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ABBREVIATIONS

PAL Phenylalanine ammonia-lyase
C4H cinnamate 4-hydroxylase
4CL 4-coumaroyl ligase

CHS chalcone synthase

CHI chalcone isomerase

F3H flavanone 3-hydroxylase
F3'H flavonoid3’-hydroxylase
DFR dihydroflavonol 4-reductase
FLS flavonol synthase

ANS anthocyanidin synthase
GT glucosyltransferase

DHK dihydrokaempferol

DHQ dihydroquercetin

Y2H yeast two-hybrid

trp tryptophan

leu leucine

his histidine

ade adenine

DB DNA-binding domain

AD activation domain

3-AT 3-Amino-1,2,4-triazole

X-gal 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside



1. INTRODUCTION

Flavonoids are a class of secondary metabolites that are ubiquitously
distributed in the plant kingdom. They protect plants from UV damage
(Stapleton and Walbot 1994), act as negative regulators of auxin transport in
vivo in arabidopsis (Brown et al. 2001), improve plants’ resistance to biotic and
abiotic stresses (reviewed by Treutter 2006), regulate the levels of reactive
oxygen species (Taylor and Grotewold 2005) and attract pollinators (lwashina
2003).

About ten enzymes are specifically involved in the flavonoid biosynthetic
pathway (Figure 1). The corresponding genes of these enzymes are either
single or members of small gene families, depending on plant species. For
example, in gerbera hybrida, three family members of CHS were identified as
(Helariutta et al. 1995, Deng et al. 2014). In arabidopsis, most of the enzymes
that are involved in the flavonoid biosynthetic pathway are encoded by a single
gene, except for PAL (Ohl et al. 1990), FLS (Owens et al. 2008a) and 4CL
(Ehlting et al. 1999, Hamberger & Hahlbrock 2004).

In the flavonoid biosynthetic pathway, enzymes are believed to work together,
forming enzymatic complexes (metabolons) (Ovadi & Srere 2000). But there are
not so many studies that directly reveal the interactions of these enzymes. The
work from Burbulis and Shirley (1999) showed protein interactions between
CHS and DFR, CHI and CHS, and DFR and CHI. Moreover, FLS1 displayed
interactions with F3H and DFR in both orientations whereas it interacted with
CHS only when fused to the activation domain in the yeast two-hybrid system
(Owens et al. 2008a). But we still know very little about the interactions of other
enzymes of the flavonoid biosynthetic pathway. Due to the simple gene family
number and the published genome sequences, arabidopsis is a very good
model to study how these enzymes work together.

In my study, | tried to explore the enzymatic interactions in the flavonoid



biosynthetic pathway of arabidopsis that could give evidence to enzymatic

complexes (metabolons).

. . . C4H . .
Trans-cinnamic acid—— 4-coumaric acid

TPAL l4CL

Phenylalanine 4-coumaroyl CoA

lCHS

Naringenin chalcone

lcm

Naringenin
lFSH
. ; : ) 5 I
Dihydroquercetin £ Dnhydrckaempferol' FoSH » Dihydromyricetin |
_ - - - - =
DFR I |
OF FLS FLS | DFR
F3'H | !
Leucocyanidin  Quercetin +—— Kaempferol Leucopelargonidinl Leucodelphinidin I
I
ANS ANS | ANS |
| 4 |
Cyanidin Biflavonols Pelargonidin | Delphinidin |
ANR | GT
ANR GT | I
I
I

Epiafzelechin Epicatechin De|phini&'in-3-g|ucoside

! y oo T |

! Anthocyanins |

v y

*———— Proanthocyanidins ¢+————

Figure 1. The schematic map of flavonoid biosynthetic pathway. PAL: Phenylalanine
ammonia-lyase; C4H: cinnamate4hydroxylase; 4CL: 4-coumaroyl CoA-ligase; CHS:
chalcone synthase; CHI: chalcone isomerase; F3H: flavonol 3-hydroxylase; F3'H:
flavonoid 3'-hydroxylase; DFR: dihydroflavonol reductase; FLS: flavonol synthase;
ANS: anthocyanidin synthase; GT: glycosyltransferase; ANR: anthocyanidin reductase;
F3'5’H: Flavonoid-3',5'-hydroxylase. The branch via F3'5’H to delphinidin does not exist
in arabidopsis.
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2. LITERATURE REVIEW

2.1 Flavonoids

Secondary metabolites are a group of chemical compounds that are not
necessary for plants’ living, but closely relate to their interactions with
surrounding environments. Terpenoids, polyketides, phenylpropanoids and
alkaloids are four important sub-groups of secondary metabolites in plants.
Phenylpropanoids consist of coumarins, lignin, lignans, tannins and flavonoids.
Flavonoids generally have a fifteen-carbon skeleton, consisting of two phenyl
rings (A-ring and B-ring) that are connected by a three-carbon bridge (C-ring)
(lwashina 2000). Flavonoids are categorized into six most important groups:
chalcones, flavones, flavonols, flavandiols, anthocyanins and
proanthocyanindins (condensed tannins) (Shirley 2001). Some species are
capable of synthesizing specialized flavonoids, such as isoflavonoids in
legumes (Aoki et al. 2000). The carbon skeleton of flavonoids is decorated by
glycosylation, acylation and methylation, leading to a large number of different
molecules. Arabidopsis has at least 54 flavonoid molecules including 35

flavonols, 11 anthocyanins and eight proanthocyanidins (Saito et al. 2013).

2.1.1 Functions of flavonoids

Flavonoids play important and indispensable roles for plants’ self-protection.
The function of serving as a filter to prevent the DNA damage from UV-B has
been identified both in vitro (Kootstra 1994) and in vivo (Stapleton and Walbot
1994). The transparent testa-4 (tt4, CHS) mutant, tt5 (CHI) mutant and tt6
(F3H) mutant of arabidopsis showed reduced flavonoid levels, and these
mutants were highly sensitive to UV-B irradiance and damaging effects of UV-B
radiation, respectively (Li et al. 1993). Flavonoids acting as a UV-B protective
chemical were not only identified in arabidopsis, but also in other species, such
as turnip (Brassica naps) (Olsson et al. 1998), cabbage (Brassica oleracea)
(Gitz et al. 1998), barley (Hordeum vulgare) (Reuber et al. 1996), etc., which



were all well reviewed by Harborne and Williams (2000). Furthermore,
flavonoids are one of the determinants of flower color. Carotenoids are major
pigments in many yellow flowers but anthocyanin pigments contribute to most

orange, red, purple and blue flowers.

Flavonoids may protect plants from microbial invasion. Resistant accessions of
chickpea (Cicer arietinum) have a much higher maackiain (an isoflavonoid)
content compared to susceptible accessions and the maackiain concentration
increased hugely after plants were inoculated with the Botrytis grey mould
(BGM). In vitro, the germination of BGM spores was inhibited (Stevenson and
Haware 1999).

Flavonoids in plants possess medicinal properties. Knekt revealed that people
with higher quercetin and kaempferol intake had a lower mortality from ischemic
heart disease (Knekt et al. 2002). Another experiment found out that quercetin
treatment had a protective effect in diabetes leading to a decreased oxidative
stress and a preservation of pancreatic B-cell integrity due to their free radical
scavenging properties (Coskun et al. 2005). Baicalin, a flavonoid isolated from
the medicinal plant Scutellaria baicalensis, is a potential candidate in the
prevention and treatment of periodontal diseases because their ability to block
the matrix metalloproteinase-8 release from polymorph nuclear leukocytes (Zhu
et al. 2007). Antiviral activity of flavonoids has been reported as well. For
instance, eleven biflavones isolated from Rhus succedanea and Garcinia
multifiora were tested for the anti-HIV-1 reverse transcriptase (RT) activity,
which are necessary for viral replication. Robustaflavone and hinokiflavone
inhibited HIV-1 RT. By contrast, amentoflavone, agathisflavone, morelloflabone
and GB-1a achieved moderate effects against HIV-1 RT (Lin et al. 1997).

2.1.2 Anthocyanins
Anthocyanins are a group of the most important flavonoids that result in visible

colors in plants. Anthocyanins have many members including cyanidin,

peonidin, delphinidin, petunidin, malvidin and pelargonidin. In terms of
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commercial interests, the alternation of flower color, which creates new colorful
flowers, is a potential market. In these processes, the knowledge of
anthocyanin biosynthetic pathway is a key point. Maize (Zea mays),
snapdragon (Antirrhinum majus) and petunia (Petunia hybrida) are particularly
used as models in research of the anthocyanin biosynthetic pathway (Holton
and Cornish 1995). In petunia, dihydroflavonol 4-reductase (DFR) does not
catalyze reduction of dihydrokaempferol (DHK) to leucopelargonidin whereas it
reduces dihydroquercetin (DHQ) to leucocyanidin and dihydromyricetin to
leucodelphinidin, which eventually leads to the lack of orange (pelargonidin)
(Forkmann and Ruhau 1987). Moreover, due to the absence of flavonoid 3’5’-
hydoxylase (F3’5'H), the cultured rose (Rose hybrida) and gerbera (Gerbera
hybrida) are unable of synthesizing blue delphinidin derived anthocyanin.
However, the color modification was successfully achieved by genetic
engineering, which produced delphinidin blue in carnations (Mol et al.1999) and
roses (Katsumoto et al. 2007). In gerbera, an alternation of flower pigment to
cream white was achieved by the transfer of a full-length antisense of the
chalcone synthase encoding cDNA in Gerbera hybrida (Elomaa et al. 1993).

Besides flower colors, anthocyanins are involved in other physiological
processes in plants. Castellarin et al. (2007) showed that the anthocyanin
contents in grapes are 37% to 57% higher when plants are suffering water
deficit compared to control plants. Potato tubers with the ectopic expression of
anthocyanin 5-O-glucosyltransferase display two times higher resistance to
bacterial infections (Lorenc-Kukula et al. 2005). Anthocyanins also play
important roles in cold stress (Christie et al. 1994) and have antioxidant
activities (Li et al. 2012).

Anthocyanins have a lot of promising dietary applications. For example,
anthocyanins can intake the insulin secretion of pancreatic B-cells, which
suggests that fruits containing abundant anthocyanins or purified anthocyanins
could be used for preventing type-2 diabetes (Jayaprokasam et al. 2005).
Furthermore, as the result of expression of two transcription factors (Del and

Rosl) from snapdragon, tomato has a higher anthocyanin level with purple
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coloration in both peel and flesh. More interestingly, cancer-susceptible mice
had a longer life span after fed with these high-anthocyanin tomatoes (Butelli et
al. 2008). In addition, anthocyanins are promising natural colorants for food
industry (Espin et al. 2000, He and Giusti 2010, Buchweitz et al. 2013).

2.2 Flavonoid biosynthetic pathway

2.2.1 Flavonoid biosynthetic pathway in arabidopsis including the

phenylpropanoid pathway

Phenyl alanine is the primary metabolite of the phenylpropanoid pathway, which
is catalyzed by phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase
(C4H) and 4-coumaroyl ligase (4CL), leading to the production of 4-coumaroyl-
CoA, the precursors of flavonoids (Figure 1), lignin and lignans. Malonyl CoA
and 4-coumaroyl CoA (Figure 1) are the precursors of all flavonoids, which are
catalyzed by following enzymes, including chalcone synthase (CHS), chalcone
isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase
(F3’'H), flavonol synthase (FLS) and dihydroflavonol 4-reductase (DFR),
anthocyanidin synthase (ANS) and glucosyltransferase (GT) (Holton & Cornish
1995). After several steps catalyzed by enzymes (Figure 1), they are finally
transformed to anthocyanins, proanthocyanidins or other components via

glycosylation, methylation and acylation.

PAL (phenylalanine ammonia-lyase) converses phenylalanine to trans-cinnamic
acid by deamination. PAL was postulated to have a small gene family in
arabidopsis (Ohl et al. 1990). Until now, four gene family members have been
discovered and characterized (Wanner et al. 1995, Cochrane et al. 2004). PAL1
and PAL2 have similar structure and expression levels. PAL3 always clusters
with PAL4 (Raes et al. 2003). However, it is still possible to have other
undetected family members in arabidopsis as pallpal2pal3pal4 quadruple
knockout mutants still contain about 10% of the wild-type PAL activity (Huang et
al. 2010). It was revealed that PAL1, PAL2 and PAL4 relate with lignin

synthesis which share the same first three steps with flavonoid biosynthetic
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pathway (Raes et al. 2003, Rohde et al. 2004). In addition, PAL1 and PAL2 are
involved in abiotic environmental-triggered flavonoid synthesis (Olsen et al.
2008) and the pallpal2 double mutant has reduced anthocyanin and
proanthocyanidin production (Huang et al. 2010). Compared to PAL3 with a
very low expression level in arabidopsis, PAL1, PAL2 and PAL4 have high
expression levels in inflorescence stem tissue (Raes et al. 2003).

C4H (cinnamate 4-hydroxylase) is a cytochrome P450 monooxygenase which
hydroxylates trans-cinnamic acid to 4-coumaric acid. C4H is a single gene in
arabidopsis (Bell-Leong et al. 1997). Reduced epidermal fluorescence 3 (ref3)
mutants with decreased C4H activity have a low content of proanthocyanidins,
lignin and flavonoid compared to wild type of arabidopsis (Schilmiller et al.
2009). Another important function of C4H is that C4H is believed to function as
an anchor to endoplasmic reticulum (ER), recruiting other enzymes together to

form enzyme complexes (Shirley 1999).

4CL (4-coumaroyl ligase) converses 4-coumaric acid to 4-coumaroyl COA.
Similar to PAL, 3 isoforms of 4CL were isolated in 1999 (Ehlting et al. 1999) and
a fourth family member 4CL4 was identified in 2004 in arabidopsis (Hamberger
and Hahlbrock 2004). Only 4CL3 is likely to participate in the flavonoid
biosynthetic pathway whereas 4CL1 and 4CL2 are involved in lignin formation
and biosynthesis of other cell-wall-bound phenolic compounds (Ehlting et al.
1999). C4H catalyzes 4-coumaric acid to 4-coumaroyl CoA, which is the final
step of pheylpropanoid biosynthetic pathway.

CHS (chalcone synthase) and CHI (chalcone isomerase) are the first two
enzymes specific to the flavonoid biosynthetic pathway. CHS condenses 4-
coumaroyl CoA and 3-malonyl CoA to naringenin chalcone via cyclization
reaction, and CHI converses naringenin chalcone to naringenin through
isomerization. They both are frequently used to analyze the localization of
enzymes, the existence of enzymatic complexes and the interactions with other
enzymes in this pathway (Pelletier and Shirley 1996, Saslowsky and Shirley
2001, Saslowsky et al. 2005). CHS was first cloned in 1988 and it was found
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that high light intensity hugely increases CHS activity, ultimately leading to the
accumulation of anthocyanins in arabidopsis (Feinbaum and Ausubel 1988,
Feinbaum et al. 1991). CHI is the smallest of the flavonoid biosynthetic
enzymes and can move through the nuclear pore complex (Saslowsky et al.
2005). In addition, no anthocyanidin compounds were found in the mutants of
CHS (tt4) and CHI (tt5), respectively, consistent with that they are encoded by
single-copy genes (Shirley et al. 1995).

F3H (flavanone 3-hydroxylase) converses naringenin to dihydrokaempferol
(DHK) by hydroxylation in position 3 of flavanones. DHK is the precursor of
three main classes of flavonoids in arabidopsis: flavonols, anthocyanins and
proanthocyanidins (Figure 1). In arabidopsis, the F3H gene has only one family
member and is coordinately expressed with CHS and CHI in seedlings (Pelletier
and Shirley 1996). The analysis of the flavonoid accumulation pattern showed
that flavonols and anthocyanindins could be detected in low levels in tissues of
the mutant of F3H (tt6). Further, the intermediate naringenin has never been
detected in the mutant tt6, which should be theoretically accumulated due to the
flavonoid biosynthetic defect (Shirley et al. 1995 and Peer et al. 2001). It IS
thought that FLS and ANS could compensate F3H activity in arabidopsis. All
three enzymes are 2-oxoglutarate-dependent oxygenases with somewhat
relaxed substrate specificity (Owens et al. 2008b). In Owens’ experiments, it
was shown that a part of naringenin is catalyzed to dihydrokaempferol by FLS1
(Owens et al. 2008a).

In arabidopsis, DHK is hydroxylated by F3'H (flavonoid 3’-hydroxylase) to
produce dihydroquercetin (DHQ) which is subsequently used to produce
cyanidin catalyzed by DFR and ANS (Figure 1). F3’'H is another cytochrome
P450-depend monooxygenase involved in the flavonoid biosynthetic pathway. It
was firstly isolated from petunia (Brugliera et al. 1999) and was identified in
2000 to be encoded by tt7 in arabidopsis (Schoenbohm et al. 2000).

In arabidopsis, FLS (flavonol synthase) is a member of the 2-oxoglutarate-

dependent dioxygenases, which converses either dihydroquercetin to quercetin
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or dihydrokaempferol to kaempferol. FLS has more than one gene family
member, similar to PAL and 4CL (Ohl et al. 1990, Ehlting et al. 1999, Owens et
al. 2008a and Hamberger and Hahlbrock 2004). The arabidopsis FLS gene
family has six members (FLS1, FLS2, FLS3, FLS4, FLS5 and FLS6). However,
according to biochemical and genetic analysis, only FLS1 is thought to code for
a catalytically competent protein (Owens et al. 2008a, Stracke et al. 2009). One
year later, FLS3 was identified as a second functional flavonol synthase
(Preul’ et al. 2009)

DFR (dihydroflavonol 4-reductase) is a key enzyme in the anthocyanin branch
of the flavonoid biosynthetic pathway for flower colors due to its substrate
specificity. It reduces the carbonyl group in position 4 of DHK to
leucopelargonidin and DHQ to leucocyanidin. Petunia does not have orange
flowers due to the inefficiency of DFR in this species to reduce DHK, but this
substrate specificity could be altered (Johnson et al. 2001). In arabidopsis, DFR
gene was first isolated in 1992 (Shirley et al. 1992) and completely no DFR
MRNA was detected in the DFR mutant (tt3) (Shirley et al. 1995), consistent
with that DFR has only one gene family member.

ANS (anthocyanidin synthase) is a 2-oxoglutarate iron-dependent oxygenase,
converting leucoanthocyanidins to anthocyanidins (Saito et al. 1999). ANS was
first isolated in 1997 as a “late” gene in flavonoid biosynthetic pathway in
arabidopsis (Pelletier et al. 1997). Amongst three 2-oxoglutarate dependent
oxygenases of flavonoid biosynthetic pathway, ANS is more closely related to

FLS compared to F3H based on structural level (Wilmouth et al. 2002).

Glycosyltransferases (GTs) are a big chemical family. Anthocyanin 3-O-
glucosyltransferase has been identified and the mutant of which showed
decreased anthocyanin contents (Tohge et al. 2005). The enzymes that are
involved in glycosylation of cyanidin, pelargonidin and delphinindin, transfer
UDP-glucose to low molecular weight substrates in plants, occurring at the C-3,
C-5 and C-7 positions of flavonoid aglycones, which increases the stability of

aromatic nucleus. Finally, cyanidin-3-glucoside and delphinidin-3-glucoside are
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further substituted by 5-glucosyltransferases (5-GTs), rhamnosyl transferases
(RTs), acyltransferases (ATs) and methyltransferases (MTs) (Koes et al. 2005).
Genes encoding anthocyanin methyltransferases have not been characterized
in arabidopsis until now, but they are found in petunia and grape (Hugueney et
al. 2009, Provenzano et al. 2014).

2.2.2 Branches of flavonoid biosynthetic pathway in other plants

Flavonoids are ubiquitous in other plant species as well, such as potato, maize,
gerbera and rice, etc. In some species, there are some specific branches of
flavonoid biosynthetic pathway that do not exist in arabidopsis. For example,
arabidopsis and many other plants lack isoflavone synthase (IFS), whereas
legumes (soybeans, green beans and peas) have it. Therefore, legumes are
capable of synthesizing isoflavones because IFS catalyzes the first committed
step of isoflavone biosynthesis (reviewed by Aoki et al. 2000). Isoflavone
synthase was identified and the expression of soybean IFS in arabidopsis leads
to the production of isoflavone genistein that is not naturally synthesized in
arabidopsis (Jung et al. 2000). The production of isoflavone genistein was
achieved in tobacco plants as well. At the same time, when CHR that can
produce the substrate for isoflavone synthesis was introduced to tobacco,
isoflavone daidzein was produced (Yu et al. 2000). Further, there are a few
known species that can synthesize 3-deoxyanthocyanins such as sorghum
(Dykes et al. 2009), gloxinia (Sinningia cardinalis) (Winefield et al. 2005) and
maize (Zea mays) (Halbwirth et al. 2003).

2.3 Yeast two-hybrid systems

2.3.1 Molecular mechanism of the GAL4 yeast two-hybrid system

In 1986, a transcriptional factor GAL4 (881 amino acids) that binds with a
specific DNA sequence in yeast was discovered. GAL4 activates transcription in

the presence of galactose. When the GAL4 was split into two parts (N-terminal

fragment and C-terminal fragment), only N-terminal fragment bound to DNA
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sequence but without the function of activating transcription in the presence of
galactose. However, when these two fragments combined together, they could
again activate the transcription. Therefore, two domains, DNA-binding domain
(DB) and activation domain (AD), were identified (Keegan et al. 1986). Based
on this finding, yeast two-hybrid (Y2H) system was proposed to detect protein-
protein interactions in living yeast cells of Saccharomyces cerevisiae. Proteins
of interest that were fused to DB domain were named as baits and proteins that
were fused to AD domain were named as preys. If the proteins on bait and prey
constructs could interact, they complete the transcriptional factor followed by
the activation of the reporter genes, containing the GAL4 binding site in their
promoters (Fields & Song 1989). The GAL4 based Y2H revolutionized protein-
protein interaction experiments but still has several limitations (reviewed by
Briickner et al. 2009).

Cytosol
¥ Cytosol

+ Protein X

" Protein Y Nucleus
Nucleus

+@ Prey @
Bait ll*

Figure 2. The classic yeast two hybrid system. In nucleus, when prey and bait interact,
RNA polymerase is recruited and activates the transcription of reporter gene.

2.3.2 Development and modification of the yeast two-hybrid system

The traditional GAL4 Y2H system has been widely adopted. However, it
requires the protein interactions to occur in the nucleus. Johnsson and
Varshavsky (1994) proposed an improved system based on split-ubiquitin. It
allows the detection of protein reactions in the cytosol. In this system, one
protein is fused to the C-terminal half of ubiquitin (Cub) with a transcription
factor (TF), whereas another protein is fused to a mutated N-terminal half of
ubiquitin (NubG). The mutation in NubG prevents spontaneous linking of the
Cub and Nub halves. Once the two proteins interact, the ubiquitin molecule

becomes functional and the TF is cleaved off by ubiquitin specific proteases
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(UBPs). Being free to diffuse into the nucleus, the TF activates the transcription

of reporter genes (Johnsson and Varshavsky 1994).

NA N

‘—\‘ o

,‘,‘.
Bait C )

cubl i

e’ \ \Prey UBPs €

TR " LexAB VP16
NubG /
‘/
- | — [ T —

Transcription OFF Transcription ON

Figure 3. The DUAL hunter system (Modified from the User Manual of DUAL hunter
starter Kit)

3 ‘:\ N\ ;-
Bait ( “ Prey @\

Cub .
( NubG UBP
LexAB-VP16 ) / AR PG
/'/.‘I
«
Transcription OFF Transcription ON

Figure 4. The DUAL membrane pairwise system (Modified from the User Manual of
DUAL membrane pairwise interaction Kit)

Later on, Stagljar and his colleagues took advantage of this split-ubiquitin
system and developed it to the membrane yeast two-hybrid system that could
be used to detect interactions of integral membrane proteins (Stagljar et al.
1998). One protein is fused to Cub with transcriptional factor LexA-VP16 and
anchored to a membrane. Another protein is fused to mutated NubG. While two
proteins are interacting, the Cub and NuG reconstituted. The polypeptide
between Cub and LexA is cleaved by UBPs (Figure 3). Similarly, for membrane
proteins, they are separately fused to vectors that have peptide signaling, which

leads them to membrane (Figure 4). Once two proteins interact, the Cub and
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NuG reconstituted and the reporter genes are activated. Because proteins are
anchored to membranes, they are incapable of locating in nucleus, which
avoids false positives deriving from proteins that act as activators.

In addition to that, Y2H system was extended to many directions. For example,
a one-hybrid system was proposed in 1993 to identify genes that recognize a
specific DNA sequence (Li and Herskowitz 1993). Based on that, a Gateway-
compatible yeast one-hybrid (Y1H) system was designed to rapid, large-scale
protein-DNA identification (Deplancke et al. 2004) and a bacterial one-hybrid
system was proposed in 2005 to determine the DNA-binding specificity of a
transcription factors (Meng et al. 2005). In 1996, a new system, named three-
hybrid was developed to analyze specific RNA-protein interactions relying on
physical, rather than biological properties, of the RNA (SenGupta et al. 1996).
This system was later applied on detecting ligand—receptor interactions in vivo
(Licitra and Liu 1996), detecting biocatalysts in vivo (Firestine et al. 2000) and

analyzing mRNA-protein complexes (Bernstein et al. 2002)

2.4 Metabolons in plants

An amount of evidence suggests that metabolons play important roles in
metabolic pathways (reviewed by Ovadi & Srere 2000). Metabolons lead to
substrate channeling, meaning that reaction intermediates do not freely diffuse
out of the metabolons. Metabolons are thought to be tightly linked multi-enzyme
complexes. The formation of metabolons improves catalytic efficiency of
biosynthesis and offers a “safe” place for plants to synthesize natural products
without or with reduced metabolic interference and supply a way for avoiding
toxic intermediates (Shirley 1999). Besides, metabolons also co-ordinate
metabolic cross-talk and provide a possibility for a swift re-direction of
metabolism (Jgrgensen et al. 2005)

Stafford (1974) first suggested that enzymes involved in phenylpropanoid and
flavonoid biosynthetic pathway are functioning as multi-enzyme complexes.

Burbulis and Shirley (1999) elucidated that some of the enzymes involved in the
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flavonoid biosynthetic pathway interact with each other in the GAL4 yeast two-
hybrid system. More specifically, CHS, CHI and DFR showed interactions with
DFR, CHS and CHI, respectively, and the interaction occurred in a defined
orientation (Burbulis and Shirley 1999). Similarly, FLS1 displayed interactions
with F3H and DFR in both orientations whereas it only interacted with CHS
when FLS1 was fused to the activation domain in the yeast two-hybrid system
(Owens et al. 2008a). Many enzymes in phenylpropanoid and flavonoid
biosynthetic pathways are encoded by a single gene in arabidopsis, which
simplifies the investigation of protein interactions in vivo. One of the exceptions
is that FLS has six gene family members but only FLS1 was found to have
catalytic function in flavonoid biosynthetic pathway. Still, FLS5 displays
interactions with DFR and CHS in yeast two-hybrid system (Owens et al.
2008a). The results demonstrate that non-enzymatic proteins of flavonoid
biosynthetic pathway could be involved in forming metabolons, although

probably only at a structural level.

Evidence supports that endoplasmic reticulum (ER) is a site of phenylpropanoid
and flavonoid metabolism (Wagner & Hrazdina 1987) and that metabolons exist
in the phenylpropanoid and flavonoid biosynthetic pathways (Reviewed by
Shirley 1999). The immunolocatization assay showed an association between
CHS and endoplasmic reticulum membranes in buckwheat (Hrazdina et al.
1987). Later on, CHS was discovered to co-localize with CHI at the
endoplasmic reticulum and tonoplast in arabidopsis (Saslowsky and Shirley
2001). It was believed that enzymes are recruited to endoplasmic reticulum via
a weak interaction in a linear arrangement by membrane proteins (C4H and
F3'H), which act as anchors to the membrane (Hrazdina and Wagner 1985b,
Saslowsky and Shirley 2001). However, it was also suggested that multiple
contacts exist in proteins, indicating a globular complex rather than the linear
array (Burbulis and Shirley 1999). On the other hand, Saslowsky and his
colleagues found that at least two enzymes of flavonoid biosynthesis pathway,
CHI and CHS, are located both in the cytoplasm and in the nuclei of some cells
(Saslowsky et al. 2005). This dual cytoplasmic/nuclear localization gives rise to

a new way how these enzymes function in the flavonoid biosynthesis pathway.
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However, the relationships of other enzymes in phenylpropanoid and flavonoid
biosynthetic pathway are still unknown, particularly interactions between the
membrane bound P450 enzymes of the pathway (C4H and F3’H) have not
been demonstrated. In my experiments, the interactions between enzymes of
these two pathways were investigated by using the Dual hunter and membrane

yeast two-hybrid system.

Cyanidin

Pelargonidin

Figure 5. Models for the organization of flavonoid biosynthetic pathway enzymes as
complexes at the endoplasmic reticulum (Modified from Winkel-Shirley 1999).

3. OBJECTIVES

The aim of this master’s thesis was to analyze the interactions of proteins that
are involved in flavonoid biosynthetic pathway. More specifically, the objectives
were 1). to amplify 12 genes (F3H, DFR, CHS, FLS1, FLS3, 4CL1, GT, PAL,
ANS, CHI, F3’H and C4H) from cDNA, deriving from arabidopsis flower tissue.
2). to construct yeast bait and prey vectors and transform them into yeast
strains. 3). to assay protein-protein interactions by the Dual hunter yeast two-
hybrid system and the DUAL membrane pairwise interaction system.
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4. MATERIALS AND METHODS

4.1 Plant material and growth conditions

Arabidopsis was grown in peat-vermiculite (volume ratio of 1:1) in the
greenhouse at around 24 °C. The day length was 18 hours and the humidity

was controlled by using water spray from time to time in the greenhouse.

4.2 DUAL hunter system and DUAL membrane pairwise system

In these two systems, a protein of interest (the bait) is fused to the C-terminal
half of ubiquitin (Cub) and the transcriptional factor LexA-VP16, whereas the
prey is fused to the mutated N-terminal half of ubiquitin (NubG). When the bait
and prey interact, LexA6-VP16 will be released and turn on the transcription
(Figure 3 and Figure 4). Consequently, due to the expression of two auxotrophic
growth markers (HIS3 and ADE2), the yeast strains could successfully grow on
selection plates (Dualsystems Biotech). In the experiments, a DUAL membrane
pairwise system was applied to F3'H and C4H because they are membrane
proteins (Figure 4).

4.3 The cloning vectors and yeast strains for bait and prey

In the experiments, six cloning vectors were used for transformation of bait and
prey: pPR3-N, pPR3-SUC, pBT3-SUC, pDHB1, pTSU2-APP and pOstl-Nubl
(Figure 6). pPR3-N and pPR3-SUC are the vectors for prey cloning, whereas
pDHB1 and pBT3-SUC are vectors for bait cloning. At the same time, control
vectors were used to check the function of bait and prey. Specifically, pOst1-
Nubl is the positive control and pPR3-N is the negative control for bait. pTSU2-
APP is the positive control for prey. The expression of pOstl-Nubl led to the
production of the wild type Nub portion of yeast ubiquitin which has strong
affinity with Cub expressed from bait constructs. The combination of Cub and
Nub ubiquitin liberate the LexA-VP16 transcription factor, activating the

expression of two auxotrophic growth markers HIS3 and ADE2, which leads to
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the growth of yeast on SD -trp -leu -his -ade selection medium. By contrast,
NubG expressed from pPR3-N prey vector has no affinity with Cub of bait
vectors. Then split-ubiquitin cannot be formed and reporter genes are not
activated. Consequently, NMY51 cannot survive on SD -trp -leu -his -ade
selection plates. The reason for using pPR3-SUC and pBT3-SUC for F3’'H and
C4H is that these two proteins are membrane enzymes of the flavonoid
biosynthesis pathway. The vectors for preys always consist of ampicillin

resistance and vectors for baits have kanamycin resistance.

NMY51 (a) and NMY61 (a) are two yeast strains constructed for the Y2H
systems used. In yeast, two strains respectively have an ‘a loci’ and ‘a loci’,
which enables them to mate together. Here, NMY61 is the mating partner for
NMY51. NMY51 is a standard reporter strain carrying the HIS3 and ADE2
reporter gene. HIS3 and ADE2 are two auxotrophic growth markers, the
expressions of which make yeast survive on defined minimal medium without
histidine and adenine. Besides, HIS3 is a selection marker on medium with
addition of 3-Amino-1,24-triazole (3-AT). When ADE2 report gene is not
transcribed, the adenine synthesis pathway is blocked and a red color appears.
However, activation of ADE2 report gene will unblock the adenine metabolic
pathway, which finally leads to the a presence of faint pink to white color,
depending on the strength of the interaction (DUAL membrane pairwise

interaction kit, Dualsystems Biotech).
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Figure 6. Maps and features of vectors for cloning. A=pPR3-N, B=pDHB1, C=pPR3-
SUC, D=pBT3-SUC, E=pOst1-Nubl and F=pTSU2-APP. pPR3-N and pPR3-SUC are
vectors for prey with ampicillin resistance (AmpR ) and Trp selection marker. pDHB1
and pBT3-SUC are vectors for bait with kanamycin resistance (KanR) and Leu
selection marker. pOstl-Nubl is the control vector for baits with AmpR and Trp
selection marker. pTSU2-APP is the control vector for preys with Kan® and Leu
selection marker.
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4.4 Primer design

For cloning of each gene insert, the bait and prey vectors share the same
forward primer. The forward primer consists of three parts. The buffer
component is followed by the Sfil sites (GGCC ATTAC GGCC), increasing the
efficiency of Sfil. The reason for using Sfil sites is that this site is quite rare in
eukaryotic genomes. More importantly, all Sfil sites are not identical, which
ensure the right orientation of inserts to vectors. The third part is the gene-
specific sequence, starting with the ATG codon. For the reverse primers of baits
and preys, it consists of buffer sequence AACTGATT from 5 to 3, Sfil site
(GGCC CAGGC GGCC) and the gene specific sequence. But the difference is
that the reverse primers of prey end with the stop codon of the ORF (Opening
read frame). By contrast, the stop codons of the reverse primer of baits are
removed, which allows the continuous translation from N-terminus to C-

terminus, resulting in the expression of Cub-LexA-VP16 (Appendix 4).

5' 3'
Forward primer | ATTAACAA | GGCC ATTAC GGCC |ATG..covevvvreeeeanenn,
5' 3'

Reverse primer

(for prey) 5Iﬁu"-\CTG;fl\'l"l' GGCC GAGGC GGCC |CTA/TTA/TCA........... §
'(‘feveg?e)lﬂrimer AACTGATT [GGCC GAGGC GGCC [CC..................
or bait
Buffer Sfil Gene-specific sequence

Figure 7. The primer design of forward primers and reverse primers. Primers consist of
buffer, Sfil site and gene-specific sequence. The gene-specific sequence of forward
primer always starts from ATG. The reverse primer for prey vectors ends up with one of
the stop codons (TAG, TAA and TGA). The ‘CC’ in the reverse primer for bait vectors is
to ensure in-frame fusion with downstream Cub-LexA-VP16.

4.5 RNA extraction

Total RNA was extracted by TRIzol Reagent (Invitrogen). Arabidopsis petals
were collected and ground in a 1.5 ml Eppendorf tube into power under liquid
nitrogen. The processed samples (around 100 mg) were incubated in 1 ml
TRIzol reagent and homogenized at RT for 5 min. Afterward, 200 ul of
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chloroform was added followed by vigorously shaking for 15 seconds and
incubation at room temperature (RT) for 3 min. Tubes were centrifuged at
12,000 x g at RT for 15 min. The aqueous phase was moved to a new
Eppendorf tube, followed by addition of 500 ul of 100% isopropanol and then
centrifuged at 12,000 x g in 4 min after they had been incubated at RT for 10
min. The RNA pellet was washed with 1ml of 75% ethanol, and then centrifuged
at 7,500 x g at RT for 5 min. Finally, the RNA pellet was re-suspended in 30 pl
RNase-free water after the ethanol was totally evaporated and incubated in
55°C for 10 min. 1 ul of RNA with 1 x loading buffer was loaded on 1%
0.5xTBE agarose gel (~7 cm) at 20 min at 100 V. The RNA was stored at -80°C.

4.6 cDNA synthesis

SuperScript™ Il Reverse Transcriptase Kit (Invitrogen) was used for cDNA

synthesis. Briefly, 1 pl of RNA was mixed with 0.5 pl of 10 uM Oligo (dT) 15 and
1 pl of 20 mM dNTP mix and then adjusted to 13 ul by sterile, distilled water.
The mixture was heated at 65°C for 5 min and incubated on ice for 2 min,
followed by the addition of 4 pl of 5xFirst-strand buffer, 1 pl of 0.1M DTT, 1 pl of

‘RNase out” RNAse inhibitor and 1 pl of SuperScriptTM Il Reverse

Transcriptase. The mixture was incubated at 50°C for 1 hour and then the
reaction was terminated by heating at 70°C for 15 min and stored at -20°C.

4.7 Polymerase chain reaction and electrophoresis

The Polymerase chain reactions (PCR) were conducted with Phusion High-
Fidelity DNA Polymerase (Thermo scientific) (Table 1). After the PCR, the
amplified products were run on 1% 0.5XTBE agarose gel. The correct sized
fragments were cut and collected under UV light and then purified according to
the Gel Extraction Kit (Omega). Lambda/Pstl (Figure 8) was used as the marker

for electrophoresis.
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1.5 % Agarose

Figure 8. The Lambda/Pstl marker (Adopted from GeneOn: http://www.tag-dna.com)

Table 1. The PCR reaction mix and PCR program

PCR reaction system PCR programme
Reagents Amount Temperature Time
cDNA 1 1 98°C 30s
5xPhusion HF Buffer 10 pl 2 98°C 10s
dNTP(10mM each) 1l 3 X°C 30s
Forward primer* (10mM) 2.5 ul 4 72 °C 30s-2 min
Reverse primer (10mM) 2.5 ul 5 go back to step2 29 cycles
Phusion DNA Polymerase 0.5 pl 6 72 °C 10 min
Distilled & sterile water to 50 pl 4°C Forever

* Primers are shown in Appendix 4. The annealing temperature varies according

to each primer pair, and is presented in Appendix 4.

4.8 Gene isolation

Both the target PCR products and the four vector DNAs (pPR3-N, pDHB1,
pPR3-SUC and pBT3-SUC) were digest with Sfil Fast digestion enzyme
(Thermo Scientific) at 50°C for 1 hour to produce cohesive ends. Then, the
digested PCR products and vectors were separated in a 1% 0.5xTBE gel and
purified with the Gel Extraction Kit (Omega). 2 pl of purified PCR products were
ligated to vectors by mixing with 10 pl of 10xReaction buffer, 1.5 pl of cut
plasmid DNA and 16.5 pul of nuclease-free water and 1 pl of T4-DNA ligase (5 U


http://www.taq-dna.com/
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/ ul), and incubated at RT for 15 min.

5 pl of each ligation reaction was pipetted into a tube with 200 pl competent
cells (DH5a) and then incubated on ice for 30 min. Subsequently, heat shock
was conducted at 42°C for 1 min. Then, 700 pl Luria Broth (LB) was added into
the tubes and they were incubated at 37°C for 1 hour with shaking. The
supernatants were removed after centrifugation at 2500 rpm for 3 min. Finally,
the pellets were re-suspended in 150 pl LB and transferred to plates with either
kanamycin or ampicillin antibiotics (25 pg / ml Kanamycin or 100 pug / mi

ampicillin). The plates were incubated at 37°C for overnight.

4.9 Construct confirmation

Single colonies from the transformation plate were picked and purified on a new

selection plate and then checked by colony PCR to confirm the right insert.

Table 2. The PCR reaction mix and PCR program for Colony PCR

PCR reaction system PCR programme
Reagents Amount Temperature Time
10x Taq buffer 2 ul 1 95°C 3 min
25 mM MgCI2 1.2 ul 2 94°C 30s
dNTP(10mM each) 2 pl 3 67 °C 30s
Forward primer*(10mM) 0.4 pl 4 72 °C 30s
Reverse primer*(10mM) 0.4 pl 5 go back to 2 29 cycles
Phusion DNA Polymerase 0.5 pl 6 72 °C 10 min
distilled &sterile water to 20 pl 4°C Forever

* Primer lists are presented in Appendix 5.

A single colony was transferred by a sterilized tip from plates to a PCR tube. At
the same time, the tips with remaining bacterial cells were streaked on new
antibiotic plates for culture further use (Miniprep) once the insertions were
confirmed. 20 pl of mixture (Table 2) was added into the PCR tubes, followed by


http://www.microbelibrary.org/component/resource/laboratory-test/3031-luria-broth-lb-and-luria-agar-la-media-and-their-uses-protocol
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a gentle vortex. Then, the PCR was conduction under the program (Table 2).

4.10 Plasmid DNA extractions

The plasmid DNAs were isolated by GeneElute™ HP Plasmid Miniprep Kit
(Sigma). Generally, one single colony from selection plate was cultured in 5 ml
LB supplemented with antibiotics (25 pg / ml Kanamycin or 100 pg / ml
ampicillin) at 37 °C overnight with shaking. The plasmids were isolated
according to the manufacturer’s instructions. The plasmid DNA was digest by
fast digest Enzymes Sfil (at 50°C for 10 min (Thermo scientific) (Table 3). Once
the insert DNA was confirmed, plasmids containing right sized inserts were sent
for sequencing. The sequences were aligned by using ClustalW2 (EMBI-EBI).
Complete alignment was required in the experiments as any nucleotide change

would lead to unexpected protein products.

Table3. The components of Plasmid Fast Digestion

Component Amount
Plasmid DNA 1ul
Enzyme 1ul
10xFast Digest Green Buffer 2 ul
water to 20 pl

4.11 Bait testing

A single colony of yeast strains NMY51 from fresh plate (not older than one
week) was inoculated into 10 ml YPAD growth medium and grown at 28 °C with
shaking for overnight. The overnight culture was used to adjust 50 ml fresh
YPAD so that the OD 600 was around 0.2-0.3. The 50 ml yeast cultures were
incubated at 28 °C with shaking (200 RPMs) until the OD600 reached 0.6-0.7.
The cultures were centrifuged at 1,000 x g for 5 min, and then the cells were re-
suspended in 40 ml of 1XTE. Afterwards, the cells were centrifuged at 1,000 x g
for 5 min and re-suspended in 2 ml of 0.1 M LiAc/0.5xTE. Finally, the cells were
incubated at RT for 10 min.


http://www.ebi.ac.uk/tools/msa/clustalw2/
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For each transformation, 1.5 pg both plasmid DNAs (baits and control preys)
and 100 pg denatured (boiled before use) salmon sperm DNA with 100 pl of the
yeast cell suspension from previous step were well mixed. 700 pl of 0.1 M
LiAc/40% PEG-3350/1xTE were added, following incubation at 28°C for 30 min
without shaking. 88 ul of DMSO was added and mixed well with heat shock at
42 °C for 15 min. Subsequently, the tubes were kept on ice for 2 min.
Supernatants were removed after centrifuging 10 seconds with full speed and
the pellet was re-suspended in 1 ml of 1x TE and re-pelleted. After that, the
pellets were re-suspended in 200 pl of 1x TE and 50 pl of each were plated
onto three different plates: YPAD (A complex medium to inhibit reversion of the
adel and ade2 mutations), SD -leu -trp (synthetically defined medium lacking
leucine and tryptophan), SD -trp -leu -his -ade selection medium (SD medium
lacking tryptophan, leucine, histidine, and adenine). The plates were incubated

at 28°C for five days and then the growing results were recorded.

4.12 Yeast two-hybrid assay

The prey vectors and bait vectors with correct inserts were individually
transformed into both NMY51 and NMY61 as described above. One colony of
each construct from fresh plate was inoculated into 5 ml YPAD medium for
overnight growing at 28°C with shaking (200 RPMs). 3 ul drops of the bait
cultures were pipetted on the YPAD plate and then 3 pl of the pray culture were
set on the top of bait droplets. After drying, plates were incubated at 28°C for
overnight. Short strokes were drawn from each spot with wooden stick onto SD
-leu -trp plate for 3 to 4 days growth at 28°C to select for presence of both
plasmids. Afterwards, strokes were made again onto YPAD growth medium, SD
-leu -trp -his -ade growth medium, and SD -leu -trp growth medium plates in this
particular order, using the same stick. YPAD plates were placed at 28°C for
overnight growth for the B-galactosidase assay. Other plates were placed at

room temperature for 5-7 days.

In my study, prey of CHS, bait of CHS and prey of F3’H obtained from Gerbera

Laboratory, University of Helsinki, which explains that they were absent from
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colony PCR and Sfil digest (Figure 12, 13, 14 and 15)

4.13 B-galactosidase assay

When LacZ reporter gene is activated by the transcription factor, B-
galactosidase was encoded. The X-gal (5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside) will yield insoluble blue compounds after it is hydrolyzed by
B-galactosidase. In this way, the expression of LacZ reporter could be analyzed

via the presence of blue color.

Two round-shaped 50 mm Whatman 541 filter papers, saturated with 3.5 ml of
2% X-gal solution, were placed on a 10 cm petri dish. Any air bubbles were
removed. The yeasts from the surface of the YPAD plates were obtained by a
50 mm Whatman 541 filter paper and then completely immersed in liquid
nitrogen for 15 seconds and then set them on the top of the soaked Whatman
filters. Plates were sealed with a parafilm and incubated at 37°C for overnight.

The results were recorded after 24 hours by photography.

5. RESULTS

5.1 RNA extraction and cDNA synthesis

Total RNA from arabidopsis flowers was isolated and RNA quality was checked
on agarose gel. Bands of 28s and 18s ribosomal RNAs were expected to be
clear on the gel. The result showed 28s and 18s ribosomal RNAs as well as
some other bands (Figure 9). They probably came from the minor DNA
contamination and the degradation of RNA. The RNAs were used as templates

for cDNA synthesis.



28S
18S

Figure 9. The RNAs of arabidopsis flowers on 1% O0.5xTBE agarose gel.
M=Lambda/Pstl marker. 1 and 2=RNAs of arabidopsis flower, comprising 28S and 18S
rRNA

5.2 PCR reactions and electrophoresis

Twelve genes involved in flavonoid biosynthesis were planned to be amplified
from cDNA of arabidopsis flowers. They were PAL, C4H, 4CL1, CHS, CHI, F3H,
F3’H, DFR, FLS1, FLS3, ANS and GT. The RT-PCR reactions were conducted
for 30 cycles (Table 2). Amplified products were examined on agarose gel. 10
out of 12 target candidates were successfully amplified, exceptions being FLS3
and 4CL1. The sizes of PCR products matched with predictions (Figure 10 and
Figure 11).

For each gene, two pairs of primers were used for PCR amplification. Forward
primers were shared but the sequences of reverse primers for prey vectors had
a stop codon whereas those for bait vectors did not (Appendix 4). However, the
primers of membrane genes, F3’H and C4H, for prey and bait vectors (pBR3-
SUC and pBT3-SUC) share the same sequences without stop codons. The
reason of not including stop codons from primers for vectors pDHB1, pBR3-
SUC and pBT3-SUC is allow the continuous translation from N-terminus to C-

terminus, resulting in the expression of Cub-LexA-VP16 (Figure 4B).
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Figure 10. PCR amplified bait genes on 1% 0.5xTBE agarose gel. M=Lambda/Pstl
marker (bands of 1700 bp and 1159 bp marker). 1=F3H (1077 bp), 2=DFR (1149 bp),
3=CHS (1188 bp), 4=FLS1 (1011 bp), 5=GT (1350 bp), 6=PAL (2178 bp), 7=ANS (1071
bp), 8=CHI (741 bp), 9=F3’H (1542 bp) and 10=C4H (1518 bp).

Figure 11. PCR amplified prey genes on 1% 0.5xTBE agarose gel. M=Lambda/Pstl
marker. 1=PAL (2178 bp), 2=C4H (1518 bp), 3=CHS (1188 bp), 4=GT (1350 bp),
5=F3H (1077 bp), 6=F3’H (1542 bp), 7=ANS (1071 bp), 8=FLS1 (1011 bp), 9=CHI (741
bp), 10=DFR (1149 bp), 11=pPR3-N (digested), 12=pPR-SUC (digested).

5.3 Construction of the bait and prey vectors

The PCR products were purified from the gel and then digested with the
restriction enzyme Sfil. All vectors were digested in the same conditions to
produce cohesive ends. Each gene was ligated to appropriate vectors and then
transformed into E.coli for propagation. More specifically, genes were
separately ligated to prey vector pPR3-N and bait vector pDHB1 and the two
membrane genes (F3’H and C4H) were cloned into prey vector pPR3-SUC and
bait vector pBT3-SUC. The single colonies growing on selection plates were
examined by colony PCR to confirm that vectors contained correct inserts
(Figure 12 for preys and Figurel3 for baits). The verified colonies were
propagated and then used for plasmid DNA extraction.
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Figure 12. Colony PCR of prey clones on 1% 0.5xTBE agarose gel. M= Lambda/Pstl
marker. Al= ANS, Bl= DFR; C1=PAL, D1=CHI, D2=C4H, D3=GT, E1=FLS1 and
E2=F3H. The smaller bands presents in panel D and E are primer dimers.

Figure 13. Colony PCR of bait clones on 1% 0.5xTBE agarose gel. M= Lambda/Pstl
marker. A1=ANS, B1=DFR, B2=PAL, C1=CHI, D1=C4H, D2=GT, E1=FLS1, F1=F3H
and G1= F3H.

5.4 Sfil digestion

All the plasmids were digested by the enzyme Sfil to further confirm correct
sizes of inserts. The plasmids pPR3-N, pDHB1, pPR3-SUC, and pBT3-SUC
and candidate genes were well separated (Figure 14 and Figure 15). The
inserts (Appendix 4) were correct as well, compared to predictions and the

marker.
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Figure 14. The digestion of prey plasmid DNA containing target genes with Sfil on 1%
0.5xTBE agarose gel. M=Lambda/Pstl marker. A1=DFR, A2=ANS, B1 and B2=ANS,
B3, B4 and B5=CHI, B6=C4H, B7=GT, B8=FLS1, B9=F3H, B10=PAL.

3 & 9w et M 910

Figure 15. The digestion of plasmid bait DNA containing target genes with Sfil on 1%
0.5xTBE agarose gel. M=Lambda/Pstl marker. A1=F3’H, B1=ANS, C1=CHI, D1=FLS1,
El, E2 and E3=C4H, E5 and E6=GT, G7, G8 and G9=DFR, G10=PAL.

5.5 The gene sequencing

The verified plasmid constructs were sent for sequencing and the sequences
were aligned with published sequences from computer database. The alignment
results showed that all the nucleotide sequences completely matched with the
published sequences (data are not shown here), except that one nucleotide
difference (G->A) was observed in CHI (Figure 16). However, the protein
alignment analysis, by using EMBOSS Transeq and Clustalw2 (EMBI-EBI),
showed no difference between the two translational protein products (Figure
17). Therefore, all the plasmids were further used on yeast transformation.


http://www.ebi.ac.uk/tools/msa/clustalw2/
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TCTTGGAGATCTTCAAGGAAGAAACA 462
TCTTGGAGATCTTCAAGGAAGAAACA 540

Figure 16. The alignment between sequencing result and published arabidopsis CHI.
P=Prey; at=arabidopsis; F2=Forward sequencing.
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Figure 17. The alignment of translation between published and sequenced CHI. AtCHI
is the protein translated from the published gene sequence. PatCHIF is the protein

from the

translation of the gene with one nucleotide error (Figure 16).
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Table 4. Summary of the prey and bait constructs

Name of Description * Reference

plasmids

pAX1 Prey-at PAL: arabidopsis specific PAL cloned into pPR3-N; This work
without stop codon

pAX2 Bait-at PAL: arabidopsis specific PAL cloned into pDHB1; This work
without stop codon

pAX3 Prey-at C4H: arabidopsis specific C4H cloned into pPR3-SUC; This work
without stop codon

pAX4 Bait-at C4H: arabidopsis specific C4H cloned into pBT3-SUC; This work
without stop codon

pAX5 Prey-at CHS: arabidopsis specific CHS cloned into pPR3-N; Bashandy et
with stop codon al.

pPAX6 Bait-at CHS: arabidopsis specific CHS cloned into pDHB1; Bashandy et
without stop codon al.

pAX7 Prey-at CHI: arabidopsis specific CHI cloned into pPR3-N; This work
with stop codon

pAX8 Bait-at CHI: arabidopsis specific CHI cloned into pDHB1; This work
without stop codon

pAX9 Prey-at F3H: arabidopsis specific F3H cloned into pPR3-N; This work
with stop codon

pAX10 Bait-at F3H: arabidopsis specific F3H cloned into pDHB1; This work
without stop codon

pAX11 Prey-at F3’H: arabidopsis specific F3’H cloned into pPR3-SUC; Bashandy et
without stop codon al.

pAX12 Bait-at F3'H: arabidopsis specific F3'H cloned into pBT3-SUC; This work
without stop codon

pAX13 Prey-at DFR: arabidopsis specific DFR cloned into pPR3-N; This work
with stop codon

pAX14 Bait-at DFR: arabidopsis specific DFR cloned into pDHB1; This work
without stop codon

pAX15 Prey-at FLS1: arabidopsis specific FLS1 cloned into pPR3-N; This work
with stop codon

pAX16 Bait-at FLS1: arabidopsis specific FLS1 cloned into pDHB1; This work
without stop codon

pAX17 Prey-at ANS: arabidopsis specific ANS cloned into pPR3-N; This work
with stop codon

pAX18 Bait-at ANS: arabidopsis specific ANS cloned into pDHB1; This work
without stop codon

pAX19 Prey-at GT: arabidopsis specific GT cloned into pPR3-N; This work
with stop codon

pAX20 Bait-at GT: arabidopsis specific GT cloned into pDHB1; This work

without stop codon

*All inserts were cloned in Sfil restriction enzyme site.
pPR3-N and pPR3-SUC have ampicillin resistance and Trp selection marker.

pDHB1 and pBT3-SUC have kanamycin resistance Leu selection marker.
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5.6 Bait testing

In order to test if baits were functional or not, bait testing was conducted. Prey
testing was not done because there were no positive control vectors (baits) for
it. Bait vectors were co-transformed with either the positive control prey
construct pOst1-Nubl or negative control prey construct pPR3-N into NMY51 by
heat-shock. In bait testing, there should be robust growth of yeast on SD -trp -
leu medium when the transformation was successful because only yeasts that
harbor both bait and prey constructs can synthesize tryptophan and leucine. In
addition, yeast growth should be observed on SD -trp -leu -his -ade selection
medium when baits were co-transformed with pOst1-Nubl as the non-mutated
Nubl fragment spontaneously links with the Cub fragment, and no yeast growth

were displayed when baits were co-transformed with pPR3-N.

After co-transformation, yeast strain NMY51 was incubated on SD -trp -leu
medium and SD -trp -leu -his -ade selection medium for 3 days at 28 °C. The
growth of yeast was quantified by comparing the number of colonies on SD -trp
-leu -his -ade plates to the number of colonies on SD -trp -leu plates. Bait
testing showed that NMY51 had a robust growth under selection plates (Table
5), especially for yeast with pAX18 and pAX16, after they were co-transformed
with pOstl-Nubl. On the other hand, NMY51 harboring bait constructs and
negative construct pPR3-N, presented no or few yeast colonies on SD -trp -leu -
his -ade selection plates. Particularly, no yeast growth was detected on NMY51
with pAX10, pAX16, pAX18 and pAX4. By contrast, around 20 colonies were
observed on SD -trp -leu -his -ade selection plates, which account for around 6
%. The growth percentage was still lower compared to a strongly robust yeast

growth compared on SD -trp -leu plates.
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Table 5. The number of single colonies on SD -trp -leu and SD -trp -leu -his -ade plates. %sgrowth under selection=number of colonies on SD -

trp -leu -his -ade plates / number of colonies on SD -trp -leu plates.

+ pOst1-Nubl +pPR3-N
Plasmid Number of colonies Number of colonies
names | ©°"°® . % growth under % growth under
SD -trp -leu | SD -trp -leu -his -ade selection SD -trp -leu SD -trp -leu -his -ade selection

pAX2 PAL 70 20 29 % 60 1 2%
pAX4 C4H 90 30 33% 80 0 0%
pAX8 CHI 120 50 42 % 140 5 3%
pAX10 F3H 140 35 25% 90 0 0.%
pAX12 F3H 200 90 45 % 250 7 3%
pAX14 DFR 400 200 50 % 330 20 6 %
PAX16 FLS1 80 50 62 % 180 0 0%
pAX18 ANS 80 60 75 % 200 0 0%
pAX20 GT 80 25 31 % 200 1 1%
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5.7 Yeast two-hybrid assay

All the sequencing-verified bait and prey vectors were transformed into two
yeast lines: NMY51 (a) and NMY61 (a). In yeast, two strains respectively have
an ‘a loci’ and ‘a loci’, which enables them to mate together. Here, NMY®61 is the
mating partner for NMY51. The diploid cells formed by mating between NMY51
and NMY61, which ultimately led to prey/bait combination in every yeast cell. If
baits and preys interacted, the reporter genes would be activated, resulting in
yeast growth on selection plates. Due to the ADE2 reporter gene, the yeast
strain NMY51 would display colors, ranging from red (weak interaction) to white
(strong interaction), which depends on the strength of the interactions of protein

pairs.

The Dual hunter yeast two-hybrid system was used to analyze protein-protein
interactions for most of the flavonoid biosynthetic enzymes. In Dual Hunter, the
bait is attached to the ER membrane by fusing it to the membrane protein.
Because F3'H and C4H are membrane proteins, a DUAL membrane pairwise
interaction system was applied. For each assay, NMY51 with baits and NMY61

with preys were used for mating and vice versa.

All proteins interacted with the positive control preys (pOstl-Nubl), indicating
the functionality of the baits (Figure 18, Table 6 and Table 7). However, certain
proteins interacted with the negative control preys (pPR3-N). They were F3H,
DFR, FLS1 and CHI, which led to false positive results. Membrane proteins
(F3’'H and C4H) interacted with any other proteins. Simultaneously, preys
interacted with negative control baits (pTSU2-APP), except for pAX13 (DFR),
pAX1l (F3’H) and pAX3 (C4H). Based on interactions with controls, it was
conclusive that PAL only interacted with itself (Figure 18B, 18E, 18H and 18I).
ANS had a strong interaction with CHI, showing robust yeast growth compared
to faint yeast growth with negative control pPR3-N. CHS and GT had no
interactions with other enzymes when they are fused on bait vectors. However,

CHS interacted with CHI and DFR when CHS was fused on prey vector.

For the two membrane proteins, yeast was survival and robust growth was
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observed when pAX12 (F3'H) and pAX4 (C4H) interacted with other preys,
including pOst1-Nubl and pPR3-N (Figure 18). However, F3’'H and C4H did not

interact with any of the other nine proteins except with DFR, CHI and with
themselves.
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Figure 18. The yeast two-hybrid assay on SD -trp -leu -his -ade selection medium.
Panel A, B, C and G demonstrate the mating between yeast strain NMY61 containing
the prey constructs with strain NMY51 containing the bait constructs. Correspondingly,
panel D, E, F and G demonstrate the mating between preys in NMY51 with baits in
NMY61. Numbers present different genes cloned in bait vectors (pDHB1 or pBT3-
SUC): 1=F3H, 2=DFR, 3=CHS, 4=FLS1, 5=GT, 6=PAL, 7=ANS, 8=CHI, 9=F3'H and
10=C4H. Panel H and | shows the mating of target baits and preys with control preys
and baits. pOstl-Nubl and pPR3-N are the positive and negative control preys,
respectively; pTSU2-APP is the negative control bait for prey construct.
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Table 6. Summary of the yeast two-hybrid assay based on Figure 18A, 18B 18C, 18G, 18H and 18I (Preys in yeast strain NMY61

and baits in yeast strain NMY51)

Preys (NMY 61)
F3H | DFR | CHS | FLS1 | GT | PAL | ANS | CHI | F3H | C4H pOStL-Nubl PPR3-N
(Positive control) (negative control)
F3H ++1 - - + + + + + - - ++ +
DFR ++ +2 + + ++ + + ++ + + ++ +
CHS - - - - - - - - - - ++ -
FLS1 ++ - - + + + + + - - ++ +
GT - - - - - - - - - - ++ -
Baits PAL - - - - - ++ - - - - ++ -
(NMY51) | ANS + - - - - - + + - - ++ -
CHI ++ + ++ ++ ++ ++ ++ ++ + + ++ ++
F3'H ++ ++ ++ ++ ++ ++ ++ ++ + ++ ++ ++
C4H ++ + + ++ ++ ++ ++ ++ - + ++ ++
pTSU-APP
(negative ++ - + ++ + + + + - - - -
control)

1. ++ presents robust yeast growth on SD -trp -leu -his -ade selection plates.

2. + presents weak yeast growth on SD -trp -leu -his -ade selection plates.
3. Red presents red color was observed on yeast.

4. - in table means no yeast growth was observed, which means weak interaction.
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Table 7. Summary of the yeast two-hybrid assay based on Figure 18D, 18E 18F, 18G, 18H and 18I (Preys in yeast strain NMY51
and baits in yeast strain NMY61)

Preys (NMY51)
1-Nubl PR3-N
F3H | DFR | CHS | FLS1 | GT | PAL | ANS | CHI | F3H | caH pOStL-Nub PPR3
(Positive control) (negative control)

F3H ++1 - +2 + + + + ++ - - ++ +

DFR ++ ++ + + ++ + + ++ + + ++ +

CHS - - - - - - - - - - ++ -

FLS1 ++ - + + + + + + - - ++ ++

GT - - - - - - - - - - ++ -

Baits Sl i i i ) ) i ) ) ) ) M )
(NMY61) ANS + - - - - - - + - - ++ -
CHI ++ ++ ++ ++ ++ ++ ++ ++ + + ++ ++

F3'H ++ ++ ++ ++ ++ | ++ ++ ++ + ++ ++ ++

C4H 4+ + ++ ++ ++ ++ 4+ ++ - + ++ ++

pTSU-APP
(negative ++ - + ++ + + + + - - - -
control)

1. ++ presents robust yeast growth on SD -trp -leu -his -ade selection plates.

2. + presents weak yeast growth on SD -trp -leu -his -ade selection plates.

3. Red presents red color was observed on yeast.

4. - in table means no yeast growth was observed, which means weak interaction.
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5.9 B-galactosidase assay

In addition to the expression of two reporter genes (HIS3 and ADE2), another
report gene lacZ in NMY51 was used to assess the strength of interactions of
the protein individual transformants. The E.coli gene LacZ encodes a -
galactosidase that can be assayed with the chromogenic substrate X-gal. Filter
papers were used to obtain yeast cells on YPAD plates and then were
immersed in liquid nitrogen. The filter paper was next transferred on top of new
filter papers soaked with X-gal solution in a clean plate. If two candidate
proteins interact, they will activate the expression of lacZ, resulting in the
production of B-galactosidase. Consequently, yeast cells will display in blue in
the presence of X-gal.

Obvious blue color was detected on places where baits and positive prey
pOst1-Nubl were streaked, which confirms the functionality of baits. However,
blue prints were displayed also when pAX4 (C4H), pAX8 (CHI), pAX12 (F3'H)
and pAX14 (DFR) were streaked together with negative control pPR3-N,
consistent with results of Y2H assay (Figure 18, Table 6 and Table7). However,
pAX10 (F3H) and pAX16 (FLS1) did not display blue with pPR3-N (Figure 19H
and 19I) whereas yeast growth was observed on SD -trp -leu -his -ade selection
plates (Figure 18H and 18l). Further, while pAX1 and pAX2 were incubated
together, strong blue was displayed (Figure 19B and Figure 19E), indicating a
strong self-interaction of PAL itself. Besides, it is clear that blue color was
presented when F3’H and C4H were streaked with all others, even including the

negative prey control pPR3-N.
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Figure 19. The X-gal assay of yeast two-hybrid assay. Panel A, B, C and G
demonstrate the mating between yeast strain NMY61 containing the prey constructs
with strain NMY51 containing the bait constructs. Correspondingly, panel D, E, F and G
demonstrate the mating between preys in NMY51 with baits in NMY61. Numbers
present different genes ligated on the bait vectors (pDHB1 or pBT3-SUC): 1=F3H,
2=DFR, 3=CHS, 4=FLS1, 5=GT, 6=PAL, 7=ANS, 8=CHI, 9=F3H, and 10=C4H. Panel
H and | present the mating of target baits and preys with control preys and baits.
pOst1-Nubl and pPR3-N are the positive and negative control preys, respectively;
pTSU2-APP is the negative control bait for prey construct.
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6. DISCUSSION

6.1 Gene isolation

In the study, ten out of twelve full-length genes were successfully amplified from
cDNA of the arabidopsis flower. Two genes failed (FLS3 and 4CL1). In order to
amplify these two, several annealing temperatures were applied but still no
products were amplified. FLS is a member of the 2-oxoglutarate-dependent
dioxygenases, which has six family members (Pelletier et al. 1997). FLS3 was
secondly identified to involve in flavonols synthesis (Preuf3 et al. 2009), but it
was either undetectable or had a low expression level in flowers, checked by
using both Semi quantitative RT-PCR and microarray method (Owens et al.
2008a).

4CL converts 4-coumaric acid to 4-coumaroyl CoA in arabidopsis. Four family
members of 4CL were identified in arabidopsis (Ehlting et al. 1999, Hamberger
and Hahlbrock 2004). 4CL3 may participate in flavonoid biosynthetic pathway
whereas 4CL1 and 4CL2 are likely to participate in lignin biosynthesis (Ehlting
et al. 1999). 4CL1 is mainly expressed in roots and stems (Lee et al. 1995) and
has low expression levels in mature leaves and flowers (Ehlting et al. 1999).

In my study, samples were collected from arabidopsis flowers. However, FLS3
and 4CL1 are both expressed in flowers at a low level (Ehlting et al. 1999,
Owens et al. 2008a), which explains why they were not amplified from cDNA

made from arabidopsis flowers.

The plasmids were all sequence-verified. All genes completely aligned with
published arabidopsis sequences, except CHI had one nucleotide difference (G-
>A) (Figure 16). The protein alignment confirmed the same translation products
(proteins) (Figurel?).
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6.2 Bait testing showed a weak self-activation of bait vectors

In the bait testing, baits of interest were co-transformed to yeast strains NMY51
with either positive control prey pOstl-Nubl or negative control prey pPR3-N.
Yeast growth was displayed when baits and pOst1-Nubl were simultaneously
streaked on SD -trp -leu -his -ade selection plates, which indicated the
functionality of baits. At the same time, no yeast growth should be displayed on
selection plates when baits and negative control prey pPR3-N were co-
transformed. Contradictorily, a few yeast colonies were observed on selection
plates 3 days later after baits were co-transformed with negative control prey
pPR3-N (Table 5). These protein pairs are GT, PAL, CHI and F3'H, which
probably indicated a weak self-interaction or protein instability.

In order to eliminate the self-activation of baits, an extra experiment 3-AT
titration could have been conducted. 3-AT acts as a competitive inhibitor of
HIS3 reporter gene (Durfee et al. 1993). In this step, the bait is transformed
without any preys into NMY51 reporter strain and selected by using SD -leu -his
-ade + 3-AT. On this selection medium, the yeast growth that comes from self-
activation is removed. The lowest 3-AT concentration without yeast growth
could be applied for the next Y2H assay.

6.3 The enzymatic interactions based on Y2H assay

The knowledge of enzymatic interaction gives clues to elucidate how these
enzymes function and where do they locate in cells. In my experiments, PAL
showed strong self-interaction, which suggested that in arabidopsis PAL is also
possible to form dimers between protein macromolecules. In parsley
(Petroselinum crispum), the crystal structure of PAL was reported and PAL was
shown to exist as homotetramers (Ritter and Schulz 2004). Similarly, CHS, a
plant-specific polyketide synthase in this pathway, is homodimeric (Ferrer et al.
1999).

In my experiments, CHS in bait had no interactions with other proteins whereas

CHS in prey presented interactions with CHI and DFR. It is similar to Burbulis’s
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study, which demonstrated the interaction between CHS and DFR in a specific
orientation (Burbulis and Shirley 1999). In the Y2H systems used in my study,
baits have Cub half and transcription factor linked to C-terminus and preys have
NuG half linked to N-terminus. These extra parts may block the interaction sites
of proteins. Therefore, the change of the orientation of NubG half in prey would
affect the protein interactions. Moreover, pAX20 (GT) had no interactions with
other proteins and pAX19 (GT) presented interactions with some others
although it also interacted with negative control. It still indicated a possibility that
enzymes involving in flavonoid biosynthesis pathway interact with others in a
specific orientation. This is similar to Burbulis and Shirley’s results, which
showed interactions between CHS and DFR, CHI and CHS, and DFR and CHI
only for specific fusion pairs in the GAL4 Y2H (Burbulis and Shirley 1999).
Similarly, FLS1 only interacted with CHS while FLS was fused to activation
domain in yeast two-hybrid system (Owens et al. 2008a). It is interesting to
mention that FLS5 that is not involved in this pathway interacts with DFR and
CHS, it presents the possibility that FLS5 is involved in metabolons (enzymatic
complexes) formation only on structural levels rather than functional levels
(Owens et al. 2008a). These factors on structural levels may play important

roles in investigating protein-protein interactions.

The protein interactions in my experiments indicate the existence of enzymatic
complexes in the phenylpropanoid biosynthetic pathway and flavonoid
biosynthetic pathway. Many published data support this as well. For example,
an affinity chromatography experiment showed protein-protein interactions in
plant cells amongst CHS, CHI and F3H (Burbulis and Shirley 1999). But it is still
unknown that if these enzymes interact transiently or stably. Besides, due to the
false positives, further experiments are required. In order to further confirm the
interactions  between  proteins, other approaches, such as co-
immunoprecipitation, pull-down assay and affinity electrophoresis, could be

adopted (Reviewed by Berggard et al. 2007).
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6.4 Improvements of yeast two-hybrid assay

6.4.1 Sources of false positives in yeast two-hybrid

In my study, false positives (yeast was growing in the presence of negative
control (pPR3-N)) were observed (Figure 18, Table 6 and Table 7). There are
plausible reasons for this. In the bait testing, bait construct and control prey
construct were co-transformed into only one yeast strain NMY51. By contrast, in
the test of protein-protein interactions, two different strains NMY51 and NMY61
were used. The mating of NMY51 and NMY61 formed a diploid, which created a
new physiological environment for the baits. In the future, it would be more
convincible and reasonable to use the same methods in both bait testing and
the assay of protein-protein interactions. Secondly, in the bait testing, weak self-
activation of baits was observed. The yeast strain NMY51 without optimal
conditions was still used for yeast two-hybrid testing because the yeast growth
on selection plates was very low. The colony number was from 1 to 20,
compared to hundreds of yeast colonies with positive prey control pOst1-Nubl
on selection plates (Table 5). Still, the weak self-activation of baits is likely to

cause the false positive in the yeast two-hybrid testing.

Yeast two-hybrid system is generally claimed to have false-positive and false-
negative results, which has been shown on other research (Ito et al. 2001). For
example, Matthews failed to recapitulate two-hybrid interactions reported by
other studies (Matthews et al. 2001; Ito et al. 2002). False positive results are
caused by variable reasons. For example, a high expression level of bait and
prey and the possibilities of wrongly folded proteins cause unspecific
interactions. Based on sources for false positive results, approaches to detect

and eliminate false positive results in yeast two-hybrid system are developed.
6.4.2 Approaches to improve the reliability of yeast two-hybrid system
False positives are commonly displayed in yeast two-hybrid system. Therefore,

eliminating false positives is the main way to improve the reliability of this

system. In the membrane Y2H system, low-copy plasmids were applied in case
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of false-positives deriving from the over-expression of baits and preys.
Furthermore, a stringent reporter system was used, relying on three
independent markers (two auxotrophic reporter genes LYS2::(lexAop)4-HIS3,
ade2::(lexAop)8-ADE2 and a ura3::(lexAop)8-lacZ marker).

Considering false-positives from bait auto-activation, the test for the expression
of reporter genes can be conducted as a control in yeast cells that only
containing the baits. This approach was used as well in Walhout's research to
eliminate false-positives before a screen for large-scale protein interaction
mapping (Walhout and Vidal 2001). For the auto-activation happening during
the testing procedure, a negative selection was developed relied on negative
selectable marker CYH2. In this approach, the prey plasmids from positive
yeast cells were removed and then the activities of reporter genes were tested

for those yeast cells harboring only bait plasmids (Vidalain et al. 2004).

Furthermore, the observation of the result of yeast two-hybrid is quite personal
dependent, especially when they are compared to positive and negative
controls. The yeast growth is difficult to quantify on agar medium. Therefore,
incubating the transformed yeast cells in liquid media could be a supplement.
McCusker and Haber (1990) found that the yeast metabolism and mutant
phenotype varied on agar medium compared to liquid medium. In this way, after
the transformed yeast cells were incubated in liquid selection medium for a fixed
time, the OD600 could be measured and analyzed. This way, the yeast growth
under selection could be quantified.

6.5 B-galactosidase assay confirms yeast two-hybrid results

In the X-gal assay, the strong blue on baits with positive prey control pOstl-
Nubl demonstrated the functionality of baits. However, blue color was still found
on places where baits were streaked with pPR3-N, indicating the existence of
the self-activation of baits, consistent with the results of yeast two-hybrid assay.
Moreover, some interactions between baits and negative control prey pPR3-N
occurred on SD -trp -leu -his -ade selection plates whereas the interactions

were not observed based on the expression of the reporter gene lacZ, such as



51

F3H and FLS1. This probably comes from the variance of different marker
genes and how the marker genes are assayed. In Serebriiskii’s research, three
approaches including X-gal overlay, X-gal plate and B-galactosidase were
applied to test the expression of LacZ reporter. The results of X-gal plate and [3-
galactosidase assay showed similarities. However, X-gal overlay assay
demonstrated big differences compared to other two approaches. It was
concluded that the observation of lacZ expression was not strictly related with

the transcriptional activation of lacZ reporter (Serebriiskii et al. 2000).



52

7. CONCLUSIONS

The yeast two-hybrid system cannot completely reflect the real interaction
between two proteins. In reality, apart the affinity, other factors including
expression, stability and three-dimensional structure of a fused protein could
influence the protein interactions (Vidal et al. 1999). It is more convincible to use
one of other approaches, like pull down assay, BiFC, immunoprecipitation and
mass spectrometry, etc., to validate identified protein-protein interactions by
Y2H system. In my study, the possibilities of enzymatic interactions were tested
using the DUAL hunter yeast two-hybrid system and the yeast membrane two-
hybrid system. Due to the high false positives, the interaction results were not
highly conclusive. However, based on the bait and prey interactions with the
control preys and baits, the results still showed that PAL interacted with itself
and ANS interacted with CHI. It is possible that ANS also interacts with F3H and
itself depending on the yeast growth compared a very faint yeast growth in the
presence of negative control pPR3-N. (Figure 18, Table 6 and Table 7).
Besides, GT and CHS show no interactions with any other proteins. Meanwhile,
some protein interactions happened only in a certain orientation, which is similar

to Burbulis and Shirley’s research (Burbulis and Shirley 1999).
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10. APPENDICES

Appendix 1: Medium used

YPAD plates and medium:

10 g Yeast extract

20 g bacto peptone

20 g agar (no agar for medium)
20 g glucose

0.1 g adenine hemi sulfate

MQ water to 1000 ml
autoclave

SD-trp-leu:

20 g bacto agar

6.7 g yeast nitrogen base without amino acids

800 mlI MQ

100 ml appropriate 10x amino acid stock solution (contains all other amino
acids except trp and leu

adjust pH to 5.8 with NaOH

autoclave

Add 100 ml 20 % glucose

SD-leu-trp-his-ade:

20 g bacto agar

6.7 g yeast nitrogen base without amino acids

800 mI MQ

100 ml appropriate 10x amino acid stock solution (contains all other amino
acids except leu, trp, his and ade

adjust pH to 5.8 with NaOH

autoclave

Add 100 ml 20 % glucose
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10X SD amino acids 600 ml

0.12g L-Adenine hemi sulfat salt
0.12g L-arginine
0.12g L-histidine

0.18 g L-isoleucin
0.6¢g L-leucin

0.18 ¢ L-lycine

0.12¢g L-methionine
0.3¢g L-phenylalanine
12g¢g L-threonine
0.12g L-tryptophane
0.18 g L-tyrosine
0.12g L-urasil

09g¢g L-valine

Add 600 MilliQ water
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Appendix 2: Agarose gel for checking the quality of RNA

Agarose 1%
TBE buffer 0.5X
Loading sample:  1pl RNA, 5ul loading dye (5X).

Running: 100 Volts for 20 min

Appendix 3: Agarose gel for PCR products
Agarose 1%
TBE buffer 0.5X
Loading sample: 2ul PCR products, 5ul loading dye (5X).

Running: 150 Volts for 40 min
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Appendix 4: Details and sequence of primers used for PCR

Gene Sequences (5-3) ' Expected size of

name Annealing T (°C) product (bp)
AtPAL1_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC CATG GAG ATT AAC GGG GCAC 64

PAL1 | AtPAL1 R (Prey): AAC TGATT GGC CGA GGC GGC C TTAACATAT TGG AAT GGG AGC TC 63.1 2178
AtPAL1_R (Bait): AAC TGATT GGC CGA GGC GGC C CC ACATAT TGG AAT GGG AGC TCC 64.2
AtC4H_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC CATG GAC CTCCTCTTG CTG G 64.7

= AtC4H_R (Prey & Bait): AAC TGATT GGC CGAGGC GGC C CCACAGTT CCT TGG TTT CAT AAC GA 63.8 e
AtCHS_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC CATG GTG ATG GCT GGT GCT Tc 67.7

CHS | AtCHS_R (Prey): AAC TGATT GGC CGAGGC GGC C TTA GAG AGG AAC GCT GTG CAAg 65.9 1188
AtCHS_R (Bait): AAC TGATT GGC CGA GGC GGC C CC GAG AGG AAC GCT GTG CAAga 66.1
AtCHI_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC C ATGTCTTCATCCAACGCCTG 65.4

CHI AtCHI_R (Prey): AAC TGATT GGC CGA GGC GGC C TCAGTTCTCTTTGGCTAGTTTTTCC 64.8 741
AtCHI_R (Bait): AAC TGATT GGC CGAGGC GGC C CC GTTCTCTTTGGCTAGTTTTTCCTCA 64.8
AtF3H_ (Prey & Bait): ATT AAC AA GGC CAT TAC GGC CATG GCT CCAGGAACT TTG ACT 64.2

F3H | AtF3H_R (Prey): AAC TGATT GGC CGA GGC GGC C CTAAGC GAAGAT TTG GTC GAC 63 1077
AtF3H_R (Bait): AAC TGATT GGC CGA GGC GGC C CC AGC GAAGAT TTG GTC GAC AG 64.7
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AtDFR_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC C ATG GTT AGT CAG AAA GAG ACC GTG 64.7

DFR | AtDFR_R (Prey): AAC TGATT GGC CGA GGC GGC C CTA GGC ACA CAT CTG TTG TGC 63.8 1149
AtDFR_R (Bait): AAC TGATT GGC CGA GGC GGC C CC GGC ACACAT CTG TTGTGC T 63.1
| AF3'H_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC C ATG GCAACT CTATTT CTC ACAATC CTC 67.3

ron AtF3'H_R (Prey & Bait): AAC TGATT GGC CGA GGC GGC C CC ACC CGA CCC GAG TCC ATAAAC 68.3 1042
AtFLS1_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC C ATG GAG GTC GAAAGA GTC CAA 65.2

FLS1 |AtFLS1_R (Prey): AAC TGATT GGC CGA GGC GGC C TCAATC CAG AGG AAG TTTATT GAG C 65.6 1011
AtFLS1_R (Bait): AAC TGATT GGC CGA GGC GGC C CC ATC CAG AGG AAG TTTATT GAG CTT G 64.7
AtANS_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC C ATG GTT GCG GTT GAAAGAGT 63.8

ANS | AtANS_R (Prey): AAC TGATT GGC CGA GGC GGC C TTAATC ATT TTT CTC GGATAC CAATTC 64.8 1071
AtANS_R (Bait): AAC TGATT GGC CGA GGC GGC C CC ATC ATT TTT CTC GGATAC CAATTC 63.2

AtGT_F (Prey & Bait): ATT AAC AA GGC CAT TAC GGC C ATG GAG CAT AAG AGA GGA CAT GTA 63

GT | AtGT_R (Prey): AAC TGATT GGC CGA GGC GGC C CTATTT GCT CTG AAC CCT TGA TACA 64.4 1350

AtGT_R (Bait): AAC TGATT GGC CGA GGC GGC C CC TTT GCT CTG AAC CCT TGA TAC A 63.8
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Appendix 5: Primers and sequences for colony PCR and sequencing

Vectors’ name | Primer Sequences

pPR3-N Forward: GTCGAAAATTCAAGACAAGG
Reverse: AAGCGTGACATAACTAATTAC

pPR3-SUC Forward: TTTCTGCACAATATTTCAAGC
Reverse: CTTGACGAAAATCTGCATGG

pDHB1 Forward: TTTCTGCACAATATTTCAAGC
Reverse: GTAAGGTGGACTCCTTCT

pBT3-SUC Forward: TGGCATGCATGTGCTCTG
Reverse: GTAAGGTGGACTCCTTCT
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