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ABSTRACT

Isoflavone synthase (IFS; CYP93C) plays a key moléhe biosynthesis of the
plant secondary metabolites, isoflavonoids. Thésnplic compounds, which are well-
known for their multiple biological effects, areopiuced mostly in leguminous plants
(family Fabaceag@ However, at least 225 of them have also beenlmigtin 59 other
families, without any knowledge of orthologues tibhérto knownlIFS genes from
legumes (with the single exception of sugar beddeta vulgaris,from the family
Chenopodiaceae).

Based on these findings, this masters thesisdwaséd on two main objectives:
(1) to identify isoflavone synthase genes in chosguminous and non-leguminous
plants by the PCR strategy with degenerate anddegenerate primers, and (2) to find
a system for the verification of the correct fuonotof these genes.

Our methodology for the identification dFS orthologues was successfully
demonstrated in the case of two examined legumd2haseolus vulgarid.. and
Pachyrhizus tuberosu@d.am.) Spreng, in genomic DNA of which the compl&&s
sequences have been newly identified. To desigmoaepure for ascertaining the
correct function of these genes and others ongeltaee been completely described, a
pilot study with IFS fromPisum sativumL. (CYP93C18; GenBank number
AF532999.2) was conducte@YP93C18was identified, cloned and introduced into the
isoflavone pathway-free plamtrabidopsis thalianausing Gateway' technology. Its
correct function was verified at four different &s by: PCR witHFS-specific primers
(DNA), RT-PCR (RNA), Western-blots (proteins) andPlEC-MS (metabolites). In
addition, CYP93C18::GFP fused proteins were tramblieexpressed in the leaves of
Nicotiana benthamianaand the localisation of the GFP signal was obseedhe
endoplasmic reticulum using confocal microscopy,iclwhis consistent with the
predicted presence of a signal peptide in the IRsterminus of IFS, as well as with

the model of IFS generatadsilico on the basis of cytochromes P450 homology.

Keywords: cytochrome P450, isoflavone synthase, CYP93(Ri8um sativumL.,
Pachyrhizus tuberozugLam.) Spreng,Phaseolus vulgarisL., pilot study, GFP,

endoplasmic reticulum membrane



ABSTRAKT

Isoflavonsynthasa (IFS; CYP93C) hrajec&liou roli v biosyntéze rostlinnych
sekundarnich metabalit- isoflavonoidi. Tyto fenolické latky, znamé diky Sirokému
spektru svych biologickych ¢inkid, jsou produkovany iedevsim rostlinamieledi
bobovité Fabaceag Ackoliv bylo alespd 225 isoflavonoidl detekovano i v 59 dalSich
¢eledich, ortolog znamychrS z bobovitych rostlin byl doposud popsan pouzediné
nebobovité rostlit — Beta vulgaris(¢eled Chenopodiaceae).

Tato diplomova prace si na zakiadmirenych poznatik kladla za cil (1)
identifikovat ortologni geny pro isoflavonsynthaste vybranych bobovitych a
nebobovitych rostlinach a (2) vytiibsytém pro owrovani spravné funkcédhto ger.

NaSe metodika pro identifikaci ortolbglFS se os¥dcila v pripact dvou
zkoumanych bobovitych rostlin Phaseolus vulgarid.. a Pachyrhizus tuberosus
(Lam.) Spreng, Vv jejichZz genomické DNA byly riodentifikovany kompletni sekvence
genu pro IFS. Aby bylo mozno v budoucnuéiity spravnou funkci &chto a dalSich
piipadnych gel pro IFS, byla provedena pilotni studie s IFS paefigi zPisum
sativum L (CYP93C18; GenBank number AF532999.23en pro CYP93C18 byl
identifikovan, klonovan s vyuzitim Gateway™ tecltogie a vnesen ddArabidopsis
thaliana — rostliny postradajici biosyntetickou drahu isoflaeai. Spravna funkce
CYP93C18v transgennich rostlinach pak bylaétwana nactyiech arovnich: PCR
s primery specifickymi kFS (DNA), RT-PCR (RNA), Western-bloty (proteiny) a
HPLC-MS (metabolity). Zarover byla potvrzena spravna intracelularni lokalizace
CYP93C18 metodou transientni exprese fuznich prot&S::GFP v listeciNicotiana
benthamiana. Fluorescedni signal byl konfokalnim mikroskopem pozorovan na
endoplasmatickém retikulu, coZz odpovig@dikované fitomnosti signalniho peptidu
na N-konci IFS, stefhjako modelu generovanénin silico na zéklad homologie
cytochronii P450.

Kli ¢ova slova cytochrom P450, isoflavonsynthasa, CYP93CR&um sativumL.,
Pachyrhizus tuberozugLam.) Spreng,Phaseolus vulgarid.., pilotni studie, GFP,
membrana endoplasmatického retikula
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1. INTRODUCTION

Amidst the vast number of cytochromes P450, isofi@ synthase (IFS;
belonging to the CYP93C subfamily) occupies a spgaace due to its key role in the
biosynthesis of plant secondary metabolites, isoftaids. Although these phenolic
compounds are produced predominantly in the Faledesaily, they were detected in a
further 59 plant families, as far as known to dMackovaet al., 2006).

The literature deals extensively with the positeféects of these well-known
phytoestrogens on human health, including cancevemtion and the mitigation of
menopause symptoms, as well as with the poteniskis rassociated with their
consumption (Ososki a Kennelly, 2003; Cornwell al., 2004). In addition,
isoflavonoids have considerable importance for tslathemselves, particularly as
phytoalexins and chemoattractants in rhizobial Sgsib.

Isoflavone synthase is known for its outstandihgityg to catalyze both the
hydroxylation of the two flavanone precursors -iigigenin and naringenin — as well
as the critical migration of the aryl group frometiC2 to the C3 position on the
chromene skeleton of the aforementioned flavanoheslate, 31 individual IFS-amino-
acid sequences, displaying a homology of more 8%, have been described. Apart
from this, the presence of two isoformsIBS has been reported only once, and in the
case of only a single non-leguminous species, naBela vulgaris(sugarbeet) from
family Chenopodiaceae (Juegal, 2000).

In the light of the fact that there is a numberisdflavonoid-producing plant
families out of the Fabaceae family and yet we lady knowledge of the genetic
background of their isoflavonoid biosynthesis (witle sole exception of sugarbeet), the
main objectives of this thesis were formulated @lfodvs: (1) The identification of
isoflavone synthase genes in chosen non-legumiaiodiseguminous plants, and (2) the
performance of a pilot study with one of the twalwm IFS genes frorRisum sativum
L. — namely CYP93C18, GenBank accession no. AF53Z@®operet al, 2005) — in
order to develop a system for the verificationh# torrect function of newly-identified
genes orthologous to knowRSs. This study also entails the visualization of RS

vivo, thus providing confirmation of its subcellulacédization.
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2. LITERATURE SURVEY

2.1. Isoflavonoid biosynthesis

Isoflavonoids represent a group of phenolic psedondary metabolites and are
well-known for their multiple beneficial effects twth plant and human health. Their
biosynthetic pathway and the unusual manner ofr theimation are therefore
frequently discussed in the literature, in mostesag connection with metabolic

engineering.

2.1.1. Phenylpropanoid metabolic pathway

The plant phenylpropanoid pathway is responsibtete production of a broad
spectrum of phenolic secondary metabolites inclgidignins, lignans, salicylates,
coumarins, stilbens, styrylpyrones and all compsuahbraced by the common name
flavonoids — such as chalcones, isoflavonoids, ofi@s, flavonoles, anthocyanins,
condensed tannins, phlobaphenes and many otheys4Hi, Buchanart al, 2002).
The most abundant phenylpropanoid derivative iSitig66.0% of the total), followed
by condensed tannins (18.6%) (Aksamit-Stachueslka, 2008; Winkel-Shirley, 2001).
The compounds emerging from this pathway have ae widriety of functions as
structural, signalling and protective molecules vithich reason the pathway is the best-
studied secondary metabolic pathway of all (Yu Blodsonigle, 2005).

The precursors of the phenylpropanoid pathwaypbawsphoenolpyruvate (from
glycolysis) and erythrose 4-phosphate (from thegemnphosphate pathway), leading to
two important intermediates, shikimic and chorisnacid. The phenylpropanoid
pathway itself begins with the action of phenyl aommm lyase (PAL), which
deaminates the amino-acid phenylalanine derivesh ftborismate. The cinnamic acid
so formed is then converted, in several steps, ¢chtcon. The biosynthetic pathway
leads from chalcon to flavanones and then to igofias, which are the subject of our
interest. The other main biosynthetic steps anddiras of the pathway are shown in
the diagram below (according to Buchamaml, 2002; Fig. 2.1.).

11



General phenylpropanoid patway
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A o
i
Shil:lixvqfe Coumarins Lignins ( ON Stilbenes
pathway and HO OH O
lignans O |
Chalcone
Flavonoids (OH) ©

)

( Flavones o i‘ OH
Condensed Tannins \ HO
\ I
K Fluvunop

Flavonols n<«—— Dihydroflavonols / (oM ©

Anthocyanins ISOFLAVONOIDS
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Fig. 2.1.Schematic of the major branchef the phenypropanoid pathwe. Enzymes
involved: (1) Plenylamonium lyase (PA, (2) Cinnamate-4ydroxylase (C4H), (< 4-
coumaroyl:CoAligase (4CL),(4) Chalcone synthase (CHS), (5) Chalcone isome
(CHI). Drawn in ACD/Chemsketch after Buchanet al, 2002 and WinkeShirley,
2001.

2.1.2. Thebiosynthetic branch leading to the production ofisoflavonoids

Theflavonoic — and thus isoflavonoid pathway starts with the condensation
p-coumaroyl€oA with three molecules of malol-CoA, to form the C15 flavonoid
skeleton —chalcone This can be the tetrahydroxychalcoamed naringen-chalcon
(formed by thecatalysii of chalcone synthase), or theahydroxychalcon named
isoliquiritigenin formed through thecatalysis of chalcone synthase and chalc
reductase)From these structures ai the ubiquitous flavanonimaringenin, and the
less abundant flavanorliquiritigenin, respectively(both due tothe catalysis of
chalcone isomerasé€pteele et al., 1999). Interestingly, chaleasomerase from non-
leguminous specieis unable to catalyse the isomerization of isoligigahin into
liquiritigenin (Shimadeet al, 2003).

Theaforementionedflavanones are direct precursorgledisoflavonegyenistein

and daidzein, respectivelywhich are the first idtavonoids to appe in the pathway
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(Fig. 2.2.). The conversion of the flavanones tdl@/ones is carried out by the unusual
action of isoflavone synthase (2-hydroxyisoflavamaynthase) — which enzyme is
considered in section 2.3. The flavanone naringelndawever, is utilized by several
other enzymes from the flavonoid metabolism (el@vanone-3-hydroxylase, flavone
synthase etc.), thus competing with IFS for thestale (Yu and McGonigle, 2005).

The further metabolism of isoflavones involves ymes such as
glycosyltransferases, prenyltransferases, metisyirases and others, all of which are
characterized by a wide substrate specificity ilap2007). Their mode of action could
partly explain the phenomenon “Too few genes, tamymmetabolites” (Schwab, 2003),
reflecting the considerably higher number of melisdg® compared to the limited
number of known genes coding the discussed enzymes.

According to Veitch (2007), one of the essentiabcpsses leading to
isoflavonoid diversification is the hydroxylatiorf the C-2°and C-3"positions by the
isoflavones 2'-hydroxylase and 3’-hydroxylasepeetively. Another important and
well-defined modification is the methylation of daein and its precursor 2,7,4 -
trinydroxyisoflavanone, resulting in the productiof the isoflavones isoformononetin
and formonetin, respectively. The latter is a kegcprsor of isoflavans, coumestans and

pterocarpan phytoalexins (e.g. medicarpin or pis&tg. 2.2.).

13
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\ 4

OH
HO OH 0
.
OH O
Tetrahydroxychalcone

OH OH
Homw@/ HO. ; :o: ©/

o OH O
IFS (2S)-Liquiritigenin (2S)-Naringenin IFS
(a flavanone) (a flavanone)

O._OH HO
O 0

OCH, OH
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Fig. 2.2 Schematic of the isoflavonoid biosynthetic pathv Enzymes involved:
CHS, Chalcone synthas CHI, chalcone isomeras#:S, isoflavone synthasdFD,
isoflavone dehydrataselOMT , isoflavanone QmethyltransferaseHI4 IOMT ,
hydroxyisoflavanone  ~O-methyltransferase; D70MT, daidzein -O-
methyltransferase. rawn in ACD/Chemsketch after Buchanet al, 2002 and

Veitch, 2007.
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2.2. Isoflavone synthase (IFS)

Isoflavone synthase, IFS (also called 2-hydrafj@ésvanone synthase, 2-HIS)
plays a key role in the biosynthesis of the platondary metabolites, isoflavonoids.
This enzyme was discovered as a cytochrome P45@onggenaséy the Griesebach
group at the University of Freiburg in 1984 (Hagmamd Griesebach, 1984). This was
when it was first proclaimed: “The ‘isoflavone slyase’ was found in elicitor-
challenged soybean cell cultures”. They reportedt tnicrosomes prepared from
elicitor-challenged soybean cell cultures catalysitd NADPH-dependent and
dioxygen-dependent rearrangement of radio-labefladngenin to genistein. Many
years later, IFS was classified as a member o$ulbdéamily CYP93Cand will be treated

in more detail below.
2.2.1. Cytochromes P450 (CYPSs)

Plant P450 monooxygenases are membrane-boundngrotsisting of a haem
and of an apoprotein that is responsible for thessate specificity (Bolwelkt al,
1994). Utilizing reducing equivalents from the NABRcofactor, they catalyse an
enormous range of oxidative reactions across atidoms. In plants they are involved
in the metabolism of lipids, phenylpropanoids, #&ids, terpenoids and other
secondary metabolites.

The haem prosthetic group is bound through a tystesidue in a highly-
conserved domain near the C-terminus (Bolwatllal 1994), in a position nearly
parallel to the surfaces between the L and | heliddthough the CYPs consist of
conservedi-helices ang-sheets, they display a narrow substrate spegifiag well as
strict regio- and stereo-specificities (Mansuy, 899

Several X-ray structures of some vertebrate antdebal CYPs have been
described. According to the accessible literatinm@yever, plant cytochromes P450
have not yet been obtained and thus the questiotheofprecise structure of these

proteins remains to be solved.
2.2.2. CYP93C

In 1999-2000, that is as late as 16 years aftelistsovery, IFS was confirmed to
be the cytochrome P450 on the basis of genomidestuzhrried out independently by
three research groups (Steetal 1999; Akashet al 1999; Junget al, 2000).

15



Based on the sequence homology and P450 nomemglatllr isoflavone
synthases of which the genes had been cloned viaredoin the subfamily CYP93C,
and denoted by Dr. David Nels¢009)by list numbers (Tab. 2.1.).

The sequences evince the typical features of bytmees P450, including “A’-
“L” a-helices (the “I" helix is oxygen-binding), haenmding motifs near the C-
terminus and conserved PERF domain (Stee&, 1999; P450 Engineering Database,
University of Stuttgart).

To date (as of July 2010), 28 individual IFS-amawd sequences (including
IFS isoforms), displaying a homology of more th&%® have been described in a total
of 17 leguminous species, according to the P450neergng Database (University of
Stuttgart). Moreover, three recent additions have appearedhanGenBank: two IFS
isoforms from the legumeupinus luteugMadrzak and Narozna, 2008, unpublished)
and one IFS sequence from the leguthdlen corylifolium (Misra et al, 2010). The
presence of IFS in non-leguminous species hasirhitibeen reported just once — in the
single case oBeta vulgaris from the family Chenopodiaceae, where two IFSoisos
have been found (Jurgg al., 2000).

The soybeanFS gene was first described more or less at the same
independently by Steekt al (1999) and by Junet al (2000). Junget al isolated two
IFS isoforms (IFS1 and IFS2), which share highlynbtogous regions (92.5% at the
nucleotide level and 96.7% at the amino acid lewaiyl both isoforms can convert the
flavanone substrates to isoflavones, but with diffg degrees of efficiency (Jureg al,
2000) Since that time, the gene has been succesfully-exmessed in several non-
leguminous species that do not produce isoflavanomamelyArabidopsisthaliana
(Junget al, 2000 and others), tobacco (Jugtgal, Yu et al, 2000, Liuet al, 2007),
tomato (Shihet al, 2008), petunia and lettuce (L&t al, 2007), rice (Sreevidyat al,
2006), and maize black mexican sweet cells €¥al, 2000).

16



P450

Species

GenBank number

Reference

CYP93C1 Glycine max AF022462 Siminszky et al., 1999
CYP93C1v2 Glycine max AF135484 Steele et al, 1999
CYP93C2 Glycyrrhiza echinata  AB023636 Akashi et al., 1999
CYP93C3 Cicer arietinum AF243804 Overcamp et al., 2000
CYP93C4 Glycine max AF089850 Wu and Verma,
dir.sub.1998
CYP93C5 Glycine max AF195818 Jung et al., 2000
CYP93Cévi Vigna radiata AF195806 Jung et al., 2000
CYP93Cév2 Vigna radiata AF195807 Jung et al., 2000
CYP93Cév3 Vigna radiata AF195808 Jung et al., 2000
CYP93Cév4 Vigna radiata AF195809 Jung et al., 2000
CYP93C7v1 Medicago sativa AF195801 Jung et al., 2000
CYP93C7v2 Medicago sativa AF195802 Jung et al., 2000
CYP93C8 Medicago sativa AF195800 Jung et al., 2000
CYP93C9vi Trifolium pratense AF195810 Jung et al., 2000
CYP93C9v2 Trifolium pratense AF195811 Jung et al., 2000
CYP93C10v1 Trifolium repens AF195814 Jung et al., 2000
CYP93C10v2 Trifolium repens AF195815 Jung et al., 2000
CYP93C11vi Beta vulgaris AF195817 Jung et al., 2000
CYP93C11v2 Beta vulgaris AF195816 Jung et al., 2000
CYP93C12 Lens culinaris AF195805 Jung et al., 2000
CYP93C13 Lens culinaris AF195804 Jung et al., 2000
CYP93C14 Pisum sativum AF195812 Jung et al., 2000
CYP93C15 Vicia villosa AF195803 Jung et al., 2000
CYP93C146 Lupinus albus AF195813 Jung et al., 2000
CYP93C17 Lotus japonicus AB024931 Shimada et al., 2000
CYP93C18 Pisum sativum AF532999 Cooper et al., 2005
CYP93C19 Medicago truncatula  AY167424 Butelli et al., dir .sub. 2002
CYP93C20 Medicago fruncatula  AF195812 Deavours and Dixon, 2002
CYP93C21 Pueraria montana AF462633 Jeon and Kim,dir.sub.
var. lobata
CYP93C22 Asfragalus DQ205408 Pan et al., dir sub. 2005
membranaceus (partial IFS)
Glycine soja EU391469 (IFST) Chenk et al., dir.sub. 2008
EU391516 (IFS2)
Vigna unguiculata EU616497(IFST) Kaur and Murphy, dir.sub.
EU616500 (IFS2) 2008
Lupinus lutheus FJ539089 (IFS1) Madrzak and Narozna,
FJ539090 (IFS2) dir.sub. 2009
Cullen corylifolium GU322814 Mistra et al., 2010
Tab. 2.1 List of cloned IFS genes from GenBank
(http://www.ncbi.nlm.nih.gov/nucleotide/), P450 Bhase

(http://drnelson.uthsc.edu/cytochromeP450.html)  afrdm
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Database, University of Stuttgart (http://www.cypeud-stuttgart.de/). After Yu and
McGonigle, 2005 (updated). Abbreviation: dir. subirect submission.



2.2.3. Reaction mechanism of IFS

In spite of the fact that the conversion of flawaes into isoflavones is a two-
step process, the overall reaction is frequenttyilasd to IFS (Veitch, 2007). In fact,
due to the action of membrane-bound IFS, an urestalitermediate 2-
hydroxyisoflavanone arises from a flavanone premu(ig 2.3.). For this reason, “2-
hydroxyisoflavanone synthase” or “2-HIS” is a mqyeecise name for the enzyme
involved (Yu and McGonigle, 2005). The subsequésp $s catalyzed by a soluble 2-
hydroxyisoflavanone dehydratase, which is respdaddy the 1,2-elimination of water
from 2-hydroxyisoflavanones and the formation afcauble bond between the C2 and

C3 positions of the resulting isoflavone structygsisashiet al., 2005; Fig 2.3.).

OH
HO O OH HO O
o HID
IFS
H

HO !

R o NADPH NADP OH  spontaneous OH
dehydratation
R=H: (2S)-liquiritigenin 2-hydroxyisoflavanon R=H: daidzein
R=0OH: (25)-naringenin R=0OH: genistein

Fig. 2.3. The biosynthesis of isoflavone from flavanone,detail. IFS, isoflavone
synthaseHID, 2-hydroxyisoflavanone dehydratase. Drawn in AC¥@Sketch, after
Tian and Dixon, 2006.

Yu and McGonigle, who were both amongst the fids&scoverers of the
isoflavone synthase gene, call IFS an “intriguingyane” due to its outstanding ability
to catalyze both the hydroxylation of the two flagae precursors — liquiritigenin and
naringenin — and the critical migration of the agybup from the C2 to the C3 position
on the chromene skeleton of the aforementionediflames (Yu and McGonigle 2005).

The reaction mechanism of the 1,2-aryl migrationsvaudied in elicitor-
challengedPueraria lobatacell cultures (Hashinmet al, 1990; Hakamatsukat al.,
1991). The authors suggested a new reaction mexhawhich, in contrast to the
previous concept of enol-epoxidation of the flawvamdKochs and Grisebach, 1986),
entailed hydroxylation associated with the rearesngnt of the flavanone (Fig. 2.4.).
The reaction requires interaction with NADPH:cytomhe P450 reductase, which
provides the P450 with electrons by reducing theDRAl. The mechanism involves (1)
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the abstraction of hydrogen from C3 by an actat&ygen intermediate, bound to
haem iron, followed by (2) the migration of the lagyoup from position C2 to C3 on
the chromene skeleton, and (3) the rebinding efyydroxyl radical to C2 (Sawadh

al., 2002). It is not clear whether or not IFS asstbe dehydratase in the subsequent
step — the elimination of water (Yu and McGonigh§05). Although the reaction
catalysed by IFS is frequently called a “uniquedatton, it cannot be excluded that
examples of a similar reaction mechanism might daend within the complex plant

secondary metabolism.

1. 2. IFS
H H H Fe

HO ol HO ol HO °© “« o OH
—> 4 —> .
A Hd 2,
H H OH H O\
o o o) OH

L oI L] |

IFS IFS H Fe

HO oM HO o O IFS
COC e [Sot
O Dehydratase oH

HO O OH

Fig. 2.4. The probable reaction mechanism of oxidative amgration, catalyzed by
isoflavone snythase (IFS) and leading to the prodaocof isoflavones. (1)
liquiritigenin, (2) 2,7,4"-trinydroxyisoflavanon@-hydroxyisoflavanone, for short), (3)
daidzein. Drawn in ACD/ChemSketch after Hakamatsatkal, 1991.

2.2.4. Molecular modelling of IFS active site

In 2002, Sawada and his colleagues reported thdifidation of two amino-
acid residues that are critical for the aryl migmat(Sawadaet al, 2002). On the basis
of the known X-ray crystal structure of the cytamne P450BM3 fromBacillus
megaterium(Ravichandarret al, 1993), and using a multiple-alignment analysithw
members of the CYP93 family, they generated a 3-d@iehof CYP93C2 (IFS from
Glycirrhiza echinata Fig. 2.5.). Several potentially crucial aminogsciwere marked
out by docking (&-liquiritigenin into the modelled IFS active sit€oint mutant
proteins were then expressed in a heterologoud ggsiem, with the following results:
(1) the wild-type IFS produced 2-hydroxyisoflavaroand a reaction by-product, 3-
hydroxyflavanone, in a ratio of 92:8; (2) the mutanotein with Ser 310 (centre of |
helix) —Thr yielded 2-hydroxyisoflavanone and Dby-producis, ratio of 57:43,
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indicating anincreased proportion of -products; and (3) thewutant protein with Ly
375—-Thr produced only -hydroxyflavanon. Clearly, Ly875 of CYP93C2 is essent
for aryl migration,whilst therole of Ser 310 is more equivocdlhe e-amino group of
Lys 375 probably acts as an anchor for the substrate, is proxima to substrate
hydroxyl at C7. The role of Ser 3 is likely to residean facilitating the aryl migratic,
because it provides the reaction wmorespace than Thr (Thr placed at the position
310in the case of all CYP93s with the exception o subfamily CYP93C

In a further study from 20(, Sawada and AyabmtroducedlLeu 371 as an
additional key amincacid residue of IFS. Leu 37% located near the substt and
appears to contrehe substrate accommodai in the active sitendto contribute to the
correct P450 fold (Sawada and Ayabe, 2(

I-helix Ser 310

Arg 104}-.\‘ Gin 106
o

V)% ‘
. \C\? { f-sheet 1
> (2S)-Liquiritigenin

B | C-helix

t
Fig. 2.5.In silico-generated model of the active site of IFS (CYP9: including ac

accommodatetiquiritigenin (adapted from Sawad# al, 2005).

2.3. 2hydroxyisoflavanone dehydratas (2-HID)

As mentioned above2-hydroxyisoflavanone dehydrat: (2-HID) is, together
with isoflavone synthase (IF, responsible for the format of the isoflavonoi
skeleton. 2-HIDwasfirst purified and characterizday Hakamatsukiet al from yeast
extract-elicitedcell suspension cultures Pueraria lobata(Hakamatsuk:et al, 1998).
It is a single polypeptide with a molecular weighB88 kDa, and has an isoelectric pc
at pH 5.1 and a pdptimum at 6.8. It requir no co-factor.

In 2005,Akashiet al further reported cloning BHD cDNA from Glycine max
and Glycirrhiza echinat. The amino-acid sequences of bothIDs posses the motifs

characteristic to choxylesterase¢, which had hithertmever beerconsidered to exhibit
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dehydratase activity (Akashet al, 2005). In other legumes, the production of
isoflavone from 2-hydroxyisoflavone is most probatdtalyzed by 2-HID homologues.
However, in the case of non-leguminous plants tbssible presence of a general
“flavonoid dehydratase”, or the spontaneous dehgtom of the intermediate, is more
probable (Yu and McGonigle, 2005).

2.4. Isoflavonoids

2.4.1. Structure and classification of isoflavonoisl

Isoflavonoids constitute a sub-class of the phensécondary metabolites —
flavonoids, and thus have the same 15-carbon-skelst C6-C3-C6. However, the B-
ring of the basic structure of isoflavone is atetlat the C-3 rather than C-2 position,
in contrast to the flavone (Croziet al, 2006; Fig. 2.6, in which the biosynthetic origin

of the skeleton is highlighted).
From the B

shikimic acid | 8
pathway

/ o Three-carbon bridge 5
From the malonate patway

Fig. 2.6. The basic backbone of (A) flavon (2-phenylchrordeone; its biosynthetic
origin shaded) and (B) isoflavon (3-phenylchromeoré). Drawn in ACD/Chemsketch
after Crozieret al,, 2006)

Isoflavonoids undergo various modifying reactiossich as hydroxylation,
methylation, prenylation, chlorination, the additiof aromatic or aliphatic acids and
extra heterocyclic rings, cyclization, dimerizatietc. (Reynaueét al, 2005).

In plants, isoflavonoids occure as free aglycamethey are accumulated in the
form of glycoconjugates, with glucose as the moshmon sugar component (Reynaud
et al, 2005). The conjugation step confers stabilitg @olubility to the isoflavone
aglycones, enabling their compartmentalizationaouwoles or their transportation to the
site of accumulation. Glycosides are further cotecerinto their respective malonyl

derivatives (Dhaubhadet al, 2008). This process enhances their solubilitptgrts
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glycosides from degradation by glycosidases antpshie their intracellular transport
(Dhaubhaudeét al, 2008). The various modifications of isoflavor@i@ccount for the
multiplicity of their subgroups. According to Velitc(2007), fourteen different

isoflavonoid subclasses can be distinguished, asrsin Tab. 2.2.

Isoflavones Isoflavans Isoflavanquinones Isoflavanones

o

O.
1O

Rotenoids

Pterocarpans Pterocarpenes éa- Hydroxypterocarpans Coumestans

(o}

Tab. 2.2.0Overview of the individual subgroups of isoflavat®and their basic
chemical structures. Drawn in ACD/ChemSketch afteitch, 2007.

2.4.2. Isolation and identification of isoflavonoid

Isoflavonoids are isolated from fresh, dried orpglised plant material. They
occur in subtantial amounts more often in rootszaimmes, wood, bark, shoots and
seeds, than in leaves or flowers (Dacora and P§jlll996; Reynauet al, 2005).
However, depending on both biotic and abiotic feggtesoflavonoids can accumulate in

any part of the plant (Dacora and Phillips, 1996).
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As far as analytical techniques are concerned, dbenbination of high-
performance liquid chromatography (HPLC) with mapgctrometric detection (MS),
electrospray ionization (ESI) and atmospheric presshemical ionization (APCI), has
proved to be a useful tool (Boland and DonnelB98). Gas chromatography, nuclear
magnetic resonance and capillary electrophoregisaso commonly employed. Apart
from these, immunochemical methods such as flueresc immunoassay (FIA),
radioimmunoassay and enzyme-linked immunosorbesayaELISA) were also found
to be very sensitive and effective (Icpet al, 1999; Lagik et al., 2004).

The constantly increasing sensitivity of methods the analysis of natural
products now enables the detection of isoflavon@dsn in such plants where only
traces can be found or in which the very occurenicésoflavonoids had not been

expected.
2.4.3. Taxonomical distribution of isoflavonoids

In the middle of the 19th century, Reinsch and ilat first discovered the
isoflavonoid ononin in the roots of the leguminoptant Ononis spinozal.
Surprisingly, further isoflavonoids came to be m@d in connection with non-
leguminous species, namely iridin fromis florentina (Iridaceae; de Laire and
Tiemann, 1893) and prunetin frdAtunussp. (Rosaceae; Finnemore, 1910) (cited from
Veitch, 2007 and Lajk, 2007).

For their ubiquitousness in the family Fabaceaegufi@inous plants),
isoflavonoids have been considered chemosystemmeatrkers for this taxon in the past
(Reynaucet al, 2005). However, reports on the presence ofasofioids from sources
other than leguminous plants were also made. Téueeessive reviews in years 2005,
2006 and 2007 (Reynawd al, 2005; Mackovét al, 2006; Lagik, 2007) attempted to
summarize current knowledge of the distributionisaflavonoids in non-leguminous
families. According to Lajik and Veitch, at least 225 out of over 1600 known
isflavonoids (predominantly isoflavones) have bescribed in 59 non-leguminous
families (Lagik, 2007; Veitch, 2007). By the year 2007, isoflagmls had been found
in one family of mosses (Bryopsida), three famibégonifers (Pinopsida), 10 families
of monocots (Liliopsida) and 46 families of dicqtdagnoliopsida; Mackovét al,
2006; Lagik, 2007; Tab. 2.3.).

Without being aware of the fact, we consume aagedmount of isoflavonoids

in our daily diet. Apart from seeds and other pafteguminous plants (and especially
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all soya products), these compounds have also foen in small amounts in certain

fruits, vegetables, cereals, potatoes, oil seedsats (Bokeet al, 2002, Mazuet al.,

2000). Isoflavonoids were also detected in greanated coffee (Mazuet al, 1998),
beer (Rosenblurat al, 1992) and bourbon (Gavaletral, 1987).

The effects of dietary isoflavonoids, includingetial benefits and risks to

human health, will be discussed below.

Division  Family Division Family

Bryopsida Bryaceae Magnoliopsida  Amaranthaceae Cucurbitaceae Polygalaceae

Pinopsida  Araucariaceae Apiaceae Erythroxylaceae Polygonaceae
Cupressaceae Apocynaceae Euphorbiaceae Rhamnaceae
Podocarpaceae Asclepiadaceae Magnoliaceae Rosaceae

Liliopsida Asphodelaceae Asteraceae Malvaceae Rutaceae
Cyperaceae Bombacaceae Melastomataceae  Rubiaceae
Eriocaulaceae Brassicaceae Menispermaceae Sapotaceae

Irdaceae Cannabaceae Moraceae Scrophulariacea
Juncaceae Caryophyllaceae Myricaceae Solanaceae
Liiaceae Celastraceae Myristicaceae Sterculiaceae
Poaceae Chenopodiaceae Myrtaceae Urticaceae
Smilaceae Clusiaceae Nymphaeaceae Verbenaceae
Stemonaceae Connaraceae Nyctagicaeae Vitaceae
Zingiberaceae Convolvulaceae Ochnaceace Violaceae
Crassulaceae Papaveraceae Zygophyllaceae

Note: Isoflavonoids appeared to have been detéctedime additional families (Lauraceae, Pedaliacea
etc.), but the evidence has not been considerbd teliable (Mackovét al, 2006).

Tab 2.3.Overview of non-leguminous taxa producing isoflawils, as of 2007 (after

Reynauckt al, 2005; Mackovét al, 2006; Lapik, 2007).

2.4.4. Biological functions of isoflavonoids in plats

The role of isoflavonoids in plant defence and in tieluction of rhizobial

symbiosis is the most frequently discussed initkeature.

Due to their antimicrobial activity, some isoflanads are classified as

phytoalexins (i.e. antimicrobial compounds syntgelide novoin direct response to

microbial attack and other stressors) and as phtitgins (i.e. molecules chemically
identical to phytoalexins but stored in plant callanticipation of pathogenic attack or
produced after infection solelyjom preexisting constituents) (VanEtteh al, 1994).

Apart from isoflavonoids, which are the most widstydied class of phytoalexins, such
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defensive compounds can be found among terpenl®nst, benzofuranes and other
chemical groups (Dakora and Phillips, 1996).

The most potent phytoalexins in leguminous plainésthe isoflavanone kieviton
(PhaseolusVigna); pterocarpans phaseollinBhaseoluy pisatin Pisun), medicarpin
(Cicer, Medicag9, glyceollins Glycing, maackiain {rifolium); and the coumestan (a
fully-oxidised pterocarpan) coumestrolGlycine, Medicago, Phaseolus, Vigna
However, the simple isoflavones daidzein, genistéarmononetin, glycitein and
biochanin A also display some antimicrobial andifangal activity (Dakora and
Phillips, 1996). Some examples of isoflavonoid plajgxins have been detected in
several non-leguminous families (Chenopodiaceae ristigaceae, Zingiberaceae,
Iridaceae and others; Reynaud, 2005 andtika@007). Moreover, rotenoids (especially
rotenone) from both leguminous and non-leguminopscies are known for their
insecticidal, piscicidal and antiviral activies (Bod and Donnelly, 1998).

The production of isoflavonoid phytoalexins is ukded at the level of the
transcription of the genes which are required F& isoflavonoid biosynthesis. Biotic
elicitors (e.g. saccharides from the cell wall lné¢ fplant or of the pathogen) as well as
abiotic factors (e.g. UV radiation, heavy metat® low or too high a concentrations of
minerals, etc.) play an important role in the stetion of isoflavonoid formation. The
elicited isoflavonoids can then act as toxins agfathe pathogens; but the signalling
function of isoflavonoids in connection with hypemsitive response (HSR) and
systemic acquired resistance (SAR), still awaitrifitation (Dacora and Phillips,
2006).

The concept of phytoalexins is somewhat complatdig the fact that some
isoflavonoids function as stimulants of the mutsiadi interactions between leguminous
plants and the soil diazotropic bacteria colledyivaalled rhizobia. Chemoattractants —
isoflavonoids and flavonoids — are excreted frowts@nd interact with rhizobial NodD
proteins, which serve as both environmental sensodsactivators of transcription of
rhizobial nod genes. This induction leads to the synthesis @blghooligosaccharidic
Nod factors which, in turn, through positive feeckastimulate the further production
of iso/flavonoids, provoke the nodulation of rdwirs and allow rhizobia to enter the
root through the infection thread (Broughteh al, 2000; Cooper, 2004). Succesful
infection eventually results in reduction of atmesgf N, to ammonia (a form of

nitrogen acceptable for plants) by rhizobial enzymegenase.
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Subramaniart al. showed that the expression of soyb#&® increased in root
hairs as well as in xylem, in response Boadyrhizobium japonicumtreatment
(Subramanianet al, 2004). When IFS was silenced using RNA interference,
isoflavone levels, as well as nodulatin in soybbaimy roots, were reduced; and even
feeding the isoflavone genistein back in the IHSARroots was not sufficient to
restore nodulation (Subramaniah al, 2006). Moreover, it was found that the IFSi
roots had a significantly higher level of auxinngport (the ability of isoflavone
genistein to act as auxin transport inhibitor hgvireen demonstrated many years ago;
Jacobs and Rubery, 1988). According to these fggjirsoflavonoids play a critical role
as nod gene inducers inside the root. Also, there is arcleonnection between
isoflavonoid accumulation and the modulation of iautransport, although this
connection was found not to be essential to nomuwaiSubramaniaret al, 2007).
Subramaniaret al. also cloned and characterized the promoters ofesyblFS1 and
IFS2, and found them to be root- and seed-speciiese two promoters respond
differently to stimuli such as defence or nodulatsagnals (Subramaniaat al, 2004).

Another interesting result was obtained by Sregvit al, who introduced the
soybeanlFS gene into rice (Sreevidyet al, 2006), which resulted in the transgenic
plants producing genistein in glycoside form. Irdifidn, these plants were able to
inducenod gene expression, as demonstrated by experimettisdifierent strains of
rhizobia (Sreevidyat al., 2006).

2.4.5. Pharmacological effects of isoflavonoids

In the last 20 yeardsoflavonoids have attracted much attention dugher
multiple beneficial effect to human health. Isoflaes genistein and daidzein, the
richest source of which is dietary soybean, arenknas effective phytoestrogens. There
is a countless number of publications dealing with phenomenon.

In brief, isoflavones have a structure which eaabthem to mimic the
endogenous hormone oestradiol and to bind thegestreeceptors andp (Ososki and
Kennelly, 2003; Fig. 2.7). They can act as bothné&ge and antagonists, i.e. they can
respectively activate and block the signalling path leading to the expression of
estrogen-responsive genes. Hence they are termekictise estrogen receptor
modulators” (SERMs) and are used as an altern&bivermone replacement therapy
(HRT; Brzezinski and Debi, 1999). Apart from thispflavones have several non-

genomic effects on humans, such as the inhibitioaromatase, thyrozine kinase and
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DNA topoisomeras€Kurzer and Xu, 1997)r interactions with sex hormc-binding
globulins (Mousavi nd Adlercreutz, 1993) etc.

Undoubted ealth benefits resulting from thesad othe molecular effects
include decreased incidence of certain types oteanreduced (pc-)menopausal
symptoms prevention of osteoporosis and cardiovasculagadie, antioxidant action
and many others (Corweet al,, 2004).

However, the poteial risks connected withsoflavonod intake are also
frequently discussed in the literatl. One such adverse effeghs describeas early as
in 1946, whent was first establhed that sheep grazing ctover pastures with high
levels of theisoflavone formononet, suffered from multiple fertility problem
(Bennetset al, 1946).Some studies with rodents; even clinical studies with wom,
demonstratefor example both thestimulatory and inhibitory fect of isoflavones on
breast canceretl growth (Duffyet al, 2007). It is obvious that additional reaseas

required and thadll result: mustbe interpreted with a fair amount of caut

Fig. 2.7. Compariso of genistein (A) and estradiol (Bstructure when bound to
estrogen receptor. Drawn in ACD/ChemSketch DemmigAdams a McCauley,
2005 .

2.5. Metabolic enineering of isoflavonoid biosynthesi

Sincethe flavonoid and isoflavonoid pathways are -characterized pathwa
of the secondary metabolism in plants, they preaenéxcelent target for metaboli
engineering (Dixon and Steele, 19. Moreover, isoflavonoigl have been shown to
play an importantole ir plant defence, symbiotic interactions well as in human

health.The genetic manipulation in pla — particularly crops which do not naturall
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produce isoflavonoids should thus provide the glamth several beneficial functions.
On the other hand, it would be desirable to prodgeeetically-modified isoflavone-
deficient plants as fodder for grazing animals @@¥oet al, 2006).

The introduction of the isoflavonoid pathway imon-legumes can theoretically
be achieved by transformation with a single enzymES (Liuet al, 2002). However,
such attemps up to now have resulted in insufftdevels of isoflavonoids produced in
transformed plants (Dwet al, 2010). The bottleneck for engineered isoflavdnoi
production is the competition for flavanone sulistrdetween IFS and different
endogenous branches of the flavonoid pathway, edlyecommon flavonol synthesis.
Clear evidence for this was provided when leti al introducedIFS into the
tt6/tt3(F3H/DFR) double mutant, which was blocked flavonol and anthocyanin
biosynthesis, and thus achieved higher levels ctimclated genistein (Liwet al,
2002).

The metabolic chanelling through a metabolon (Bi§.) — for which a model
was proposed by Liu and Dixon (2001) and Yu andGlitigle (2005), can thus
complicate possible engineering strategies, by tilngi the access of introduced
enzymes to their substrates (Dixon and Steele, )198® correct localization and
transport of the introduced protein thus play apanant role. In the case of membrane-
bound IFS, the protein has to migrate from its sfteynthesis and orientate itself into
the correct membrane (Jaganath, 2005), which caasimatys be taken for granted. A
better understanding of how the metabolome is fdirkeowledge of the interactions of
the components and as to how the pathways areatedu(the transcription factors
specific to the isoflavonoid pathway have not bgeinreported), could open the way to

the succesful metabolic engineering of isoflavoadidu and McGongle, 2005).

Although the present masters thesis is not coecerwith the metabolic
engineering of isoflavonoids, our methodical applohuilds upon the same principles

of genetic manipulation.
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Cytoplasm

Fig. 2.8. Proposed isoflavonoid (A) and flavonoid (Bmetabolons in the
phenylpropanid pathwa. Arrowheads indicate metabolite flc Enzymes involved:
PAL, phenylalaninammonium lyase; C4H, cinnamat-hydroxylase; 4CL, 4-
coumaroyl:CoAligase; CHS, chalcone synthase; CHI, cluale isomerase; CHR,
chalcone reductas#éS, isoflaxone synthase; IOMT, isoflavane@®-methyltransferase.
After Yu a McGonigle, 20C.
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3. MATERIALS AND METHODS

3.1. MATERIAL

3.1.1. Plant material

Young leaves from botlPisum sativumlL. and Phaseolus vulgarid.. were
obtained from the greenhouses at the Czech UniyeskiLife Sciences in Prague and
from a commercial source (Podravka — Lagris s.bolni Lhota u Luh#&ovic, Czech
Republic); young leaves from 23 species from 1@ecdkht non-leguminous families
(Tab.1) were all obtained from the Czech UniversityLife Sciences in Prague, with
the exception ofCannabis sativadkindly provided by Dr. Karel Wagner, IEB ASCR)
andBeta vulgaris grown from seeds in room conditions (SEMO s®mrzice, Czech
Republic); seedffom Pachyrhizus tuberozuéam.) Spreng. were imported from Peru
(seeds provided by Wilfredo Guillen Huachua, Ingtit Nacional de Investigacion

Agraria, Lima). Arabidopsis thalianal. ecotype Col-0 andNicotiana benthamiana

Domin. were both provided by the Laboratory of polbiology, IEB ASCR.

Family Species Family Species
Annonaceae Annona cherimolia Lamiaceae Thymus serpillum
Annona muricata (cont.) Thymus vulgaris
Cannabaceae Cannabis sativa Lauraceae Persea americana
Humulus lupulus Pedaliaceae Sesamum indicum
Ephedraceae Ephedra sinica Ranunculaceae  Heleborus niger

Erythroxylaceae Erythroxylon coca Rubiaceae Coffea arabica
Chenopodiaceae Beta vulgaris Rutaceae Ruta graveolens
Iridaceae Iris sp. Solanaceae Capsicum annuum
Lamiaceae Hyssopus officinalis Capsicum frutescens

Lamium album
Levandula angustifolia
Menta piperita
Ocimum basilicum
Origanum vulgare
Pogostemon cablin
Rosmarinus officinalis
Salvia officinalis
Scutellaria baicaliensis

Nicotiana rustica
Physalis peruviana
Solanum lycopersicum
Solanum muricatum
Solanum melongena

Zygophyllaceae

Tribulus terestris

Fabaceae
(control)

Phaseolus vulgaris
Pachyrhizus erosus

Tab.3.1 Table of plant species chosen for genomic scngeni
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3.1.2. Bacterial strains and plasmids

» The competent cells used were:

Escherichia coli- One Shét TOP10 Chemically CompeteBt coli (Invitrogen,USA)
AlphaSelect Gold Efficiency (Bioline, UK)

Agrobacterium tumaefacierssrain GV3101

» The plasmids used were:

pGEM®-T Easy (Promega, USA)

pCRE/GW/TOPT ((Invitrogen, USA)

pENTR™D-TOPE

pGWB2 and pGWBS5 (obtained from Tsuyoshi Nakagawandne University, Matsue,
Japan)

3.1.3. Antibiotics

Antibiotics Final concentration Selection marker for:

Ampicilin 100 pg/ml PGEM®-T Easy in E.coli

Gentamycin 50 ug/ml Ti-plasmid in Agrobacterium

Hygromycin 50 pg/ml pPGWB2 and pGWBS5 in transformed
Arabidopsis pGWB2 and pGWBS in Alpha

Kanamycin 50 ug/ml PENTR™/D-TOPO®in E.coli, pPGWB2 and
pGWBS in Alpha and Agrobacterium

Spectinomycin 100 pg/mi PCR8®/GW/TOPO®in E.coli

Rifampicin 100 pg/mi Ti-plasmid in Agrobacterium

3.1.4. Growth media
» Bacterial growth media (w/v)

S.0.C. medium(Invitrogen, USA)

LB Broth: 2.5% LB Broth; pH 7.2

YEB medium: 0.5 % peptone, 0.6 % yeast extract, 0.05% MgB®O, 0.5% sucrose;
pH7.2

LB Agar: 3.5% LB Agar; pH 7.2

YEB Agar: YEB medium, 1.2 % Agar

» Plant growth media (w/v)

Y% MS medium:0.2% Murashige and Skoog, 1% sucrose, 0.01% mysitoip0.05 %
MES, 0.8% agar; pH 5.7 + vitamins (1pg/mkioéamin, 0.5 pg/ml pyridoxin and 0.5
pg/ml nicotine acid)

All media were autoclaved for 20 min at 121°C andtgressure 1kPa prior to the

addition of appropriate antibiotics/vitamins.
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3.1.5. Chemicals

Acetic acid Lachner, Czech republic
Agar Sigma-Aldrich, Germany
Agarose Serva, Germany

Cetrimonium bromide (CTAB)

Sigma-Aldrich, Germany

5-Bromo-4-chloro-3-indolyl-§-D-galaktosid (X-Gal)

Duchefa Biochemie, Netherland

5-Bromo-4-Chloro-3'-Indolyphosphate p-Toluidine
Salt (BCIP)

Sigma-Aldrich, Germany

Acetosyringone

Sigma-Aldrich, Germany

Ammonium acetate

Merck, Germany

Bovine Serum Albumine (BSA)

Sigma-Aldrich, Germany

Bromphenol blue

Serva, Germany

Dimethyl sulphoxide (DMSOQ)

Serva, Germany

Dimethylformamide (DMFO)

Sigma-Aldrich, Germany

[72)

EDTA Serva, Germany

Ethidium bromide Sigma-Aldrich, Germany

Ethyl Alcohol Lachner, Czech republic
Glycerol Sigma-Aldrich, Germany
Chloroform Lachner, Czech republic

IPTG Sigma-Aldrich, Germany
Isopropyl alcohol Penta, Czech Republic

LB Agar Duchefa Biochemie, Netherland
LB Broth Duchefa Biochemie, Netherland

[

Magnesium chloride

Sigma-Aldrich, Germany

Magnesium chloride hexahydrate

Sigma- Aldrich, Germany

Methyl Alcohol

Lachner, Czech republic

MgSO4.7H,0

Merck, Germany

Morpholinoethanesulphonic acid (MES)

Sigma-Aldrich, Germany

Murashige and Skoog Basal salt mixture

Sigma-Aldrich, Germany

Myo-inositol

Sigma-Aldrich, Germany

N,N’-dimethylformamide

Sigma-Aldrich Germany

Nicotinic acid

Duchefa Biochemie, Netherland

Nitro blue tetrazolium chloride (NBT)

Sigma-Aldrich, Germany

Nonidet P-40

Sigma, Germany

Orange G Sigma-Aldrich, Germany
Peptone from Casein Sigma-Aldrich, Germany
Ponceau S Sigma-Aldrich, Germany
Pyridoxin Duchefa Biochemie, Netherland
SAVO Bochemie, Czech republic
Silwet L-77 Lehle seeds, USA

Sodium dodecyl sulphate (SDS) Duchefa Biochemie, Netherland
Sucrosegrade |l Sigma-Aldrich, Germany
Thiamine Duchefa Biochemie, Netherland

Trichloracetic acid (TCA)

Merck, Germany

Tris ultrapure

Duchefa Biochemie, Netherland

Tween 20

Serva, Germany

Yeast extract

Sigma-Aldrich, Germany
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3.1.6. Commercial kits for molecular biology

2D Quant Kit (GE Healthcare, USA): determination of protein camtcation
GenelJet Plasmid Miniprep Kit (Fermentas, UK): isolation of plasmid DNA from

bacteria

ImProm-1I™ Reverse Transcription System (Promega, USA): RT-PCR
NucleoSpinExtract Il (Machery-Nagel, Germany): extraction DNA from & ge
pCR®8/GW/TOPO® TA Cloning® Kit (Invitrogen, USA): TOP® Cloning
pENTR™/D-TOPO® Cloning Kit (Invitrogen, USA): TOP® Cloning

RNeasy Plant Mini Kit (Qiagen,Valencia, CA): RNA isolation

3.2. GENERAL LABORATORY EQUIPMENT USED

Centrifuge 5430 R

Eppendorf, Germany

Centrifuge MiniSpin plus

Eppendorf, Germany

Documentation system G:Box Syngene, UK
E-centrifuge Wealtec,USA
Elecroporator E.coli pulser nodel 1652102 Bio-RagA

Incubator and Shaker

Edmund Bichler GmbH., Germarn

Incubator INP 200

Memmert, Germany

Incubator

Stabilither®Y', USA

Master Cycler Gradient

Eppendorf, Germany

NanoDrop 1000 Spectrophotometer Thermo scientifieA
pH metr InoLab WTW, Germany
Power pack 3000 Bio-Rad, USA
Refrigerated Incubator FTC 90I Velp Scientificalyt
ShockPod" Cuvette Chamber Bio-Rad, USA

Spectrophotometer

Thermo electron, USA

Standard Power Pack P 25

Biometra, Germany

Thermomixer Comfort

Eppendorf, Germany

Thermoblock Cooling&Heating Block

Bioer, China

Ultracentrifuge Beckman L8-70M

Beckman, USA

Vortex Classic

Velp Scientifica, Italy

Water Bath GFL 1002

Scientific Instrument Centr&, U

Water Shaker GFL 1092

Scientific Instrument Centig,

Xp cycler

Bioer, China

3.3. COMPUTATIONAL PROGRAMMES AND DATABASES

» Sequence source:

National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/)
The CYP P450 Engineering Databasénhttp://www.cyped.uni-stuttgart.de/)

» Sequence analysis and in vitro cloning:
Vector NTI Suite 9.0.0 (Invitrogen, USA)

Sequence Manipulation Suitghttp://www.bioinformatics.org/sms2/)
Chromas Lite 2.01(http://www.technelysium.com.au/chromas.html)
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3.4. METHODS AND PROCEDURES

3.4.1. Outline of our approach

A. To identify isoflavone synthase genes in thesgmonon-leguminous plants
(see Tab. 3.1.), a procedure based on a PCR strategdevised (see Fig. 1). After the
collection of the plant material, DNA was extract&CR with degenerate and non-
degenerate primers was carried out; fragments sainad were excised from the
agarose gel; in the case of degenerate primersfrdigenents were cloned into the
pGEM®-T Easy vector; finally, sequencing and sequenadyais was performed.

B. To conduct a pilot study with IFS (CYP93C18)rfr#isum sativuni., IFS
was first identified with theCYP93C18specific primers; the gene was then cloned
using Gateway technology, which was followed by the transformatof Arabidopsis
(Col-0) via Agrobacteriumand the subsequertdver-expression olFS under 35S
promoter; the correct expression |65 was verified at four levels (see Fig. 2). The
same procedure with a different destination veatas undertaken in order to visualize
the intracellular localization of IFf& vivo.

Collection of

plant material

(fresh leaves)

DNA isolation from ‘ ‘
fresh leaves of
(T e Cloning into pGWB2 Cloning into pGWB5
DNA isolation destination vector destination vector
PCR with ) N
PCR with PCR with CYP93C18-specific Transformahc?n of Transformahgn of
degenerate non-degenerate primers Agrobacterium Agrobacterium

primers

1 | |

Excision of Excision of
fragment from gel fragment from gel

Excision of
IFS from gel

Transformation
of Arabidopsis

Transformation
of Nicotiana

| }

Cloning into > .
PGEM vector | Sequencing

|

Sequencing and
TOPO®cloning

|

Verification of correct
function of IFS at four
levels (DNA, RNA,
protein, metabolites)

|

Localization of IFS
observed using
confocal
microscopy

Fig. 3.1.Strategy for
non-leguminous plants.

Fig. 3.2.Strategy for pilot study with~S from Pisum
sativumL. (CYP93C18).
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3.4.2. Genomic DNA extraction

Genomic DNA from 100 mg of young leaves from plaspecified in 2.1.1. and
from 100 mg of pulverized embryos oPachyrhizus tuberozud.am.) Spreng. was
extracted following the standard CTAB DNA extraatiprotocol (adapted from Weigel
and Glazebrogk2002). Plantmaterial was placed in the Eppendorf tubes andefroz
immediately in liquid nitrogen. The tissue was hgmaised by intensive shaking with
glass beads using Silamat S5 (Vivadent, Lichtenster by grinding using frozen
mortar and pestle. It was then dissolved in 250fpthe CTAB extraction buffer and
incubated at room temperature for 20 min. FurtB8f pl of a mixture of chloroform
with isoamyl alcohol (24:1) was added, and the plases — aqueous and organic —
were subsequently separated by centrifugation @mmin at 13 000 rcf. The upper
aqueous phase was transferred into a new micracg@rtube containing 140 pl of
isopropanol and spun down for 7 min at 13000 fidfie supernatant was discarded, the
pellet was washed with 1 ml of 70% ethanol and rdeged for an additional 7
minutes. Ethanol was then removed by means of arwacuum pump and its residues
were made to evaporate in a thermostat at 55°Cdfibd pellet was dissolved in 50 pl
of double distilled HO and incubated for 5 min at 55°C. The final coriion of thr
extracted DNA was measured by means of a spectiopieber (Nanodrop), and

samples were stored at -20°C.

CTAB extraction buffer: 1.4M NaCl, 20 mM EDTA, 100 mM Tris (pH 8), 3% CTAB

3.4.3.ldentification of isoflavone synthase gendkS)
3.4.3.1. Primers design

(1) Pisum sativumL.: CYP93C18specific primers (Fig. 3) were designed on thasas
of the CYP93C18sequence (Coopest al, 2005) from the GenBank (NCBI). The
expected lenght of the sequence was slightly gréfagéa 1575 bp.

Forward: 5- CACATGTTGGTTGAACTTGCACTTGCTT-3

(CACC for TOPJ cloning)

Reverse 15°- TTAAGAGGAAAGCAATTTAGCTGCT-3

(used for stable expression)

Reverse 25"- TGAAGAGGAAAGCAATTTAGCTGCT-3

(stop codon TAA replaced by GCA coding alanineduse transient expression)
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TTAAGAGGAAAGCAATTTAGCTGCT
r[ CACCATGTTGGTTGAACTTGCACTTGCTT ] TGCAGAGGAAAGCAATTTAGCTGCT

- ex1 in ex2 -
-]

CYP93C18
+1 903 291 1662

Fig. 3.5. CYP93C18specific primers employed (in — introne, ex — expn

(2) Phaseolus vulgarid.. and Pachyrhizus tuberosugLam.) Spreng.: Consensual
primers were designed on the basis of multiplenatignt of 30 knownFS sequences
(primers constitute the first and last 26 nuclesgidfIFS).

Forward: 5 -ATGTTGCTGGAACTTGCACTTGGTTT-3
Reverse 5 -TTAAGAAAGGAGTTTAGATGCAACGC-37

(3) All the non-leguminous speciesDegenerate primers and their non-degenerate
(consensual) versions were designed through a CA@EHIgorithm on the basis of
highly conservative regions (Fig. 3.4.). The expdctenght of the fragments to be
obtained was ca. 1000 bp.

Forward: 5- YGAYCCTRTCRGAAAGGGTCATCAAGAA-3’
Reverse 5- RAKWAKWGATAAGAAGTGTTGCCATTCC-3"

AATAAGAGATGCAAGAAGTGTTGCCATTCC non-dege CGACCCTGTCGTTGAAAGGGTCATCAAGAA non-dege
RAKWAKWGATGMAAGAAGTGTTGCCATTCC dege YGAYCCTRTCRTTGAAAGGGTCATCAAGAR dege
ex] > in ex2 ¢
CYP93CI18
+1 903 991 1662

Fig. 3.4. Forward and reverse degenerate and non-degepeit@ers employed (for
clarity shown for the example @YP93C18in — introne, ex — exone).

All the primers were synthetised by Sigma-AldricBefmany) or Genery Biotech
(Czech Republic) and diluted ddH,O to achieve a concentration of 100 mM.

3.4.3.2. Polymerase chain reaction (PCR)

To identify IFS in the chosen plant species, PCR was carriednogi&ch case
with the respective primers and Taqg DNA polymer@derci, Czech Republic). In the
case ofCYP93C18 Phusion high fidelity DNA polymerase (Finnzymé&#land) was
used for the gene identification and amplificatias it produces blunt-end PCR
products and its error rate is 50-fold lower thhattof Taq polymerase. The optimal
annealing temperatures of the primers were deteanexperimentally, using a wide

gradient of temperatures.
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The PCR mixtures consisted of:

TAQ DNA POLYMERASE PHUSION HIGH FIDELITY DNA POLYMERASE
Component Volume | Component Volume
10x Taq polymerase Buffer 2.5 ul 5x Phusion HF Buffer 5yl
MgCl: (5 mM) 1ul MgCl2 (5 mM) 1yl
dNTP mix (10 mM) 0.5 ul dNTP mix (10 mM) 0.5 ul
Primer F (20 mM) T ul Primer F (20 mM) 1yl
Primer R (20 mM) T ul Primer R (20 mM) 1yl
DNA template (ca. 100 ng/ul) 1ul DNA template (ca. 100 ng/ulL) 1yl
Taq DNA polymerase 0.25 ul Phusion DNA polymerase 0.3 ul
ddH20 17.75 yl | ddH20 15.2 ul
Final volume 25 ul Final volume 25 ul

The reaction mixtures were distributed from prertoxthe wells on the PCR plate,

covered by aluminium sealing foil and placed ifte PCR thermocycler.

The PCR conditions were as follows:
TAQ DNA POLYMERASE  PHUSION DNA POLYMERASE

Step Conditions Conditions

Initial denaturation  94°C/7 min 98°C/30s

Denaturation 94°C/30 s 98°C/10s

Annealing* gradient of 50-65°C/30s | 58°C + 3°C/30s 35 cycles
Extension 72°C/1 min 72°C/40s

Final extension 72°C/10 min 72°C/10 min

* For the purposes of verification of the presenné¢eCYP93C18during the cloning
process, in transformef@lrabidopsis and in the case of RT-PCR, the amplification of
the gene was accomplished by Tag DNA polymeras¢hat determined optimal
annealing temperature of 58.3°C and a time of ekb@nl.5 min.

3.4.3.3. Horizontal agarose gel electrophoresis

Agarose gel electrophoresis was used in order parate and visualize PCR
products after reaction and for the excision aradat®on of fragments/genes of the
desired length from the gel. 1% agarose gel waedan a microwave and once it was
cooled to 55°C, ethidium bromide was added to al faoncentration 0.1 pg/ml. After
solidification in a casting tray with a comb, thel gvas submerged in 1x TAE buffer,
and PCR mixtures with a loading buffer (12% v/rnyda molecular marker were loaded
into the wells. The voltage applied was 80V or M,0lepending on the size of the

electrophoretic apparatus. After ca. 45 min, thd w&as visualized by UV
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transiluminator and photographed using the docuatient system G:Box (Syngene).
All PCR products of interest were excised from ¢f& and purified by means of the
NucleoSpin Extract Il kit, according to its manual.

50x TAE: 24.2% (w/v) Tris, 10% (v/v), 0.5 M EDTA (pH 8), 34/(v/v) CH;COOH
Agarose gel 1% (w/v) agarose diluted in 1x TAE buffer with i@/mlethidium
bromide

Loading buffer for ELFO: 0.7% (w/v)Orange G, 0.14 M EDTA (pH 8), 60% (v/v)
glycerol

DNA molecular marker: 1 pl GeneRuler™ 1 kb and 100 bp DNA Ladder (Ferta
USA) mixed with 1 pl loading buffer and dissolved4 pl ddHO

3.4.3.4. DNA sequencing
All sequentional analyses of obtained PCR prodwet® performed in the service

Laboratory of DNA Sequencing, Faculty of Scienckafes University in Prague.

3.4.4. Cloning of fragments obtained with degeneratprimers

As the amplification using degenerate primers ugugields multiple PCR
products, false priming is commonly observed whendbtained fragments are directly
sequenced (Williams and Kane, 1993). Thereforeh $tagments must be cloned into
an appropriate vector and sequenced with a suiadie of primers specific to the
vector. In the case of examined non-leguminousiespewhere PCR product were
obtained with degenerate primers only, the fragmemtre cloned using pGEMT
Easy Vector System (Promega, USA, see Fig. 5).
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. -y ..
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Scal 1890, 3 \Nafl 2707 |apal |stan
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: Vector ' S 75 fj‘fr'-"é'l 45
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Fig. 35 | pGE'M@ T Easy Vector stz | | 77
with the insertional site within the - P;f;_{: :;;
lacZ gene, providing blue-white e | ]g;
. [u ¥e ¥
selection of transformants (adapted E’T |11
. Nsi 27
. 141

from Promega’s manual) ¥ira
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Component Volume

PCR product 3.5 ul
2x Rapid Ligation Buffer 5yl
PGEM-T Easy Vector (50 ng) 0.5 ul
T4 DNA Ligase 1yl
Final volume 10 ul

The reaction mixture was incubated overnight at. 4°C

Transformation of competent cells

Chemical transformation of competent cells wasqeréd. 25ul of One Shot
TOP10 were added toj2 of the reaction mixture and incubated for 30 mmice. The
cells were then heat shocked for 45 s at 42°C amdeidiately plunged into ice. Two
minutes later, 20Qul of S.0.C. medium were added and the tubes weskesh
horizontally at 250 rpm for 1 hour at 37°C. Thels@lere subsequently spread over the
selective plate with LB agar, which contained 1@ml ampicilin and over whose
surface 10QuL IPTG and 20uL X-Gal (for blue-white selection) had been smeared
The plates were incubated overnight at 37°C. Tén¢hde and blue colonies appeared.
Some of the white colonies (correctly transformedje examined by Colony PCR with
the degenerate primers and pGEM-T Easy Vector-8péc(5-TTTCACACAGGAA-
ACAGCTATGA-3") and R (5ACGGCCAGTGAATTGTAATACG-3")primers was
carried out. The PCR mixture and conditions weregame as those indicated above,
with the following exceptions: the DNA template whe trace of the colony, and initial
denaturation and denaturation steps were performed96°C. The succesfully
transformed colonies were inoculated into 5 ml LBtb containing 100ug/ml
ampicilin and shaken (250 rpm) at 37°C overnighte Tplasmides were isolated by
means of the GenelJet Plasmid Miniprep Kit accordiog the manufacturer’'s

instructions, quantified and sequenced with vespacific primers.
IPTG stock solution (0.1M): 1.2 g IPTG in 50 ml ddpD; stored at 4°C

X-Gal: 100 mg in 2 ml N,N"-dimethylformamide; stored ab%€ covered with

aluminium foil
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3.4.5. Cloning of putativelFS genes fromPhaseolus vulgarisand
Pachyrhizus tuberosus

These two leguminous species were originally usegasitive controls during
the identification ofIFS in the chosen non-leguminous species. However,|FSe
sequences of the both plants have not been yetifiddn The PCR products obtained
with consensual primers and Tag DNA polymerase*eviberefore cloned, in order to
get the complete genes upon sequendksghe outcome of the cloning procedure tends
to be somewhat unpredictable, the PCR product fRanhyrhizuswas succesfully
cloned into pGEM-T Easy Vector, using the samequuoit described above, whereas
the cloning of those fromPhaseolus failed repeatedly. For this reason,
pCRE/GW/TOPT (Fig. 3.6.) was chosen for TA cloning of the PCRdurct from
Phaseolus

Reaction mixture

Component Volume

PCR product excised from gel 1l

salt solution provided within the kit 0.5l o hCR®8/IGW/TOPO°
pPCR8®/GW/TOPO® provided within the kit 0.5 ul : 2817 bp
ddH20 1 ul

Final volume 3 ul

The reaction mixture was incubated at room
temperature for 10 min.

Fig. 3.6 pCR&/GW/TOPT
Vector appropriate for TA
cloning (adapted from
Invitrogen’s manual).

All the subsequent tranformational steps
were identical to those described in section
3.4.4. with the following exceptions:

the selection marker used was antibiotic spectireamn{@Z00ug/ml); neither IPTG nor
X-Gal were applied; the primers used for controRP&hd sequencing were TOPO
vector-specific M13 F (5-GTAAAACGACGGCCAGT-3") andR primers (5'-
AACAGCTATGACCATG-3).

* Qur effort to clone the gene produced by Phugiooofreading polymerase failed

persistently, in contrast with those when Taq pdgase was used. In these
circumstances we had to make do with the PCR ptedunplified by the latter. As this

polymerase produces A-overhangs of the amplicoAs;I®ning had to be carried out.

40



3.4.6 Cloning and overexpression of CYP93C18using Gateway"
Technology

Gateway" Technology (.S. Patent 5,888,732, Life Technologies ,
Invitrogen, USA)is ¢ universal methodology for cloning PCR products g@mndtein
expression. It comprises three main susive steps:

(1) TOPQ cloning of the PCR product inan entry vectorto generate aentry clone.
(2) LR recombination between 1 entry clone and destination ve(, to generate an
expression clone.

(3) Introduction of the expession clone into th@rapriate host and expression of

recombinant protein.

3.4.61. Directional TOPQ® cloning of CYP93C18

Full-length and stc-codon-missing CYP93C18 (both includng intron
between positions 903 and ¢) were cloned into the entry vecpENTR™/D-TOPJ’
(Invitrogen™, USA). Both sequences carried four extra nucleotides CACHe 5 enc
complemetary to GTGG overhang in tpENTR™/D-TOPC® (Fig. 3.7.) and had a
blunt 3"end.

-=-==CCCTT CACC ATG --- =--- =--- TAA AAG ---
--=--GGGAAGTGG GTGG TAC --- =-=-=- =--- ATT TTC ---
\ v J
Overhang l CYP93C18
-=-=-=-CCCTTCACC ATG --- =-=-- =--- TAA AAG ---
----GGGAAGTGGOTAC ~== === === ATT TTC ---
&

Fig. 3.7 TOPC® cloningprinciple (adapted from product manu

The TOPJ cloning reactio was performed according to thét manua, as follows:
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Reaction mixture

Component Volume
CYP93C18 excised from gel 1l
Salt solution provided within the kit 0.5 pl
PENTR™/D-TOPO® provided within the kit 0.5yl
ddH20 1 ul
Final volume 3 ul

* PCR product concentration was 10 pdg/
The reaction mixture was incubated at room tempegdbr 10 min.

Transformation of competent cells 1

Chemical transformation of competent cells wasgpered. 25ul of One
Shof TOP10 were added to|8 of the reaction mixture and incubated for 30 ram
ice. Then the cells were heat shocked for 45 &€ 4nd were immediately tranferred
to ice. 20Qul of the S.0.C. medium were added and the tubes sleken horizontally
at 250 rpm for 1 hour at 37°C. The cells were sgbsgrtly spread over the selective
plate with LB agar and 50g/ml kanamycin, and incubated overnight at 37°hsTef
white colonies appeared. Some of them were randanbsen to be examined by
Colony PCR withCYP93C18specific primers and Taq DNA polymerase (the PCR
mixture and conditions were the same as indicaseliee with these exceptions: DNA
template — the trash of the colony, initial denation and denaturation steps — 96°C).
The succesfully transformed colonies were inocdlatéo 5 ml LB broth containing 50
pg/ml kanamycin and shaken (250 rpm) at 37°C ovétnigntry clones, i.e. the
TOPC vector with the gene of interest inserted, weotaigd from the competent cells
by means of GenelJet Plasmid Miniprep Kit, accordmthe manufaturer’s instructions.
For long term storage, 7Q0 of the bacterial culture were mixed with 3@Dof 50%
(v/v) glycerol in a cryovial and deposited at -80°The acquired entry clones were
analysed by PCR witBYP93C18specific primers and TOPOrector-specific primers
M13F (5"-GTAAAACGACGGCCAGT-3) and MI13R (5'-AACAGAATGA-
CCATG-3") under the same conditions as indicate®.4n3.2. above (Taqg polymerase,

annealing temperature of 58.3°C).

3.4.6.2. LR recombination reaction
To obtain an expression clone, LR recombinatios teen performed, using
Gateway LR clonas& Il enzyme mix (Invitrogen, USA). In this stef,YP93C18

(with and without stop codoninserted into the TOPOvector, was transferred into the
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destination vector. LR Clonase recognized the rdmoation sites attL1 and attL2
which flank our gene in the entry clone, cut tleag off and ligated it into a destination
vector, thus replacing the gateway cassete att@B-attR2. By way of destination
binary vectors, pGWB2 and pGWB5 (obtained from akagawa, Shimane
University, Japan) were employed for stable andsiemnt expressions, respectively.
These vectors contain the 35S promoter upstreatheo€loning site; kanamycin- and
hygromycine-resistance genes; and, in the cageg&dB5, the C-sGFP tag is also
included (Fig. 3.8.; Nakagaved al., 2006).

pGWB2
o
355 colb
RBY| NosF :NFTH -‘-u— crmr -u—u- nNogl = JdH35E HILE
GWB5 attqi at[z
P
codb
358
R2| NosP:NPTI ‘I]_C"F -[I—I]- tag SGFP HuosTh=— [~H:S58 HILE
atts1 attR2

Fig.3.8.Gateway binary vectors pGWB2 and pGWB5 (adapteah fNakagawat al., 2006).

Before performing the LR reaction, the pGWB2 and\E5 vectors were linearised by
digestion with Xhol (the Xhol site is unique in thectors, situated as it is downstream
of the attR1). The restriction reaction consistédd® pl Xhol (Fermentas, USA), il

1x buffer R (Fermentas, USA), 2,4 pGWB2/5, 6.2ul ddH,O. The reaction was

incubated for 2 hours at 37°C.

LR reaction mixture

Component Volume
Entry clone (gene + / - stop codon) 1yl
Destination vector (pGWB2/pGWB5) 2yl
TE buffer 1l
Gateway® LR clonase™ Il enzyme mix 1yl
Final volume S5yl

TE buffer: 10 mM Tris, 1 mM EDTA,; pH 7.5

The reaction mixture was incubated at room tempegapvernight. To terminate the
reaction, 2ul of proteinase K (Invitrogen, USA) were added aadhples incubated for
10 min at 37°C.
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Transformation of competent cells 2

Chemical transformation of competent cells wadgpered. 25ul of Alpha
Select Gold Efficiency were added topb of the reaction mixture. The procedure
(including long-term storage) continued as alreddgcribed undefransformation 1
above, except for the fact that LB plates and suylsetly LB broth contained 50g/ml
kanamycin and 5Qug/ml hygromycin, as selection markers. Both of dwxuired
expression clones were analysed by PCR @iP93C18specific primers and pGWB
vectors specific primers pGWBF and (5-TCATTTCATTGAGAGAACACG -37)
and pGWBR (5"-CCACTTTGTACAAGAAAGCTGG-3"), under treame conditions
as indicated in 2.4.3.2. above (Taq polymeraseg@imy temperature of 58°C).

3.4.6.3.Transformation of Agrobacterium tumaefaciens

The expression clones obtained were introduced igrobacterium
tumaefacienstrain GV3101 by electroporation.ul of pGWB2::IFS and pGWB5::IFS
was mixed with 5Qu of Agrobacteriumin the sterile electroporation cuvette. This was
then placed in an electroporator and a voltage.6fV was applied. 800l of LB broth
were added immediately, in each case the solutias wansferred to a 1.5 ml
microcentrifuge tube and incubated for 2 hours8C2 200yl cultures were spread on
YEB-plates containing 50 pg/ml kanamycin, 50 pg/mjgromycin, 50 pg/mi
gentamycin and 100 pg/ml rifampicin and incubateeroight at 28°C, covered in
aluminium foil. The following day, Colony PCR wa®rformed (under conditions
specified in 2.4.4.1 above). For long-term stora¥) ul of the Agrobacteriumculture
in YEB medium containing the above-mentioned aatibs were mixed with 300l of

50% (v/v) glycerol in a cryovial, and deposited&Q°C.

3.4.7. The stable expression of CYP93C18

3.4.7.1. Transformation ofArabidopsisthaliana

To obtain stably transformedArabidopsis over-expressing CYP93C18,
expression clones pGWBIEES were introduced via transforme&grobacteriuminto
flower buds ofArabidopsisplants, using the floral dip method (Clough and t3&898).
A colony of Agrobacteriumwith a verified presence @YP93C18was inoculated into
150 pl of YEB medium containing 50 pg/ml kanamycin, 59 {ml hygromycin, 50
png/ml gentamycin and 100 pg/ml rifampicin, and sim&vernight at 28°C. The culture
was then centrifuged in Beckman tubes (250 mI2fdmin at 4,500 rpm at 4°C in the
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Beckman centrifuge. Pelleted cells were resuspemdadnixture of sucrose (10% wi/v)
and Silwet L-77 (0.05% v/v) to reach @ = from 1.0 to 1.5 (measured by
spectrophotometer Thermo electron). In 200f the resulting solution, flower buds of
ca. 8 Arabidopsisplants were dipped for several seconds with geagiéation. The
dipped plants were covered in plastic bags andeglan the dark overnight. The
following day, the plants were transferred intoravgh chamber. The procedure was
repeated with the same plants five days later.

3.4.7.2. Selection of transformants

2-3 weeks after transformation, seeds of the tomnsfd plants were harvested
and sterilized. The sterilization procedure congtithe following steps: (1) placing the
seeds in the freezer overnight, (2) shaking thelsee 70% ethanol for 5 min, (3)
discarding the supernantant and shaking the seeti3% (v/v) SAVO with 0.1% (v/v)
nonidet for 20 min, (4) discarding the supernat@mii washing the seeds 5 times in
ddH,O. Ca. 2000 of the sterilized seeds were selected18-plates with 50 pg/ml
hygromycin and cultivated at 21°C with a 16-houofaiperiod . The surviving four-leaf
seedlings were transferred into Jiffy peat potsy@in Finland), grown at 21°C with a
16-hour photoperiod and later analysed. The sareetgm: procedure was repeated
over 3 generations to obtain homozygous transfotsnan

3.4.7.3. Analysis of transgeniérabidopsis thaliana

At all the analytical levels described bellow, #sne procedures were also
carried out withPisumsativumL. and with wild-typeArabidopsis as positive and

negative controls, respectively.

3.4.7.3.1. Level 1: DNA
DNA was extracted from 100 mg of leaves of 10 T@,T2 and T3 randomly-
selected transformants, as described in 2.4.2 atamkecontrol PCR witlicYP93C18

specific primers and Taq polymerase under stanctamditions was carried out.

3.4.7.3.2. Level 2: RNA

Total RNA was extracted from 100 mg of leaves dfividual plants in which
the presence dfS was verified, using RNeasy Plant Mini Kit (Qiagéalencia, CA).
The RNA concentration was measured by the use obdfep. RT-PCR was then
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performed, using the ImProm-lI™ Reverse Transa@iptSystem (Promega, USA),
according to the manufacturer’s instructions. Thenaduration reaction mixture
consisted of RNA (up to fig/reaction), 1ul oligo (dThs and nuclease-free water, to
achieve a final volume of @l. This mixture was incubated at 70 °C for 5 min,

immediately chilled on ice (for 10 min) and addedhe RT-PCR reaction.

RT-PCR reaction mixture

Component Volume
5x ImProm-II™ 5x reaction buffer 4 ul
MgCl: 4yl
dNTP mix 1l
Recombinant Rnasin® Ribonuclese inhibitor Tl
ImProm-1I™ Reverse Transcriptase 1l
Nuclease-Free H20 4 ul
Final volume 15 ul

RT-PCR reaction

Step Conditions
Annealing 25°C/5 min
Extension 42°C/1 hour
Inactivation 70°C/15 min

The final PCR amplification was carried out witly P93C18specific primers and Taq
polymerase under standard conditions (as definedegbln the case d¢fisum RT-
PCR with RNA from leaves, roots, embryos, seedspaus was also performed, to

control expression in different organs.

3.4.7.3.3. Level 3: Proteins

Protein Extraction. Total protein was first extracted in accordancehwiite procedure
due to Wanget al. (2006), from 100 mg of leaves from confirmed IF&nsgenic
Arabidospis.In brief, (1) plant material was grinded in a naorand pestle, (2) washed
with 10% TCA/acetone, (3) washed with 80% methavitdh 0.1 M ammonium acetate,
(4) washed with 80% acetone, (5) air-dried overqi¢fh) proteins were extracted using
1:1 phenol (pH 8)/SDS buffer and precipitated if8Methanol with 0.1 M ammonium
acetate, (6) the pellet was washed in #@ethanol and (7) in 80% acetone and (8)
air-dried overnight. The extracted proteins weramiied using the 2-D Quant Kkit,
according to the manufacturer’s protocol.
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SDS buffer. 30% (w/v) succrose, 2% (w/v) SDS, 1.21 % (WARIS, 5% (v/v)

mercaptoethanol

Protein Separation The extracted proteins were separated using 1DS-BAGE.
Sampleswere dissolved with STM sample buffer, stained witomphenol blue and
denaturated by boiling for 5 min. SDS-PAGE was tpherformed in 10% resolving and
4% stacking gels, using the Multigel-Long appargBi®metra, Germany). A voltage
of 80 V was applied for 1 hour (Bio-Rad Power p&£00), and 180 V were then
applied for a further 4 hours or so at 12.5°C.

STM sample buffer. 2% (w/v) SDS, 6% (w/v) TRIS (pH 6.8), 0.1% (vilycerol, 5%
(v/v) mercaptoethanol
SDS-PAGE Molecular Weight Standards Broad RangéBio-Rad, USA).

Western Blotting and Immunodetection The separated proteins were tranferred onto
a nitrocellulose membrane (Serva, Germany) usiagBib-Rad Mini Trans-BIdt Cell.
The transfer was conducted at a temperature of idt€ally overnight under a voltage
of 30 Vand at 60 V for an ensuing hour. The nigthdose membranes were then
reversibly stained with Ponceau Sto control thenfer. For subsequent
immunodetection, a peptide sequence derived froex&remely conservative region of
IFS was used, to prepare an IFS-specific antibady, its epitop surface localization
was confirmed by means of protein modelling in Mt8v5 (Sali and Blundell,
1993). The peptide NFDPKYWKRPLEFRPER (according to Yt al, 2000),
conjugated with KLH (Davids biotechnologie, Regamsf), was then used for the
immunization of a rabbit (Department of Biologi€bntrol, Institute of Physiology AS
CR, Prague), according to their immunization scheddmmunodetection was
performed with total proteins on the nitrocelluloeembranes and with IFS antibodies,
30 days after immunization. The primary antibodyswduted 1:200 in the case of the
transgenidArabidospisand 1:1000 in the case of wild-typeabidopsisandPisum in a
TBST buffer with 5% non-fat dry milk; the secondamti-rabbit Goat IgG, conjugated
to alkaline phosphatase (Sigma-Aldrich, Germangs wsed in dilutions 1:30,000 in a
TBST buffer with 1% BSA. Detection of IFS was cadiout by submerging the
nitrocellulose membrane (Serva, Germany) in an Afebwith 0.37 mM BCIP a 0.37

mM NBT, and blue-coloured bands were observed #f'emembrane dried.
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Ponceau S2% (w/v) Ponceau S dissolved in 3% (v/v) TCA
TBST buffer: 0.242% (w/v) TRIS, 0.8% (w/v) NaCl, 0.05% (w/w&en 20
AP buffer: 1.211% (w/v) TRIS, 0.584 (w/v) NaCl, 0.101 %(wMpCl,.6 H,O

3.4.7.3.4. Level 4: Metabolites

Measurements were carried out by Ing. Petra Mikdélk at the Department of

Chemistry of Natural Compounds at the Institut€bémical Technology in Prague.

Lyophilised shoots and dried seeds were ground.gOot the plant material,
together with 8 ml of 80% EtOH, were left for 14ydaat room temperature, with
occasional agitation. The extracts were then deged and filtered through a 17 mm,
0.45um PTFE syringe filter. 2.5 ml of extracts were drand then dissolved in 0.3 ml
of 40% MeOH, for HPLC-ESI-MS analysi§.he HPLC-MS tandem consisted of a
Hewlett Packard (HP/Agilent Technologies, USA) 1HBLC seriesand a HP Mass
selective detector (G1946A), and was controllednians of ChemStation software
(revision A 07.01). A LiChroCARY 125-4 mm HPLC-Cartridge with Prospfie8TAR
RP-18 endcaped (5 um), was used as a column (M@ezknany). Mobile phases were
40% methanol (solvent A) and 100% methanol (solBnboth with 0.5% acetic acid.
The following gradient was employed (all steps dine 0 min, 100:0 (A:B); 5 min,
80:20; 15 min, 55:45; 20 min 0:100; 23 min, 0:10@;min, 100:00 and at 27 min stop
followed by 3 min post-run. The flow-rate was 0.Bmn, the temperature of the
column thermostat was set at 25°C and the injectidlome was 20 pl. The mass
spectrometer was operating in the positive ESI mdddividual isoflavones were
identified by comparing their retention timeg) @nd molecular ions [M+H]with those

of standards.

3.4.8. The transient expression of CYP93C18

3.4.8.1. Tranformation ofNicotiana benthamiana

In order to secure transient expression and toalim IFS subcellular
compartmentalization, pGWB5::CYP93C18 was infusao ithe leaves ofNicotiana
benthamianahrough infiltration by syringe injection with theoculum of transformed
Agrobacterium(Jian-Feng et al., 2009). Briefly, the transformfggrobacteriumwas
inoculated into 5 ml YEB medium with appropriatdibiotics (see 2.4.4.3) and shaken
at 28 °C overnight. The cultures were then spunrdatw8000 rpm for 5 min. Pelleted
cells were resuspended with 1 ml infiltration mediand centrifuged. The pellet was
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resuspended in the infiltration medium to §£§0.1 and incubated for 1.5 hour in the
dark at room temperature. The lower epidermis otingp leaves ofNicotiana
benthamianavas gently grazed by a sterile needle, Agtbbacteriumsolution (500 ul
per one leave) was injected by a syringe into davés. The transformed plants spent
one night in the dark at room temperature and dtleviing day were moved to a
growth chamber. As a positive contragrobacteriunstrain C58CZXarrying the pBIN m-
gfp5-ER plant binary vector (transformed cultura@aited from Dr. Jan PetrdSek, IEB
ASCR), was used. It codes for the ER-localized G#Riant mGFP5-ER, a
thermotolerant derivative of mGFP4-ER (Haseloffakt 1997), and contains a C-
terminal ER retention signal sequence (HDEL); asegative controlAgrobacterium
strain GV3101 carrying pGWG5 without any insertgession of free sGFP), was
employed. Both of the aforementioned control prigevere transiently expressed in

Nicotianaleaves, using the same protocol.

Infiltration medium : 10 mM MES, 10 mM MgGl 200 pM acetosyringon (200 mM
stock solution in DMSO)

3.4.8.2. Analysis of transgenidlicotiana bethamiana

Nicotiana plants were analysed 2-3 days after the transfiomaTlhe spots on
the Nicotianaleaves where thAgrobacteriuminjection was applied, were excised and
subjected to immediate observation by means ofcmahflaser scanning microscopy
(LSM Zeiss 5 Duo, Germany), using the confocal ogcope with the 488 nm laser line

of the ArKr laser.

3.4.9. Modelling of CYP93C18

The CYP93C18 protein structure was modelled inabaltation with Ing. Roman

Pleskot from the Institute of Experimental BioldgyCR, Prague.

The appropriate templates for homology modellingtted CYP93C18 protein
structure were found using the Psipred threadiggrahm (Brysonet al., 2005). The
three-dimensional model was then generated ondbis bof the resulting alignment, by
means of Modeller9v5 (Eswat al, 2006). The Adaptive Poisson-Boltzmann Solver
(APBS) was employed for the evaluation of the etetatic properties of the modelled
structure (Bakeret al, 2001). Molecular graphics images were producsitguthe
UCSF Chimera package, the University of CaliforrdanFrancisco (Pettersenm al,
2004).
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4. RESULTS

4.1. Identification of isoflavone synthase gened=S)

On the basis of the extensive literature dealinghwihe detection of
isoflavonoids in various plant families, we selec®3 non-leguminous plant species
from 14 different families, from which 8 familieseaisoflavonoid producers and 6 are
not (Tab. 4.1.; non-producing families marked wi#im asterisk). Two control
leguminous plants whose IFS sequences are noteirGEnBank as yet Phaseolus
vulgaris L. and Pachyrhizus tuberozud.am.) Spreng — were also examined, with a

high probability of the presencé IFS.

4.1.1. Identification of IFS in the chosen non-leguminous species

To identify IFS orthologues, PCR was performed with degenerate gpm
which were designed on the basis of the most coasee region discovered by
multiple alignment of knownFS (see section 2.2.23nd with the genomic DNA
extracted from chosen plants.

In 9 cases out of 33 plants examined, no PCR pgtodas obtained, even
though numerous optimalizations were attemptede@tgdl DNA extraction, gradient of
annealing temperatures, various concentrations ©R Rcomponents etc.). In the
remaining cases, PCR products of different lengppeared and were further
investigated (Tab. 4.1.).

However, the subsequent procedure leading to seque involved several
complications, ranging from failure during the dlon of the fragments into the
pPpGEM/T-Easy vector, to erroneous sequencing, witlrs@quence being obtained . In
those instances where cloning failed persiste®tlgases out of the remaining 24), the
fragment was sequenced with the non-degeneratéoneos the degenerate primers
originally used, once control PCR with those nogetdeerate primers had been carried
out.

Regretably, a BLAST search (blastnites 2.2.23+; Altschulet al, 1997)
undertaken after the obtained fragments were segsenevealed that none of the PCR
products from non-leguminous species were homolegauth IFS genes from
GeneBank. What is even more peculiar is the faatt tiore than half of the sequences
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acquired display no significant homology with arfytiee sequences from the GenBai
In contrast, both sequences gained frcPachyrhizug900bp) andPhaseolug750 bp)
displayed a significant horlogy with Glycine soja 4HFS 1 (gh|EU391492.1|; similarit
89%) andPueraria montana IF{(gb|EU737110.2|; similarity 89¢ respectively (Fig.
4.1. and Tab. 4.1. These results suggest the utility of thesigned primers for tt
identification of IFS orthologues in more species from the Fabaceae fai but the
primers did not acquit themselves well in the aafsghylogeneticaly distant tax

4—
Fig. 4.1 Electrophoretogm of the

fragments fromPachyrhizus tuberos
(A) and Phaseolus vulgar (B),
obtained after PCR with degener
primers. These fragments  we
established uponsequencing to b
orthologous to hitherto known IFS
genes.

1000 bp

750 bp

An interesting result was achieved whCYP93C18&specific primers (see
section 4.2.were applie in the case dfumulus lupulusndliris sg. The lengths of the
PCR products, 1700 bp and 1500 bp, respectivelye wilar to those of the prodt
from the control planPisum sativum(Fig. 4.2). Upon sequencing, tse promising
results turned out toe misleading: the sequences were homologous to oikieown
IFSgenes (Tab. 4.1.

-—

Fig. 4.z. Electrophoretogm of the
fragments fromliris sp. (A), Humulus
lupulus (B) and control plantPisum
sativum (C), obtained after PCR wi
CYP93C18specific primer. The
products (A) ad (B) wereestablished
upon sequencingot to be homologous
to hitherto knownlFS genes. In the case
of Pisum the sequence obtained v
99% homologous tdFS (CYP93C18)
from GenBank.

2000 bp
1500 bp
1000 bp

750 bp

500 bp
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Degenerate primers

Plant family Plant species PCR product length pGEM cloning Sequencing/primers Blast search (% max. identities)
Annonaceae* Annona cherimolia 1000 bp Yes Yes/pGEM No similarity found
Annona muricata 800 bp Yes Yes/pGEM Liiodendron tulipifera chloroplast genome; 85%
Cannabaceae Cannabis sativa X X X X
Humulus lupulus 1000 bp No Yes/non-dege No similarity found
700 bp No Yes/non-dege Vitis vinifera contig VV79X002481.3; 69%
Ephedraceae* Ephedra sinica 750 bp No Yes/non-dege Nasturtium officinale chloroplast DNA; 76%
Erythroxylaceae Erythroxylon coca 1500 bp Yes Yes/pGEM No similarity found
1200 bp Yes Yes/pGEM Populus trichocarpa predicted protein; 75%
Chenopodiaceae | Beta vulgaris 1000 bp Yes Yes/pGEM No sequence obtained
Iridaceae Iris sp. X X X X
Lamiaceae* Hyssopus officinalis 750 bp No Yes/non-dege Petunia integrifolia S-2 RNase and SLF2; 75%
Lamium album 1000 bp Yes Yes/pGEM No similarity found
Levandula angustifolia 1100 bp Yes Yes/pGEM No similarity found
800 bp Yes Yes/pGEM No similarity found
Menta piperita X X X X
Ocimum basilicum 900 bp Yes Yes/pGEM Solanum lycopersicum (chromosome 8); 72%
Origanum vulgare 600 bp Yes Yes/pGEM No similarity found
Pogostemon cablin 1800 bp Yes Yes/pGEM No similarity found
800 bp Yes Yes/pGEM No similarity found
550 bp Yes Yes/pGEM Arabidopsis lyrata clone SINES transposon; 96%
Rosmarinus officinalis 1500 bp Yes Yes/pGEM No similarity found
Salvia officinalis 1000 bp No Yes/non-dege Lotus japonicus (chromosome 4); 68%
Scutellaria baicaliensis 750 bp No Yes/non-dege No sequence obtained
Thymus serpyllum X X X X
Thymus vulgaris X X X X

Tab. 4.1 Table of chosen non-leguminous plants and cotggalminous plants examined. Plant families not pooty isoflavonoids are marked with an
asterisk (*). The table continues on the next page.
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Degenerate primers - continued

Plant family

Plant species

PCR product length

PGEM cloning

Sequencing/primers

Blast search (% max. identities)

Lavraceae* Persea americana 800 bp Yes Yes/pGEM No similarity found
Pedaliaceae* Sesamum indicum 1100 bp Yes Yes/pGEM Nicotiana tabacum mitochondrial DNA; 87%
Ranunculaceae* | Heleborus niger X X X X
Rubiaceae Coffea arabica X X X X
Rutaceae Ruta graveolens 1500 bp No Yes/non-dege Helianthus petiolaris retrotransposon Ty3; 80%
Solanaceae Capsicum annuum 1000 bp Yes Yes/pGEM Solanum  tuberosum (chromosome 11); 73%
Capsicum frutescens 1200 bp Yes Yes/pGEM No similarity found
Nicotiana rustica 1500 bp Yes Yes/pGEM Petunia integrifolia S-2 RNase and SLF2, 74%
700 bp Yes Yes/pGEM Solanum lycopersicum (chromosome 2); 68%
Physalis peruviana 1000 bp No Yes/non-dege No similarity found
Solanum lycopersicum 600 bp No Yes/non-dege Solanum lycopersicum (chromosome 8); 81%
Solanum muricatum X X X X
Solanum melongena 800 bp Yes Yes/pGEM No similarity found
_Lygophyllaceae | Tribulus terestris X X X X
Fabaceae Pachyzhizus tuberosus 900 bp No Yes/non-dege Glycine soja - Isoflavone synthase 1; 89%
(control) Phaseolus vulgaris 750 bp No Yes/non-dege Pueraria montana - Isoflavone synthase; 88%

CYP93C 18-specific primers

Plant family Plant species PCR product length pGEM cloning Sequencing/primers Blast search (% max. identities)
Iridaceae Iris sp. 1500 bp Yes Yes/pGEM Arabidopsis lyrata SINE8 transpozone; 94%
1400 bp Yes Yes/pGEM No similarity found
900 bp Yes Yes/pGEM Humulus lupulus microsateliite; 69%
500 bp Yes Yes/pGEM Arabidopsis lyrata Gypsy21 transposon; 99%
Canabaceae Humulus lupulus 1700 bp Yes Yes/pGEM No similarity found
Fabaceae (control) |Pisum sativum 1700 bp Yes Yes/pGEM Isoflavone synthase (CYP93C18); 99%
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4.1.2. Identification of completelFS sequences fronPachyrhizu: and Phaseolus

Having obtained partiallFS sequences fromPachyrhizus tuberos and
Phaseolus vulgaris,as detailed in section 4.1.1. above, our efforitiooed toward:
the objective of identifying their complelFS genes, which are hitherto unknov

Both abovementioned species, being legumes, are -known producers of
isoflavonoids. As reportedjve isoflavonoid phytoalexins phaseollin, phaseollidit
phaseollinisoflavan, coumestrol and kievitone (Gmmaanickam, 197%- and a further
8 isoflavonods with plytoestrogenic activity —daidzein, glycitein, genisteil
formononetin, biochanin together with glycosidesidda, glycitin and genistil
(Nakamura, 2000} have been detected iRhaseolusvulgaris L. In the genera
Pachyrhizus relatively high leels of the insecticidal isoflavonoids rotenone ¢
pachyrhizinehave been found (Lackham, 20C

Using genomic DNA as a templ, PCRwas performecwith primers which
were designed on the basis of the consensual seguerived from the alignment
known IFSs(the first and the last 26 nucleotides). The PC&pcts of the appropria
length (ca. 1800 bp) wre obtained in both cases (Fig. 4.3[he putativelFS genes
from Phaseolusand Pachyrhizuswere cloned into pCR8GW/TOPC® Vector and
PGEM-T® Easy Vector, respectively. The cloned plasmides vigtated, cntrolled by
means of PCR (Fig. 4), and sequenced from both 5’- andeBds with their respecti\
vectorspecific primers (M13 and pGEM, respective

2000 bp

1500 bp

Fig. 4.4. Electrophoretogram confirmir
the presence of the inserts in the plasm
isolated. (A) Phaseolus vulgar, (B)

Fig. 4.3. Electrophoretogm of PCR Pachyrhizus tuberos. (1) PCR products
products obtained from Phaseolus (~1800 bp) obtained using consen:

vulgaris (A) Pachyrhizus tuberos (B), primers, (2) PCR produs (1800 bp)
of the desired length of ca.1800 obtained using vect-specific primers.
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4.1.2.1. Characterization of IFS fromPhaseolus vulgarig..

The complete CDS of length 1566 bp (without intrénom Phaseolusvas established
upon sequencing and subsequent editing using Vé£to0.0.0. BLAST examination
of the generated nucleotide sequence showed theegtidiomology with isoflavone
synthase 1 mRNA fronvigna unguiculata(gb|EU616497.1; Kaur and Murphy, 2008)
with the E-value of 0.0 and identities 1481/1568.696). The sequence contains an
intron 294 bp long, with the splice junction betweawicleotide positions 903 and 904 of
the coding regionin silico translation provided the protein sequence of 52ina-
acids. This sequence displayed the highest homalatipythe IFS protein deduced from
above mentioned GeneBank accession (Fig. 4.5.).aligament parameters were as
follows: E-value = 0.0; Identities = 489/521 (93.@%imilarity = 507/521 (97.3%). It
must be noted that the first and last four aminidsaof the sequence are derived from

the primers used for the original amplification.

Pvul MLLE |[WABRGLLVLALFLHLRPTPTAKSKALRHLPNPPSPKPRLPFIGHLHLLKDKLAHY60
Vuni MLLE (JUIRGLLVLALFLHLRPTPTAKSKALRHLPNPPSPKPRLPFIGHLHLLKDKLAHY60

Pvul IDLSK [REGPUESLYFGSMPTVVASSPELFKLFLQTHEAASFNTRFQTSAIRRLTYDNSY20
Vuni IDLSK SLYFGSMPTVVASSPELFKLFLQTHEAASFNTRFQTSAIRRLTYDNSY20

Pvul MVPFGPY RKFIRKLIMNDLLNATTVNKLRPLR =1RKFLKVMAQS QQPLNVTEELL 180
Vuni MVPFGPYJKFIRKLIMNDLLNATTVNKLRPLRTEIRKFLKVMAQS[SBAQQPLNVTEELL 180

Pvul KWTNSTISMMMLGEAEEIRDIAIBVLIIIFGEYSLTNFIWPLNKL \4 =E|IFNKF 240
Vuni KWTNSTISMMMLGEAEEIRDIAISVLNFGEYSLTRFIWPLKKLKEGEY ENREBEIFNKF 240
Pvul DP IKKRREIJRRRKN MEEQSGVFLDT =FAEDETMEIKITBEQIKGLVVD 300
Vuni DP AVIKKRREIJRRRKN =EEQSGVFLDTLHEFAEDETMEIKITEEQIKGLVVD 300

Pvul FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDRLVIDEQNLPYIRAIVK 360
Vuni FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDRIWDEQNLPYIRAIVK 360

Pvul ETFRMHPPLPVVKRKCVEECHBGYVIPEGALILFNVWAVGRDPKNRPLEFRPERFLE 420
Vuni ETFRMHPPLPVVKRKCVEECHEGYVIPEGALILFNVWAVGRDPKBRPLEFRPERFLE 420

Pvul SJEAEGEAGPLDLRGQHFTLLPFGSGRRMCPGVNLATSGMATLLASVI SGQ 480
Vuni JEAEGEAGPLDLRGQHFTLLPFGSGRRMCPGVNLATSGMATLLASVI ZGQ 480

Pvul ILKGNDAKVSMEEREGLTVPRAHNLECVPVARTSSHLLS* 521
Vuni ILKGNDAKVSMEERQGLTVPRAHNLECVPVARTSM LS* 521

Fig. 4.t ClustalW alignment of deduced amino-acid sequentdsS fromPhaseolus
(Pvul) andVigna (Vuni), respectively. The mismatched amino-acidsciido not have
similar properties are coloured in red; the mismeatt amino-acids with similar
properties are highlighted in blue.
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4.1.2.2. Characterization of IFS fromPachyrhizus tuberozuf_am.) Speng.

As in the previous case, the complete CDS of ledd60 bp (without intron) from
Pachyrhizusvas established upon sequencing and subsequeingaasing Vector NTI
9.11. BLAST search of the ascertained nucleotidgueece displayed the highest
homology with isoflavone synthase mRNRueraria montanavar. lobata (gb|
AF462633.1; Jeon and Kim, 2001), with the E-validd® and identities 1405/1566
(89.7%). The sequence contains an intron 243 by, Mith the splice junction between
nucleotide positions 897 and 898 of the codingargihe deducedrotein sequence of
519 amino-acids showed the highest homology with ifoflavone synthase 2 from
Vigna unguiculata (gb|JACC77197.1; Kaur and Murphy, 2008) (Fig. 4.6T)he
alignment parameters were as follows: E-value 5 @@ntity = 470/522 (90.0%);
Similarity = 495/522 (94.8%); Gaps = 3. It mughen be noted that the first and last
four amino-acids of the sequence gained are derined the primers used for the

original amplification.

Ptub MLLE [BARGLEVLALFLHLRAEPSAKSKALRHLPNPPSPKPRERSHLHLL{EGILLHHSL 60
Vuni MLLE [JARGLEVLELFLHLRAJPSAKSKALRHLPNPPSPKPRESHLHLL[(®S8L | HHSL 60

Ptub | BLSERYGPLYSLYFGSMPTVVASTPELFKLFLQTREIERANTRFQTSAIKRLTINNSVA 120
Vunil BLSIRYGPLYSLYFGSMPTVVASTPELFKLFLQTAEANTRFQTSAIKRLT[BENSVA 120

Ptub MVPFGPYWKFIRKLIMNDLLNATTVNKLRPIIFEEIRKVLRVLAQSAEAQSLNVTEELL 180
Vuni MVPFGPYWKFIRKLIMNDLLNATTVNKLRPISFEIRKVLRVLAQSAEAQR NVTEELL 180

Ptub KWTNNTISMIMLGEAEEVRYARBAVKIFGEY SLTDFIWPLKKLKF{@®YEKRISEIFNKF 240
Vuni KWTNNTISMEMLGEAEEVHEARHIVKIFGEYSLTDFIWPLKKLKF{§YEKRIBEIFNKF 240

Ptub DP RIEKVIKKR REIVRRRKNGEVVEG: FLDTLLEFAEDENEIKITKEQIKGLVVD 300
Vuni DP YIEKVIKKR @EIVRRRKNGEVVE(@SAJFLDTLLEFAEDEEIKITKEQIKGLVVD 300
Ptub FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDRIZAMENLPYIRAIVK 360
Vuni FFSAGTDSTAVATEWALAELINNPRVLQKAREEVYSVVGKDR NLPYIRAIVK 360

Ptub ETFRMHPPLPVVKRKCVEEC VIPEGALILFNVWAVGRDPKYY\PSEFRPERFLE 420
Vuni ETFRMHPPLPVVKRKCVEECH=GeVIPEGALILFNVWAVGRDPKYRPSEFRPERFLE 420

vuni [NGGE@VEPIDLRGQHFQLLPFGSGRRMCP GMALASVIQCFDLQWDPQGH 480
Ptub [ILKAYDAKVSMEEEGLTVPEHELNAYPLAE SKLLS- 519
vuni  WLKADAKVSMEESGLTVPHHNLWARPLAK NKLLSP 522

Fig. 4.€. ClustalW alignment of deduced amino-acid sequent#sS fromPachyrhizus

(Ptub) anadvigna (Vuni), respectively. The mismatched amino-acidscwido not have

similar properties are coloured in red; the mismeatc amino-acids with similar
properties are highlighted in blue; the 3 gapsalisced are indicated in yellow.

Ptub E——EGEVV"EPIDLRGQHFQLLPFGSGRRMCP A GMALASVIQCFDLQ GPQGQ 480
A\ L
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4.2. Pilot study with IFS (CYP93C18) fromPisum sativumL.

4.2.1. ldentification and isolation ofCYP93C18

For the purposes of the present work, we choseobtiee two known IFS genes
from Pisum sativuni. — CYP93C18, GenBank accesion no. AF532999 (€oepal,
2005), subjected it to our methodical approach wack thus able to prove its correct
function — for the first time in the literatur€YP93C18cDNA (1575 bp) was first
discovered, thanks to its up-regulation when pedspeere treated with the insect
elicitor Bruchin B, and so named by Dr. David Nelson the basis of sequence
similarity to CYP93G that had been characterized by that time (Coepat, 2005).

On the basis of the know@YP93C18equence PCR was performed to identify
the gene in the genomic DNA extracted fr@isum sativuni. First, to determine the
optimal annealing temperatures, PCR with gradiérmnmealing temperatures 50-65°C
using CYP93C18specific primers (spanning the open reading fraaneé adapted for
TOPCX cloning), and Tag DNA polymerase (non-proofreadipglymerase) was
performed. The optimal temperature 58.3°C was &soced (Fig. 4.7.) and used in all
following steps. To obtain sufficient amount of ded blunt ended PCR product with
and without STOP codon, PCR with appropriate préveard Phusion DNA polymerase
(proofreading polymerase) was subsequently caoigdThe bands acquired (Fig. 4.8.)
were excised from the gel after electrophoresisifipd and cloned with the aim to
over-expressed the gene stably and transientlyeimtodel plants.

The complete sequence obtained later after TO&6nhing was identical to that
of Cooper, with the exception of 21 nucleotideshed 1662 bp long DNA sequence,
including intron of length 87 bp between positi@¥3 and 991, and 9 amino-acids in
the 524 bp long deduced protein (alignments shawiig. 4.9. and 4.10.). None of the
mismatches discovered was localized at the positemsential for catalytic function of
the protein (Sawada and Aybeay, 2005). Seven o&thi@o-acid mismatches could be
considered as unimportant due to the similaritthen chemical properties of the amino-
acid pairs (Tyr99/143 instead of Ser 99/143, Ly¢158 instead of Arg155/158, Leul0
and 1le163 instead of Metl0/163, Asnl65 insteadsbf165). In the two remaining
cases — Vall22 instead of Asp122 and Glyl77 instéa@lul77 — the mismatch is
potentially more serious, as it might affect intaecular interactions in the folded
protein and thus its correct catalytic function.wéwer, these misgivings were not

fulfilled, as proved at the metabolite level (a8l Wwe explained later).

57



2000 bp
1500 bp

IFS (1662 bp)% e—

1000 bp

Fig. 4.7. Electrophoretogram oPCR products of the desired lenght~1700 bp
obtained usingCYP93C1-specific pmers (with STOP codon) and Taq DI
polymerase; the gradient of annealing temperatweesas follows: (1) 49.8 °C, (.
50.2°C, (3) 51.31C, (4) 52.5°C, (5) 54.3°C, (6) 56.2°C, (7) 58.3(8),60.2°C, (9) 6
°C, (10) 63.5°C, (11) 64.6°C, (12) 65.1 25 plof PCR mixture with pl loading
buffer were loaded per lane. The optimal tempeeatuas ascertained as 7th of
gradient used (58.3°C

2000 bp

IFS (1662 bp) —> 1500 bp

1000 bp

Fig. 4.8 Electrophoretogram of PCR products of desired len§kr1700 bp obtaine
using CYP93C18specific primers with (A) and without (B) STOP codand
Phusion DNA polymerase in both cases. The annetdimgperature of 58.3°C (+3¢
accordng to Finzymes’s instruction) was applied. The eotration of the excise
DNA was ca. 60 ngil in both case
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Picman ATGTTGGTTGAACTTGCACTTGCT GTGATTGCTCTATTTATACACTTGCGTCCAACA BAATCAAAGGCACTTCGCCATCTTCCTA 100
Cooper ATGTTGGTTGAACTTGCACTTGCTTRAGGTGATTGCTCTATTTATACACTTGCGTCCAACA(@GCABAATCAAAGGCACTTCGCCATCTTCCTA 100

Picman ATCCACCATGTCCTAAA CTTCCTTHATTGGTCATCTTCATCTTTTGGATAATCCTCTTCTTCATCATTCTCTCGATITGGAGAACGTTA 200
Cooper ATCCACCATGTCCTAAACLCCGECTTCCTT@ATTGGTCATCTTCATCTTTTGGATAATCCTCTTCTTCATCATTCTCTGATITGGAGAACGTTA 200

Picman TGGCCCTTTGTACTCTCTTTACIYGGCTCCATGCCCACCATTGTTGTATCC KRTCTCTTCAAACTCTTCCTTCAAACTCATGAA T 300
Cooper TGGCCCTTTGTACTCTCTTTACTGGCTCCATGCCCACCATTGTTGTATCC RTCTCTTCAAACTCTTCCTTCAAACTCATG ST 300

Picman TTCAATACAAGGTTTCAAACCTCTGCTATCAGACGGTTAATIARAACTCCGTTGCAA CATTTGGACCTTACTGGAAGTTCATTAGAAAGC 400
Cooper TTCAATACAAGGTTTCAAACCTCTGCTATCAGACGGTTAAGIARAACTCCGTTGCAATHGCATTTGGACCTTACTGGAAGTTCATTAGAAAGC 400

Picman TCATCATGAATGAJCTCTTTAACGC(@CACCATCAACAAGTTGAGACCCTTGAG:H AATCCGCeGTTCTTAAGGTTAIGCTA GCGC 500
Cooper TCATCATGAATGASCTCTTTAACGC(EECACCATCAACAAGTTGAGACCCTTGAGEIAAATCCG(ELGTTCTTAAGGTTAEGCT8AEAGCGC 500

Picman TGAAACTCAAGAGCCACTTAATGTCAEBGACTTCTCAAGTGGACAAACAACACAATCTCTACAATGATGTTGGG TGASEXIGTTAGAGAT 600
Cooper TGAAACTCAAGAGCCACTTAATGTCA®G ECTTCTCAAGTGGACAAACAACACAATCTCTACAATGATGTTGGGTG%WGGTTAGAGAT 600

Picman ATTGCTCGTGATGTTCTTAAGATCTTTGGGGAATACAGTAGACTTCATTTGGCCTTTGAAGATGTTTAAGTTTGGGAACTATGASABTBA GO0
Cooper ATTGCTCGTGATGTTCTTAAGATCTTTGGGGAATACAGTAIGACTTCATTTGGCCTTTGAAGATGTTTAAGTTTGGGAACTATGAGABTAGOO

Picman AAGCCATTTTCAACAAATATGATCCTATCATTGAAAAAGTPAGAAAAGACAAGAGATTGTGAATAAAAGAAAAGAGAAAAAT GGATAWEANT B0
Cooper AAGCCATTTTCAACAAATATGATCCTATCATTGAAAAAGT MNIGAAAAGACAAGAGATTGTGAATAAAAGAAAAGAGAAAAAT GGATAANGXT 800

Picman AAGTGAGCAAAGTGTAGTTTTTCTTGATACTTTGCTTGAATTOBAGATGAGACAATGGAGATCAAAATTACAAAGGAACAAATCAAGSE PCO
Cooper AAGTGAGCAAAGTGTAGTTTTTCTTGATACTTTGCTTGAATTCGAAGATGAGACAATGGAGATCAAAATTACAAAGGAACAAATCAA®S G BO0

Picman GTGGTGAGTTTCTTTTTCATCTAGTTGCTTTGTTATTATTATATAGATAATAATAAAAGATTGTCTTTCTCTCTCTATGATATGCAGGRITT...1000
Cooper GTG GATTT CTTCT...1000

Fig. 4.C. ClustalW alignment of the first 1000 nucleotides of our afdCooper'sCYP93C18sequences, respectively. The remaining parts exeth
sequences were 100% identical. The 21 discoversohatches are coloured in red; the 87 nucleotidesilutron is highlighted in yellow.
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Picman MLVELALAL BVIALFIHLRPTPTAKSKALRHLPNPPCPKPRLPFIGHLHLLDNPLLHHRUGERYGPLYSLYFGSMPTIVVSTPDLFKLFLQTRIEA00
Cooper MLVELALAL |WWIALFIHLRPTPTAKSKALRHLPNPPCPKPRLPFIGHLHLLDNPLLHHRUGERYGPLYSLYFGSMPTIVVSTPDLFKLFLQTEEAOO

Picman FNTRFQTSAIRRLTYDNSVANPFGPYWKFIRKLIMNDLFNE INKLRPLRTREIR [WVLK SAETQEPLNVEELLKWTNNTISTMMLGEAEEVRD 200
Cooper FNTRFQTSAIRRLTYDNSVAIBPFGPYWKFIRKLIMNDLFNSY INKLRPLRTREIR [gVLKMYASSAETQEPLNVEELLKWTNNTISTMMLGEAEEVRD 200

Picman IARDVLKIFGEYSLTDFIWPLKMFKFGNYEKRTEAIFNKYDPIEKVIKKRQEIVNKRKEKNGEIQESEQSVVFLDTLLEFAQDETMEIKITKER V 300
Cooper IARDVLKIFGEYSLTDFIWPLKMFKFGNYEKRTEAIFNKYDPIEKVIKKRQEIVNKRKEKNGEIQESEQSVVFLDTLLEFAQDETMEIKITKRER.V 300

Picman VDFFSAGTDSTAVATEWTLAELINNPRVLKKAREEIDSVIGKDRLVDESDVQNLPY IREEMWFRMHABPVIRKCTEECEINGYVIPEGALVLFNVW 400
Cooper VDFFSAGTDETAVATEWTLAELINNPRVLKKAREEIDSVIGKDRLVDESDVQNLPY IR&WWFRMHARBPVVIRKCTEECEINGYVIPEGALVLFNVW 400

Picman AVGRDPKYWKRPLEFRPERFLENAGEGEAGSVDLRGQHFQEGHRMCPGVNLATAGMATLLASIIQCFDLQVPGPDGKILKGDDAKRBMKE 500
Cooper AVGRDPKYWKRPLEFRPERFLENAGEGEAGSVDLRGQHFGEGHRRMCPGVNLATAGMATLLASIIQCFDLQVPGPDGKILKGDDAKRAMKE 500

Picman VPRAQNLVCVPLARDGLAAKLLSS* 524
Cooper VPRAQNLVCVPLARDGLAAKLLSS* 524

Fig. 4.1(. ClustalW alignment of deduced amino-acid sequentesir and of Cooper’s CYP93C18, respectively. Fltiscovered mismatches are
coloured in red; the three amino-acid residuesngisgdor aryl migration (Sawada and Ayabe, 200%) lsighlighted in blue.
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4.2.2. TOP@ cloning of CYP93C18

According to Gatewdy cloning manual, both blunt ended PCR products itd
without STOP codon were separately introduced pEb TR™/D-TOPJ® to obtain
the entry clones (Fig. 4.113s described in section 3.4.6. The following dawraf
heat shock transformation &fcoli TOP 10, tens of white colonies appeared on the
selective plates with 50 pg/ml kanamycin (Fig.412The colony PCR with
randomly chosen 4 colonies as DNA teplate @tP93C18specific primers were
then carried out to confirm the presence of theegdrninterest (Fig. 4.13). One of the
succesfully transformed colonies in both cases wakivated overnight and
PENTR/D-TOPOFS constructs were isolated using GeneJET™ Plasmidpkéip
Kit. The concentration of plasmides acquired wasmeined by means of NanoDrop
as ca. 250 ng/ul in both cases. The final PCR il plasmides diluted to
concentration ca. 25 ng/ul was then perform@d¥P93C18specific primers were
used in order to verify thpresenceof the insert in the vector; cross combination of
CYP93C18specific primer Forward and primer M13 Reverse NpR/D-TOPO-
specific, 157 bp downstream from the insert) wasduto confirm thecorrect
orientation of the insert in the vector (Fig. 4.14.) More dstaay be found in the

figure description.

att2 MI3R

<]

Kan(R)
IFS

PENTR/D-TOPO::IFS
4246 bp

attll ‘ /

M13F

Fig. 4.11 The entry clone with insertedYP93C18§(FS) which is the same in the
case of insert with and without STOP codon. Thepéfiad schematic layout of the
clone was created according to fthesilico cloning generated by the Vector NTI

Suite 9.0.0.
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«—
Fig.4.12 Selectie plate with
well-spaced E.coli colonies
carrying introduce entry clone
(PENTR/D-TOPO:IFS+stop.
The plate was very similar
appearance to those w
colonies carryindFS —stop

2000 bp
1500 bp

1000 bp

Fig. 4.1%. Electrophoretogram cthe Colony PCR productgerifying thepresence of
CYP93C18nsert (*1700 bp) in four selected colon. (A) Insert with STOP codor
(B) insert without STOP codon-4C) Colony number.

3000bp -
2500 bp

2000 bp

1500 bp

1000 bp

Fig. 4.14 Electrophoretogram confirming the presence ancctieect orientation ¢
the insert in the isolated plasmides. (A) Inswith STOP codon, (B) insert witho
STOP codon. (1) PCR produc~1700 bp) obtained usinCYP93C18specific
primers, (2) PCR product ~1900 bp) obtained usingross combination
CYP93C18specific primer Fand M13 Rev, (3)he isolated plasmid with theserted
CYP93C18tself (~3000 bp; 'ul with 3ul of loading buffedoaded per lan.
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4.2.3. Construction ofCYP93C18expression clone for stable expression

In order to secure stable expression @YP93C18(with STOP codon) under
CaMV35S promoter, LR recombination between relevamity clone (pENTR/D-
TOPO:IFS+stop and destination vector pGWB2 was performed. Thastuct
obtained (Fig. 4.15.) was introduced iitphaSelect Gold Efficiency. As expected,
tens of white colonies appeared on the selectiagplwith 50 pg/ml kanamycin and
50 ug/ml hygromycin (Fig. 4.16.). As in the case 4.2.2he colony PCR with
randomly chosen 5 colonies as DNA template &P93C18specific primers
followed (Fig. 4.17.). Two of the succesfully tréarsned colonies were cultivated
overnight and pGWB2FES constructs were isolated using GeneJET™ Plasmid
Miniprep Kit. The concentration of plasmides acqdiwas determined by means of
NanoDrop as ca. 40 ng/ul. The control PCR with tilasmides diluted to
concentration ca. 20 ng/ul was then perform@d¥P93C18specific primers were
used in order to verify the presence of the ingethe vector; cross combination of
CYP93C18specific primer Forward and primer pGWB2 Revers@\(VB2-specific,
55 bp downstream from the insert) was used to gorthe correct orientation of the

insert in the vector (Fig. 4.18.) More details nii@yfound in the figure description.

attB2

atfB] | \
355::Hyg (R)
358 »
‘i IFS

pGWB2::IFS LB

17271 bp

NOS:Kan (R)

/

RB

Fig.4.15 The expression clone with insert€f P93C18IFS+stop. The simplified
schematic layout of the expression clone was aleateording to that generatad
silico by the Vector NTI Suite 9.0.0.

64



2000 bp
1500 bp

1000 bp

2000 bp
1500 bp

1000 bp

1€ 20 BESES FACE NS
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Fig. 4.1¢. Selective plate witt
well-space AlphaSelect Gold
colonies carrying introduces
expression clone
pGWB2:1FSt+stop The plate
was very similar in appearan
to those with colonies carryi

expression clone pGW5:IFS

—stop

—

Fig. 4.17 Electrophoretograr
of the Colony PCI products
verifying the presence of
CYP93C18insert (1700 bp)
in five selected colonies-5)
Colony numbe

«—
Fig. 4.18 Electrophoretogram
confirming the presence a
the correct orientation of tt
insert in the plasmid: isolated
from colonies Nos. 3 and 4. (
PCR product ~1700 bp)
obtained using CYP93C18

specific primers, (: PCR
product £17C0 bp) obtained
using cross combination ¢
CYP93C18specific primer F
and pGWB2 Rev, (3) the
isolated plasmid with th
inserted CYP93C18 itself (~

17,000 bp; ul with 3 pl of

loading buffe loaded per lane).



4.2.3.Construction of CYP93C18xpression clone for transient expressic

The procdure was the same as described in the section 8¢ ®ay the destinatio

vector, pGWB5 was used in the view of securing expression under CaMV3t

promoter and Germinal phusion olFS —stop with GHP (Fig. 4.19.). The Colon
PCR (Fig. 4.20, plasmic isolation and the final contrdPCR (Fig. 4.27) were

carried out in the samne

N
355’ 48'

attB1

NOSter ‘

NPTII

NOSpro

7

RB

s

PGWB5::IFS

17993bp

ZB?Bner as ab

— | B

I'G

g 3C 4C

SO
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Fig. 4.19 The expression

clone with inseledCYP93C18

Pt (IFS -stop). The simplified
355:Hyg(R] Schematic  layout of th

expression clone was crea
according to that generatédn
silico by the Vector NTI Suit
9.0.0.

«—
Fig. 4.20. Electrophoretogram cthe
Colony PCRproduct: verifying the
presence o€YP93C1 insert (1700
bp) in five selected colonies. -5C)
Colony number.

—
Fig. 4.21 Electrophoretogram
confirming the presence and the corl

orientation of the insert in the plasmic

isolated from coloniesC and 2C (1)
PCR product (~1700 bp) obtained us

CYP93C18&pecific primers, (2) PC

product £1700 bp) obtained usircross
combination of CYP93C18specific

primer F and pGWB2 Rev(3) the

isolated plasmid with the insert

CYP93C18tself (~ 17,000 bp; ul with

3 pl of loading buffer loaded per lan



4.2.4. Tranformation of Agrobacterium tumaefaciens

The subsequent step of our effort to ~expres<CYP93C18wasthe introduction of
the obtained )gressiol clones into“a natural genetic engineelAgrobacterium
which has an extraordinary ability to tranfer a ger interest (i.e. -DNA) with a

selectable marker into plant genome. The isolatashmides pGW2::IFS+stop and
pGWB5::IFS-stop were separatelyansformed intoAgrobacteriur GV3101 by
means of electroporation. Transformants were tledecged on the the YE-plates

containing 50 g/ml kanamycin, 5 pg/ml hygromycin, 50 gé/ml gentamycin an

100 pgml rifampicin (Fig. 4.22) Randomly chosen coloniesere controled by
colony PCR with appropriaCYP93C18&pecific primersn both cases (Fig. 4.2).

«—
Fig. 4.22. Selective plate witt
tranformed Agrobacteriun colonies
(slightly overgrown) carying

introduced expressi clone

pGWB2:1FStstop The plate was ver
similar in appearance to those w
colonies carrying expression clone
pGWBS5:1FS —stop

2000 bp

oo (R L L 4 A

1000 bp

2000 bp

BN Sweew

1000 bp

1IC 2C 3C 4C 5C 1Cl " 2@ 3C &€ §5E

Fig. 4.23 Electrophoretogram othe Agrobacteriumcolony PCF products
verifying the presence oiCYP93C18insert (1700 bp) in the five selecte
colonies. (15C) Colony number. (A) pGWB2::IFS, (B) pGWBS5::lI
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4.2.5. Transformation of pPGWB2::IFS into Arabidopsis thaliani

After the construction of the plant expression weqpGWB2::IF¢, the gene of
interest (under the 35S promoter) was introducedAgrobacterium tumaefaciel
into Arabidopsisthaliang, using the standardized floral dip method. Folluyvihe
infiltration, transformed plants matured at th@wgn chamber. Their seeds \e

harvested, sterilizes and sown individualy on ters-plates with 50 pg/mi

hygromycin. Transformation success rate was stage0.5% because on aver:
only one from 200 seeds placed on the s survived the selection (Fig. 4.). In

this manner, ogl 10 putative tranformeArabidopsisseedlings were obtained. Th
were subsequently transplanted to soil (Jiffy ppat), grown under stande

conditions and analyzed (see section 4.2.6). above mentioneprocedure was
repeated twice to obtain homous line of transformanti® T3 generation. Th

seeds of T3 generation originating from individdi@ plants were grown on plat

separately and homozygous and heterozygous lines tives simpl distiguishable:
all seedlings appeared on the plate in case of stable homozygous li

approximately ¥4 of seeds did not developed in tse ®f heterozygous line due

the segregating ratios of the offsprir(Fig. 4.25.). It should also be mentioned tf

transgenicArabidopsisdisplayed no phenotypical anges in comparison with wi-

typeArabidopsis(Fig. 4.26)

XY

...in detail

Fig. 4.24. Selection of seeds from transgerArabidopsison MS-plate. On
average, only 0.5% seeds survived the sele
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Fig. 4.2t Selected seedlings of T3 generation. (A) Homozygmss (all seed:
germinated); (B) Heterozygous line ( %2 -germinated seeds).

Fig. 4.26 (A) and (B) T1 generation of transgerArabidopsi: overexpressing
QEP693C18; (C) Wil-type Arabidopsis No evident changes in phenotype car
observed.
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4.2.6. Verification of correct funtion of CYP93CL1{ transgene

Transgenic plants surviving hygromycin selectiamg ¢éheir further two geneiions,

were then analysed at four different levels: DNAIAR proteins and metabolite

4.2.6.1. DNA level

DNA was isolated from all transgenic plants of Tid&0 randomly chosen plants
T2 and T3 generations and analysed by PCR CYP93C18specific primers to
control presence of the transgeiICYP93C18was found to be present in all
Arabidopsis(Fig. 4.27) and in mosbf indivuduals of T2 and T3 generations |.
4.287). The corresponding band was also obtainePisum— as a positive contr

(Fig. 4.28B) but not in wil-type Arabidopsis—as a negative control (F. 4.28C).

2000 bp
1500 bp

bam 1000 bp

Fig. 4.27 Ten tansgenicArabidopsisplants of T1 generation. Electrophoretogr
confirming the presence CYP93C1§arrowheads shoWS 1662bp long).

Fig. 4.28. Electrophoretogram olPCR productsconfirming the presence
CYP93C18(arrowhea show IFS 1662 bp long) (A) Two chosen PCR produc
from T2 and T3 generations of transgeArabidopsis (B) Pisun as a positive
control; (C) wildtype Arabidospisas a negative control.
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4.2.6.2. RNA level

RNA was isolated from T Arabidopsisleaves and analysed BRT-PCR in order to
verify the presence (CYP93C18mRNA, ard thus the correct transcription of 1
transgengeven without any previous stress stimule. The same procedure w
carried out in the case Pisumand wild-typeArabidopsisas controlsRNA and

cDNA yields(measured by means of nanodi were as follows:

Sample RNA (ng/uL) cDNA (ng/ul)
Transformed Arabidopsis 1 420 984
Transformed Arabidopsis 2 300 898
Wild-type Arabidopsis 1 20,8 1171
Wild-type Arabidopsis 2 92,1 1593
Pisum 1 3354 1362
Pisum 2 1721 1232

The results obtained proved thCYP93C18mRNA was present in transgel
ArabidopsisandPisun but not in wild-typeArabidopsig(Fig. 4.29)

Fig. 4.29 Electrophoretogram (PCR products obtained by PCR with cDNA a
CYP93C18specific primers (arrowhe show IFS without intron 1557 bp long).
(A) T3 generation of transgeniArabidopsis (B) wild-type Arabidospi: as a
negative control; (CRisun as a positive control.
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4.2.6.3. Protein leve

To confirm the correct expression of the CYP93Ci@al protein extractior
accurate quantification the proteins and following imunoblotting with anS-
specific peptide antibody (designed accordingly‘toet al, 2000; Fig. 4.3) was
performed. 1D SDS-PAGE western blot of 1Qug total protein extracted frol
transgenic and wildlype ArabidopsisandPisumwas reversihy stained with Poncee
S (Fig. 4.30. for control detection of separated proteins. dntcast to Yu's resu,
the subsequent immunological deteci showed that the antibody reacted non-
specific manner with the total protein extractednirthe plants examined, ar
accordingly, we noted the concomitant failure of tiscrete IFS band to appt
sufficiently distnctly in the immunoblc (Fig. 4.32.).In spite of this, the CYP93C]
protein (59.4 kDa) may be assumed to be presemtamsgenicArabidopsisand
Pisum,but not in wilc-type Arabidopsis A similar problem due to the n-specific
binding of the aforemeroned IFS antibody has already been described ir

literature, once (Jaganath, 20.

66 kDa
<€ |FS?
- ; 59.4 kDa
RESC-L —> D G S
45 kDa A oo

- wr - T
£

T W epa

Fig. 4.3(. 1-D SDS-PAGE western blot of total protestained with Ponceau
Rubisco large subunit (RB-L; 55 kDa) occupies the major proportion of
proteins extracted. IFS of the presumed size 5P4 kould be prese
approximately on the half way between SCL and 66 kDa marker(T)
Transgenidrabidospi; (W) wild -type Arabidopsis (P) Pisun.
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Fig. 4.31 The modelled CYP93C18, with the red region inditgtine epitop o
the peptide Npt DPKYWKRPLEFRPER. This peptide, used for -specific
antibody prodation (conjugated with KLH) is localized in a high-accesible
site of CYP93C1t

66 kDa

IFS (59.4 kDA) Emmmmm <

RBSC-L (55 kDA) [

T W P

Fig. 4.22. 1-D SDS-PAGE immunoblot of the total protein of the pla
examined.Although the bands are poorly visiblhe CYP93C18 protein (59.
kDa) may be assumed to be present in transcArabidopsisand Pisumbut not
in wild-type Arabidopsi; the arrowhead shows a protein of size ca. 59 —
putative isoflavone syntha (T) Transgenic Arabidospis (W) wild -type
Arabidopsis (P) Pisurn.
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4.2.6.4. Metabolite level

HPLC-MS analysis of extracts from whole shoots aedds of the plants examined
revealed the main indicator of the correct funcdrthe introduced CYP93C18: the
presence ofisoflavonoids in the transgenidArabidopsis despite the absence of
previous stress induction. Using 15 different igefinoid standards (Fig. 4.34.), we
detected isoflavone genistein and its methylatedvaliéve, tectorigenin (4°,5,7-
trihydroxy-6-methoxyisoflavone), in the shoots andthe seeds of the transgenic
Arabidopsis respectively (Fig. 4.35. — A and B). A positicentrol — Pisum
contained in total 5 different forms of isoflavosi¢(Fig. 35 — E and F). None of the
isofavonoids on which we focused were presenhénshoots or seeds of the wild-
type Arabidopsis(Fig. 4.35. — C and D). The chemical structurethefisoflavonoids
detected are shown in the Fig. 4.33. The quantdfethe isoflavonoids measured

were as follows:

Sample Content of isoflavonids
Shoot (ug/g dry weight) | Seeds (ug/g dry weight)
Transformed Arabidopsis 1.58 tectorigenin 0.5 genistein
Wild-type Arabidopsis none none
Pisum none daidzein 0.55 daidzein
0.31daidzin 6.96 daidzin
0 genistein 0.33 genistein
0.35 prunetin 0.14 prunetin
0.41 puerarin none puerarin

Fig. 4.33 Chemical structures of the detected isoflavondilsgenistein; (B) tectorigenin;
(C) prunetin (7-O-methylated genistein); (D) daidz€E) daidzin (7-O-glucoside of
daidzein); (F) puerarin (8-C-glucoside of daidze®yawn in ACD/ChemSketch.
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Fig. 4.34 15 isoflavonoid standards usec-puerarin (r.t. 2.436),- daidzin (r.t.
3.235), 3-ononin (r.t. 7.739), -daidzein (r.t. 9.354), Bycitein (r.t. 9.867), 6-
genistein (r.t. 11.974), - isoformononetin (r.t.14.429), @rmononetin (r.t
15.624), 9puerarin (r.t. 17.789), - biochanin A (r.t. 19.270), -glycitin (r.t.
3.420), 12genistin (r.t. 4.809), X-tectoridin (r.t. 5.054), 14sissotin (r.t. 11.041),
15+ectorigenin (r.t. 11.84(r.t. — retention time.
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4.2.7. Visualization of CYP93C18n vivo

Further, our objective to visualize CYP93C18's laedion in vivo was met. As
mentioned in the section 2.2., it is frequentlytexain the literature that isoflavone
synthase is localized on the membrane of the eadopt reticulum. Using the on-line
tool SignalP 3.0 (Bendtsest al, 2004), the signal peptide in N-terminus of CYE28
was predicted with 99.6% probability (NN) and 99.9%obability (HMM). The
cleavage site was determined between the 19th @tida2Znino-acid residues, with not
very high probability of 39.2%. The prediction oREargeting was verified by means
of the Agrobacteriuramediated transient expression of 35S::CYP93C1&:Gsed
proteins (construct pGWB5::IFS, see section 4.2i8.)the leaves ofNicotiana
benthamiana The desired fluorescent signal was observed bgnmef a confocal
microscope in the endoplasmic reticulum, as predidFig. 4.36. A, B, C, D). This
result was compared with the localization of treefGFP (cytoplasm and nucleus, Fig.
4.36. E), and of the GFP with HDEL sequence (pBiNfp5ER), whose pattern of ER
localization corresponded exactly to those of IFg.(4.36. F).

4.2.8. IFS association with endoplasmic reticulum embrane

The question as to how the IFS is bound to thertelRbrane, however, remains still to
be answered. In the case of IFS, no signal andleruncleaved signal peptide) was
recognised by the HMM, nor was any potential maediiion site found within the

CYP93C18 sequence. However, further investigatisimgithe on-line tools SOSUI

(Mitaku Group, Department of Applied Physics, Nagoyniversity) and TMpred

(Hofmann and Stoffel, 1993), revealed the N-termimalrofobic transmembrane helix
with membrane inner-outer orientation, correspogdm the predicted signal peptide
within the IFS sequence. We constructed a mod&Doktructure of CYP93C18 using
the Modeller9v5 program. As templates we utilizedwn 3D structures of mammalian
P450 (e.g. rcsb code: 1tgn, 2hi4 and 3e6i) whighmiezans of the Psipred threading
algorithm, were found to be the most suitable tetgs. Based on this model and
previous predictions, we propose a mechanism of @3R8 membrane-binding, with

N-terminal helix embedded in a membrane (Fig. 4A8),.The N terminus was not

modelled, however, due to the absence of a strictemplate. Our proposal of IFS’s
association to ER membrane is also due to thesis slipported by the electrostatic
distribution on the protein computed by the linddoisson-Boltzmann equation
(Fig.4.37. B).
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Fig. 4.36 Transient expression of fused proteins IFS:: (A,B,C,D), of the GFF
itself (E) and of the GFP wi HDEL sequence (F), in tHewer epidermal cells of
leaves of Nicotiana benthamiar. The GFP signal was observed within
endoplasmic reticulum, as predicted [confocal micapsg scale: bar =10 prr
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Fig. 4.37. (A) In silico generated structure of CYP93C18 and its associatitinthe
endoplasmic reticulum membrane on the cytosolie.gk-terminal hydrofobic helix
(indicated in orangeis anchored in the membrane. Electrostatic distribution o
the CYP93C18 model, viewed from the bottom sRed parts indicat-5 kT/e, blue
parts +5 kT/e The positivel-charged and almost flat regionpresents a putative
membrane association s
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5. DISCUSSION

The two main objectives of the present mastersigshevere: (1) The
identification of isoflavone synthase genes in ttlgosen non-leguminous and
leguminous plants, and (2) Performing a pilot studtyh IFS (CYP93C18) fronPisum
sativumL. to design a procedure for the functional expies for newly-identified
isoflavone synthase genes and, moreover, to lecalie proteinin vivo. Our
methodology was inspired by several succesful estudéported in the literature (Jueig
al., 2000; Akashiet al, 1999, Kimet al, 2003), which described the identification,
cloning and functional expression of IFS from diffiet leguminous species, in

connection with the metabolic engineering of isadlaoid biosynthesis.

5.1.IFS was detected in leguminous species only

Given that there are 60 isoflavonoid-producingnpleamilies known to date
(Mackovaet al, 2006), our approach was informed by five paléicinypotheses: (1)
The number of families producing isoflavonoids ntigh fact be significantly larger
than hitherto thought, (2) plants producing isoflawids must necessarily possess an
enzyme catalysing the migration of the aryl group the chromene skeleton of
flavanones, (3) the genes coding this enzyme shidigflay a homology with genes for
IFS already described in the case of several legousi species, (4) the absence of such
orthologues need not always signify the absendbeobiosynthetic pathway leading to
the production of isoflavonoids — and thus the fidssexistence of some other, hitherto
undiscovered enzyme should not be ruled out, @&)dcgnversely, the presence of an
orthologue to CYP93C need not necessarily guarathiegresence of isoflavonoids,
despite its high probability.

It must be admitted that our efforts towards the af identifying IFS in non-
leguminous species did not yield fruit. Isoflavasyathase was discovered in none of
the 33 examined non-leguminous species from 14raift plant families, although, as
reported in the literature, in most of them sonodlasonoids have been detected. Using
the PCR method with degenerate primers, PCR predampeared in 24 of the chosen
plants, once reaction conditions had been optimigse@n though theéFS fragment
sequence determined by the degenerate primers m@snkfrom multiple alignment

analysis, there was no particular expectation efgtecise lenght of the PCR products,
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as the genomes of the examined plants are unkntivenv@ariable constituent was
primarily intron length). The lengths of the fragm obtained ranged from 550 bp to
1500 bp. In total, 28 sequences were acquired gpgnencing (some of which were
fragments of different lengths originating from teame species). A BLAST search
showed that half of them were not homologous to angleotide sequence from the
database, and that the remaining sequences didptayaology with transposones and
retrotrasposones, with fragments from mitochondirad chloroplast genomes, and with
various chromosomal DNAs not specified in any fartidetail. Moreover, when
CYP93C18specific primers were applied in the caseHoimulus lupulusandlris sp.,
PCR products of the promising lengths of 1700 lmu#ékto the length oS from the
Pisum) and 1500 bp, respectively, appeared. Surprisjrigly sequencing results were
disappointing: the sequences were not homologousnyy known IFS from the
GenBank.

These results are in contrast with the fact tR&t thas been described in the case
of a particular non-leguminous species once inliteature: Junget al identified two
isoflavone synthase isoforms Beta vulgarisL. from the family Chenopodiaceae (Jung
et al, 2000), which is consistent with the presenceisoflavonoids in this plant
(Geigertet al, 1973). However, the unexpectedly high homolofggw@n the nucleotide
sequences of these two genes with their orthologues evolutionary distant
leguminous species (99% in most cases) does sais® awkward questions, even
though the necessity for the protein sequence ¥e banserved regions is not open to
doubt.Beta vulgariswas also examined in our study, but with a negat@sult, arising
from repeated errorneous sequencing — which mékesasult impossible to interpret.

On the other hand, this study demonstrates thiéyudf an undemanding PCR
method with appropriately-designed primers to idgmew isoflavone synthase genes
in the genomic DNAs of leguminous species. In thsecof the control leguminous
plants —Phaseolus vulgarig. andPachyrhizus tuberosyéam.) Spreng — we obtained
new partiallFS sequences using the same, above-mentioned detgepeiraers, and
subsequently obtained also their compl#& sequences, using consensual primers
spanning the whole reading frame. The complete esexps were 1860 bp long
(including intron) in the case d¢thaseolusand 1803bp long (including intron) in the
case ofPachyrhizus The introns revealed on the basis of alignmeith Whe most
similar IFSs from GenBank, were 264 bp and 243 bp long, reés@d¢ This means that
they are longer compared to the soybean IFS1 itf@1i8 bp and soybean IFS2 intron
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of 135 bp (Junget al, 2000), and much longer than the intron of 87depected in
CYP93C18in our pilot study (see section 4.2.1.). The né&8 gene fromPhaseolus
displayed very high homology at the DNA level adlvas at the protein level (more
than 97% of the amino-acids were similar) with IF8dm Vigna unguiculata(L.)
Walp. These findings correspond to the phylogeakpcoximity of these two species
within the millettioid clade of the Phaseolae trifézannonet al., 2009). In the case of
Pachyrhizus the nucleotide sequence was most similar to IE&® from Pueraria
montanavar. lobata both belonging to the Glycininae subtribe (Leel &fymowitz,
2001), whereas, surprisingly, the amino-acid segeievas highly homologous to IFS2
from Vigna unguiculatgL.) Walp., whose IFS was longer by three aminmlisicThese
differences beetwen the DNA’s and the derived pratehomologies could be
explained by the manner in which the BLAST algarittompares the sequence of
interest with the database, without taking intocaet the degeneracy of the genetic
code. The slightly higher percentage of identitieshe case of théFS gene from
Pueraria versus theFS gene fromVigna (89% versus 86% of identitiesjvas not
reflected in a higher percentage of identities hie tlerived amino-acid sequence in
Puearia In constrast, the amino-acid sequence of IFS& viigna, belonging also to
the Phaseolae tribe but not in the Glycininae dubtfl ee and Hymowitz, 2001), was
found to be the most similar to our sequence. thidd be due to the fact that not all
mismatches in the nucleotide sequence will necgsdiect the protein sequence.

The next appropriate step would be the verificabbthe the correct function of
the newly-identified IFSs frorRhaseolus vulgariandPachyrhizus tuberozussing the
methodology which was developed and succesfulllieghpn the pilot study with
CYP93C18, as descibed below.

However, our best efforts notwithstanding, thgeotive of identifying thdFS
gene in non-leguminous plants was not met, as #tbadology did not work here. This
fact needs to be interpreted with caution. Inipaldr: (1) In some of the plants
investigated, isoflavone synthesis is indeed absert thus the gene itself is likely to
be absent. (2) Primers designed on the basis okmawledge of thdFS genes from
leguminous plants and from sugarbe®et@ vulgariy, might not necessarily be
appropriate to phylogenetically distant plant speci(3) It is improbable, yet possible,
that a hitherto unknown protein — responsible feoflavone synthesis through a
different enzyme pathway — may exist instead of, &®l if so, this pathway still awaits

discovery.
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5.2. CYP93C18 is a functional isoflavone synthase

The primary aim of the second part of this stuéswo develop an assay for the
functional expression of IFS, using CYP93C18 asxample. But the study could be
also considered as a continuation of the only sttmlycerning CYP93C18: in 2005,
Cooperet al. demonstrated the obvious connection between wdatgn of the newly
discovered CYP93C18, “a putative isoflavone syrghgene”, and a subsequent
increase in isoflavonoid pisatin content in peagtrdated with insect elicitor (Cooper
et al, 2005). However, the direct verification of therrect function ofCYP93C18by
means of heterologous expression, has never bperted.

In the present work, a succesful pilot study whS from Pisum sativuniL.
(CYP93C18) has been carried out. The CYP93C18 wastified, cloned using
Gateway" technology and introduced into the model plarabidospsis thaliandL.)
Heynh. ecotype Col-O0.

Concerning our and Cooper’s CYP93C18 protein semehe nine differences
discovered — all of which were upstream the introsan be ascribed to a genomic
polymorphism of individual varieties oPisum sativum L., as well as to possible
sequentional errors in our and/or Cooper’s sequémnaoesequence was sequenced 3
times from both 5°and 3"ends). Moreover, a multgdlgnment of ouCYP93C18with
all 30 known isoflavone synthase genes, includimgt tdescribed by Cooper (P450
Engineering database, University of Stuttgart),eeded that five of the mismatched
amino-acids in our sequence corresponded to theeosns; three of the mismatches in
Cooper’s sequence corresponded to the consensligiotim in Cooper’s case and in
ours, there was a mismatch at position 155 thétndit correspond to the consesus.
These findings support the polymorphism theory, 8 the mismatches are unlikely
to be attributable to sequentional errors. In ease, the ascertained mismatches were
not localised in the catalytic centre of the enzyane did not include the conserved
amino-acid residues Ser 310, Lys 375 and Leu 3tticat for aryl migration (Sawada
et al, 2002; Sawada and Ayabe, 2005). Thus they havenfioence over the
localization and function of IFS, as was subseduet@monstrated in the present study.

In our work it was experimentaly proved ti@YP93C18yene is present in the
transgenicArabidopsisgenome, and this gene was transcribed under thstitdive
promoter CaMV35S, as confirmed by means of RT-PCR.

However, the proof of the correct gene expressiendetection of CYP93C18

protein using western blot analysis, is sligthlyitoversial because of the fact that no
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descrete band of the IFS appeared — due to norifisfigf the antibody used. The
CYP93C18-specific antibody conjugated with KLH, w@esigned in accordance with
Yu et al (Yu et al, 2000), who immunochemically detected the soybHh in
microsomes prepared from transgenic tobacco le@#sis known as a membrane-
bound protein). The identical antibody was also leygd for the same purpose in the
study by Indu Jaganath (Jaganath, 2005), in whehastempted to detect the soybean
IFS in both total and membrane proteins, from daés of transgeni&rabidopsisCol-

0. As in the case of our work, she observed stangs-reactivity of the antibody with
proteins of various molecular sizes, although 8 of 59 kDa in the protein extracts
from soybean (a positive control) was clearly detécin our case, the antibody bound
to various proteins both from transgemicabidopsisand control plantsRisum and
wild-type Arabidopsis.

There are several explanations for this phenomeiibn The total protein
extract, but not the membrane protein extract, emmined. The amount of protein
which could cross-react was thus increased. Morredhe prominent component of the
leaf total protein extract is Rubisco large subwhib5 kDa, whose preponderance in a
sample could “overlay* some non-abundant proteamsongst which might also be the
IFS. (2) The primary polyclonal antibody was progdidn an immunised rabbit, and
rabbits, being herbivorous animals, can often pcedantisera displaying non-specific
background reaction against plant antigens (Oulggb al, 2009). (3) Peptides similar
to that chosen by us for antibody design, can bheddn a small number of other plant
cytochromes P450, even though none of these peptideidentical to ours. (4) Most
probably, polyclonal antibodies against the KLH 4o conjugate can cross-react with
various plant antigens in western-blot analysigsthausing the non-specificity of the
immunodetection (Oulehlovét al, 2009). This system seems to be unsuitable when a
particular protein fronArabidopsisor from Pisumis to be detected. Apart from this, the
visualisation system of the secondary Anti-rablgiG| conjugated with alkaline
phosphatase, was found to be less than ideal, &salmost impossible to gain a
sufficiently distinct digital image of the weaklysualised proteins.

HPLC-MS analysis of the metabolites, however, wagre relevant, as it
provided the key proof of the correct function ofy93C18 in the transgenic
Arabidopsis.Compared to the 15 isoflavonoid standards, isofiaids genistein and
tectorigenin were detected in the shoots and sesddransgenic Arabidopsis

respectively, whereas no isoflavonoids were foumdhe wild-typeArabidopsis The
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latter finding reflects the fact that the gene olbigous to isoflavone synthase is not
present within thérabidopsisgenome. Interestingly, the transform@édhbidopsiswas
able to produce small amounts of isoflavonoids @uathany previous stress induction
such as UV-B treatment (Yet al, 2000) or elicitation with yeast extract (Akastial.,
1999), which are known to activate the phenylprapédrpathway and increase the
levels of isoflavonoids and of their precursor ngenin.

The present study thus provides evidence that:
(1) CYP93C18 is a functional isoflavone synthaséhdugh only small traces of
genistein and tectorigenin could be detected in-ttB8sformedArabidopsis their
presence was indisputable.
(2) Arabidopsisis an appropriate plant-expression system, whisipodes the IFS
substrate naringenin. The elimination of water teeldy isoflavones from 2-
hydroxyisoflavanone is likely to be spontaneoustherdehydratation could possibly be
catalysed by 2-hydroxyisoflavanone dehydratase ¢BAkat al, 2005), although no
evidence of the presence of this enzyme in nonAhdigous species has hitherto been
reported, as far as we are aware. Moreover, isofleamodifying enzymes, namely
hydroxylase and O-methyltransferase, clearly hdaetpresent and be able to recognise
the novel substrate genistein, as indicated by pesence of tectorigenin (4°,5,7-
trihydroxy-6-methoxyisoflavone Our results also indicate that the introduced IFS
successfully competed with the endogenous enzymeslved in flavonoid
biosynthesis, which also utilize the flavanon stdist naringenin — for instance,
flavanone-3-hydroxylase or flavone synthase (Yu klie&onigle, 2005). Moreover, the
surprising presence of the methylated isoflavontectorigenin, a well-known anti-
cancerogenic isoflavonoid (Thelen et al., 2005)¢pithe best of our knowledge reported
here for the first time.
(3) Our simple methodology is thus applicable te #xploration of the function of
newly-identified genes for IFS from various species

5.3. IFS is localised on the membrane of the end@simic reticulum

In addition, the predicted N-terminal signal pdptiof CYP93C18, and
thereby the latter's ER localization, were verifled means of transient expression of
CYP93C18::GFP in the tobacco leaves, where the GigRal appeared on the
endoplasmic reticulum, as predicted. This resultcassistent with the concept of

isoflavonoid metabolone (Yu and McGonigle, 2005hene membrane-bound IFS
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ensures the correct metabolic channelling by ictarg with enzymes upstream and
downstream in the pathway. It is encouraging toenhiat a result similar to ours
appears to have been obtained by Liu and Dixon1(RQflbeit with IFS cDNA from
Medicago truncatulaverexpressed iAlfalfa seedlings.

Our results, however, contrast with the conclusiceached by Indu Jaganath
(cited by Crozieret al, 2006), who failed in her attempt to engineer gamistein
metabolic pathway intArabidopsisCol-0 using soybean IFS. One of the possible
explanations they suggested for this failure emtabnsiderations of subcellular
localisation. Accordingly, the introduced IFS wamnscribed in high levels but
genistein was not produced, due to the potentialamalisation of IFS into the
cytoplasm instead of the ER membrane. This explamatas consistent with the fact
that IFS was not detected by western-blot analgsisiembrane bound proteins from
transgenic lines. The question then arises as tpthd IFS examined by them might
have been incorrectly localised in the transgetants, whereas our IFS, as well as
those by other investigators (Juetgal, 2000; Yuet al, 2000 and others), were indeed
correctly embedded in the membrane.

The manner in which the IFS is attached to thent&nhbrane is still not entirely
clear. It is generally acknowledged that membram@ald P450s have their N-terminal
signal sequence anchored in the membrane, and ghab@ residues in the F-G loop
associated with the cytosolic side of the ER memdrgBoudryet al, 2006). Other
possible interaction domains, such as segmentsebafa after the A-helix, and amino-
acid resudues ip strand 2-2, were also described (Williaetsal, 2000).

Ourin silico predictions involving isoflavone synthase and riinedel generated
are consistent with the above-mentioned featurehefmembrane-bound P450s. In a
manner analogous to Dat al, who constructed a model of mammalian P450 2B1 and
clarified its mode of the attachement to the enasmplic reticulum membrane (Dat
al., 1998), we propose a similar mode of IFS membiasertion. N terminus was
predicted as the only transmembrane domain of tbéeip. Additional hydrophobic
regions, localised on the same protein face adNtberminus and protruding from the
protein surface, could be found within the F-G lothe pre-A region as well as in tfe
sheet 2-2. This proposed IFS membrane associdtwever, remains to be confirmed,

by means of the methods of structural biology.
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6. CONCLUSIONS

The present masters thesis dealt with the genatikgsound of the biosynthesis
of plant secondary metabolites — isoflavonoids,csipally with the genes for the
isoflavone synthase (IFS) — a key enzyme in tbéaigonoid biosynthetic pathway.

On the basis of the current state of knowledgewas attempted to identify
isoflavone synthase genes in 33 species from ZXdrdift families of non-leguminous
plants, using the PCR method with degenerate psimir spite of considerable efforts,
no such gene was identified in this study. Howgtee method worked in the two
control leguminous specieBhaseolus vulgarid.. and Pachyrhizus tuberozugd.am.)
Spreng., whose new complete genes Ife5, homologous to knownFS genes in
GenBank, were subsequently obtained. By way ofréutvork, it will be appropriate to
confirm the correct function of these new genesigyans of functional expression.

A pilot study with IFS fromPisum sativumL. (CYP93C18) was succesfuly
conducted. TheCYP93C18gene was identified, cloned and introduced inte th
isoflavone pathway-free pladtrabidopsis thalianausing Gateway technology. The
correct function of the gene was verified at foiffedent levels and the most important
result to emerge was the detection of the isoflawdsigenistein and tectorigenin in the
transgenicArabidopsis The methodology used is thus applicable to theysof the
function of newly-identified genes for IFS from ettspecies also.

In addition, CYP93C18::GFP fused proteins weradiently expressed in the
leaves ofNicotiana benthamianaand the localisation of the GFP signal was observed
on the endoplasmic reticulum, using confocal ngcaopy. This was consistent with
data from the literature and with tivesilico predictions. The mode of the attachement
of IFS to endoplasmic reticulum membrane as sugdest our model, however, still

remains to be experimentaly clarified using methafdstructural biology.
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