsre DNA-topoisomerase Il inhibitors. Topoisomerdisis
an enzyme that opens the double-stranded DNA aal$ #eagain after unwinding.
Topoisomerase Il is necessary in the processes NA Deplication and repair.
Etoposide and the other derivatives of podophyXimtohowever, stabilize the complex
between the DNA and the topoisomerase in such aheyconnection of the two DNA
strands is impossible. During the mitosis, theyraoee sensitive for this mechanism.

A total chemical synthesis of podophyllotoxin ist mommercially practical due to
the presence of four chiral centers and a highesegf oxygenation of this compound.
Therefore, the preferred source of podophyllotaxawadays is the herbaceous plant
Podophyllum hexandrurwhich is common in the subalpine forests of then&layan
mountains. However, due to the intensive and umobetl harvesting of the wild
grown plants led this plant to the status of areegered species (Forster, 1993).

The North American specid. peltatumalso shows podophyllotoxin production
and therefore has emerged as an alternative. Reteties reported that in addition to
the rhizomes, the leaf bladesf peltatumstore lignans as glucopyranosides (Moraes,
et al, 1998). Since leaves are renewable organ$?apeéltatumgrows in large colonies
in eastern North America, the species became mitracidve for further research.
However,P. peltatumcontains lower amounts of podophyllotoxin tHanhexandrum.
Podophyllotoxin has also been reported to existoiher plant families, such as
Cupressaceae (Hartwekst al., 1953), Polygalaceae (Hoffmanet al., 1977) and
Linaceae (Weisst al.,1975).

11
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1.4. Pinoresinol-lariciresinol reductase

Pinoresinol-lariciresinol reductase is an enzyméchvieduces pinoresinol to give
lariciresinol and also reduces lariciresinol in&caisolariciresinol. This bifunctional
pinoresinol-lariciresinol reductase (PLR) was unmubusly demonstrated by
purification (~3,000-fold) of twd-. intermediaPLR isoforms to apparent homogeneity,
with each (~34.9 kDa monomer) being subjected taildel kinetic analysis and giving
essentially the same catalytic properties, i.g, f&€ (+)-pinoresinol, 27 +1.5 and 23 +
1.3uM; Ky, for (+)-lariciresinol 121 5.0 and 123 + 6.AM; V qax (+)-pinoresinol, 16.2
+ 0.4 and 17.3 + 0.amol h* mg* protein and for (+)-lariciresinol, 25.26:7 and 29.9
+ 0.7 pumol h' mg* protein, respectively (Dinkova-Kostoe al, 1996). Isolation of a
cDNA encoding PLR fronF. intermedia(PLR-Fil) and its heterologous expression
showed the same enantiospecificity as in crudeetdr(Dinkova-Kostovat al, 1996).

Katayama and co-workers (1992) had demonstated whah the (+)- and (-)-
enantiomers of pinoresinol were individually inctdzhwith theF. intermediacell-free
extracts, in the presence of NADPH, preferentialvession was observed into (+)-
lariciresinol. Incubation with _(+lariciresinols also established that only the-(+)
antipode was converted into (-)-secoisolariciresifkatayama,et al, 1993). These
data revealed the existence of a bifunctional eosmecific pinoresinol-lariciresinol
reductase in the readily soluble protein extractofintermediawhich utilized (+)-
pinoresinol and (+)-lariciresinol. Furthermore, tieeluction of (+)-pinoresinol into (+)-
lariciresinol and then into (-)-secoisolariciredineas also demonstrated to occur via
abstraction of the 4-pro-R hydrogen from NADPH Isyng either specifically labeled
4R- and &->H/’H-NADPH (Chu,et al, 1993; Dinkova-Kostovat al, 1996).

The presence of two distinct classes of PLR3hnja plicatahas been shown by
Fujita and co-workers (1999). Recombinant PLR-Tpl, a Pkétnfthe first class
catalyses the reduction of (-)-pinoresinol into-§€foisolariciresinol, whereas PLR-Tp2
a PLR from the second class catalyses the formatibr(-)-secoisolariciresinol,
analogous to the reactions performed by PLR-Fil.

The same enantiospecificity as for PLR-Fil is régbiby von Heimendahl and co-
workers (2005) for a recombinant PLR from a ce8mansion culture dfinum album
(PLR-Lal). It reduces (+)-pinoresinol into (-)-sesmdariciresinol via (+)-lariciresinol.
Moreover, von Heimendahl and co-workers (2005) etba cDNA encoding a PLR
from a cell suspension culture lof usitatissimun{PLR-Lul). The recombinant protein
converts (-)-pinoresinol into (+)-secoisolariciresi
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Hemmati and co-worker@007) cloned a PLR from a cell suspension cultafre
L. perenneHimmelszelt. The recombinant PLR-Lpl completelydisip the racemic
pinoresinol before the resulting lariciresinol wasompletely converted into
secoisolariciresinol. Therefore, PLR-Lpl seems torkwmore like a pinoresinol
reductase than a PLR. This recombinant protein shoneference for (+)-pinoresinol
(R,R configuration at C-atoms 8,8") in the firstaciion step, but preference for (-)-
lariciresinol (S,S configuration at C-atoms 8,8i)the second reaction step.

1.5.Phaleria macrocarpa (Scheff.) Boerl.

Phaleria macrocarpaScheff.) Boerl. (Fig. 1.7) is a shrub or smadletrup to five
meters (Winarto, 2004; Harmanto, 2005) but its hiegpuld also reach up to 18 meters
(Hou, 1960). It features a many branched crownargel straight root (one meter
long) exuding sap, a brownish green bark and whded. It has green tapering leaves,
7-10 cm long and 3-5 cm wide. Its flowers formaanpound of 2-4 flowers, little white
trumpet-like fragrant flowers. The fruit occurs various sizes, changing color from
green to maroon. The pit is round, white and y@igonous. It grows in areas of 10 —
1,200 m above sea level, and best in areas of 1m0&bove sea level with its
productive age is between 10-20 years.

Figure 1.7 Phaleria macrocarpgScheff.) Boerl. A=young plantB=tree; C=fruits).
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According to the Angiosperm Phylogeny Group (AP®03), P. macrocarpa
(Scheff.) Boerl. is a member of the Superkingdonketyota, Kingdom Viridiplantae,
Phylum Streptophyta, Class Eudicotyledons, SubcEs®osids I, Order Malvales,
Family of Thymelaeaceae (Juss), and Gdthaleria.

Phaleria macrocarpdFig. 1.7) was first described Bsimyspermum macrocarpum
by Scheffer based on fruiting specimens collectgdlbysmann (with the herbarium
collection #7786, L, Bo) near Doré, in western Néewinea. These young fruits are
ellipsoid or slightly obovoid (15 by 12 mm) and rawved stipe-like towards the base.
This shape is not uncommon and can also be obsamvetther herbarium collections
e.g. bb25746, BW 5468rom Hollandia andNGF 7298from Morobe distric. The
vegetative and morphological characters of the agree with those d®. calanthaand
P. wichmannii.This plant is found in primary and secondary ftsegom the lowland
up to 550 m in Malaysia and in western New Guiréau 1960).

For centuries, the people of Indonesia have usedfttht and leaves of the tree
Mahkota Dewa (literally God’'s Crown)Phaleria macrocarpa(Scheff.) Boerl., to
counter diabetes, liver diseases, vascular problearscer, and high blood pressure.
Recent research proof thBt macrocarpacontains plant secondary metabolites that
combat not only cancers and fevers such as malawiaalso the so called life-style
diseases (Harmanto, 2005). Parts Raf macrocarpathat are used for medicinal
treatment are the stem, leaves and fruit. EmplyicB®. macrocarpgproved capable of
controlling cancer, impotency, dysentery, hemouhdiabetes mellitus, allergies, liver
and heart diseases, kidney disorders, blood disgastritis, rheumatism, high blood
pressure, stroke, migraine, various skin diseasa® and the level of cholesterol. It is
also capable of controlling disorders in animalghis plant contains antihistamine,
antioxidant and anti-cancer substances (Harmaftg)2

Kusmardiyani and co-workers (2004) isolated a whigdlowish and odorless
crystalline compound from the ethanolic extractPofmacrocarpaleaves. The isolate
was presumed as a benzophenone glucoside basésidtrdviolet, infrared, masH
and **C NMR spectra. Another benzophenoic glucoside knawn 4,5-dihydroxy,4'-
methoxybenzophenone-3-O-3-D-glucoside or Phaldfig. (1.8A) was also isolated
from methanolic extract of the leaves Bf macrocarpa Phalerin was cytotoxic to
myeloma cell line (NS-1) having IC50 of 83ug/mllo®x10" mM (Mae,et al, 2005).
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Figure 1.8. The isolated compounds from P. macpacg=Phalerin;B=5-[4(4-
methoxy-phenyl)-tetrahydrofuro[3,4-c]  furan-1-ylghzene-1,2,3-
triol; C=Gallic acid).

A lignan similar to syringaresinol was isolated logdawati (2002) from the ethyl
acetate fraction oP. macrocarpa mesocarp. The isolate was elucidated by using
ultraviolet-visible (UV-Vis) spectra data, Fourietransform infra red (FTIR)
spectrometric, liquid chromatography-mass specttigm@.C-MS), and the proton
nuclear magnetic resonance spectral 84dt&MI and combination of 2BH,'H-COSY,
TOCSY and NOESY RMI. The spectral evidence showeauk structures of the
isolate was @H20Os: 5-[4(4-Methoxy-phenyl)-tetrahydrofuro[3,4-c] furdhyl]-ben-
zene-1,2,3-triol(Fig. 1.8B). MoreoverP. macrocarpaalso contains gallic acid (Fig.
1.8C) which can show a significant inhibition oflgaroliferation in a series of cancer
cells and induction of apoptosis in esophageal @acell but not in non-cancerous cell
(Faried,et al, 2006).
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1.6. The genud.inum

An aryltetralin lignan, podophyllotoxin (Fig. 1.3)as been isolated from herbaceous
perennialPodophyllumspecies and has long been reputed to have antir tacti@ity.
This lignan is exploited commercially as a sourE@ semisynthetic anticancer drug,
etoposide, which is being applied successfullyancer chemotherapy (Canel, al.,
2000). However, som@odophyllumspecies are endangered due to over-collection.
Further, much attention has been focused on thdahiay of podophyllotoxin in
various plants. Somkeinum species especially those belonging to the sectidim@m
includingLinum flavumandLinum albumhave been known to produce podophyllotoxin
and related lignans. In addition, suspension, raatj hairy root cultures dfinum
species produce significant amounts of 6-methoxgpbgilotoxin (in former time also
called 5-methoxypodophyllotoxin) and related ligaanhus Linumplants are attractive
as plant systems for elucidating the biosynthetiecimanisms of podophyllotoxin
congeners (Mikamest al, 2002).

The genusLinum consists of about 300 species and is thereforbapty the
greatest genus containing species from which onasmdate lignans. The taxonomy of
this genus was based only on morphological dates génus has received considerable
attention from botanists during the last three eees. The wide range of diversity
within the genus continues to challenge its systenteeatment by botanists. Several
proposals exist for dividing the genus into sejoand the status of many species
remains to be clarified.

Within the genud.inum the chromosome number varies between 2n = 16ite 2
80, with most of the species having either 2n =04.2n = 30 chromosomes. However,
the phylogenetic relationships within the genus raoe yet clarified and all proposed
systems are artificial. The first proposal for aunal system for arranging the species
was published in 1837 by Reichenbach. A thorougbrwew of the genus was
presented by Winkler in 1931 (Muir and WestcotQ20

According to the Angiosperm Phylogeny Group (APG0Q3), the genukinumis a
member of the Superkingdom Eukaryota, Kingdom \tehtae, Phylum Streptophyta,
Class Eudicotyledons, Subclass Eurosids |, Ordelpibfaiales, Family of Linaceae
(flax) and Genud.inum. Within the flax family, the genukinum belongs to the tribe
Linoideae H. Winkl. There are four other generahimi this Linoideae tribe: (1)
Reinwardtia(Dumort) occurring in India and South-East Asia) (irpitzia (Hallier)
occurring in South China; (esperolinon(A. Gray) occurring in the western USA,
and (4)Radiola(Dillen.) Roth. occurring in Europe and the USA.
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Several of the.inum species are shrubs and occur in tropical areaise warennial
and annual species are found in temperate arediseoivorld. Three geographical
centers of distribution are known: (1) the Med@eean area; (2) southern North Ame-
rica and all of Mexico; and (3) South America. Hmwer, several other species also
occur in the temperate areas of Europe, Asia amdthericas (Hickey, 1988).

Although some botanists had different ways of d¢fesdgion, Winkler's proposal for
grouping still appears to be most useful, becatgsstiucture is clear and based on traits
which are suitable for taxonomic distinctions. @lmaxonomic investigations of the
fatty oil composition in the seeds support this pmmiogical grouping. The genus
Linum can be subdivided into the following six sectioreamely Linum, Dasylinum,
Linastrum, Cathartolinum, Syllinum, and Cliococca.

Linum usitatissimumlL. belongs to the section Linum. Some characiesisof
section Linum: Flowers are usually large; fruitipgdicels are elongate; petals are free
with blue, pink, or white color; sepals are withaldvious longitudinal veins; stigmas
are longer than wide, clavate or linear. Leavesadternate without stipular glands and
glabrous. This section could be perennials, bedsrar annual.

Morphological characteristics of section Syllinume aquite similar to section
Linum, but petals are connected before openingp@ffiowers. The colors of petals are
yellow or white. Stem with wings decurrent fromafidbases. Leaves have glands at
their base. Perennial species of this section iatéldited in the eastern Mediterranean
area. An important species of this sectiorLisum flavumL. (Fig. 1.9). which has
bright yellow flowers and is widely cultivated a® arnamental plant (Muir and
Westcott, 2003).

The group of Kadereit (University of Mainz) devedaprecently a phylogenetic tree
based on molecular biological data (ITS sequené&ently, only about 29 species of
about 300 of the genusnum have been investigated concerning their lignartezan
That means only parts of the phylogenetic tree werestigated up to date (McDikkt
al., 2005).
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Figure 1.9.Linum flavumvar. compactumL. (A=young plant, B=flowerbuds;
C=flowers;D=capsules).

1.7. Plant cell cultures

According to a modern definition, plant cell cubuis described as the culture of
cells of higher plants by the proliferation of ongéragments or the explants and
maintained them in a disorganized state or “calllby’ means of growth factors. It is
referred as a callus culture if the culture is madea solid agar medium and it is
referred as a suspension culture if it is madejund medium (Pe’ and Selva, 1996).

Cell suspension cultures consist of small aggregaiteells which are dispersed in a
stirred liquid medium and are mainly used for plaetl line selection and for the
production of secondary metabolites. This type wfuce is obtained by placing small
fragments of callus tissue in stirred liquid mediufhhe callus used as inoculum for a
liquid culture must be composed by cells in actiir@sion and must be fragile, in order
to allow a better dispersal of cells in the medi@ta’ and Selva, 1996).
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For many years the production of fine chemicals dndys within vitro cultured
plant cell systems has been a subject of studyantRiell culture provides several
advantages over whole-plant cultivation for thedorieiion of secondary metabolites and
their biosynthetic studies.

Chawla (2003) described that the development oftplall suspension culture as an
alternative source of secondary metabolites ha® leeouraged by a number of
factors, including: (a) independence from variousvimnmental factors including
climate, pests and microbial diseases, geograparmghkseasonal constrains, (b) any cell
of a plant could be multiplied in order to yieldesgfic metabolites, (c) a consistent
product quality could be assured with the use afatterized cell lines, (d) cell growth
could be automatically controlled and metaboliccesses could be regulated rationally,
all contributing to the improvement of productiviagnd the reduction of labour and
costs, (e) production of substances in chemicalholled environment facilitates
subsequent processing and product recovery st€psulfure of cells may prove
suitable in cases where plants are difficult oresrgive to grow in the field due to their
long life cycles, e.gPapaver bracteatumthe source of the baine takes two to three
seasons to reach maturity, (g) new routes of sgiglean be recovered from mutant cell
lines, and (h) some cell cultures have the capdortybiotransformation of specific
substrates to more valuable products by means ngflesior multiple step enzyme
activity.

Currently, only a few plant metabolites have beeodpced via cell cultures on
industrial scale e.g. paclitaxel. The yield of [gagel was up to 74 mg/l in a 500-litre
bioreactor (Songt al, 2000). The production of paclitaxel has beenestalp and
presently bioreactors of up to 70,000 liters aradpsuccessfully employed by Phyton
Biotech to supply an important part of the yearymdnd of Bristol-Myers-Squibb for
paclitaxel (Wink.et al, 2005).

Despite of the advantages, there are still manylpnos, including insufficient
knowledge of biosynthetic routes and the low vyialfl the expected secondary
metabolites in cell cultures in comparison to natyrgrowing plants. The reason for
the lower concentrations might be due to the commebetween secondary metabolites
of plants and the differentiation process of orgiéesroots, stems, and leaves (Phyton,
2002).
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1.8. Objectives of the research

Lewis and coworkers were the first scientists wheestigated the first steps of
lignan biosynthesis on a biochemical as well as onolecular biological level (Davin
and Lewis, 2003). Recently, it seems that the emauetric purity in lignan biosynthesis
is determined within these first steps, but onedéht levels. The coupling of two
coniferyl alcohol monomers iRorsythiax intermedialeads to enantiomeric pure (+)-
pinoresinol (Davinget al, 1990), whereas in cell cultures lahum albumand Linum
usitatissimunpinoresinol accumulates as a mixture of both eaandrs. In cell cultures
of Linum species, secoisolariciresinol is the first enanéompure lignan, in its (+)-
form in Linum usitatissimunand in its (-)-form inLinum album(von Heimendahlet
al., 2005).

In contrast to the formation of (-)-matairesinol korsythia species, the opposite
lignan enantiomers can be found in other specispeaally of the Thymeleaceae
familiy (Umezawa, 2003). The enantiomeric puritynost species of the Thymelae-
aceae is not reached before matairesinol (Umezatval, 1997). SincePhaleria
macrocarpa(Scheff.) Boerl. is a member of Thymelaeaceae dilidlile is known
about the lignans in this plant, it is interestioginvestigate the occurrence of lignans
and their chiral composition from different orgasswell as fronin vitro culture of this
plant species. Moreover, a cDNA encoding the enzypimeoresinol-lariciresinol
reductase should be clonedkn coli as a starting point to understand the biosynthetic
pathways of lignans on the molecular level.

The genusLinum is the greatest genus containing species from twbite can
isolate lignans and many species of this genuseasy to cultivate in our botanical
garden. Studies conducted by Alfermann and co-wsrkbowed that lignans of all
structural types shown in Fig 1.3 could be isoldtedh different species of the genus
Linum (Fuss, 2003). Moreover, six known lignans namemedhoxypodophyllotoxin,
a-peltatin, 3-peltatin, pinoresinol, lariciresingkcoisolariciresinol were isolated from
Linum flavumvar. compactunby Mikame and co-workers (2002). In order to have a
better view about the lignan formation in this plans also necessary to investigate the
occurrence of different lignans in different orgarid.inum flavumvar. compactuni.
during different developmental stages.
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2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Plant Materials

Plant materials oPhaleria macrocarpgScheff.) Boerl. were collected on January
and July 2006 from “Pembibitan Ibu Yati”, a localreery in Mataram city, Indonesia.
The plant was about three years old. Those matesiate dried in the shadow.

,~'/""/,/
P %
i
N \ =
1 . f/}
\ P
9%
A 7 | B
N /(%‘i. 777777 i =
N
-
n
] -
|
\ <
w A
\v‘ =
\/\ l
C S
.\
o

Figure 2.1. Plant materials Bf macrocarpgA= root; B=wood; C=leaves;D=fruit)

The other plant materials consist lahum flavumvar. compactum The seeds of
Linum flavumvar. compactumwere purchased from Jelitto Staudensamen GmbH
Schwarmstedt, Germany. They were germinated on 1@fe2003 and planted in the
botanical garden of Heinrich-Heine-Universitat Déldsrf on April £, 2004.
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The plant materials were harvested during May y 2005 and May - July 2006
(Tab. 2.1). The plant organs were root, stem, aaglds (vegetative organs) as well as
flower-buds, flower, and capsule (generative orpaf$e vegetative organs were
divided into three different developmental phasesnely the phase before the
formation of flower or growth phase (GP), floweripgase (FP), and the phase during
the formation of capsules (CP). Meanwhile, the gatines organs were divided into five
different developmental phases namely flower bid),(flower (F), capsules in early
phase (CE), capsules in middle phase (CM), andutegos late phase (CL) (Fig. 2.2).

Figure 2.2 Linum flavum var compactumL. (A=dried roots;B= dried stem;
C=dried leavesD=fresh harvested flowerbud&= fresh harvested
flowers; F=dried flowers; G= capsul “early” stage;H=capsule
“middle” stage;l= capsule “late” stage).
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Table 2.1. Date of harvesting of different orgah&.dlavumvar. compactuni.
in different developmental phases

No. Plant material harvested in

2005 2006
1. Root during growth - 29.05.2006
2. Stem during growth 12.05.2005 29.05.2006
3. Leaves during growth 12.05.2005 29.05.2006
4. Root during flowering - 26.06.2006
5. Stem during flowering 03.06.2005 26.06.2006
6. Leaves during flowering 03.06.2005 26.06.2006
7. Root during capsuling - 18.07.2006
8. Stem during capsuling 17.06.2005 18.07.2006
9. Leaves during capsuling 17.06.2005 18.07.2006
10. Flowerbuds 03.06.2005 12.06.2006
11. Flower 03.06.2005 26.06.2006
12. Capsul “early” stage 17.06.2005 05.07.2006
13. Capsul “middle” stage 23.06.2005 18.07.2006
14. Capsul “late” stage - 23.07.2006

2.1.2. Bacteria
2.1.2.1.E. coli DH5a

E. coli DH50 is a host for Blue/White screening by utilizingetlactivity of -
galactosidase. As this strain does not cdagl®, basically IPTG is not needed.
Therefore, DH& allows easy selection of recombinant DNA with XIGahen
constructing gene library or subcloning recombinplaismid. The genotype is:,F
¢80dacZAM15, A(lacZYA-arghU169, deoR recAl, endAl, hsdRL7(ik, mk*), phoA
SupkE4, )\, thi-1, gyrA96, relAl.

2.1.2.2.E. coli Rosetta™ 2(DE3)

The Rosetta™ 2(DE3) strain is designed to allevaaéon bias when expressing
heterologous proteins irE. coli. When the mRNA of heterologous genes is
overexpressed i&. coli, differences in codon usage can impede translaliento the
demand for one or more tRNAs that may be rare ckihg in the population. It has
been well established that insufficient tRNA poobln lead to translational stalling,
premature translation termination, translation fahifting, and amino acid
misincorporationThe genotype oOE. coli Rosetta™ 2(DE3) is: FompT hsd"rg” mg")
gal dcm(DE3).
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2.1.3. Plasmids
2.1.3.1. The pGEM-T Vector

The pGEM-T is a system for the cloning of PCR products. Tlyh-copy-number
PGEM®-T contains T7 and SP6 RNA polymerase promoteriitay a multiple cloning
region within thea-peptide coding region of the enzyme 3-galactosidahe multiple
cloning sequences of pGEM are as follow:

T7 Transcription Start

5., TGTAA TACGA CTCAC TATAG GGCGA ATTGG GCCCG ACGTC GCATG CTCCC GGCCG
3"... ACATT ATGCT GAGTG ATATC CCGCT TAACC CGGGC TGCAG CGTAC GAGGG CCGGC

T7 Promoter | | | | | | | |
Apal Aatll Sph | BstZ |

ATCAC TAGTG CGGCC GCCTG CAGGT CGACC ATATG
ITTAGTG ATCAC GCCGG CGGAC GTCCA GCTGG TATAC

| I | | | | |
Neo | Sac Spe | Not | Pst | Sall Ndle |
BsiZ |

SP& Transcription Start

CCATG GCCGC GGGATT3

GGTAC CGGCG CCCTA (C'O”ed '”Se”)

GGAGA GCTCC CAACG CGTTG GATGC ATAGC TTGAG TATTC TATAG TGTCA CCTAA AT...3'
CCTCT CGAGG GTTGC GCAAC CTACG TATCG AACTC ATAAG ATATC ACAGT GGATT TA ... 5

| | | || | SP6& Promoter
Sac | BstX | Nsrl

2.1.3.2. The pET-15b Vector

The pET-15b vector carries an N-terminal HiseTag&jence followed by a
thrombin site and three cloning sites. The clorerpgfession region of the coding strand
transcribed by T7 RNA polymerase is shown below.

T7 promoter primer #69348-3

>

Il T7 promoter lac oper ator Xbal rbs
AGATCTCGATCCCGCGAAATTAATACGACTCACTATAGGGGAATGGABABTAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGA

Ncol His® Tag Ndel Xhol BanHl
TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGEUGRBEIESCAGCCATATGCTCGAGGATCCGGCTGCTAACAAAGCCCGA
MetGlySerSerHisHisHisHisHisHisSerSerGlyLeuVal ProArgGlySerHisMetLeuGluAspProAlaAlaAsnLysAlaArg
thronbi n
Bpu1102! T7 terminator
AAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAGCRIIBBGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG
LysGluAlaGluLeuAlaAlaAlaThrAlaGIuGInEnd

T7 terminator pn'mef #69 3373
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2.1.4. Solvents and chemicals

All solvents and chemicals were of reagent or HP@§i@de unless otherwise
specified. The following material was purchasearfrtbie following companies:

Acetone Mallinckrodt Baker B.V., Deventer, Holland
Acetonitrile, HPLC grade Fisher Scientific, Loughbogh, UK
Ammonium nitrate Merck KgaA, Darmstadt

Bovine serum albumin SERVA GmbH & Co., Heidelberg
Calcium chloride dihydrate Merck KgaA, Darmstadt

Chloroform Mallinckrodt Baker B.V., Deventer, Hatid
Cobalt(ll) chloride Ferak, Berlin

Coniferyl alcohol Fluka Chemie GmbH, Buchs, Switkzed

Coomassie Brilliant Blue G-250 Merck KgaA, Darmgtad
Diethyl ether KnF Laborchemie Handels GmbH, Lohmar
DTT Carl Roth GmbH, Karlsruhe

Dipotassium hydrogen phosphate Riedel-de Haénz&eel

Ethanol, HPLC grade Riedel-de Haén, Seelze

Ethanol p.a Merck KgaA, Darmstadt

Ethyl acetate Fisher Scientific, Loughborough, UK
B-glucosidase SERVA GmbH & Co., Heidelberg
glycine Carl Roth GmbH, Karlsruhe

n-hexane Merck KgaA, Darmstadt

hydrochloric acid (36-38 %) Mallinckrodt Baker B,\Deventer, Holland

Hydroxymatairesinol (100 %) given by Prof. Sjéholino-Academy Finland
Iron(ll) chloride hexahydrate Merck KgaA, Darmstad

Iron(lll) sulfate heptahydrate Merck KgaA, Darmdtad

Lariciresinol given by Prof. Lewis, Washington Statniversity

Magnesium sulfate heptahydrate Merck KgaA, Darntstad
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Manganese (ll) sulphate-1-hydrate Riedel-de Haéalz®

Matairesinol (98 %) given by Prof. Sjéholm, Abo-Alesny Finland
Methylene chloride Fluka Chemie GmbH, Buchs, Switzel
Methanol Merck KgaA, Darmstadt

6MPTOX given by Prof. van Uden, University of Grogen
myo-inositol Merck KgaA, Darmstadt

NAA Merck KgaA, Darmstadt

NADP* Biomol, Hamburg

NADPH Biomol, Hamburg

Nicotinic acid Merck KgaA, Darmstadt

a-peltatin McChesney, University of Mississippi
B-peltatin McChesney, University of Mississippi
Phosphoric acid Janssen Chimica, Beerse, Belgium
Polyclar AT Carl Roth GmbH, Karlsruhe

Potassium dihydrogen phosphate  Mallinckrodt Bak&f. HDeventer, Holland

Potassium hydroxide (pellets) Merck KgaA, Darmstadt

Potassium iodide Merck KgaA, Darmstadt

Potassium nitrate Merck KgaA, Darmstadt

Podophyllotoxin Carl Roth GmbH, Karlsruhe
Secoisolariciresinol given by Prof. Metzler, Unisty of Karlsruhe
Silica gel Merck KgaA, Darmstadt

Sodium molybdate-2-hydrate Ferak, Berlin

Sodium sulfate Grissing GmbH, Filsum

Sucrose Kdlner Raffinade Zucker, Cologne

Thiamine chloride hydrochloride Merck KgaA, Darndita

Titriplex Il (EDTA) Merck KgaA, Darmstadt
Tris (TRIZMA BASE) Sigma-Aldrich Chemie GmbH, Staigim
Zincsulphate heptahydrate Janssen Chimica, Begetgium
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2.1.5. Buffers, reagens, and media

Buffer / Medium Components Concentration

Bradford reagent CoomassieBrillantblue 100 mg/l
G250
Ethanol p.A. 50 mi/l
0-Phosphoric acid 100 ml/l

Kalium-phosphate (KPi) buffer KIPO, 100 mM
K,HPO, 100 mM
pH 7.1

Wash buffer (for His Tag protein NaHPO: 50 mM

purification) NaCl 300 mM
Imidazol 16 mM
pH 8.0

Extraction buffer (for His Tag Imidazol 5mM

protein purification) Tris 20 mM
NaCl 100 mM
B-Mercaptoethanol 0.25 mM
pH 7.1

Elution buffer (for His-Tag protein | NaHPOs 50 mM

purification) NaCl 300 mM
Imidazol 250 mM
pH 8.0

Tris-EDTA buffer Tris 20 mM
EDTA 2mM
DTT 5 mM
pH 7.2

DNA running buffer Sucrose 50 % (W/v)
Bromphenolblue 0.25 % (w/v)
In1x TAE

50 x TAE buffer Tris 2M
EDTA 0.25 M
Acetic acid 1M

LB-Medium NacCl 10 g/l
Bacto®-Trypton 10 g/l
Yeast extract 5 g/l
for solid medium: + Agar 15 % (w/v)
pH 7.0

PBS NaCl 140 mM
KCI 2.7mM
NaeHPO: 10 mM
KH2PO: 1.8 mM

Elution buffer (GST) Glutathione 10 mM
Tris 50 mM
pH 8.0
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2.1.6. Enzymes

Apal 10 Upl, MBI Fermentas

BamHlI 10 Upul, MBI Fermentas

Ndel 10 Upl, MBI Fermentas

Pstl 10 Upl, Roche Mannheim

Xbal 10 Upl, MBI Fermentas

Xhol 10 Ui, Boehringer

Tag-/Tgo-DNA Polymerase 3.5/ Roche Mannheim

T4 DNA Ligase 1 Udl, Invitrogen LIFE TECHNOLOGIES
Lysozyme Fluka Chemie GmbH, Buchs, Switzerland
RNase A (Ribonuclease A) Serva GmbH & Co, Heidgjber

2.2. Instruments
Autoclave Webeco Typ No. V, Bad Schwartau

Centrifuges Sorvall RC-5B, Kendro Laborating Pradu@mbH; Rotor Fiber
Lite F21-8x50 Piramoon Technologies Inc.

Eppendorf table centrifuge 5415C, Hamburg

Eppendorf Centrifuge 5804 R

Eppendorf Centrifuge 5415 D
Conductometer Conductometer LF 91 with battery, KILZE, WTW Weilheim
Freeze dryer Alpha 1-4, Christ, Osterode

Vaccumpump: Pfeiffer, Balzers Gruppe, Vaduz
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HPLC Thermoquest, Thermo Seperafidtroducts, Egelsbach
equipped with:
Degaser of solvent
Injector: Spectra SYSTEM AS 1000
Detector: Spectra SYSTEM UV 6000LP
Pump: Spectra SYSTEM P2000
LDC / Milton Roy, Gelnhausen

HPLC columns GROM-Sil 120 ODS-5 ST (250 x 4 mm,mb)jwith precolumn
(20 x 4 mm, 5um), GROM, Herrenberg-Kayh

Hypersil hypurity™Elite C18 (250 x 4.6 mm, 5 um) with
precolumn (50 x 4.6 mm, 5 um)

CHIRALCEL OD-H (250 x 4.6 mm, 5 um), DAICEL
CHEMICAL INDUSTRIES, LTD

HPLC-MS HP1100, Agilent
equipped with:
MS system: Finnigan LC% Thermoquest
lon source: ESI and APCI, Thermoquest
Pump: Edwards 30, BOC
Injector: G 1313 A ALS 1100, Agilent
Detector: G 1315 B DAD 1100, Agilent
Column: Eurospher 100-C18, [in; 227 mm x 2 mm], Knauer
Program: Xcalibur, version 1.3
pH-electrode Mettler Toledo, Urdorf, Switzerland
pH-meter WTW pH 523, Knick, Weilheim
Photospectrometer Uvikon 930, Kontron Instruments
Refractometer Kriss, Hamburg

Rotavapor Rotavapor RE 111, Waterbath 461, Buchitz8rland
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Shakers G53, New Brunswick Scientific Co., New dgfidSA

Speedvac Univapo 150 H, Matrtinsried

Ultrasonic bath Bandelin SONOREX SUPER RK 103 HjiBe

Ultra Turrax IKA, Janke & Kunkel, Staufen

Vortex Vortex Genie 2! Bender & Habein, Ziirich, Switzerland

Water system E-PURE: Reinstwasseranlage, Wilhelmm&/eécmbH,
Leverkusen

Waterbaths Thermomix M, B. Braun, Melsungen

Thermomix MM, B. Braun, Melsungen

Shakingwaterbath, Julabo SW 2, Seelbach
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2.3. Methods
2.3.1. Initiation of in vitro cultures of Phaleria macrocarpa

Sterile seedlings oPhaleria macrocarpa(Scheff.) Boerl. were initiated by seed
propagation on a 10% modified MS medium (Murashagel Skoog, 1962) without
phytohormones (Table 2.1). Seeds were sterilizéngusthanol (96%) for one minute
and sodium hypochlorite (1%) for 9 minute, and thigsed three times with sterile
distilled water. The initial tissue of callus cukkuwas derived from explants of sterile
seedlings. Explants were induced to form callusaosolid modified MS medium
containing 1.25 mg/l 6-benzylaminopurine (BAP) ah@® mg/l 2,4-dichlorophenoxy
acetic acid / 2,4-D (Murashige and Skoog, 1962)luSacultures were subcultured

every 4 weeks.

Table 2.2. MS Mediums (Murashige und Skoog, 1962)

Final
Substances Concentration

KNO3 1,900 mg/l

Macro elements NH4NOs 1650 mg/|
CaCh - 2 HO 440 mg/l

MgSQ, - 7 H,O 370 mg/l
KH,POy 170 mg/l

Na; —-EDTA 37.3 mg/l

FeSQ - 7 HO 27.8 mg/l

MnSQ, - H,O 16.9 mg/l

Microelements ZnSQ; - 7 O 10.6 mg/l
Kl 0.83 mg/l

NaMoO, - 2 H,O 0.25 mg/l

CusSQ - 5 HO 0.025 mg/l

CoClh - 6 H,O 0.025 mg/l
Nicotinic Acid 0.5 mg/l

Vitamin Pyridoxol HCI 0.5 mg/|
Thiamin HCI 0.1 mg/l

Phytohormone Naphtylacetic acid 0.4 mg/l
Organic myo0-Inositol 100 mg/I
Supplements Sucrose 30 g/l
Glycine 2 mg/l
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Cell suspension cultures &. macrocarpa(Scheff.) Boerl. were initiated from
callus cultures. Suspension cultures were growan 50-ml liquid modified MS-culture
medium containing 1.25 mg/l 6-benzylaminopurine BAand 2.0 mg/l 2,4-
dichlorophenoxy acetic acid / 2,4-D in 300-ml Breeyer flasks. The pH was
adjusted to 5.8. The suspension cultures wereirghak a horizontal rotary shaker (5
cm elongation, 120 rpm), serially propagated everygays with an inoculation density
of 5g/flask, and kept at 26 °C and dark conditiofRsr the characterization of cell
suspension cultures, parallel flasks of the cutusere inoculated and cultivated as
above. Samples were taken during a cultivatiomopesf 21 days, the accumulation of
fresh weight, dry weight, change of pH, conducyiviand sugar content of cell-free
medium were measured. The pH was determined by alpétrode (Mettler Toledo,
Urdorf, Switzerland; pH-meter: WTW pH 523, Weilhginwhereas the conductivity
was measured with a conductometer (LF 91, WTW, Ké@ih). The sugar content was
refractometrically measured. The refractometer ¢KriHamburg) determined all
refracting substances which correlated with theasggntent.

2.3.2. Lignan extraction

Lignan extraction was modified according to Wichensd co-workers (1990).
About 0.2g of powdered freeze-dried cells were sndpd in 2 ml methanol and
incubated in an ultrasonic bath for 2 times 30 sdsavith 30 seconds break on ice. The
pH was adjusted into 5.0 by the addition of dilumgtbsphoric acid shortly after the
addition of 8 ml ultra pure water. After addingnig R3-glucosidase (from almonds,
>1000 u/mg, Roth, Germany) and incubation at’@5for 1 hour, the samples were
extracted 3 times with the 8 ml ethyl acetate ichestep. The combined ethyl acetate
phases were dried and the residue resolved in propqate volume of methanol for
HPLC analysis.

The extraction method of Westcott and Muir (2000swalso applied in this
experiment to determine the lignan content in seétlsnhum flavumvar. compacturd.
The powdered seeds (0.2g) were extracted with 1tethanol/water (70:30 v/v) and
incubated 60 °C for 3 hours. The mixture was hydred with 0.5 ml of 0.5 N NaOH
(base hydrolysis) for 3 hours and shake every 3tutes. After that, the mixture was
neutralized with 0.5 ml of 0.5 N acetic acid.
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2.3.3. HPLC analysis

High performance liquid chromatography (HPLC) ie thost common and widely
applied method for quantitative and qualitativelgsia of lignans.

2.3.3.1. Reversed phase column HPLC

Reversed phase column HPLC operates on the basikyadfophilicity and
lipophilicity. Compounds stick to packing materiala high aqueous mobile phase and
are eluted from the column with high organic molplease. The stationary phase
consists of silica based packing with n-alkyl clsaas ligands covalently bound. The
more hydrophobic the matrix on each ligand, theigneis the tendency of the column
to retain hydrophobic moieties. Thus, hydrophdmmpounds are washed out more
quickly than hydrophobic compounds. By using sotvgradients, the character of
separation can be changed during the run.

For the detection of separated or partially sepdrignans UV-spectrophotometry
can be used while lignans generally have a maxababrbance around 290 nm. The
separated compounds appear in the detector as fedksse and fall when the detector
signal is sent to a computer. Those peaks cansbd aither to quantification, with
standard calibration, the amount of each materedgnt, or to control the collection of
purified material.

In this experiment, the identification and quanttion of the lignans inP.
macrocarpawas conducted by comparing the retention time @Jdspectra in HPLC
with authentic standards of secoisolariciresinehydroxysecoisolariciresinol, larici-
resinol, a-peltatin, pinoresinol, matairesinol, podophyllatgx3-peltatin, 6-methoxy-
podophyllotoxin, and justicidin B.

In preparation for the analysis cell extracts weetrifuged at 13.000 rpm for 5 min
and diluted in appropriate volumes of methanol.r kgnan analysis of the sample,
reversed phase chromatography was carried out avitBROM-Sil 120 ODS-5 ST
column (250 x 4mm, wm; precolumn 20 x 4 mm, jom). The solvents employed here
were HO with 0.01% phosphoric acid (solvent A) and actibe (solvent B). A
solvent gradient program was developed to recondoat extensive range of already
known and unknown lignans.
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Table 2.3. HPLC gradient program (alle_lignare.met):

Time [min] Solvent A Solvent B Flow
[%0] [%0] [mI/min]

0 75 25 0.8

25 62 38 0.8

43 57 43 1.0

46 45 55 1.0

54 30 70 1.0

56 75 25 0.8

60 75 25 0.8

2.3.3.2. Identification of lignans by LC-MS

The Liquid Chromatography-Mass Spectrometry (LC-N4S) combination of High
Pressure Liquid Chromatography (HPLC) and Mass tepaetry (MS) system. In this
method, the sample was injected to the HPLC sydtanthe fractionation and the
fractions were flow into the ionization chambertie MS system. In HPLC system,
ultra pure water (containing 0.1% formic acid) anethanol were used as mobile phase
with the flow rate 0.4 ml/minute according to adjemt described in Table 2.3.

Table 2.4. Gradient elution of mobile phase G+MS

Time [min] Water Methanol Flow
[%0] [%0] [mI/min]

0 90 10 0.4

2 90 10 0.4

35 0 100 0.4

45 0 100 0.4

47 90 10 0.4

60 90 10 0.4

Mass spectrometer is an analytical instrument terdene the molecular weight of
a compound. Mass spectrometer is divided pringipatb three parts namely ionization
source, analyzer and detector, which should betaiagd under high vacuum condition

to keep the ions travel through the instrument ewthany hindrance from air
molecules.

Once a sample is injected into the ionization seutike molecules are ionized. In
this system, ionization process is conducted bygtEleSpray Impact (ESI) and carried
out at atmospheric pressure by spraying sampletisolwout of a small needle
(capillary), to which a strong electric field is pied. This process produce highly
charged droplets, and the solvent is evaporatednigahe highly charged molecules
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(sample ions) in the gas phase. The sample iors thasugh sampling cone into an
intermediate vacuum region and through a smalltapeinto the analyzer of the mass
spectrometer which is held under high vacuum. ahalyzer, the ions are separated
according to their mass (m) to charge (z) ratiatlar, the separated ions flow into the
detector and the signals are transmitted to tha sigdtem where the mass spectra are
recorded.

Mass spectrometry is useful for quantification tdnas or molecules and also for
determination of chemical and structural informated molecules. The output of mass
spectrometer shows a plot of relative intengéysusthe mass-to-charge ratin/g).

2.3.3.3. Chiral HPLC

In order to determine enantiomeric compositionsratlHPLC analysis was used.
Chiral HPLC columns are made by immobilizing singteantiomers onto the stationary
phase. Resolution relies on the formation of tirisdiastereoisomers on the surface of
the column. The compound which forms the mostlstdiastereoisomer will be mostly
retained, whereas the opposite enantiomer will fartess stable diastereoisomer and
will be firstly eluted. Three points of interactiane needed to achieve chiral recognition
and to achieve discrimination between enantiom@&fse forces that lead to this
interaction are weak, therefore a careful optiniirato maximize selectivity by adjust-
ment of the mobile phase and temperature are extjuir

The enantiomeric composition of pinoresinol andclegsinol was analyzed by
using Chiralcel OD-H; 250 x 4.6 mmuBn. Ethanol (A) and n-hexane (B) were used as
solvents at a flow rate of 0.5 ml/min. The gradiehimobile phase was done according
to von Heimendahl and co-workers (2005) (Table.2MBanwhile, the separation of the
enantiomers of matairesinol was conducted accorttingymezawa and co-workers
(1990 and 1994) by using 15% ethanol and 85% n+ieerdded with 1% acetic acid as
solvents. The flow rate was 0.5 ml/min and the cteda wavelength was 280 nm.
Identification of the substances was achieved byparison of retention time and UV-
spectra to authentic standards.
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Table 2.5. HPLC gradient (chiral_pino.met, chilai.met, chiral_matai.met)

Compounds Time [min] Ethanol n-Hexane Flow
[%] [%] [ml/min]
Pinoresinol 0 50 50 0.5
45 60 40 0.5
Lariciresinol 0 25 75 0.5
30 25 75 0.5
Matairesinol 0 15 85 0.5
70 15 85 0.5

2.3.4. Synthesis and purification of pinoresinol

A solution of coniferyl alcohol (1 mmol) in acetofieml) was added to an aqueous
solution of iron (lll) chloride hexahydrate (2.6 mm24 ml) and stirred at room
temperature for 10 minutes. The mixture was eledhthree times with diethyl ether
(30 ml). The ethereal solution was washed withewg20 ml) to remove iron (lll)
chloride and dried over sodium sulfate (Napfor approximately 1 hour. By filtrating
the sodium sulfate was taken away. The filtrates waaporated to dryness using a
rotavapor. The residue was taken up in methyldnharide (5 ml). To verify whether
pinoresinol was synthesized, an aliquot dilutednathanol (1:10) was analyzed by
reversed-phase column.

For purification column chromatography was perfadnweith silica gel (230-240
mesh). A column (19 cm x 2.5 cm inner diameter¥ \wacked with a slurry of silica
gel (30 g) dissolved in the eluting solvent methglechloride/diethyl ether (4:1) and
washes with 1 | of the same eluent. After carafidition of the sample to the column,
fractions (50 ml) were collected and concentratgd\uaporation.

Residues were subjected to reverse-phase HPLCsanaRractions which yielded
amounts of pinoresinol above 94% purity at 230 neneaunified and taken for enzyme
assay. Subsequently a gradient of water (A) antbaitele (B) was used in order to
determine the purity of the synthesized pinoresinol

Table 2.6. HPLC gradient program (PINOneu.met)

Time [min] Solvent A [%)] Solvent B [%)] Flow [ml/min
0 70 30 0.8
30 45 55 1.0
33 55 45 1.0
38 30 70 1.0
40 70 30 0.8

36



2. Materials and Methods

2.3.5. Preparation of protein extracts from cell sgpension cultures

A 14 days old cell suspension culture Rf macrocarpawas separated from the
medium. After addition of 1 ml extraction bufferO(2nM Tris/HCI, 2 mM EDTA, pH
7.1; 5 mM DTT), 0.2 g polyclar 10 per 1 g fresh gtdi the cells were homogenized
(4 x 30 s) by using an Ultraturrax (Janke and Kijnkeeiburg im Breisgau, Germany)
with intermediate cooling on ice. The supernatdna aentrifugation (4 °C, 40,000G,
and 20 min) was used to precipitate the proteinvéenh 0% and 60% ammonium
sulfate. The protein was sedimented (4 °C, 40,0080, 20 min), redissolved in ex-
traction buffer and desalted by gel filtration oBI® columns using the same buffer.
Protein concentrations were determined as mentionselction 2.3.7.

2.3.6. Cloning of the cDNA encoding PLR-like proteis

Standard methods such as DNA restriction, ligatiand transformation are
conducted according to Sambrook and co-workersq)198

2.3.6.1. Complementary DNA (cDNA) synthesis

Complementary DNA (cDNA) for RT-PCR was preparemhirreverse transcription
of 2 ug RNA using an AMV cDNA Synthesis Kit accardito the manufacturer’s
protocol. Degenerated primers used to clone & fisgment of a PLR cDNA from
P. macrocarpawere designed based on a multiple sequence alignf@éustalWw, ver-
sion 1.82) of the following amino acid sequencesR#il (GenBank accession
number U81158), PLR-Tpl (GenBank accession numB&42503), PLR-Tp2 (Gen-
Bank accession number AF242504), PLR-Tp3 (GenBardcession number
AF242505), PLR-Tp4 (GenBank accession number AFQER5PLR-Thl (GenBank
accession number AF242501), PLR-Th2 (GenBank aimressumber AF242502),
PCBER-Fi-2 (GenBank accession number AF242492), EHCBtl (GenBank
accession number AF242490), IFR-Mt1 (GenBank acmessimber AF277052), IFR-
Ms1 (GenBank accession number U17436) and IFR-BghBank accession number
S72472). The sequences of the resulting primerdRtRAF: 5’-CCITCIGARTTYG-
GIATGGAYCC-3' and LPLR6R: 5-GTRTAYTTIACYTCIGGGTA-3 RT-PCR was
performed as follows: 2 pl of the synthesized cDNe&, pmol of each degenerated
primer, 1.5 mM MgCJ, 0.2 mM dNTPs and 1 pl Tag DNA Polymerase per 50 p
reactions. PCR conditions were 94 °C, 3 min; demasitn 94 °C 30 s; annealing 46 °C
30s; 72 °C 1 min in 34 cycles; final extension @3 min. The resulting amplicon was
ligated into pGEM-T and transformed irffo coliDH5a and sequenced.
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2.3.6.2.Rapid Amplification of cDNA Ends (RACE) experiment

Rapid Amplification of cDNA Ends (RACE) is a proagé for amplification of
nucleic acid sequences from a messenger RNA teenpéitveen a defined internal site
and unknown sequences at either the 3' or then8'eethe mMRNA. This methodology
of amplification with single-sided specificity hlsen described as “one-sided” PCR or
“anchored” PCR. In general, PCR amplification dateely few target molecules in a
complex mixture requires two sequence-specific prénthat flank the region of
sequence to be amplified. However, to amplify ahdracterize regions of unknown
sequences, this requirement imposes a severe tlonitaThis 3' and 5° RACE
methodologies offer possible solutions to the pobl

The 3' RACE takes advantage of the natural poly@N)in mMRNA as a generic
priming site for PCR amplification. In this procedumRNAs are converted into cDNA
using reverse transcriptase (RT) and an oligo-dApted primer. Specific cDNA is then
directly amplified by PCR using a gene-specifiarer (GSP) that anneals to a region
of known exon sequences and an adapter primertdhgets the poly(A) tail region.
This permits the capture of unknown 3'-mRNA seqesribat lie between the exon and
the poly(A) tail. Meanwhile, 5' RACE, or “anchoreBCR, is a technique that facilitates
the isolation and characterization of 5' ends flowcopy messages.

First strand cDNA synthesis is primed using a ggpecific antisense oligo-
nucleotide (GSP1). This permits cDNA conversion spiecific mRNA, or related
families of mMRNAs, and maximizes the potential fomplete extension to the 5' -end
of the message. Following cDNA synthesis, the fatsand product is purified from
unincorporated dNTPs and GSP1. An enzyme called (Téfminal deoxynucleotidyl
transferase) is used to add homopolymeric tailshéo3' ends of the cDNA. Tailed
cDNA is then amplified by PCR using a mixture ofeth primers: a nested gene-
specific primer (GSP2), which anneals 3' to GSiAtl; @ combination of a complement-
ary homopolymer-containing anchor primer and c@oesling adapter primer which
permit amplification from the homopolymeric tail.hi§ allows amplification of
unknown sequences between the GSP2 and the 5Fémel mRNA.

RACE experiments were used for rapid amplificatadrnthe 5° and 3’ end of the
obtained cDNA fragment. To acquire the 5’ termiofishe cDNA, 5 ug of the sample
RNA was mixed with 2.5 pmol gene specific primerfadows: PmPLR-GSP5-1: 5'-
GGAAGCTTCTTCTGCC-3'. cDNA was synthesized and pedfusing the 5’-RACE
system version 2.0 (Invitrogene) according to thanufacturer’'s instruction. Five
microliters of the dC-tailed cDNA was next usedths template in a 50 ul PCR
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reaction by using HiFi-Taq polymerase accordinghe® manufacturer with the gene
specific primer PmPLR-GSP5-2: 5-GATCTAGAGGATCCCTGAAGCCAAGTC-
CATGCC-3' and the adaptor primer: PLR-AAP-5: 5-GBATTCGAGCTCG-
GTACCACGGGIIGGGIIGGGIIG-3' 0.3 nM each. PCR conditis were 94 °C, 3 min;
denaturation 94 °C 30 s; annealing 60 °C 30s; 72 ¥an in 34 cycles; final extension
72 °C 3 min. A nested PCR was performed with Pm@$R5-3: 5'-GATCTAGA-
GGATCCTTGCTCCCAGGTTT-CGACCAG-3' and PLR-AUAP: 5-CEGAATTC-
GAGCTCGGTACCAC-3' as gene specific primers. Theerse transcription for the
3’-end of the cDNA was the same as 5’RACE with plady(dT) primer PLR-AAP-3’:
5-GGAATTCGAGCTCGGTA-CCACTTTTTTTTTTTTTTTTT-3'. ThecDNA was
amplified with the PmPLR-GSP3-2 primer. 5-GGTCTAG&SA-TCCTTGCCG-
GTTTGGCTCAGATGG-3' and PLRAUAP as mentioned aboVke nested PCR was
performed with the gene specific primers PmPLR-GSP%-GATCTAGAGGA-
TCCTTGCTCCCAGGTTTCGACCAG-3' and PLRAUAP. The réisd cDNA
consists of 816 base-pairs which will be over-ezpeel in the expression vector
pET15b.

2.3.6.3. Cloning of the cDNA oP. macrocarpa into an expression vector

The obtained cDNA (PM1) was amplified by RT-PCR hwithe primers
PmMPLRORF-F: 5-GGAATTCCATATGTTGCAAGACTTCAAACGGCAA-3 and
PmMPLRORF-R: 5-GGCTCGAGTCAGAGGAAGATTTTCAAGTAATCG-3' intro-
ducing an Ndel restriction site at the start codod an Xhol site behind the stop codon.
The resulting PCR product was ligated into pGEM#ken cloned intce. coli DH5a
and fully sequenced. The ORF from the plasmid vigatdd via Ndel, Xhol (MBI
Fermentas) into the expression vector pET15b.

2.3.6.4. Heterologous expression of protein

The expression vector pET15b was transformed Entooli Rosetta2 (DE3) cells.
Protein overexpression and purification by metalelate chromatography was
performed as described by von Heimendahl and cdwever (2005). All protein
concentrations were determined according to Brad{Bradford, 1976) with BSA as
standard.
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2.3.7. Quantification of protein concentration

The Bradford assay is used for determining protsamtent of crude enzyme
extracts. The assay is based on the observatiarttbaabsorbance maximum for an
acidic solution of Coomassie Brilliant Blue G-236ifss from 465 nm to 595 nm when
binding to a protein occurs. For the preparatiédnBoadford reagent, Coomassie
Brilliant Blue G-250 (100 mg) was dissolved in etbh(50 ml). After having added 85
% (w/v) phosphoric acid (100 ml), the resultingudmn was diluted to a final volume
of 1 liter. When the dye had completely dissolvbe, solution was filtered twice.

Dye reagent (1 ml) was pipetted into a plastic tevemixed with protein solution
(5 ul) and incubated for 15 min at room temperaturdie &bsorbance at 595 nm was
measured against a reagent blank, containing Brmdfge (1 ml) and buffer (ml),
using a spectrophotometer. When the sample absmrbaas outside a certain range
(0.1 - 0.8), the assay was repeated with apprepdiaitions. Each sample was done in
triplicate. Standard was prepared by dissolvingim®wserum album (1 mg) in distilled
water (1 ml) and treated in the same manner asaimples.

2.3.8. Enzyme assay

Enzyme activity was assayed by monitoring the fdiomaof lariciresinol and
secoisolariciresinol according to von Heimendahdl ao-workers (2005). The assay
mixtures (500 ul) consisted of 10 (+)-pinoresinol (8 mM in methanol), the crude
enzyme extract (100l) and 340ul KP; buffer (0.1 M, pH 7.1) were preincubated for 15
min at 30 °C. The enzyme reaction was initiatedatiging 50ul NADPH (50 mM).
After 1 h incubation at 30 °C, the assay mixtures \eatracted with ethyl acetate (500
ul). After centrifugation (13.000 rpm, 5 min), tkéhyl acetate solubles were removed
and the extraction procedure was repeated twicdne d@thyl acetate phases were
combined, evaporated to dryness in vacuum, redisdoin methanol (10Qul) and
subjected to HPLC analysis. Controls were perforragdstopping the reaction with
ethyl acetate (50Ql) immediately after the addition of NADPH. The pm eluted
from PD10 column was assayed by the same way. &epawas conducted on a C18
column GROM-Sil (Grom, Rottenburg, Germany). Thetieh system was water
containing 0.01% phosphoric acid (A) and acetdgit{8). Products were separated by
using the following gradient: 25% B for the fird tin, 25-43% B in 7 min, 43-75%
in 3 min, hold 75% for 1 min, 75-25% in 3 min, h@8% for 4 min at a flow rate of 1
ml/min at 25 °C.
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3. RESULTS

Phaleria macrocarpa(Scheff.) Boerl. is a native tropical plant of Imdsia,
consequently, it is essential to initiate thevitro culture of this plant in order to provide
an adequate amount of research material. Sincepthig is a member of Thymelae-
aceae family which mostly accumulate lignans witB-8onfiguration instead of the
usually occurring R,R-configuration at C-atoms 8&&8d since little known about the
lignan content in this plant, it is interestingihwestigate the occurrence of lignans and
their chiral composition from different organs aslwas fromin vitro culture of this
plant. Additionally, a cDNA encoding the enzyme gresinol-lariciresinol reductase
(PLR) from this plant was investigated as a stgrpaoint to understand the biosynthetic
pathway of lignans on the molecular level.

3.1. Initiation of in vitro cultures of P. macrocarpa

In vitro cultures ofP. macrocarpawere initiated in order to provide a sufficient
amount of research material (Fig. 3.1). The seedsiigated 20 days after sowing. The
cotyledons were open on the'™@ay after sowing. The seedlings formed roots, &hoo
and leaves and were ready to be used as the sofieeplants on the 75day of
cultivation.

In order to initiate callus formation, roots of thterile seedling were planted on a
solid modified MS medium containing 1.25 mg/l 6-bglaminopurine (BAP) and 2.0
mg/l 2,4-dichlorophenoxy acetic acid / 2,4-D (Murge and Skoog, 1962). Callus
cultures (Fig. 3.1 G) were subcultured every 4 gedébell suspension cultures were
initiated by transfer of callus tissues into liqlks medium (as above, but without agar;
50 ml in 300 ml Erlenmeyer flasks) and incubatedaomtary shaker (120 rpm). Cell
suspension cultures were subcultured in the santBumeevery 14 days and cultures
were maintained at 25 °C under permanent darkrBss. cell suspension cultures
physically formed two types of cell aggregatese faell and big cell aggregates with a
diameter of about one cm (Fig. 3.1 H). Howevely dime suspension culture consisting
of the fine aggregates was used for further expartms
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Figure 3.1. Initiation of in vitro cultures &. macrocarpaA= a 3 years old tree of
P. macrocarpa B-F= germination ofP. macrocarpa’'sseed on MS-
media under sterile condition8< onthe day of sowingC=20 days
after sowing;D=25 daysE=30 days; andF=75 days after sowing§z=
callus cultureH= cell suspension cultures.

The cell suspension cultures were maintained ishfigquid MS medium for two
months (four subcultivations) before character@atiThe maximum biomass based on
fresh weight (FW) of the cell suspension culturé®ofmacrocarpavas achieved on day
11 of cultivation period with 12.25 g/flask, as wes its dry weight (DW) accumulation
with 0.72 g/flask (Fig.3.2).

Based on the fresh and dry weight accumulationgtbesith phase occurred between
the days 3 and 11. It was supported by a slighttygase of pH of the medium from day
3 until day 11 (Fig. 3.3). The stationary phaseuo@d between day 11 and 14 followed
by a decrease phase. The conductivity (mS/cm) efniedium decreased from 5.5 on
day 0 and reached a minimum at day 11. The sugderbreached its minimum at day
21 (Fig. 3.3).
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Figure 3.2. Accumulation of fresh weight (FW) addy weight (DW) during a
cultivation period of the cell suspension cultufd?’omacrocarpa
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period of the cell suspension cultureRofmacrocarpa
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3.2. Extraction and identification of lignans
3.2.1. Lignans inPhaleria macrocarpa
3.2.1.1. Identification by using RP-HPLC

Identification and quantification of the lignansfn macrocarpavas conducted by
comparing the retention time and UV spectra in HR authentic standards (chapter
2.3.3.1). Chromatograms of wood extract, callusaettand cell suspension extract as
well as the ultra violet spectra of lignans fromadcextract of P. macrocarpawere
shown in Fig. 3.4 — Fig. 3.7. Pinoresinol, larisireol and matairesinol could be
detected in the different organs Bf macrocarpa The wood and the root were
especially rich in pinoresinol, but contain alsaodiaesinol and matairesinol. The seeds
contain smaller amounts of pinoresinol as maindig@and lariciresinol. Matairesinol
could be detected in callus cultures but not in gbeds. Lariciresinol was the only
lignan which could be detected in the bark, lead &mit flesh. However, no lignans
could be detected in the cell suspension cultuad (B.1).
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Figure 3.4. RP-HPLC chromatogram of wood extrad®.ahacrocarpa
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Figure 3.6. RP-HPLC chromatogram of cell suspensidract ofP. macrocarpa
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— Pino in Ale-lignane-neu.spc - 21,12 Min — Lari.spc - 14,13 Min — Matai.spc - 26,48 Min
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Figure 3.7. Ultra violet spectra of lignans fromagoextract oP. macrocarpa

Table 3.1. Lignans iRhaleria macrocarpgSchef.) Boerl.

Plant Material Lignan content (mg / g dry weight)
Pinoresinol Lariciresinol Matairesinol
Root 3.404 1.533 1.563
Bark - 0.883 -
Wood 2.242 1.768 0.801
Leaf - 0.495 -
Fruit - 0.637 -
Seed 0.803 0.261 -
Callus 0.084 trace amount 0.220
Suspension culture - - -

(-) = not detected

3.2.1.2. Identification of lignans by using HPLC-MS

Pinoresinol, lariciresinol, and matairesinol colet from reversed phase HPLC
were purified by extraction with ethyl acetate arhlysed by using HPLC-MS (Fig.
3.8).

Signal peaks of pinoresinol, lariciresinol, and amasinol collected from wood
extract of P. macrocarpaappeared at m/z 357[M-H]359[M-H], and 357[M-H],
respectively, in the negative mode of ESI-MS whiolhrespond to the molecular weight
of 358, 360, and 358, respectively.
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3.2.1.3. The enantiomeric composition of lignans dm P. macrocarpa

Pinoresinol, lariciresinol, and matairesinol weralgsed again by chiral column
HPLC (Chiralcel OD-H) in order to determine themaatiomeric composition (Fig.
3.9). Pinoresinol and lariciresinol were mixture$ looth enantiomers, whereas
matairesinol accumulates as pure (+)-enantiomeds.(32).
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Figure 3.9. Chiral column HPLC analysig\sracemic pinoresinol;B=pino-
resinol isolated from wood extract Bf macrocarpaC=mixture of
(x)-lariciresinol; D=lariciresinol isolated from wood extract &.
macrocarpa E=racemic matairesinoFF=matairesinol isolated from
wood extract oP. macrocarpa
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Table 3.2. Enantiomeric composition of lignanshe tvood ofP. macrocarpaSchef.)

Boerl.
) i iC-
Lignans (+)-enantiomer (%) (-)-enantiomer (%) & en;(nct(leosrgerlc
Pinoresinol 105+1.7 895+1.7 79 £ 3.5
Lariciresinol 225 +3.1 775+3.1 55+6.2
Matairesinol 100 0 100

mean +/- standard deviation from 4 chiral coluamnalyses

3.2.2. Lignans inLinum flavum var. compactum L.

Linum flavumvar. compactumL. (Linaceae) is easy to cultivate in our botahica
garden. In addition, six known lignans namely 64m&ipodophyllotoxin,a-peltatin,
[3-peltatin, pinoresinol, lariciresinol, secoisataesinol were previously identified in
this speciedy Mikame and co-workers (2002). Hence, it is rekahle to investigate
the variety of lignan in different organs of thigesies during different developmental
stages as an assessment to the lignan’s diversiB. imacrocarpa(Schef.) Boerl.
Identification and quantification of lignans in flavumvar. compactumL. (Fig. 3.10

and Fig. 3.11) were conducted by using the samé&adeapplied toP. macrocarpa
(section 2.3.2).
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Figure 3.10. Chromatogram of flowerbud extrack oflavum(harvested in 2005)
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Figure 3.11. Ultra violet spectra of lignans froine root extract oft. flavumduring
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flowering stage

The lignan content from different partslafflavumvar. compactuniL. as well as in
L. perennevar Himmelszeltand L. usitatissimumvar. Lirina harvested in 2005 are
shown in Figure 3.12 — 3.14.
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Figure 3.12. Lignan content In flavumvar.compactuniharvested in 2005)
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Figure 3.13. Lignan content In perennevar. Himmelszel{harvested in 2005)
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Figure 3.14. Lignan content In usitatissimunvar. Lirina (harvested in 2005)
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In general, the diversity of lignans foundlinflavumvar. compacturni.. harvested
in 2005 was higher than In perennevar. HimmelszelandL. usitatissimunvar. Lirina.
Therefore, it was more attractive to investigate lignan diversity ofL. flavumvar.
compactunt.

In order to have a better view about the lignamation in this plant, it was also
necessary to investigate the occurrence of diftelignans in different organs di.
flavumvar. compactuni. during different developmental stages whichevearvested
in 2005 and 2006 (section 2.1.1; Tab. 2.1and ER). 2

The lignans pinoresinol (Pino), lariciresinol (Daf7-hydroxysecoisolariciresinol (7-
OH Seco), podophyllotoxin (Ptox)x-peltatin @-pelt), R-peltatin (3-pelt), and 6-
methoxypodophyllotoxin (6MPtox) were detected ie thfferent organs off. flavum
by HPLC in comparison to authentic standards (se@i3.3.1.).

The roots ofL. flavumaccumulated 6-methoxypodophyllotoxin as the mejnan
(Fig. 3.15 and Fig. 3.16). The highest level of éthoxypodophyllotoxin was shown in
the roots during flowering with 6.7 mg/g dry weigtidW). The root during growth
accumulated also high levels of the other lignanghsas a-peltatin and 7-
hydroxysecoisolariciresinol with about 2.0 and In/g DW, respectively. In
comparison to the lignan content in the root dufiogvering and root during capsule
formation, the lignan content in root during growthases was slightly higher. The
content of pinoresinol, lariciresinol, podophyllgio and 3-peltatin in root remained
low during the three different developmental phases

All three developmental phases showed that the sfdmflavumalso accumulated
6-methoxypodophyllotoxin as the main lignan (Figl33and Fig. 3.16). The highest
level was found in stem during flowering phase veibout 4.3 mg/g DW. However, the
amount of 6-methoxypodophyllotoxin was still lowtlban the content in root organ (5.2
— 6.7 mg/g dry weight). The other lignan, whichoalppear in high levels, was
peltatin. Thisa-peltatin accumulated at large amount in the steowtp phase (GP)
and in stem flowering phase (FP) with 2.7 — 2.9grig¥’V. The amount odi-peltatin in
stem during these two developmental phases was imgbler than in stem during the
capsuling phase (CP). Pinoresinol and 7-hydroxyselariciresinol were also found in
moderate levels in the stem during the growth pliagemg/g DW and 1.4 mg/g DW,
respectively) and in the stem during the flowerpigse (1.5 mg/g DW and 1.2 mg/g
DW, respectively). The amount of both lignans tens during growth and flowering
phases was much higher than in stem during cagsplmase (0.2 mg/g DW and 0.5
mg/g DW, respectively). The content of the othgnéins such as lariciresinol, podo-
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phyllotoxin and 3-peltatin in stem organ duringethidevelopmental phases were on a
low level (0.6 mg/g DW, 0.3 mg/g DW, and 0.7 mg/g/Drespectively).

In contrast to root and stem, the leaved oflavumaccumulatedx-peltatin as the
main lignan (Fig. 3.15 and Fig. 3.16). The higHesel was shown in leaves during the
growth phase with about 4.2 mg/g DW. The leaveshdugrowth phase accumulated an
intermediate level of 6-methoxypodophyllotoxin afthydroxysecoisolariciresinol (2.0
mg/g DW and 1.2 mg/g DW, respectively). The amouointariciresinol was slightly
increased in the leaves flowering phase but deedeagain in the leaf during capsuling
phase. The content of pinoresinol, podophyllotoxzing 3-peltatin were on a low level
in leaves oL. flavum

The flowerbuds and flowers accumulated mainly RBapiel, 6-methoxypodophyllo-
toxin, and a-peltatin (Fig. 3.15 and Fig. 3.16). The content tbbse lignans in
flowerbuds were as much as 7.5, 4.9, and 3.9 mdh§ Eespectively, whereas the
content of 3-peltatin, 6-methoxypodophyllotoxindaapeltatin in flower were 3.2, 1.9,
and 3.7 mg/g DW, respectively. The amountigieltatin in flower buds was quite
similar as in flowers, however the amount of R-gu@itand 6-methoxypodophyllotoxin
in flower buds were double as in flowers. The cohi& pinoresinol, lariciresinol, 7-
hydroxysecoisolariciresinol, and podophyllotoxinfiowerbuds were 0.9, 0.5, 0.5, and
0.6 mg/g DW, respectively, whereas the content mfonesinol, lariciresinol, 7-
hydroxysecoisolariciresinol, and podophyllotoxinfiower of L. flavumwere 0.8, 0.3,
0.1, and 0.7 mg/g DW, respectively.

The capsules of.. flavum accumulated 6-methoxypodophyllotoxin as the main
lignan (Fig. 3.15 and Fig. 3.16). The highest antairé-methoxypodophyllotoxin was
observed in the capsule early phase with 5.9 m§kf Dhis amount however was still
lower than the amount of 6-methoxypodophyllotoxirthe root ofL. flavum(6.7 mg/g
DW). The content of pinoresinol, lariciresinol, ¥emoxysecoisolariciresinol,
podophyllotoxin,a-peltatin, and 3-peltatin in capsulesLofflavumwere remaining low.

Based on those figures, the lignan 6-methoxypodibgtbyin were found in all parts
of L. flavumL. var. compactunwith the highest amount in root and capsule estdge.
The lignans pinoresinol, lariciresinol, 7-hydroxgesisolariciresinol, podophyllotoxin
were found in all parts df. flavumL. var. compactumn low amount. There was no
difference of lignans content between the harvgstaar 2006 and 2005, except that the
amount ofa-peltatin in leaves “growth phase” which harvested8005 was about twice
higher than in leaves “growth phase” harvesteddidg2
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Figure 3.16. Lignan content In flavumvar.compactun{harvested in 2006)
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The comparison between two extraction methods @) of the seed df. flavum
(Jelitto Staudensamen GmbH Schwarmstedt, Germahgyrs that the extraction
method of Westcott and Muir (2000) was more effectio pull outa-peltatin, R3-
peltatin, and 6-methoxypodophyllotoxin in companist the extraction method of
Wichers (1990) that only pulled out 6-methoxypodgfatoxin. On contrary, the
amount of 6-methoxypodophyllotoxin was found highgrusing the extraction method
of Wichers (1990) compared to the extraction metbiod/estcott and Muir (2000).
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Figure 3.17. Comparison of lignan content in sefeld dlavumvar.compactum
extracted according to Wichers and Westcott
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3.3. PLR-like proteins from P. macrocarpa (Scheff.) Boerl.
3.3.1. PLR activity in cell suspension cultures d?. macrocarpa

A 14 days old cell suspension culture Bf macrocarpawas separated from the
medium. The cell free extract of this cell suspensculture was used for the
determination of enzyme activities according to deimendahl and co-workers
(2005).
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Figure 3.18. Chromatogram of an enzyme assay with tell-free extract of
P. macrocarpa cell suspension cultureA€by using cooked cell free
extract resulting no peak correlated with laridime§ B=by usingfresh
cell free extract resulting a peak correlated waticiresinol).

The assay mixtures (500 ul) consisted of 340 ul BiRfer (0.1 M, pH 7.1), 8 mM
racemic pinoresinol (see section 2.3.4), 50 ul NADBO mM) and 100 pl cell free
extract ofP. macrocarpaProtein, buffer and pinoresinol were preincubdtedl5 min
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at 30 °C. The enzyme reaction was initiated by tamidiof NADPH and terminated by

addition of 500 ul ethyl acetate after 3 hours. @ua were performed by stopping the
reaction with ethyl acetate (5Q040) immediately after the addition of NADPH. The
assays were extracted with ethyl acetate (3 x 300 jiotal). The combined ethyl

acetate phases were dried under vacuum. The eesigdsi dissolved in 100 pl methanol
and subjected to HPLC analysis.

According to Fig 3.18, there was a small peak \lith similar retention time and
UV-spectrum of lariciresinol standard. It impliggt pinoresinol was converted into a
small amount of lariciresinol by the cell-free exdr of cell suspension culture of
P. macrocarpa The conversion of pinoresinol into lariciresirtberefore showed the
occurrence of the enzyme pinoresinol-lariciresiremluctase in the cell-free extract of
P. macrocarpé& cell suspension culture.

3.3.2. Isolation of RNA, cDNA synthesis and cloningpf a partial cDNA
sequence of. macrocarpa

The cDNA for RT-PCR was prepared from reverse tapson of 2 pg RNA using
an AMV cDNA synthesis kit according to the manuimet’s protocol. The resulting
amplicon (Fig. 3.19) was ligated into pGEM-T anansformed intde. coli DH5a and
sequenced.

Figure 3.19. Agarose gel electrophoresis of théR Rffoducts resulting
bands of 650 bp (A and B: bandsLofflavum C and D: bands
of P. macrocarpa
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The RT-PCR ofP. macrocarpayielded a partial sequence (pOV4K4) encoding for
approximately 200 amino acids with highest simiiasi to PLRs. The sequence of
pOV4K4 was used as a template to design primerS'fBACE and 3’-RACE primers.

3.3.3. RACE experiment

The RACE experiments were used for rapid ampliiicaof the 5 and 3’ end of the
obtained cDNA fragment. The 5-RACE experiment ged two partial sequences
(pPOVIK2 and pOV13K3) with similarities to PLRs, nmeehile, the 3-RACE
experiment yielded a partial sequence (pOV6K3) withilarities to PLRs. The results
of 5-RACE and 3’-RACE have the overlap to eacheothror instance, pOV9K2 has an
overlap sequence with pOV4K4, as well as pOV13KhwiOV6K3. Therefore, the
connection of those overlapped sequences yieldetatein sequences, namely PM1
and PM2 (Fig. 3.20).

PM1

ATGTTGCAAGATTTCAAACGGCAAGGAGCTCATCTCGTGGAGGCCTCGATUAAG
CAGAGCCTGGTTGACGCCGTTGAGAAGGCCGACGTCGTCATCTCCGCGGATI G
CACTTCCGATCTCACAACCTTCTCCTCCAGCTGAAGCTCGTCGAGBGGARNGCT
GGAAATGTTAAGGTTGGAAATGTTAAGCGATTCTTGCCATCGGANTIAGASIECG
TCGCGGATGGGTCATGCACTGGAGCCGGGAAGAGTGTCGTTCGATGARABBS
AGAAAAGCTATCGAAGAAGCGCAAATCCCTTTCACTTACGTCGCAGCTABGCT
GGTTATTTTGTTGTCGGTTTGGCTCAGATGGGAAGGATCACTCCTEXIMMWGTT
TACCTCTACGCTGGTGGAGATATCAAAGTGGCCTTCACGGATGAGBAEGABCC
TATGCGATCAAGACAATAGACGATCCTCGAACACTAAACAAGACTOTAGKECCT
CCAGACAACACTCTGACGCAAAGACAACTGGTCGAAACCTGGGAGTAGERNAC
AAACTAGACAAGATCACTCTCGCCGCCGATGACTTTTTGGCCTCGHTGWAZGAC
TTGGCTTCTCAGGTCGGGGTAGGACATTTCTACCACATATTCTATERAGIEMCC
AATTTTGAAATAGGCCAAGGGGCAGAAGAAGCTTCCCAGCTTTATITEBATAC
ACTCGGATGCACGATTACTTGAAAATCTTCTGAC

PM2

GCACACGAGCTTCGAGATACCGCTCCATCAGACCCTGTCAAAGCARZARATTCC
TTCAAAAACCTCGGAGTTCAGATGTTGCAAGGAGACCTCCGCGAAGEBBAGTIG
AAGGCAATTAAGCAGGCTGATGTTGTAATTTCCGCTGTTGGGATGITTIAGAT
CAGACCAATATCATCGCCGCCATTAAAGAAGCTGGAAATGTTAAGARETTOTTO CA
GAGTTTGGGCCTGATTGCGACAGGATCAATGCTGTCGAGCCAGUABBAAGGCGA
TCGAAGGCTGTGATTCGGCGCGAGATAGAGGCCCTAGGGATCCTATGCTATGC
TCCAATGGATTTGCTGGTTACTTTGCCCGCAGTTTACTTCAGATTAGATBCICCT
CCCAGAGACAAAGTCATTATCCTTGGCAATGGGAATACGAAAGTBBTARNGGAG
GAAGACATTGCAACCTACACAATCCGGAGTATTGATGATCCCAGAACBRGAGT
GTGTACATTAAACCCCCCAAGTGTACACTCTCTTCCAATGAGCTTAIGEGAGAG
AAGAAGATTTGTAAGACGCTCGAGAAAGCCTATGTTCCAGAGGACEBAAATAG
ATTGAAGAGTCTCCTCATCCTCGCAATCTTCTCCTGGCAATATACGATATIGTG
AGAGGTGCCACGAGCTTCGAGATTGACTCGTCTTTCAGTGTTGAGAGATATGAC
CCTGATGTTGAGTACACTTCTGTGGAAGAGTACCTTGGCTTTCIAGTC

Figure 3.20. Two protein sequences (PM1 and PM2ylted from RACE
experiments.
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A multiple sequence alignment by using ClustalWsiar 1.83 (www.ebi.ac.uk/-
embosg/ was conducted to identify the relationship betnwvakeady known PLRs with

the proteins fron. macrocarpaFig. 3.21, Fig. 3.22).
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PM2

Lpl_PLR_EF050530
Lul_PLR_AJ849359
PM1
Fil_PLR_U81158
Th1_PLR_AF242501
Th2_PLR_AF242502
Tp4_PLR_AF242506
PM2

- AHELRDTAPSDPVKAKLI DSFKNLGVQMVIL 29
- *% Kean

EASFSDHDSLVRAVRLVDVVI CTMSG/HFRSHNLL QLKLVEAI KEAG---- NVKRFIP 114
EASFSDHESLVRAVKLVDVVI CTVSGAHSRS-- LLL QLKLVEAI KEA NVKRFIP 112
EASFEDHQ3.VDAVEKADVVI SAMSG/HFRSHNLLL QLKLVDAI KEAGN/KVGN/KRFLP 73

SGSFKDFNSLVEAVKLVDVVI SAl SG/H RSHQLL QLKLVEAI KEAG---  NVKRFLP 114
EGFEDFQIVAALKQVDVVI SAVAGNHFRN- LIL QQ KLVEAI KEAG--- NI KRFLP 67
EGSFEDFQI.VAALKQVDVVI SAVAGNHFRN- LIL QQ KLVEAI KEAR----- NI KRFLP 111
EASLDCHQGVDVVKQVDVVI SAVSGGEVRH HIL DQLKLVEAI KEAG---- NI KRFLP 114
KEAG--—- NVKKFYP 79

Rkt Fkkkk

QCDLRDRESW\KAI KQADVVI SAVGP QVAD----- QTNIAAI

koeokoe kK

SEFGVDPAR- MGQAMEPGRETFDQKMV\RKAI EEANIP HTYI SANCGFAGYFVGNLSQLG 172
SEFGVDPAR- MGDALEPGRETFDLKMV\RKAI EDANIP HTYI SANCGFGGYFVGNL.SQ.G 170
SEFGVDPSR- MGHALEPGRVSFDIKMKVRKAI EEAQPF TYVAANCFAG YFVVGLAQVG- 131
SEFGVDP AKFNDTAMEPGKVTLDEKMV\RKAI EKAGPF TYVSANCGFAGYLGG.CEFG 173
SEFGVEPDL- VEHALEPGMNAVFI DKRKVRRAI EAAGP YTYVSSNFA GYLAGGAQ G 125
SEFGVDPDL - MEHALEPGMNAVFI DKRKRRAI EAAGP YTYVSSNFA GYLAGG.AQ G 169
SEFGVDPDV- VEDPLEPGN TFI DKRKRRAI EAATIP YTYWSSNVFAGFFAGS AQLQD 173
SEFGPDCDR-- | NAVEPAATLIA SKAVI RFREI EALGP YTWCSN(FAGYFARSLLQ G 136

*kkk * o Kk *k Kk sk kK.

TLTPPSDKVII ' YGDGN/KVVYVDEDDAKYTI KAl EDORTVNKTVYLRPPENMNSCRE 230
PLTPPSDKVTI YADGN/KVVYNMDEDIVATYTIMTI EDORTLNKTMYLRPPENVI THRQ 228
Rl TPPKDKVYLYAG@®I KVAFTDEDIVATYAI KTI DOPRTLNKTLY! RPPDNTLTQRQ 189
KILP SRDFVII H@®GNKKAI YNNEDDA TYAI KTI NDPRTLNKTI YI SPPKNIL SCRE 231
RLMPHRRDEVVI YCDGN/KAVWYEDDYG YTLKTI DCPRTLNKTVY! RPLKNIL SCKE 183
RLMPHRRDEVVI YCDGN/KAVWYEDDYG YTLKTI DCPRTLNKTVY! RPLKNIL SCKE 227
APRMMPRDKVLI YADGN/KGVYVDEDIAG YIV KSI DOPRTLNKTVYl RPPMNIL SQKE 233
ATSPPRDKVIIL GNGNKVVSN(EEDA TYTI RSI DOPRTLNKSVYI KPPKCTLSSI\E 194

* . * Kok ko ke ke

LVAVVEKLSGNQEKI ELPPQDFLALVEGTTVAEQAG GHFYHF YEGQ TNFEI NAENG290
LVETVEKLSGNQQKTELSS(FLALVEGKDVAEQVVI GH.YH YYEGQ TNFDI DAAQD 288
LVETVEQVSRNKLDKI TLAADCFLASVKGVDLASQ/GVGHYHF YEGA.TNFEI G- QG247
VVQMEKLI GKELQKI TLSKEDFLASVKELEYAQQ/GLSHYHDVNYQGCTSFEI G-- D288
LVAKVEKL SGKCLKKTYI SAEDFLAG EDQPYEHQVG SHFYQMFYS@LYNFEI G- PD 241
LVAKVEKL SGKFLKKTYI SAEDFLAG EDQPYEHQVG SHFYQMFYS@LYNFEI G- PD 285
VVEIWERLSGE SLEKI YVSEDQLL N- MKDKSYVEKMARCH.YH-FI KCDLYNFEI G- PN 290
LVATVEKKI CKTLEKAYVPEDEIL KQ EESPHPRNLLLAI YHAVIVRG- ATSFEI DS- SF 252

* *k . *

EEEASRLYPEVEYTRVHDYLKI YL 314
QVEASSLYPEVEY! RMKDYLMI YL 312
AEEASQLYPEVQYTRMHDYLKIFL 271
EEEASKLYPEVKYTSVEEYLKRYV 312
GREATVLYPEVQYTTVDSYLKRYL 265
GREATMLYPEVQYTTVDSYLKRYL 309
ATEGTKLYPEVKYTTVDSYMERYL 314
SVEASEI YPD\/EYTS\/EEYLGFLV 276

Kkoe ke k-

Figure 3.21. A multiple amino acid sequences afaally known PLRs with proteins
from P. macrocarpgPM1 and PM2). The NADPH-binding domain
(MGXXGXXG') is marked in box.
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3. Results

PM1
Lp_PLR_EFD50530

a Fi_PLR_U81158

Th2_PLR_AF242502

PM2

Ptri_PCBER_A.J005804

Pt1_PCBER_AF242490

Figure 3.22. A dendrogram showing the relationshgiween proteins from
P. macrocarpgPM1 and PM2) and known PLRs and PCBERs

A Blastx search revealed highest sequence sindarif PM1 to PLRs fronhinum
perenne(EF050530, 67 % identity, 80 % similaritygprsythia intermedia(U81158,
61 % identity, 79 % similarity) an@isuga heterophyll§AF242502, 58 % identity, 72 %
similarity). The sequence of PM1 was less simitaphenylcoumaran benzylic ether
reductases (PCBERS) like the ones friemus taeda/AF242490, 45 % identity, 63 %
similarity) andPopulus trichocarpg(AJ005804, 39 % identity, 59 % similarity). PM2
showed highest sequence similarity to PCBERS likeednes fronPopulus trichocarpa
(AJ005804, 63 % identity, 79 % similarity) aRihus taedgAF242490, 59 % identity,
75 % similarity) whereas it was less similar to BLiRom e.g.Forsythia intermedia
(U81158, 47 % identity, 64 % similarity) anidsuga heterophylldAF242502, 45 %
identity, 63 % similarity). These results indicdteat PM1 is most probably a PLR
whereas PM2 can be a PCBER.

The Lpl_PLR (PLR fronLinum perennevar. Himmelszeltand the Lul_PLR (PLR
from Linum usitatissimujnconsist of 314 and 312 amino acids, respectiwehgreas
the PM1 and PM2 consist of 271 and 276 amino acispectively. Moreover, the
already known PLRs have conservélsZXXGXXG'’ [NAD(P)H-binding motif]
sequences in their “N-terminal”, whereas the anaomls sequences of PM1 and PM2
were lack about 40 amino acids in their “N-terminal

The SWISS-MODEL was used to describe the tertiamycture of the protein PM1
and PM2 (Fig. 3.23 and 3.24). SWISS-MODEL is ayfidutomated protein structure
homology-modeling server, accessible via the ExP#A8ly server, or from the program
DeepView (Swiss Pdb-Viewer). Visualizations of 8#/ISS-MODEL were conducted
by using the PyMOL which is a user-sponsored mdéecusualization system on an
open-source foundation (PyMOL software, DelLano @&die LLC, South San
Fransisco, California, USA).

60



3. Results

Figure 3.23. The SWISS MODEL of PM1

Figure 3.24. The SWISS MODEL of PM2
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3. Results

According to the SWISS-MODEL, the PM1 consist ofd-helixes, 3 3-sheets, and
15 loops. Meanwhile, the PM2 consist ofd-helixes, 6 R-sheets, and 18 loops.

3.3.4. Heterologous expression of PM1

The PM1 was amplified by PCR and the resulted P@Ruyrt was ligated into the
expression vector pET15b (pOVETK19) for overexpmass(chapter 2.3.6.3). The
pOVET19 was transformed int6. coli Rosetta2 (DE3) cells. Protein overexpression
and purification by metal chelate chromatography warformed as described by von
Heimendahl and co-workers (2005). According to tBBS PAGE, the size of
overexpressed protein was about 35 kilo Daltong. (Bi25) and accumulated mostly in
the pellet.

kDa Protein, 0.1-0.2mg/miF

s — 160 [-0alactosidase
w— 062 Bovinessumabumin L
w—— 4510 Dvalburmin

—— 150 Lactate dehydrogenase
—— 25 (] REase Bsposl

— — 0.4 [i-lactoglobulin
— — 4 Lysozyme

3

12% Tris-ghycine S05-PAGE . . 5 ,
Staining with PageBlua™ Protein Staining Salution | i

Figure 3.25. The SDS PAGE of proteins fremmacrocarpgA=marker;B=crude
protein;C=pellet)

3.4. PLR-like proteins from L. flavum var. compactum

RNA was extracted from young leaves as well as ffmwers of Linum flavum
The cDNA was synthesized by using AMV kit accordinghe manufacturer’s protocol
(section 2.3.6.1). The resulting amplicon was kgainto pGEM-T, transformed into
E. coliDH5a and sequenced (Fig. 3.26).

62



3. Results

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

pOV3K2
pOV3K3
pOV3K5
pOV3K1
pOV3K4
pOV11K3

NNNNGGGBGTAGCTCCGGCCGCCTGGCCGAGRIGRATTTGACTTCGGGGILC 60
NNNNCCEBCAGTAGCTCCGGCCGCCTGGCCGAGRIGRATTTGACTTCGGGGILC 60
NNAAGGCBGCAGCTCCGGCCBTGGCCGCGAGIGTGRATTTGACTTCGGGGIC 59
NNMAAGCRATCAGCTCCGGCCBUGGCCGCGATGIGTGRATTTGACTTCGGGGC 60
NAAAA/AGCATTCAGCTCCGGCCBUGGCCGCGAGIGTGRCTTGRACCTCGGGET 60
NNNGGG@GECAAGCTCCGGCCBTGGCCGCGAGIGTGRCTTGAACCTCGGGRET 59

* Fkkkkkkkkkkkk Fkkkkkkkkkkkkhkkkk Fkkkk Fkkkkkkkk

CTGCBTGCRTGTTGTCGGAACAACAAGTCTTGBATGRATGTTCTAGAAATTCTA 120
CTGTATGCRTGTTGTCGGAACAACAAGTCTTGBATGARATGTTCTAGAAATTCTA 120
CTGTATGCRATGTTGTCGGAACAACAAGTCTTGBATGRATGTTCTAGAAATTCTA 119
CTGTATGCRTGTTGTCGGAACAACAAGTCTTGBATGRATGTTCTAGAAATTCTA 120
CTGTATGCRTGTTGTCGGAACAACAAGTCTTGBATGRATGTTCTAGAAATTCTA 120
CTGTATGCRTGTTGTCGGAACAACAAGTCTTGBATGRATGTTCTAGAAATTCTA 119

*kk Fkkkk

CCCTTAGAGTTTGGGCCPETGCBACAGGRATCAATGCTGTCAGCAGAAGAAACGTT180
CCCTT@AGAGTTTGGGCCPGTGCBCAGRATCAATGCTGTCAGCAGAGAAACGTTI80
CCCTT@AGAGTTTGGGCCPFTGCBCAGRATCAATGCTGTCAGCAGAGAAACGTTL79
CCCTTAGAGTTTGGGCCPETGCACAGGRATCAATGCTGTCAGCAGAAGAAACGTT180
CCCTTAGAGTTTGGGCCPETGCBACAGGRATCAATGCTGTCAGCAGAAGAAACGTT180
CCCTT@AGAGTTTGGGCCPGTGCBCAGRATCAATGCTGTCAGCAGAGAAACGTTL79

Fokkkkkkkk

AATAGAATCAAGGCTGTAT TCGGCGE&ATAGAGGCCCAGGATCCCTRCACTTA 240
AATAGAATCAAGGCTGTAT TCGGCGEATAGAGGCCCAGGATCCCTRCACTTA 240
AATAGAATCAAGGCTGTAT TCGGCGEATAGAGGCCCAGGATCCCTRCACTTA 239
AATAGAATCAAGGCTGTAT TCGGCGE&ATAGAGGCCCAGGATCCCTRCACTTA 240
AATAGAATCAAGGCTGTAT TCGGCG&ATAGAGGCCCAGGATCCCTRCACTTA 240
AATAGAATCAAGGCTGTAT TCGGCGEATAGAGGCCCAGGATCCCTRCACTTA 239

Fkkkkkkkk

TGTATGCTCBATGARATTTGCTGGTACTTTGCCCGETTTACTTCAGATTGRGCTAC 300
TGTATGCTCBATGATTTGCTGGTACTTTGCCCGTTTACTTCAGATTGRGCTAC 300
TGTATGCTCBATGATTTGCTGGTACTTTGCCCGTTTACTTCAGATTGRGCTAC 299
TGTATGCTCBATGATTTGCTGGTACTTTGCCCGTTTACTTCAGATTGRGCTAC 300
TGTATGCTCBATGARATTTGCTGGTACTTTGCCCGAGTTTACTTCAGATTGRGCTAC 300
TGTATGCTCBATGARATTTGCTGGTACTTTGCCCGAGTTTACTTCAGATTGRGCTAC 299

Fkkkkkkkk

CTCTCCTCCRGAGACAAAGTAATTATCCTTGGEBATGGBATACGAAAGTCGTTTCEAA 360
CTCTCCTCCRGAGACAAAGTAATTATCCTTGGEBATGGBATACGAAAGTCGTTTCEA 360
CTCTCCTCCRGAGACAAAGTAATTATCCTTGGEBATGGBATACGRAAAGTCGTTTCRA359
CTCTCCTCCRGAGACAAAGTAATTATCCTTGGEBATGGBATACGRAAAGTCGTTTCRA 360
CTCTCCTCCEGAGACAAAGTAATTATCCTTGGRATGGBATACRAAAG---------- 350
CTCTCCTCCEGAGACAAAGTAATTATCCTTGGRATGGBATACRAAAG---------- 349

CAAGARAGRAGACATTGAAACTTACACAATCCGBGTATTCATGATCCAGAACCTT@RA 420
CAAGARAGRAGACATTGAAACTTACACAATCCGBGTATTCATGATCCAGAACCTT@RA 420
CAAGARAGRAGACATTGAAACTTACACAATCCGBGTATTGATGATCCAGAACCTT@RA 419
CAAGARAGRAGACATTGAAACTTACACAATCCGBGTATTGATGATCCAGAACCTT@AA 420
GAGRAGACATTGAAACTTACACAATCCGBGTATTCATGATCCAGAACCTT@RA 406
GAGRAGACATTGAAACTTACACAATCCGBGTATTCATGATCCAGAACCTT@RA 405

Fkkkk

CAAGAGTGTGARCATTAAACCCCCBAGTGRCACTCTCTTCBATGAGCTTGTTGRAT 480
CAAGAGTGTGARCATTAAACCCCCBAGTGRCACTCTCTTCBATGAGCTTGTTGRAT 480
CAAGAGTGTGARCATTAAACCCCCBAGTGRCACTCTCTTCBATGAGCTTGTTGRAT 479
CAAGAGTGTGARCATTAAACCCCCBAGTGRCACTCTCTTCBATGAGCTTGTTGRAT 480
CAAGAGTGTGARCATTAAACCCCCBAGTGRCACTCTCTTCBATGAGCTTGTTGRAT 466
CAAGAGTGTGARCATTAAACCCCCBAGTGRCACTCTCTTCBATGAGCTTGTTGRAT 465

Fkkkkkkkk

GTGGBGAAGAGATTTGTAAGACGCTTBGAAGGCCATGTTCAGAGG\CGNAATTCT 540
GTGGBGAAGAAGATTTGTAAGACGCTTBGAAAGCCRATGTTCAGAGG\CGAATTCT 540
GTGGBGAAGAAGATTTGTAAGACGCTTBGAAAGCCRATGTTCAGAGG\CGAATTCT 539
GTGGBGAAGAAGATTTGTAAGACGCTTBGAAAGCCRATGTCCBGAGG\CGNAATTCT 540
GTGGBGAAGAAGATTTGTAAGACGCTTBGAAAGCCRATGTTCAGAGG\CGAAATTCT 526
GTGGBGAAGAAGATTTGTAAGACGCTTBGAAAGCCRATGTTCAGAGG\CGAATTCT 525
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3. Results

pOV3K2 CAAACAGATTGAAGAGTCTCCTBTCCTCGBATCTTCTCCTGGKAI TATACCATGQANAT 600
pOV3K3 CAAACAGATTGAAGAGTCTCCTBTCCTCGBATCTTCTCCTGGKAI TATACCATGQANAT 600
pOV3K5 CAAACAGATTGAAGAGTCTCCTBTCCTCGEBATCTTCTCCTGGAI TATACCATGQAAT 599
pOV3K1 CAAACAGATTGAAGAGTCTCCTBTCCTCGEBATCTTCTCCTGGI TATACCATGQAAT 600
pOV3K4 CAAGAGATTGAAGAGTCTCCTBTCCTCGBATCTTCTCCTGGAI TATACCATGQANAT 586
pOV11K3 CAAGAGATTGAAGAGTCTCCTBTCCTCGBATCTTCTCCTGGKAI TATACCATGQANAT 585
pOV3K2 TGTTGTBGAGGTGCTACACGAGCTTCBCGATTGACTCGTCTTTCGGTTTAGGCTT®60
pOV3K3 TGTTGTBGAGGTGCTACACGAGCTTCBCGATTGACTCGTCTTTCGGTTTAGGCTT®60
pOV3K5 TGTTGTBCAGGTGCTACACCAGCTTCBCATTGACTCGTCTTTCGGTTTAGGCTT®59
pOV3K1 TGTTGTBCAGGTGCTACACCGAGCTTCBCATTGACTCGTCTTTCGGTTTAGGCTT®60
pOV3K4 TGTTGTBCAGGTGCTACACCAGCTTCBCATTGACTCGTCTTTCGGTTTAGGCTT®B46
pOV11K3 TGTTGTBGAGGTGCTACACGAGCTTCBCGATTGACTCGTCTTTCGGTTTAGGCTT®45
pOV3K2 AGAAATATACCCCBAGTAAAGTACACAATCACTAGTGCGGCCGCCTREGTCABCCAT 720
pOV3K3 AGAAATATACCCCBAGTAAAGTACACAATCACTAGTGCGGCCGCCREGTCBCCAT 720
pOV3K5 AGAAATATACCCCBAGTAAAATACACAATCACTAGTGCGGCCGCCREGTCBCCAT 719
pOV3K1 AGAAATATACCCCBAGTAAAATATACAATCACTAGTGCGGCCGCCTREGTCABCCAT 720
pOV3K4 AGAAATATACCCCBAGTAAAGTACACAATCACTAGTGCGGCCGCCTREGTCBCCAT 706
pOV11K3 AGAAATATACCCCBAGTAAAGTACACAATCACTAGTGCGGCCGCCREGTCBCCAT 705
pOV3K2 ATGGBGAGCTCCBACGCGTTGT GATAGCTTAGTATTCTATAGTGT@ACCTAAAT 780
pOV3K3 ATGGBGAGCTCCBACGCGTTGE GAATAGCTTAGTATTCTATAGTGT@CCTAAAT 780
pOV3K5 ATGGBGAGCTCCBACGCGTTGE GAATAGCTTAGTATTCTATAGTGT@CCTAAAT 779
pOV3K1 ATGGBGAGCTCCBACGCGTTGT GATAGCTTAGTATTCTATAGTGT@ACCTAAAT 780
pOV3K4 ATGGBGAGCTCCBACGCGTTGT GAATAGCTTAGTATTCTATAGTGTACCTAAAT 766
pOV11K3 ATGGBGAGCTCCBACGCGTTGE GAATAGCTTAGTATTCTATAGTGT@CCTAAAT 765
pOV3K2 AGCTTGGCRATCATGGTATAGCTGTTTCCTGTGRABATTGTTATCCGCTEBCAATT 840
pOV3K3 AGCTTGGCGATCATGGTATAGCTGTTTCCTGTGRABATTGTTATCCGCTBCAATT 840
pOV3K5 AGCTTGGCRHATCATGGTATAGCTGTTTCCTGTGRABATTGTTATCCGCTBCAATT 839
pOV3K1 AGCTTGGCGATCATGGTATAGCTGTTTCCTGTGRABATTGTTATCCGCTBCAATT 840
pOV3K4 AGCTTGGCRATCATGGTATAGCTGTTTCCTGTGRABATTGTTATCCGCTBCAATT 826
pOV11K3 AGCTTGGCRATCATGGTATAGCTGTTTCCTGTGRABATTGTTATCCGCTBCAATT 825
pOV3K2 CCACACAACATACRAG

pOV3K3 CCACACAACATACRAG

pOV3K5 CCACACAACATACGAG

pOV3K1 CCACACAACATACG-----mm=mmmmmmmmmaem

pOV3K4 CCACACAACATACGAGCCGBAGAATAAA----- 855

pOV11K3 CCACACAACATACGAGCCGBAGAATAAAGTGRAB60

Fkkkkkkkkkkkkk

Figure 3.26. Multiple sequence alignment of cDNénfrL. flavumvar. compactundi..

According to the BLAST search, the whole partiaigences (pOV3K1-pOV3K5
and pOV11K3) were similar (one clone) and had hsglsemilarities to phenylcoumaran
benzylic ether reductases. They were less sinol&LRs e.g. fronTsuga heterophylla
AF242502 (Tab. 3.3).

Table 3.3. BLAST search result cDNA frdmflavumvar. compactuni..

% identity % similarity
Populus trichocarp@®CBER (AJ005804) 62 79
Pinus taedePCBER (AF081678) 62 79
Pinus strobus?CBER (DQ491575) 60 76
Tsuga heterophyll®LR (AF242502) 48 65
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4. DISCUSSION
4.1.1n vitro cultures of Phaleria macrocarpa (Scheff.) Boerl.

The in vitro cultivation of P. macrocarpawas successfully established. Callus
cultures were subcultured in the modified MS medieontaining 1.25 mg/l 6-benzyl-
aminopurine (BAP) and 2.0 mg/l 2,4-dichlorophen@aetic acid / 2,4-D (Table 2.1)
every 4 weeks whereas the cell suspension cultwees subcultured in the same liquid
medium every 14 days.

Cell suspension culture was preferred while thestexg microbial fermentation
technology can be easily adapted to plant cell ycthdn. Plant cells are totipotent;
therefore, cells in culture can theoretically proeluhe same metabolites as the whole
plant. In this experiment, however, only the calbi$. macrocarpacould produce the
lignan matairesinol, whereas the cell suspensid¢tareuof P. macrocarpdost its ability
to accumulate lignans.

The product profiles of callus or cell suspensialiures can differ from those of the
parent plants. It is therefore not surprising tiat production and yield of metabolites
in cell culture will depend on a number of factdbsfferences between the products of
cell suspension culture and the whole plant maghbeaesult of phenomena frequently
observed in callus and cell suspension culturel siscthe lack of differentiation and
cell culture-induced variation.

The differences between RP-HPLC chromatograms obdwaallus, and cell
suspension culture d®. macrocarpa(Fig. 3.5 — 3.7) are in good agreement with the
explanation of Jalal and Collin (1978). They repdrthat callus cultures diheobroma
cacao contained markedly lower levels of certain polypble than the parent plants,
and most of the polyphenols found in the callusuralwere not detected in the plant at
all. Furthermore, Saito (2007) reported that theyh@ot culture ofOphiorrhiza pumila
(Rubiaceae) could produce a high level of camptathand antraquinones whereas the
cell suspension culture of that plant could nouatglate these secondary metabolites.

Some secondary metabolites accumulate entirelpegic structures, showing so-
called morphological differentiation. For examplEssential oils are found in glandular
hairs of Mentha piperita latex in laticifiers of Papaver somniferumand tobacco
alkaloids are primarily synthesized in roots. Thascumulation of such products
occurs only if specific structures are presenthie ¢ultures. The yields in most callus
and liquid cells suspension cultures are low. Toigld be due to the lack of tissue and
organ differentiation (Chawla, 2004). Morphologieald cellular differentiation is often
necessary for the expression of many plant secgndatabolites. The lack of morpho-
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logical differentiation in callus cells preventgrmation of these metabolites. The lack
of differentiation in callus cells may also disrupgular metabolic pathways and may
result in the accumulation of precursors of desa@thipounds (Collin and Watts, 1984).

Matairesinol was only detected in root, wood, aatius of P. macrocarpabut not
in the cell suspension culture. This phenomenoridcba a type of a so called “cell
culture-induced variation” that frequently is seamong cell suspension cultures
initiated from the same cell line. Large clone-tore variability in growth
characteristics and secondary metabolite produetieroften observed in callus and cell
suspension cultures (Hall and Yeoman, 1987). Thsation may originate in the
preexisting heterogeneity in parts of the plamsmfwhich the culture was derived, or
the cell culture process itself may introduce thenges. It is well known that
increasing numbers of subculture could also in&¢ls likelihood of variation, so the
number of subcultures in micro propagation protecould be kept to a minimum.
Regular reinitiating of clones from new explantghtireduce variability over time.

Rapidly-growing plant cell suspension culturestiatéd and maintained by repeated
subculturing on the same medium, are the resularofunconscious but systematic
selection for those cells in a heterogeneous ptipualavith the best growth rate. Thus,
culture medium, which is suitable for growth of Iselmay not be suitable for
production of secondary metabolite by the cell (@ha2003).

The type and concentration of growth regulatorseht suspension is probably one
of the most important factors influencing their guaial for secondary product
synthesis. In this experiment, cell suspensiorucedt were grown in a liquid modified
MS-culture medium (Murashige and Skoog, 1962) dairtg 1.25 mg/l 6-benzylamino-
purine (BAP) and 2.0 mg/l 2,4-dichlorophenoxy acedicid (2,4-D). According to
Chawla (2004), 2,4-D can stimulate both cell dmsiand cell expansion, but it is
known to introduce variation and it can also bradgout a dramatic suppression of
secondary metabolite synthesis. This could be sorethat the cell suspension culture
of P. macrocarpdost its ability to produce matairesinol.

In contrast, Wichers and co-workers (1990) dematestir that cell cultures df.
flavumcould produce amounts of 6-methoxypodophyllotdkit are comparable to the
concentration in fully differentiated plants. Theoguction of 6-methoxypodophyllo-
toxin depends on the hormonal balance of the gromtgdium. The use of 2,4-
dichlorophenoxyacetic acid (2,4-D) as the growtlgutator was favorable for 6-
methoxypodophyllotoxin production when compareddphthylacetic acid (NAA).
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4.2. Extraction and identification of lignans in Phaleria macrocarpa
(Scheff.) Boerl.

In this study, pinoresinol, lariciresinol and matsinol could be detected in the
different organs oP. macrocarpaby HPLC in comparison to authentic standards. The
wood and the root were especially rich in pinorekibbut contained lariciresinol and
matairesinol as well. The seeds contained smallepuats of pinoresinol and
lariciresinol. Matairesinol could not be detectadhe seeds. Lariciresinol was the only
lignan which could be detected in the bark, leaf fnit flesh.

The fragmentation patterns of the lignans collectemim wood extract ofP.
macrocarpawere identical to the one of authentic standand$iPLC-mass spectro-
metry. Pinoresinol, lariciresinol, and matairesiappeared at m/z 357[M-H]359[M-
H], and 357[M-H] respectively in the negative mode of ESI-MS whichrespond to
the molecular weight of 358, 360, and 358 respebtiv

Pinoresinol and lariciresinol isolated from macrocarpawere mixtures of both
enantiomers. Moreover, the protein fraction coldctrom a 14 days old cell suspend-
sion culture ofP. macrocarpacatalyzed the formation of lariciresinol from rate
pinoresinol which indicate the occurrence of théRHRQ the cell suspension culture of
P. macrocarpasSince pinoresinol and lariciresinol were mixtuofgoth enantiomers,
it is postulated thaP. macrocarpahas two pinoresinol-lariciresinol reductase (PLR)
isoforms that reduce the opposite enantiomers wbrpsinol, as in the case of the
Arctium lappaenzymes andhuja plicatarecombinant PLR isozymes.

The accumulation of pure (+)-matairesinoHnmacrocarpandicated that only (+)-
secoisolariciresinol could be converted into (+)tarasinol. Therefore it is also postu-
lated thatP. macrocarpahas only one NAD-dependent secoisolariciresindiydeo-
genase (SDH) which converted (+)-secoisolarici@simo (+)-matairesinol.

A lignan similar to syringaresinol was isolatednfréthe mesocarp d?. macrocarpa
and it was identified aS-[4(4-Methoxy-phenyl)-tetrahydrofuro[3,4-c] furakvyl]-ben-
zene-1,2,3-trioby Lisdawati (2002). This lignan could be a precurof matairesinol in
this plant.

Syringaresinol, pinoresinol, daphnoretin, and wikstol were identified from
Wikstroemia foetidaar. oahuensis andfikstroemia uva-ursivhich are members of the
family Thymelaeaceae (Torranogt, al, 1979). Beside that, Okunishi and co-workers
(2002) initiated the cell suspension cultureDaiphne odoravhich is also a member of
family Thymelaeaceae that could produce pinoresiadkiresinol, secoisolariciresinol,
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4. Discussion

matairesinol, and wikstromol. The production of amasinol in that cell suspension
culture was much higher than thatDaphne odorastem tissues.

Furofuran and furan lignans have been isolated fidfikstroemia, Daphne,
Passerina andDirca plants (Thymelaeaceae). Many of them have the Sifgpoonfi-
guration at C8 and C8'’ to those of the (+)-pinamekand (+)-lariciresinol isolated from
Forsythiaplants as in the following examples: (-)-pinoresir(-)-lariciresinol and (-)-
dihydrosesamin fronbaphne tanguticaand fromDirca occidentalis In contrast, the
isolation of dextrorotatory furofuran lignans, (giporesinol from Wikstroemia
viridiflora and (+)-syringaresinol frorRasserina vulgarigndDirca occidentalis have
been reported, and even racemic furan lignanslagiciresinols and _(5-methoxy-
lariciresinols, have been isolated frakfikstroemia ellipticgUmezawaet al., 1998).

The levorotatory dibenzylbutyrolactone lignans sash(-)-matairesinol, (-)-arctige-
nin, and (-)-nortrachelogenin [=(-)-wikstromol] leaween isolated from many plants
including Forsythia spp Arcticum lappa, and Trachelospermum asiaticurvar.
intermedium. In contrast, several plants from theily of Thymelaeaceae produce
dextrorotatory dibenzylbutyrolactone lignans sush(#)-matairesinol fronD. odora
andD. genkwaOkunishi,et al, 2002) and (+)-arctigenin froiV. indica(Umezawagt
al., 1998).

The optical rotation of a furofuran lignan can vamwen within plants of the same
genus: (-)-pinoresinol with 74% e.e. was isolateamf W. sikokiana,but the (+)-
pinoresinol was obtained frolV. viridiflora. A comparable difference in enantiomeric
composition was also observed for a furan lignatated fromwikstroemiaplants: (-)-
lariciresinol with 39% e.e. was extracted frokh sikokianawhile racemic lariciresinol
was obtained fronW. elliptica (Umezawagt al, 1998). Furthermore, pinoresinol and
lariciresinol isolated fronD. odoraandD. genkwahas their enantiomeric compositions
ranged from 88% to 95% e.e. in favor of (-)-enangos (Okunishiet al, 2002).

The predominant enantiomers of pinoresinol, laggimol, and matairesinol isolated
from P. macrocarpawvere opposite to those obtained fréorsythiaplants. In additon,
the optically pure dibenzylbutyrolactone lignannr®. macrocarpa (+)-matairesinol,
has the S,S configuration at C-atoms 8,8, whiclopposite to (-)-matairesinol with
R,R- configuration at C-atoms 8,8’ isolated fréwrsythia. Therefore, it is obvious that
different stereochemical mechanisms are operatinglants that produce (or accumu-
late) this different series of enantiomeric lignans
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Pinoresinol and lariciresinol from the wood extratP. macrocarpavere mixtures
of both enantiomers with 79 + 4% e.e. and 55 + 6% &or the (-)-enantiomers
respectively. This enantiomeric purities are lowean those lignans isolated from
Forsythia plants, and those of the lignans obtained fromvitro reactions with
Forsythiaenzymes with more than 97% e.e of (+)-pinoresamal (+)-lariciresinol that
almost optically pure. The findings indicated thla¢ formation of these lignans in
P. macrocarpavas less enantioselective than thaEamsythiaplants. Catalysis by less
enantioselective enzymes or contribution from tyoeets of ezymes could account for
the enantiomeric composition of tRe macrocarpdignans.

Analysis of the enantiomeric compositions of tRe macrocarpalignans has
indicated that the stereochemical control mechamisivolved in lignan biosynthesis in
P. macrocarpaare quite similar toVN. sikokianaand different from those iArctium
lappaandForsythia spp.

The isolation of dextrorotatory and optically punatairesinol fromP. macrocarpa
is in good agreement with the previous isolatiorth&f dextrorotatory dibenzylbutyro-
lactone lignans (matairesinol, arctigenin, and wik®ol) from other Thymelaeaceae
plants. This result suggests that the occurreidbeodextrorotatory dibenzylbutyro-
lactone lignans is one of the special characteristiP. macrocarpa.Therefore, the
precise stereochemical mechanisms involved in foomaof the optically pure
dibenzylbutyrolactone lignans iR. macrocarpawill be an interesting subject of a
future study with isolated enzymes.

4.3. Extraction and identification of lignans in Linum flavum var.
compactum L.

This study was conducted to identify the lignan teah in different organs of
L. flavumvar. compactumin different developmental phases. The plant msgaere
root, stem, leaves, flower-buds, flower, and cagsuThe lignan content in vegetative
organs (root, stem, leaves) was observed in thiferaht developmental phases
namely the phase before the formation of flowegrmmwth phase, the flowering phase,
and the phase during the formation of capsules. ligr@an contents in generative
organs were observed in five different developmeptaases namely flowerbuds,
flowers, capsules in early phase, capsules in migthse, and capsules in late phase
(see section 2.1.1; Tab. 2.1 and Fig 2.2).
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Seven known lignans were found in all organs bygidiiPLC in comparison to
authentic standards. The lignans are pinoresiadkiresinol, 7-hydroxysecoisolari-
ciresinol, podophyllotoxin, a-peltatin, [-peltatin and 6-methoxypodophyllotoxin.
Moreover, the lignan 6-methoxypodophyllotoxin waarid in all parts ok. flavumvar.
compactumwith the highest amount were found in root andsoép early stage. The
lignans pinoresinol, lariciresinol, 7-hydroxy-sesaariciresinol, podophyllotoxin were
found in all parts otf.. flavumvar. compactumin relatively low amount. There was no
extreme difference of lignans content harveste®®05 and 2006, except that the
amount ofa-peltatin in leaves “growth phase” harvested in 20as about twice as
high as in leaves “growth phase” harvested in 2006.

Secondary metabolites are often transported fromnceocells to neighboring cells,
or even further to other tissues or remote orgafezdki, 2005). Accumulation or
secretion of secondary metabolites has to be higggulated, for instance, flavonoids
acting as UV protectant are specifically accumudlate epidermal cells (Schmitz-
Hoerner and Weissenbock,, 2003), whereas insaeictthts are emitted from flower
petals (Kolosovaet al.,2001).

Biosynthetic genes responsible for the formatiors@fondary metabolites may be
highly expressed in such tissues where the metabaire mainly accumulated, while
translocation of these metabolites among plantrergdten occurs as well (Shagt al.,
2000). As an illustration, biosynthetic genes fmotine inNicotianaspecies are mostly
expressed in root tissues as the source organ;JVeowecotine is transported to the
aerial part and accumulated in leaves as the sg&na(Shoijiet al, 2000).

Many phenolic compounds including the lignans agtected as glycosylated form
in plants (Broomhead and Dewick, 1990; Wichetsal, 1991; van Udert al, 1997).
Glucosidation plays a key role in detoxificationesidogenous secondary metabolites in
plants and these glucosides often accumulate irvdlcaoles (Yazaki, 2006). Special
transporter proteins are involved in the vacualanglocation of such glycosides (e.g.
MRP-type ATP Binding Cassette (ABC) transporterattBolomewet al.,2002).

The root-like tissue culture (Wichemst al, 1991), hairy roots culture (Oostdaet,
al., 1993), and shooty suspension culture (Konuklwgilal.,2001) ofL. flavumcould
synthesize 6-methoxypodophyllotoxin. Therefores inost likely that 6-methoxypodo-
phyllotoxin is produced and accumulaiadsivoin roots and stems of this plant.
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Jonasson and co-workers (1986) claimed that thetufdion in the level of
secondary metabolites might be caused by climati@tions. For instance, the carbon-
nutrient balance could be altered by climatic w#ra that changes carbohydrate
production. When carbohydrates are produced inssxoé growth demands, excess
photosynthates might be used for the productioph&nolics or terpenes. Conversely,
when photosynthesis is more limiting than nutrigogorption, carbohydrate concentrat-
ion in plant tissues decline, as do phenolic quaee levels.

According to Briskin (2002), the “carbon-nutrierglédnce” model was developed by
Bryant and co-workers in 1983 to explain the effeat soil nutrient supply and light
levels on secondary product metabolism. A centiaine of this model is that the
carbon/nitrogen (C/N) ratio of the plant under @egi set of environmental conditions
will have a strong bearing on the types and lewélsecondary products generated by
the plant. In this model, production of “carbon-ds secondary products (e.g.,
phenolics, terpenes, and other chemicals having GnlO, and H as part of their
structure) would be directly proportional to theNCratio, whereas production of
nitrogen-based secondary products (e.g., alkalaigsnogenic glycosides, nonprotein
amino acids) would be inversely proportional to (&N ratio. For example, under
conditions of adequate light and low nitrogen sypgte C/N ratio of the plant would
increase and this would lead to increased productbd carbon-based secondary
products. On the other hand, with conditions suzhoa light and adequate nitrogen
that lead to a decrease in the plant C/N ratiores®ed production of nitrogen-
containing secondary products would be expectedergestudies have shown that soil
fertilization tends to increase levels of nitrogeased secondary products (Gershenzon,
1984) and decrease levels of carbon-based secopaaiycts (Bryantet al, 1987).

On contrary, Zimmermann and co-workers (2007) eranchithe effects of two
locations and enhanced nitrogen fertilization a site on 12 linseed. ( usitatissimum
varieties. It could be shown that the variabilitiy bmth lignans caused by the factor
“cultivar” was much greater than either “locatiooy’ “fertilizer intensity”. The ranking
of the cultivars was very consistent, however, ¢ating that the genotypic share of the
expression was greater than the phenotypic share.

The result of Zimmermann and co-workers (200 f)arallel with the result of this
experiment, since the lignan contentinflavumvar. compacturrharvested in different
years were almost the same and there was no drawaatation of the climate during
harvesting in 2005 and 2006 (Tab. 4.1 — 4.3).
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The average temperature in April, June, and Aug086 were quite similar to the
average temperature in April, June, and August 2@0&as slightly warmer in May
and July 2006 in comparison to the temperature ay &hd July 2005.

The average rainfall during June-July 2005 (51 -nifB) was slightly higher than
the average rainfall during June-July 2006 (26 -wB0), whereas the average rainfall
during May 2005 (76 — 100 mm) was lower than therage rainfall during May 2006
(126 — 150 mm). The average rainfall on April 2@8% — 75 mm) was similar with the
average rainfall on April 2006.

The length of sunshine’s during April - May 2005daduring April - May 2006
were similar (126-150 and 176-200 hours/month,eesyely). The sunshine’s duration
during June and July 2005 were shorter than on dumdeJuly 2006. However, the
sunshine’s duration during August 2005 was longantin August 2006.

Table 4.1. Temperature (°C) in Dusseldorf

Months Years

2005 2006
April 10.1-12.0 8.1-10.0
May 12.1-14.0 14.1-16.0
June 16.1 - 18.0 16.1 - 18.0
July 18.1 - 20.0 22.1-24.0
August 16.1 - 18.0 16.1 - 18.0

(source: www.dwd.de/de/FundE/Klima/KLIS/daten/oelklimakarten/index.htm).

Table 4.2. Rainfall (mm) in DUsseldorf

Months Years

2005 2006
April 51-75 51-75
May 76 - 100 126 - 150
June 51-75 26 - 50
July 51-75 26 - 50
August 101 - 125 126 - 150

(source: www.dwd.de/de/FundE/Klima/KLIS/daten/oelklimakarten/index.htm).

Table 4.3. Sunshine (hours per month) in Dusseldorf

Months Years

2005 2006
April 126 - 150 126 - 150
May 176 - 200 176 - 200
June 226 - 250 251 - 275
July 201 - 225 325 - 350
August 151 -175 101 - 125

(source: www.dwd.de/de/FundE/Klima/KLIS/daten/orliklimakarten/index.htm).
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Linum flavumvar. compactunhas demonstrated its capability to produce ance stor
relatively large amounts of cytotoxic aryltetralilgnans structurally related to
podophyllotoxin. Lignans 6-methoxypodophyllotoxits, glycosides and acetate are the
main constituents of roots and stem/leaves ofplaat with the roots containing up to
3.5% dry weight of these compounds. Moreover, atr@860 of the 6-methoxypodo-
phyllotoxin was glycosilated (Broomhead and DewitR90). Podophyllotoxin and 13-
peltatin were also detected in the rootoflavumvar. compactum However, both of
them were not detected in aerial parts (stem/lgawésthis plant. Furthermore,
Broomhead and Dewick (1990) observed the occurrehaepeltatin in the stem/leaves
of this plant.

Wichers and co-workers (1991) found that the radts. flavumcontain over 48%
of total podophyllotoxin derivatives which appearkte the major site of accumulation
of these compounds since the roots comprise onfp 1 total plant mass. The
glycoside of 6-methoxypodophyllotoxin was foundatonajor extent in the leaves on a
basis of absolute amounts (79%) and in roughly legu@unts in leaves and roots on a
dry weight basis. Furthermore, podophyllotoxin anatairesinol were also detected in
in vitro culture ofL. flavum.

Konuklugil (1997) reported the presence of conifalgohol, pinoresinol, podo-
phyllotoxin, syringin, and coniferin in the ethamokxtract ofL. flavum. Moreover,
lariciresinol was also identified by GC-MS in th@ant (Sicilia, et al, 2003).
Furthermore, Mikame and co-workers (2002) founewa hignan called 7,6'-dihydroxy-
bursehernin, along with six known lignans namelgné&hoxypodophyllotoxinp-pel-
tatin, 3-peltatin, pinoresinol, lariciresinol, amsécoisolariciresinol irL. flavum var.
compactum However, cell and root cultures af flavum produce only 6-methoxy-
podophyllotoxin (Berlinet al, 1986; van Udenet al, 1990; Wichersget al, 1990;
Wichers,et al, 1991).

According to Molog and co-workers (2001), cell-seisgion cultures oE. flavum
synthesized and accumulated aryltetraline lactayreahs with 6-methoxypodophyllo-
toxin as the main component. The biosynthesis wie@ioxypodophyllotoxin occurs via
deoxypodophyllotoxin, a-peltatin, and R-peltatin-A methyl ether. The eneym
catalyzing the introduction of the hydroxyl group position 6 was deoxypodophyllo-
toxin 6-hydroxylase (DOP6H). The enzyme was showia aytochrome P450-depend-
ent monooxygenase by blue-light reversion of carboonoxide inhibition and
inhibition by cytochrome&. The DOP6H was a membrane-bound microsomal enzyme
with a pH optimum of 7.6 and a temperature optinuir@6 °C (Molog.et al, 2001).
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Little information was available concerning biodyetic steps from matairesinol to
podophyllotoxin inL. flavumvar. compactumUp to date, there are at least two theories
regarding the biosynthesis of podophyllotoxin @tgrtfrom matairesinol. The first
theory was published by Dewick and co-workers whothimed that matairesinol,
yatein, and deoxypodophyllotoxin could be converiteid podophyllotoxin (Jackson
and Dewick, 1984; Kamil and Dewick, 1986), wher#as second theory is based on
the observation that the feeding of matairesinotaots ofL. flavumresulted in the
formation of 7-hydroxymatairesinol which afterwamil be converted into 6-methoxy-
podophyllotoxin (Xiagt al, 2000).

Van Uden and co-workers (1995) delivered eviddocéehe first theory by feeding
deoxypodophyllotoxin td.. flavumcells, which resulted in the formation of 6-methoxy
podophyllotoxin and much smaller amounts of poddiptgxin. Deoxypodophyllotoxin
was regarded as a precursor for podophyllotgBdpeltatin and 6-methoxypodophyllo-
toxin. The 4-hydroxylation of deoxypodophyllotoxi@sults in podophyllotoxin, where-
as 6-hydroxylation leads tp-peltatin. The formation of 6-methoxypodophylloitox
requires either 6-hydroxylation and methylationpoflophyllotoxin or 4-hydroxylation
and 6-methylation of3-peltatin. InL. flavumsuspension cultures, deoxypodophyllo-
toxin and-peltatin were converted to 6-methoxypodophyllotorind theirp3-gluco-
sides (van Udeet al, 1997).

Cell suspension cultures df. flavum are able to convert large amounts of
deoxypodophyllotoxin into the glycoside of 6-metlhp&dophyllotoxin (Koulmangt
al., 2003). Recent studies showed that the first fstap deoxypodophyllotoxin towards
6-methoxypodophyllotoxin was carried out by deoxdgohyllotoxin 6-hydroxylase
(Molog, et al, 2001).

Xia and co-workers (2000) proved that (-)-mataiwekiwas hydroxylated into 7-
hydroxymatairesinol and the feeding of synthetheled ¢°C) 7- hydroxylmatairesinol
to Linum flavunroots yielded labelled 6-methoxypodophyllotoxin )t al, 2000).

In this experiment, the extraction method of Wetstaad Muir (2000) was applied
beside the extraction method of Wichers (1990)rdento determine the lignan content
in seeds oLinum flavumvar.compactumThe Westcott and Muir method was based on
base-hydrolysis, whereas the Wichers method wasdbais enzymatic-hydrolysis. The
results showed that base-hydrolysis was more @feetd pull outa-peltatin, [3-peltatin,
and 6-methoxypodophyllotoxin in comparison to tmzyenatic-hydrolysis. However,
the amount of 6-methoxypodophyllotoxin was found ke higher by using the
enzymatic-hydrolysis.
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Kartal and co-workers (2004) compared several etitna methods for the
determination of podophyllotoxin and its derivafesm Linum species. No statistical
differences on the percentage of recovery were dobetween the methods. The
glycosidase-method showed the best result withedp the accuracy studies whereas
the acetone-method has an advantage compared totliee methods due to its
capability to calculate the aglycon, lignan glydesiand total lignan. Apparently, the
glycosidase-method showed the proper result dubedact that podophyllotoxin, 6-
methoxypodophyllotoxin, and- and [3-peltatin are present as glucosides (Broomhead
and Dewick, 1990; Wicheset al, 1991; van Udest al, 1997).

4.4. Cloning of cDNA encoding PLR-like protein

The PM1 and PM2 consist of 271 and 276 amino acaipectively, whereas the
Lpl PLR (PLR fromLinum perennevar. Himmelszelt) and the Lul_PLR (PLR from
Linum usitatissimupnconsist of 314 and 312 amino acids, respectividiyreover, the
amino acids sequences of PM1 and PM2 were lacktatfbamino acids in their “N-
terminal”.

According to the energy minimized model proposedviiy and co-workers (2003),
the already known PLRs have consentd@XXGXXG'" [NAD(P)H-binding motif]
sequences in their “N-terminus”. Moreover, thene three conserved positions in most
PLRs namely Leucit& Glyciné®® Phenylalanin€® which are discussed to be
responsible for the enantioselectivity of (+)-piesinol and Phenylalanifé Valine®®®
Leuciné’® for the preference of (-)-pinoresinol. Based oniramacids sequence
alignment, the PM1 has Glycine in position 226 &meénylalanine in position 121 and
230. Therefore, the PM1 has a high similarity witle model of Tp2 PLR [L164,
G268, F272] and Tpl_PLR [F164, V268, L272] propdsgdJin et al. (2003).

The RACE experiments and the cloning steps wereessfully conducted. On
contrary, the efforts to capture the full-lengtlgeence of PLR fronP. macrocarpa
yielded only two partial sequences. It means thatunsuccessful efforts to capture the
full-length sequence of PLR frofP. macrocarpacould have occured due to the failure
to accomplish the complete cDNA as the startingengitin those molecular biology
works.

All commonly used cDNA synthesis methods rely ore thbility of reverse
transcriptase (RT) to transcribe mRNA into singlessded (ss) DNA in the first strand
reaction. In some cases, RT terminates before dridisgy the complete mRNA
sequence. This is particularly true for long mRNAspecially if the first strand
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synthesis is primed with oligo(dT) primers only ibrthe mRNA contains abundant
secondary structures. As a result, under-represebteends of genes in cDNA
populations tend to be 5-30 nucleotides shortemn tha original mMRNA (D’Allessio,
1988).

The secondary structure of an RNA molecule is tbikection of base pairs that
occur in its three dimensional structure. It is iEamto an alignment of protein and
nucleic acid sequences. Therefore, an RNA secorstaugture is a simplification of a
complex three dimensional folding of a biopolymer.

Several methods are used to predict the RNA streic@nce the primary structure is
known, the next step would be to identify its fuaot The first step in achieving the
RNA structure would be to predict its secondarydtre. The secondary structure of
RNA can expose biologically relevant features. €hare two main approaches used to
predict the secondary structure namely free enesggynation and multiple sequence
alignments.

Most of the RNA prediction methods are based ome feeergy estimates. This
method looks for the fold with the lowest free ayeput of possible folds. The fold
with more negative free energy is more stable,esinteleases more stored energy. The
free energy of a fold is the addition of free ewedj all the motifs found in the
structure. This works with single sequences. Meadlewhthe multiple sequence
alignments use the alignments of many homologogsesees to predict the structure.

Most of the RNA folding algorithms can predict thecondary structure. However,
these algorithms are not that successful in predidertiary structure. Tertiary structure
of RNA is investigated by X-ray crystallography amNMR. Secondary structure
predictions can be used along with NMR and X-raystailography in determining the
three dimensional (3D) structure.

The secondary structure of RNA can be predictedusipg an RNA secondary
structure prediction tool such as GENE BEE (httiavin.nmsu.edu/~molb470/fall-
2003/Projects/tumban/RNA_secondary_structure_pieditbtml). The GENE BEE
can be used to predict the secondary structureN# & multiple alignments including
the sequence of interest. If the sequence itsalkel, the structure is predicted using
energy model (which give the structure with minimwmnergy). When multiple
sequences are given, the secondary structure prddiccluded the information on
conservative positions within the sequences. ThelEEBEE therefore can be used to
predict the secondary structure of RNA frémmacrocarpa.
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By submitting the sequences of PM1 and PM2 to te&NE BEE, the secondary
structure of RNA fronP. macrocarpacan be predicted. The RNA secondary structures
prediction ofP. macrocarpaare in good agreement with the description of Eséio
(1988), that the fail to accomplish the cDNA could due to the fail of reverse
transcriptase to transcript the complex mRNA infr@per cDNA.

Up to date, there are no reports regarding themmbgmant pinoresinol-lariciresinol
reductase fronh. flavum Therefore it is interesting to characterize threopesinol-lari-
ciresinol reductase from this plant. In this expwmt, however, the RT-PCR of
L. flavum yielded a partial-sequence with highest similagiti® phenylcoumaran
benzylic ether reductase (PCBER).

Xia and co-workers (2000) reported that opticallyep(+)-lariciresinol and optically
pure (-)-secoisolariciresinol were formed followinmgcubation of racemic pinoresinol
with a crude pinoresinol-lariciresinol reductaseegaration fromL. flavum. It was
demonstrated that the biochemical pathway leadinfprimation of (-)-matairesinol in
L. flavumparallels whit that occurring iR. intermedia In contrast, it has been found
that there was a great stereochemical diversityth@e upstream steps of lignan
biosynthesis. Mikame and co-workers (2002) proveat secoisolariciresinol isolated
from L. flavum var. compactumwas an optically pure (-)-enantiomer, whereas
pinoresinol and lariciresinol are not, with 65% arf@Po enantiomer excess (e.e.) in
favor of (+)-enantiomers, respectively. Therfoleyt postulated thdt. flavumhas two
pinoresinol-lariciresinol reductase isoforms thatluce the opposite enantiomers of
pinoresinol.
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5. OUTLOOK

Callus and suspension cultures fr&tmaleria macrocarpaould be established. The
differentiated plant is able to accumulate smalbants of lignans up to matairesinol.
Lignan accumulation stops in suspension culturésr afome subcultivations. Since
matairesinol was detected in roots, the developnoéritairy root cultures could be
promising in order to produce matairesinol and rhpps - other lignans to study the
biosynthesis in this plant family.

Secoisolariciresinol could not yet be detected?inmacrocarpa In principle, its
occurrence should be expected due to the idertditaf matairesinol. Chiral HPLC
demonstrated that pinoresinol and lariciresinoltamed besides the (-)-enantiomer
substantial amounts of the opposite enantiomemnyHaot cultures could serve as an
interesting system to study, at which stage of ymtigesis an enantiomeric pure lignan
is formed. This could be at the secoisolaricirelsoroat the matairesinol stage. Hairy
root cultures could serve as well for completing @RF of PLR as well as to search for
a secoisolariciresinol dehydrogenase (SDH) resptms$or the step from secoisolari-
ciresinol to matairesinol.

Seven known lignans (pinoresinol, lariciresinol,hyfiroxysecoisolariciresinol,
podophyllotoxin,a-peltatin, 3-peltatin and 6-methoxypodophyllotoxagcumulated in
all organs ofLinum flavumvar. compactumFurther research regarding their formation
and translocation among plant organs is necessargriduct in order to understand the
source organs and the sink (target) organs.

Since Mikame and co-workers (2002) postulated thaflavum has two PLR
isoforms and since there are no reports regardiegeécombinant PLR frorh. flavum
up to now, it is still interesting to characterthe PLR from this plant.
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6. SUMMARY

Lignans are a class of secondary metabolites, wiiastly are optically active. The
lignans secoisolariciresinol and matairesinol amcprsors of the mammalian lignans
enterolactone and enterodiol. The latter are betldwe be responsible for preventing the
expansion of prostate and breast cancers.

Phaleria macrocarpgScheff.) Boerl., a member of the Thymelaeaceagadition-
ally used in Indonesia as medicinal plant agaimstcer, diabetes, hypertension, and
cardiovascular diseases. The lignans pinoresiaoigilesinol, and matairesinol were
found in different organs d?. macrocarpaMeanwhile, only matairesinol was detected
in the initial callus and no lignans were obserirethe cell suspension cultures of this
plant. Pinoresinol and lariciresinol isolated frén@ wood extract consist of a mixture
of both enantiomers, whereas matairesinol was faasgure (+)-enantiomer. These
results support previous reports stated that thgmBlaeaceae family mostly
accumulates lignans with S,S-configuration instedidthe usually occurring R,R-
configuration at their C-atoms 8,8'.

The protein fraction collected from a 14 days okl suspension culture of
P. macrocarpacatalyzed the formation of lariciresinol from rage pinoresinol. This
was an indicator of the occurrence of the pinokdariciresinol reductase (PLR) in the
cell suspension culture ¢&f. macrocarpa Subsequently, a cDNA encoding a PLR of
P. macrocarpa(PM1) was heterologously expressedHn coli. This putative PLR
shows highest similarities to the PLR binum perenne(67% identity and 80%
similarity) on the amino acid level. However, tiistein was not active since it has no
NADPH binding site in its sequence. Another cDNA swalso identified in
P. macrocarpaThe sequence shows highest similarities to a gheagharan benzylic
ether reductase (PCBER) Bbpulus trichocarpd63 % identity and 79 % similarity) on
amino acid level.

The genusLinum is the greatest genus containing species from twbite can
isolate lignans. The lignans pinoresinol, laridine§ 7-hydroxysecoisolariciresinol,
podophyllotoxin,a-peltatin, [3-peltatin and 6-methoxypodophyllotomiare detected in
different organs ot.inum flavumvar. compactunL. during plant development. Based
on the analysis of lignan content, the lignan 6hrarypodophyllotoxin was found in all
organs ofL. flavumvar. compactumwith the high amounts in the roots and capsule
early stage. In contrast, the leaved oflavumvar. compactumaccumulated-peltatin
as the main lignan, whereas the flowerbuds andetsvaccumulated mainly R-peltatin,
6-methoxypodophyllotoxin, andx-peltatin. The lignans pinoresinol, lariciresinol,
7-hydroxysecoisolariciresinol, and podophyllotowere found in all parts df. flavum
var. compactumn relatively low amount. The RT-PCR &f flavumvar. compactum
yielded a partial-sequence with highest similasite PCBERS.
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6. Zusammenfassung

6. ZUSAMMENFASSUNG

Lignane liegen in Pflanzen gewdhnlich als chiraiheeVerbindungen vor und
entstehen durch Dimerisierung von zwei Molekules dehiralen Coniferylakohols.
Die Lignane Secoisolariciresinol und Matairesin@gnken von der menschlichen
Darmflora z.B. in Enterodiol und Enterolacton umgedelt werden. Diese
sogenannten ,Saugtier-Lignane* hemmen das Wachstom estrogenabhéngigen
Tumorarten wie z.B. Brust- und Prostatakrebst. &kte der Thymelaeacedhaleria
macrocarpa (Scheff.) Boerl. werden in Indonesien gegen gamterschiedliche
Krankheiten, z.B. Krebs, Diabetes, hohen Blutdrunokl Herzkrankheiten angewendet.
Thymelaeaceae enthalten gewohnlich S,S-konfigeridiignane. In dieser Arbeit
wurden daher verschiedene Organe bawyvitro Kulturen vonP. macrocarpaauf
Lignane untersucht.

Pinoresinol, Lariciresinol, und Matairesinol wargnverschiedenen Organen von
P. macrocarpavorhanden, Matairesinol nur im Kallus, und keirekdnnten Lignane
waren im aus dem Kallus angelegten Suspensionkunltweiterhin nachweisbar.
Pinoresinol und Lariciresinol, die aus dem Holz ratert wurden, liegen als
Enantiomerengemische mit einem UberschuR von 79 B5& der (-)-Enantiomere
vor. Matairesinol aus dem Holzexstrakt ist reingsEnantiomer.

Eine mogliche PLR-cDNA wurde auB. macrocarpaisoliert und inE. coli
transformiert. Die putative PLR (PM1) afs macrocarpaweist zur PLR vorLinum
perennes7% Ubereinstimmung und 80% Ahnlichkeit auf. Diggtive PLR (PM1) war
jedoch nicht enzymatisch aktiv, moglicherweise,lwlé die typische Sequenz fur eine
-NADPH-Bindung“ fehlte. Die enantiomere Zusammegseg der Lignane von
P. macrocarpa deutet darauf hin, dass die stereochemische Kébntran
Lignanbiosyntheseweg voR. macrocarpadhnlich wie in Wikstroemia sikokiana
erfolgt. Die zweite cDNA hat zur PCBER vorPopulus trichocarpa 63%
Ubereinstimmung und 79% Ahnlichkeit.

Linum ist mit ca. 300 Arten eine der grof3ten Gattunges Bflanzenreichs. Der
Gehalt an Lignanen in den verschiedenen OrganerLvam flavumvar. compactum
L. wurde Uber zwei Vegetationsperioden verfolgt.

6-Methoxypodophyllotoxin war das Hauptlignan der fidéin und Stengely-Pel-
tatin das Hauptlignan der Blatter. Knospen und @&itakkumuliertern- und 3-Peltatin
sowie 6-Methoxypodophyllotoxin. 6-Methoxypodophytigin war auch das Hauptlig-
nan der Kapseln. Bisher konnte keine PLR Bu#lavum var. compactumL. isoliert
werden.
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8. APPENDICES

8.1. List of abbreviations:

A Adenine

ATP Adenosine triphosphate

AU Absorption unit

BLAST Basic Local Alignment and Search Tool
bp Base pairs

BSA Bovine serum albumin

C Cytosine

cDNA complementary DNA

CoA Coenzyme A

dATP Deoxyadenosine-5'-triphosphate

dCTP Deoxycytidine-5'-triphosphate

dCTP Deoxythymidine-5’-triphosphate

dGTP Deoxyguanosine-5'-triphosphate

DIR Dirigent Protein

DNA Deoxyribonucleic acid

DNase Deoxyribonuclease

dNTP Deoxynucleoside-5’-triphosphate

DOP Deoxypodophyllotoxin

DTT Dithiothreitol

DW Dry weight

E. coli Escherichia coli

EDTA Ethylene dinitrilo tetra acetate (Titriplex)
Fig. Figure

FW Fresh Weight

G Guanine

gDNA genomic DNA

h hour

His Histidine

HPLC High performance liquid chromatography
kb Kilo base

kDa Kilo Dalton

Kpi-buffer Kalium-phosphate buffer

Lari Lariciresinol

LB-Medium Luria-Berthani medium

Matai Matairesinol

6-MPtox 6-Methoxypodophyllotoxin

MS-Medium Murashige and Skoog medium (1962)
NAA Naphtyl acetic acid

NAD Nicotinamide-adenine-dinucleotide (oxidizedrf)
NADPH Nicotinamide-adenine-dinucleotide-phosphateluced Form)
nt Nucleotid(e)

oD optical density

70H-Seco 7-hydroxy-secoisolariciresinol
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ORF
p.A.
PCBER
PCR
Pino
PLR
ppm

PS
Ptox
RNA
RNase
RP-HPLC
RPM
RT
SDH
SDS
SDS-PAGE
Seco

T

Tab.
TAE

Tag-polymerase

Tm
tRNA
UTR
viv
w/v
X-GAL

open reading frame
pro Analys (for analysis)

Phenylcoumaran-Benzylic Ether-Reductase

Polymerase chain reaction

Pinoresinol
Pinoresinol-lariciresinol-reductase
parts per million

Pinoresinol-Synthase

Podophyllotoxin
Ribonucleic acid

Ribonuclease

Reversed-Phase-HPLC

Rotation per minute

Room temperature
Secoisolariciresinol-Dehydrogenase
Sodiumdodecylsulfat

SDS- Polyacrylamide-Gelelectrophorese
Secoisolariciresinol
Thymine

Table
Tris-Acetate-EDTA
Polymerase fr@mrmophilus aquaticus

melting temperature
Transfer-RNA

untranslatable region

volume per volume
weight per volume
5-Bromo-4-chloro-indolyl-3-galactoside
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8.2. List of figures

Figurel.l.

Figure 1.2.

Figure 1.3.

Figure 1.4
Figure 1.5

Figure 1.6

Figure 1.7.
Figure 1.8.
Figure 1.9.

Figure 2.1.
Figure 2.2.

Figure 3.1.

Figure 3.2.
Figure 3.3.

Figure 3.4.
Figure 3.5.
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The primary metabolism supplies treeprsors for most of thesecondary
products (modified from Taiz and Zeiger, 2006).

Main elements of the phenylpropanaithyway leading to the formation of
coniferyl alcohol. 1=phenylalanine ammonia-lyas&styrosine ammonia-
lyase (mainly in grassesd:=cinnamate-4-hydroxylasd=hydroxylase;
5=caffeic acidO-methyltransferas&=CoA ligases7=cinnamoyl-CoA
oxidoreductaseB=cinnamyl alcohol dehydrogenase (modified from Lewis
et al.,1998).

Biosynthesis of matairesinoFHorsythia intermediaPS=pinoresinol-syn-
thase;PLR=pinoresinol-lariciresinol reductas8PDH=secoisolariciresinol
dehydrogenase.

Stereochemistry of secoisolariciresino

The lignan (7 7'a,8a,8'3)-7-hydroxy-3',4',5'-trimethoxy-4,5-methylene-
dioxy-2,7'-cyclolignano-9',9-lactone, trivial nanmmodophyllotoxin
(adapted from Moss, 2000).

Stereoisomer of thalidomide.
Phaleria macrocarpdScheff.) Boerl. A=young plantB=tree; C=fruits).

The isolated compounds from P. macpac@=Phalerin;B=5-[4(4-
methoxy-phenyl)-tetrahydrofuro[3,4-c] furan-1-ylghzene-1,2,3-triol;
C=Galllic acid).

Linum flavumvar compactum L.A=young plantB=flowerbuds;
C=flowers;D=capsules).

Plant materials of P. macroca#va oot; B=wood; C=leavesD=fruit).

Linum flavumvar compactum L.A=dried rootsB= dried stemC=dried
leavesD=fresh harvested flowerbudss= fresh harvested flowers;
F=dried flowers;G= capsul “early” stagdd=capsule “middle” stage:=
capsule “late” stage).

Initiation of in vitro cultures &. macrocarpaA= a 3 years old tree &.
macrocarpa B-F= germination ofP. macrocarpa’seed on MS-media
under sterile conditionsBE onthe day of sowingC=20 days after
sowing;D=25 daysE=30 days; and=75 days after sowing§z= callus
culture;H= cell suspension cultures.

Accumulation of fresh weight (FW) adrgt weight (DW) during a
cultivation period of the cell suspension cultufd’omacrocarpa.

Change of pH, conductivity and sugarcentration during a cultivation
period of the cell suspension cultureRofmacrocarpa.

RP-HPLC chromatogram of wood extcd®. macrocarpa.
RP-HPLC chromatogram of callus extc®. macrocarpa.



8. Appendices

Figure 3.6. RP-HPLC chromatogram of cell suspansidract ofP. macrocarpa.
Figure 3.7. Ultra violet spectra of lignans froroad extract oP. macrocarpa.

Figure 3.8. Mass spectra of pinoresinol (A),daesinol (B), and matairesinol (C)
isolated from the wood d¢¥. macrocarpa.

Figure 3.9. Chiral column HPLC analys&=racemic pinoresinoB=pinoresinol
isolated from wood extract &f. macrocarpaC=mixture of (t)-
lariciresinol;D=lariciresinol isolated from wood extract Bf
macrocarpa E=racemic matairesinoF=matairesinol isolated from
wood extract oP. macrocarpa

Figure 3.10. Chromatogram of flowerbud extracdt ofiavum(harvested in 2005).

Figure 3.11. Ultra violet spectra of lignans frtme root extract of. flavumduring
flowering stage.

Figure 3.12. Lignan content In flavumvar. compactum (harvested in 2005).
Figure 3.13. Lignan content In perennevar. Himmelszelt (harvested in 2005).
Figure 3.14. Lignan content In usitatissimunvar. Lirina (harvested in 2005).
Figure 3.15. Lignan content In flavumvar. compactum (harvested in 2005).
Figure 3.16. Lignan content In flavumvar. compactum (harvested in 2006).

Figure 3.17. Comparison of lignan content in sefed davumvar. compactum
extracted according to Wichers and Westcott.

Figure 3.18. Chromatogram of an enzyme assay Wéltell-free extract of
P. macrocarpé& cell suspension culturd€by usingcookedcell free
extract resulting no peak correlated with lariagmes B=by usingfresh
cell free extract resulting a peak correlated waticiresinol).

Figure 3.19. Agarose gel electrophoresis of thR pducts resulting bands of 650
bp (A and B: bands df. flavum C and D: bands d?. macrocarpa

Figure 3.20. Two protein sequences (PM1 and PeR)lted from RACE
experiment.

Figure 3.21. A multiple amino acid sequences afadly known PLRs with PLR from
P. macrocarpgPM1 and PM2). The NADPH-binding domain
(MGXXGXXG') is marked in box.

Figure 3.22. A dendrogram showing the relationgt@fween proteins from
P. macrocarpgPM1 and PM2) and known PLRs and PCBERs

Figure 3.23. The SWISS MODEL of PM1.
Figure 3.24. The SWISS MODEL of PM2.

Figure 3.25. The SDS PAGE of proteins fremmacrocarpgA=marker;B=crude
protein;C=pellet).

Figure 3.26 Multiple sequence alignment of cDN&nfrL. flavumvar. compactum L.
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8.3. List of tables

Table 1.1 Classes of secondary metabolites, lddling blocks, their sources and
their biological activity.

Table 2.1. Date of harvesting of different orgahk.dlavumvar. compactum L. in
different developmental phases.

Table 2.2. MS Mediums (Murashige und Skoog, 1962).

Table 2.3. HPLC gradient program (alle_lignane_imex).

Table 2.4. Gradient elution of mobile phase in LGM

Table 2.5. HPLC gradient (chiral_pino.met, chirati.met, chiral_matai.met).
Table 2.6. HPLC gradient program (PINOneu.met).

Table 3.1. Lignans iRhaleria macrocarpdSchef.) Boerl.

Table 3.2. Enantiomeric composition of lignanshea wood ofP. macrocarpa
(Schef.) Boerl.

Table 3.3. BLAST search result cDNA frdmflavumvar. compactum L.
Table 4.1. Temperature (°C) in Dusseldorf.

Table 4.2. Rainfall (mm) in Dusseldorf.

Table 4.3. Sunshine (hours per month) in Dissgldor

94



8. Appendices

8.4. List of publications

Saufi, A., Fuss, E., Alfermann, A.W., 2004. Lignanseeds of.inum species. 4. Vor-
tragstagung Sektion Pflanzliche Naturstoffe der tBehwen Botanischen Gesellschatft.
Kaub am Rhein, Germany. March 16%12005.

Saufi, A., Fuss, E., Alfermann, A.W., 2005. Matair®| from Phaleria macrocarpa
(Scheff.) Boerl. Phytotherapy - The Role of an Amti Tradition in Modern Times.
Madeira, Portugal. November 1252005. ISBN: 972-97794-7-3.

Saufi, A., Fuss, E., Alfermann, A.W., 2006. Lignaffhaleria macrocarpgScheff.)
Boerl. Future Trends in Phytochemistry: A YoundeBtists Symposium. Olomouc,
Czech Republic. June 28uly I, 2006.

Saufi, A., Alfermann, A.W., Fuss, E., 2007. A putatpinoresinol-lariciresinol reduc-
tase fromPhaleria macrocarpaScheff.) Boerl. Plants for Human Health in thesfo
Genome Era. Helsinki, Finland. August 26"29007. ISBN 978-951-38-6322-7.

95



CURRICULUM VITAE

AHMAD SAUFI

PERSONAL INFORMATION

EDUCATION

= Nationality: Indonesia
= Date of Birth: January 20, 1971
» Place of Birth: Mataram

[ 1989-1994 | Bogor Agricultural University
Sarjana Sains | B.Sc. (Hons.) in Biology

[ 1998-2000 | Bandung Institute of Technology
Magister Sains | M.Si. (Biotechnology)

[ 1999-2000 | Univ. of New South Wales
M.Se. (Biotechnology)

[ 2004-2007 ] Heinrich-Heine-Universitit
PhD student

WORK EXPERIENCES

Bogor, Indonesia

Bandung, Indonesia

Sydney, Australia

Disseldorf, Germany

[ 1995-now | The Agency for the Assessment and Application of

Technology (BPPT), Jakarta, Indonesia

» Researcher on the field of Biology/Biotechnology (1995-now)

» Project Leader for the Socialization of the Organic Farming Technology

in Lombok Island (2000-2001)

= Liaison Officer of BPPT for West Nusa Tenggara Province (2001-2003)

AWARDS RECEIVED

Award “The Pioneer of Liaison Officer” from the Head of the Agency for
the Assessment and Application of Technology (BPPT), August 21st, 2002.

Award “Socialization of Technology” from the Governor of West Nusa

Tenggara Province, May 31+, 2003.

Medal of Honor “SATYALANCANA PEMBANGUNAN” from the
President of the Republic of Indonesia (Mrs. Megawati Soekarnoputri),

August 174, 2003.



PROFESSIONAL MEMBERSHIPS

Member of the Indonesian Specialist and Academician Association in
Germany / TASI e.V. (2005-now)

Member of the Phytochemical Society of Europe (2005-now)

Duasseldorf, October 2204, 2007
Ahmad Saufi



