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ABSTRACT

Characterization of O-Methyltransferase (OMT)-like cDNA clones from Arabidopsis

thaliana and Serratula tinctoria, and Phylogenomic Analysis of Plant OMTs.
Kevin Chee Loong Lam

O-Methylation of plant secondary metabolites, which plays important roles in the
biosynthesis of various natural products and function of plants, is catalyzed by a
superfamily of S-adenosyl-L-methionine-dependent O-methyltransferases (OMTs). The
objectives of the research were to isolate and characterize OMT-like cDNA clones from
Arabidopsis thaliana and Serratula tinctoria, and carry out a phylogenomic analysis of
well characterized OMTs to develop a framework phylogenetic tree for predicting
putative function and substrate specificity of newly identified gene sequences.

Two OMT-like ¢DNA clones of A. thaliana obtained from TAIR (The
Arabidopsis Information Resources) were heterologously expressed for molecular and
biochemical characterization. The recombinant proteins did not show enzymatic activity
with the substrates teétéd suggesting that these two putative OMTs genes could be
pseudogenes.

S. tinctoria accumulates small amounts of 3-methylquercetin as an intermediate
for the synthesis of 3,3'-dimethyl derivative. In order to isolate the gene encoding
quercetin 3-OMT, a ¢cDNA library of S. tinctoria was screened using both, degenerate
primers designed based on tryptic peptides of the partially purified and biochemically
characterized native protein from S. tinctoria, as well as an Arabidopsis 3'-OMT full-
length cDNA clone as heterologous probes. Although the isolation of a full-length cDNA

clone containing all the six tryptic peptides of the native flavonol 3-OMT was not forth
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coming, 27 non full-length and three full-length putative OMT-like ¢cDNA clones
(StOMT1, StOMT2 and StOMT3) were identified. Recombinant StOMT3 crude protein
showed catalytic activity with quercetin and S5-hydroxyferulic acid, but not with 3-
methylquercetin. StOMT3 may potentially be the gene encoding flavonol 3-OMT of S.
tinctoria, but given the lack of all the tryptic peptides, its true nature is unclear and awaits
further characterization. Further work is currently in progress for the identification of
these putative clones.

Phylogenetic trees were constructed based on amino acid sequence data of 60
biochemically characterized OMTs involved in O-methylation of plant natural products
in order to develop a framework for predicting the putative function and substrate
specificity of newly sequenced genes, and to infer the evolutionary history of OMTs in
plant species. Two distinct monophyletic lineages were observed, one consisting of the
CCoAOMTs and carboxylic acids utilizing OMTs, and the other comprising the
phenylpropanoid COMTs, (iso)flavonoids and alkaloids OMTs. The clustering of OMTs
on the phylogenetic trees is corroborated not only on the basis of their sequence
homology, but also of the structural and regiospecific similarities of their methyl acceptor

molecules.
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C. INTRODUCTION

Throughout the course of evolution, plants have acquired complex mechanisms to
compensate for their inability to relocate as a defense strafegy. In addition to the primary
metabolites required for growth and development, plants have developed a sophisticated
mechanism for the synthesis of a wide spectrum of low molecular weight organic
compounds, collectively known as secondary metabolites. Of these, alkaloids, flavonoids
and terpenoids are the most ubiquitous, and they function primarily in enhancing plant
defense and reproductive success. Flavonoids, in particular, play important roles in such
processes as flower pigmentation, pollen fertility, signal transmission in symbiotic
interactions, and as defense compounds with antimicrobial and antifungal activity.
Flavonoids are also well known for their potential benefit to human health (Bohm, 1998
and references therein).

The structural diversity found in plant natural products is attributed to a number
of substitution reactions, which are catalyzed by substrate-specific, position-oriented
enzymes (Ibrahim and Anzellotti, 2003 and references therein). Of these, enzymatic O-
methylation, catalyzed by S-adenosyl-L-methionine (AdoMet)-dependent O-
methyltransferases, plays a major role in the biosynthesis of secondary metabolites
(Ibrahim and Muzac, 2000). Several O—methjlated compounds are involved in plant
processes such as microbial signaling (Maxwell et al, 1989, 1993), lignification
(coniferyl and sinapyl alcohols), chemical defense (phytoalexins), and increased
antiviral/antimicrobial activities (Bohm, 1998 and references therein). Plant OMTs could

be classified into various classes based on their substrate preferences. In general, OMTs



are substrate specific, position-oriented enzymes, as demonstrated with a number of
distinct enzymes catalyzing the stepwise O-methylation in Chrysosplenium americanum
(Ibrahim et al., 1987). In other cases, however, plant OMTs have been shown to exhibit
a broader substrate specifity utilizing substrates from different classes of secondary
metabolites (Gauthier et al., 1998; Frick and Kutchan, 1999; Ibdah et al., 2003).

Much of the work involving flavonoids has focused on methylated flavonoids due
to their intrinsic properties as phytoalexins/phytoanticipins, as well as their
antimicrobial/antiviral activities. = These low molecular weight compounds are
synthesized in response to pathogen attack and other stress-related condiﬁons. So far,
several OMTs involved in the biosynthesis of isoflavonoids and pterocarpans have been
characterized at the biochemical and/or molecular levels. Recently, quercetin 3-O-
methyltransferase was partially purified, biochemically characterized from Serratula
tinctoria (Asteraceae), and its internal amino acid sequence information made available
(Huang et al,, 2004). 3-Methylquercetin has been reported to accumulate, as a
phytoanticipin, in response to wounding and insect herbivory in tobacco (Roda et al.,
2003), and to act as an antiinflammatory and antiviral agent (Middleton and
Kandaswami, 1994; Malhotra ef al., 1996), as well as a selective inhibitor of cAMP- and
c¢GMP- phosphodiesterases (PDE) (Ko et al., 2003). 3-Methylquercetin also exhibits
inhibitory effects on viral RNA replication (Castrillo and Carrasco, 1987). As an
intermediate- metabolite, it rarely accumulates under normal conditions. However, it
serves as the precursor in the stepwise O-methylation of various partially and
polymethylated flavonoids. This includes the biosynthesis of 3,3'-dimethylquercetin in

Serratula tinctoria (Dedaldechamps and Ibrahim, unpublished), 3,7,4'-trimethylquercetin



in apple cell culture (Macheix and Ibrahim, 1984), Calamondin orange peel (Brunet and
Ibrahim, 1980), and spinach leaves (Thresh and Ibrahim, 1985), as well as in
polymethylated flavonoid synthesis in Chrysosplenium americanum (Ibrahim et al.,
1987).

The advent of recombinant DNA technology and cell culture technology have
facilitated the application of genetic engineering for manipulation of plant secondary
metabolism, thus providing the potential to increase productivity, alter the quality traits of
food, fodder ér horticulturally-valuable plants, as well as enhance the resistance of plants
against pests and disease (Sato et al., 2001; Hain and Grimmig, 2000). However, a
comprehensive understanding of the regulation of biosynthetic pathways, at both the gene
and protein levels, is needed to effectively apply the various genetic engineering
approaches. Ideally, this requires the elucidation of all steps involved in the formation of
metabolic intermediates and the enzymes involved in their biosynthesis. Considerable
efforts have recently been directed towards identifying the genes involved in the
biosynthesis of flavonoids including their O-methylation (Ibrahim and Muzac, 2000) and
the understanding of their biosynthetic regulation.

The Arabidopsis thaliana (Brassicaceae) genomic initiative offers a more
expeditious means to uncover putative OMT genes in Arabidopsis through a direct
molecular genetics approach bypassing lengthy enzyme purification and identification
procedures. However, the enormous pool of gene sequences present in these mega
genomic databases, primarily represent genes with only putative function with little or no
experimentally-documented function of their gene products. The identification of

putative OMT genes has traditionally been based on their sequence homology to



experimentally-characterized OMT gene(s). This technique, in essence, implies sequence
similarity as being similarity of function, which is not always the case, and hence can
result in the incomplete or erroneous annotation of putative OMTs.

Recently, however, phylogenomic approaches have become a more powerful and
reliable tool in enzyme function prediction (Eisen and Wu, 2002). This approach
acknowledges that the identification of sequence similarity alone does not reliably reflect
an identical function for an uncharacterized gene. It takes advantage of an evolutionary
perspective: molecular phylogeny, in the analysis of the sequences being compared. In
addition, phylogenomics provides the means with which to recbnstruct the evolutionary
history of OMTs between plant species, with the intention of inferring whether this gene
superfamily has evolved from a common ancestor. The reconstruction of the
phylogenetic tree(s) would enable the development of a framework for predicting the
putative function and substrate specificity, as well as a classification of newly sequenced

genes for the study of their evolutionary relatedness.



D. AIM OF THE RESEARCH

1. Molecular and Biochemical Characterization of Arabidopsis thaliana
(Brassicaceae) OMT clones. The goal is to isolate or acquire full length cDNA clones
encoding putative OMTs involved in phenolic/flavonoid metabolism of Arabidopsis. The
concerted efforts in the genomic sequencing project of Arabidopsis have created a
remarkable opportunity not only to study the evolution and molecular mechanism leading
to the diversification of the OMT superfamily, but also provided an expeditious means
for the characterization and cloning of putative OMT cDNAs in Arabidopsis. This will
enable the elucidation of the role of OMTs in various biosynthetic pathways, an

important prerequisite step towards genetic engineering.

2. Screening of Serratula tinctoria (Asteraceae) cDNA Library. The goal is to isolate
a full length cDNA clone encoding the flavonol 3-OMT of S. tinctoria for further
molecular and biochemical characterization. Given the important roles that 3-
methylquercetin plays in plants and its potential uses in human welfare as an antiviral
agent, the cloning of the gene encoding flavonol 3-OMT would be of considerable
interest for its manipulation in plants. The expression of the recombinant protein would
also facilitate the study of its response to plant stress as well as allow the constitutive

expression of 3-methylquercetin in economically valuable crops.



3. Phylogenomic Analysis of OMTs. The goal is to analyze biochemically
characterized OMT sequences in an evolutionary context to develop a framework
phylogenetic tree for predicting the putative function and substrate specificity of newly
sequenced genes. This will be invaluable for guiding future research endeavors, and for

infering the evolutionary history of OMT gene superfamily.



E. LITERATURE REVIEW

E.1 Functions of Flavonoids in Nature and Their Potential Value to Humah Welfare

Flavonoids constitute one of the major groups of plant secondary metabolites; not
only because of their ubiquitous occurrencebbut also for the important roles they play in
plant growth, development and adaptation to a changing environment. Chalcones,
flavanones, flavones, isoflavones, flavonols and anthocyanidins comprise the major
flavonoid subclasses (Figure 1). As a result of this structural diversity, flavonoids can
impart numerous physiological activities (Croteau ef al., 2000).

Flavonoids are best known as the characteristic red, blue, and purple anthocyanin
pigments of plant tissues and flower petals. These compounds serve essential functions
in plant reproduction by recruiting pollinators and seed dispersers (Brouillard and
Dangles, 1994), protection against UV-B radiation, and as insect feeding attractants, or
deterrants (Croteau et al., 2000). Flavonoids also serve as regulators of auxin transport
(Faulkner and Rubery, 1992), determinants of pollen tube growth and pollen functionality
(Ylstra et al., 1992), and as signal molecules in legume-rhizobium bacterial interactions,
thus facilitating nitrogen fixation (Maxweli et al., 1989; Maxwell et al., 1993).

Methylated flavonoids play an active role in many of the processes described
above, particularly in their involvement in the de novo biosynthesis of phytoalexins.
These methylated compounds can act as precursors (i.e. isoflavones) or end products (i.e.
pterocarpans), exﬁibiting antimicrobial or antifungal activities (Dakora and Phillips,

1996; He et al., 1998). Formononetin (7-hydroxy-4'-methoxyisoflavone), for instance, is

an essential
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intermediate in the biosynthesis of the phytoalexins, namely medicarpin, vestitol, pisatin,
and maackiain (Dixon, 1999).

Furthermore, studies assessing effects of flavonoids in mammalian systems
revealed that these compounds act as modulators of the immune and inflammatory
responses, as antioxidants, as antimicrobial/antiviral agents, as hepatoprotective agents,
as enzyme inhibitors, and as anticancer compounds (Middleton and Kandaswami, 1994).
Currently, there is a considerable interest in the use of isoflavonoids in cancer prevention.
For example, the methylated isoflavonoids of soybean, formononetin (7-hydroxy-4'-
methoxyisoflavone) and biochanin A (5,7-dihydroxy-4'-methoxyisoflavone), have been
implicated in the inhibition of the growth of human breast cancer cells (Peterson and
Barnes, 1991) due to their roles as estrogenic and anticarcinogenic agents (Sarkar and Li,
2003). Interestingly, 3-methylquercetin has also been shown to possess antispasmodic
(Karamenderes and Apaydin, 2003) and antiinflammatory activities (Ko et al., 2003).
The potential health benefits of fruits, vegetables, green tea and red wine might partly be
due to these flavonoid properties as well as other phytochemicals and, as such, have
received considerable attention as health-promoting components of human diet and

potential for pharmacological use.

E.2  Biosynthesis of Flavonoids .

Flavonoids are synthesized from L-phenylalanine as part of the larger
phenylpropanoid pathway. Structurally, they consist of two phenolic rings, A and B,
connected by a 3-carbon side chain that forms the heterocyclic ring C (Figure 2). The A-

ring is derived from malonyl CoA via the polyketide pathway, whereas ring B and the
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3-carbon side chain are derived from L-phenylalanine via the shikimate pathway. The
biosynthesis of flavonoids begins with the conversion of phenylalanine to trans-cinnamic
acid, then to 4-coumaric acid, catalyzed by phenylalanine ammonia lyase (PAL) and
cinnamate 4-hydroxylase (C4H), respectively. As a branch-point molecule, 4-coumaric
acid can either be committed to a pathway leading to the formation of monolignols
involved in lignin bioynthesis, or subsequently esterified with coenzyme A to form 4-
coumaroyl CoA, a reaction catalyzed by 4-coumaroyl CoA ligase (4CL). The first
committed step in the biosynthesis of flavonoids (Figure 2) involves the stepwise
condensation of one molecule of 4-coumaroyl CoA with three molecules of malonyl
CoA, catalyzed by chalcone synthase (CHS). This results in the formation of naringenin
chalcone (4,2',4',6'-tetrahydroxychalcone), the first stable intermediate of this pathway.
Depending on the plant speéies, chalcone synthase (CHS) may coact with chalcone
reductase (CHR) to form the S-deoxychalcone isoliquiritigenin (4,2'4'-
trihydroxychalcone). Beyond CHS, the next step common to most flavonoid biosynthetic
pathways is catalyzed by chalcone isomerase (CHI), which catalyzes a stereospecific ring
closure forming the 2S5-flavanone, naringenin or liquiritigenin.

Flavanones represent the most important branch-point intermediates leading to the
formation of other subclasses of flavonoids (Figure 2). Hydroxylation of the C3-position
of flavanones produces dihydroflavonols. One pathway involves a stereospecific 3-
hydroxylation of naringenin, catalyzed by flavanone 3-hydroxylase (F3H), leading to the
formation of dihydroflavonols. Their subsequent dehydrogenation, catalyzed by flavonol
synthase (FLS), gives rise to flavonols. Another pathway involves the catalytic

desaturation of naringenin creating a C2-C3 double bond, by flavone synthase (FNS),
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giving rise to flavones. Depending on the plant species, some plants utilizes the
dioxygenase flavone synthase I (FNS I), while others utilize the monooxygenase, flavone
synthase II (FNS II). The colored pigments, anthocyanidins, are synthesized from
dihydroflavonol precursdrs through the sequential activities of dihydroflavonol reductase
(DFR) and anthocyanidin synthase (ANS). The third pathway involves the formation of
isoflavonoids through the activities of isoflavone synthase (IFS) and 2-
hydroxyisoflavanone dehydratase (IFD). The former enzyme catalyzes a unique C2 to
C3 aryl migration and hydroxylation to give rise to 2-hydroxyisoflavanone, which is then
acted upon by the latter enzyme to form the isoflavonoids genistein and daidzein. These
bioactive compounds are precursors of the pterocarpan phytoalexins commonly found in
legume species. For a detailed review on the subject, see Dixon (1999) and Forkmann

and Heller (1999).

E.3  Elaboration of Flavonoid Skeletons: O-Methylation

Flavonoids owe their numerous biological activities to their extensive structural
diversity resulting from a variety of enzyme-catalyzed substitution reactions. From the
basic flavonoid structure a wide range of derivatives are formed through hydroxylation,
methylation, glycosylation, acylation, prenylation, and sulfonation reactions. For
example, hydroxylation of both aromatic rings (A and B) and methylation of their
hydroxyl groups leads to the formation of the various aglycones within each flavonoid
class. Furthermore, glycosylation of hydroxyl groups can lead to the formation of
glycosides which can be further modified to produce di- and oligoglycosides.

Glycosylation reactions have been shown to, not only enhance water solubility of the

12



metabolites but also serve, in combination with acylation, as recognition signals for
membrane transport and vacuolar storage as in the case of many anthocyanins.
Substitution reactions are common and can occur practically across all flavonoid
classes/subclasses. For a detailed account of this topic, see reviews by Heller and
Forkmann (1994) and Ibrahim and Anzellotti (2003). |
Among these modification reactions, O-methyation plays an important role in its
contribution to the understanding of these substitution reactions mainly because it
modifies the solubility of flavonoids and their activity. O-Methyation of flavonoids is
catalyzed by a family of S-adenosyl-L-methionine (AdoMet)-dependent
methyltransferases [OMTs; E.C.2.1.1.6]. O-Methyltransferases, ubiquitous enzymes
present across phyla, catalyze the transfer of the methyl group of AdoMet to the hydroxyl
group of an acceptor molecule with the concomitant formation of the corresponding
methylated derivative and S-adenosyl-L-homocysteine (AdoHcy) as products. Enzymatic
O-methylation takes place in all classes/subclasses of flavonoids and occurs on all
possible hydroxylated positions on the A and B-ring, the heterocyclic ring, and the 5-
hydroxyl group of isoflavones (Khoury et al., 1986). In plants, enzymatic O-methylation
of flavonoids not only alters its physiological properties by reducing the chemical
reactivity of their phenolic hydroxyl groups, but also modifies their water/lipid solubility,
thereby affecting their intracellular compartmentation and the metabolic pathways in

which they participate (Laks and Pruner, 1989; Poulton, 1981).
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E.4  O-Methyltransferases

Interestingly, with more than 80,000 known secondary metabolites (Verpoorte,
2000), it is reasonable to assume that the enzymes catalyzing O-methylation reactions
possess a broad range of substrate specificities, as is the case with many mammalian
methyltransferases. Nevertheless, plant OMTs, despite methylating a diverse spectrum of
compounds, have evolved a high degree of selectivity and regiospecificity for their
methyl acceptor molecules. This is evident in the substitution pattern of their phenolic
hydroxyl groups, as illustrated by the position-specific enzymes in Chrysosplenium
americanum (Ibrahim et al., 1987; Gauthier et al., 1996) and Mentha piperata (Willits et
al., 2004), both of which produce a variety of partially methylated flavonoids. In certain
cases however, plant OMTs have been shown to operate as multifunctional enzymes,
acting on different classes of secondary metabolites, such as phenylpropanoids and
flavonoids (Gauthier et al., 1998), catechol, benzylisoquinoline alkaloids, and
phenylpropanoids (Frick and Kutchan, 1999), and both caffeoyl esters and flavonoids
(Ibdah et al., 2003).

In the past decade, the number of putative OMT cDNA clones have grown in
public databases. The corresponding OMT c¢DNA gene products that have been
functionally characterized have revealed that despite their substrate specificities in plants,
they share a high amino acid sequence similarity. Furthermore, five consensus motifs
(regions I to V, Figure 3) located mostly near the carboxy terminal have been identified
for most, if not all plant OMTs (Kagan and Clarke, 1994; Ibrahim, 1997; Ibrahim et al.,
1998; Joshi and Chiang, 1998). These motifs are glycine-rich (ca. 28%) and contain

several hydrophobic residues. Two additional motifs, specific only to caffeic acid
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Figure 3: The five conserved signature motifs of plant OMTs.

15



3-OMTs (COMTs), were also recognized (Selman-Housein ef al., 1999). Motifs I and
IV have been proposed as the binding sites for AdoMet and the metal ion, respectively
(Ibrahim, 1997). These findings indicate that, in general, the methytransferase gene
superfamily may contain one or more of these motifs and the degree of sequence
homology among them is related to the extent of similarity within the consensus motifs
(Ibrahim et al., 1998). Accordingly, plant OMTs constitute a distinct superfamily whose
members share at least the five signature motifs (Ibrahim et al., 1998 and references
therein; Ibrahim and Muzac, 2000). The elucidation of these common signature motifs
will undoubtedly aid in the identification of other yet undiscovered OMT sequences. The
crystal structures of two OMTs, COMT and chalcone OMTs, from alfalfa (Zubieta et al.,
2001) identified two other motifs located at both the amino and carboxyl ends that are

believed to participate in substrate binding.

E.4.1 Classification of O-Methylatransferases

The biochemical, molecular and protein 3D-crystal structure information
available thus far can provide the basis for different classification schemes. Amino acid
sequence alignments and subsequent phylogenetic analyses have demonstrated a good
correlation between the extent of sequence identity of these proteins and the different
structural classes of their methyl acceptor molecules, such as alkaloids, flavonoids, and
phenylpropanoids (Ibrahim et al., 1998; Joshi and Chiang, 1998; Ibrahim and Muzac,
2000). In general, plant OMTs can be divided into two major classes (Joshi and Chiang,
1998). The first class (Group I) constitutes OMTs (CCoAOMT/CCOMT) that utilize the

CoA esters of caffeic acid and/or 5-hydroxylferulic acid as preferred substrates. This
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class of OMTs resembles, at the physico-chemical level, the mammalian catechol OMTs
in having a smaller molecular weight of ~27 to 30 kDa, being divalent cation-dependent
(Mg*") and containing a semblance of the signature motifs characteristic of Group IT
OMTs. Sequence analyses have shown that Group I OMTs do, however, possess their
own set of conserved motifs (Joshi and Chiang, 1998). The second class of OMTs
(Group II) consists of OMTs that accepts a broader range of substrates, including
alkaloids, flavonoids, and phenylpropanoids. Group II OMTs share common features,
including similar molecular mass (~38 to 42 kDa), exhibit no Mg®* requirement for
catalytic activity, a high amino acid sequence similarity, and the presence of the five
conserved motifs within their protein sequence (Ibrahim ef al., 1998).

The elucidation of the protein 3D-crystal structure of rat liver catechol OMT
(Vidgren et al., 1994), three plant flavonoid OMTs, the chalcone, isoflavone, and
caffeic/5-hydroxyferulic acid OMT (COMT) from alfalfa (Zubieta et al., 2001, 2002), as
well as the salicylic acid carboxyl OMT (Zubieta et al., 2003), revealed the nature of the
amino acids involved in binding AdoMet and Mg®*, as well as those involved in substrate
binding and catalysis. These protein X-ray crystallography studies have not only
confirmed the presence of these two classes of OMTs, but have also contributed to the
proposal by Zubieta and colleagues (2003) of an entirely new class of OMTs that prefer
carboxylated substrates. Members of this enzyme group catalyze the methylation of the
aliphatic hydroxyl moiety of carboxyl groups on a number of compounds, mainly
benzoic, salicylic, and jasmonic acids, whose methylated products are involved in floral

scent production or as signaling molecules.
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Based on elaborate computer modeling analyses, Zubieta et al. (2001), (2002)
and (2003) have established that the chemical determinants within the active sites of
OMTs play critical roles in substrate discrimination. The identification of the specific
amino acid residues lining the active site cavity have enabled Zubieta and colleagues to
differentiate between residues that participate directly in the catalytic cycle from other
peripheral residues that are only responsible for the overall architecture of the catalytic
pocket. These include the extensive hydrogen bonding and van der Waals interaction that
sequester the cosubstrate methyl donor. and position its methyl group near the
hydroxylated acceptor moieties for transmethylation. Notably, structural studies provide
a template for deciphering the catalytic mechanism that underlie substrate recognition in
different classes of OMTs and hence shed light on substrate prediction (Zubieta et al.,
2003). Furthermore, Zubieta and colleagues also found that dimerization of enzyme
monomers, in certain cases, also contributes significantly to substrate selection. The
changes of specificities through the formation of heterodimers of similar OMT proteins
have also been reported by Frick and Kutchan (1999), who cloned and characterized

OMTs methylating both alkaloids and phenylpropanoids pathway.

E.4.2 OMTs Involved in Phenylpropanoid Biosynthesis

Lignin is a major constituent of cell walls and tracheary elements, providing cells
with rigidity for structural support and impermeability to water. It also functions as a
defense barrier in response to wounding and pathogen attack (Boudet, 1998). Lignin is
synthesized by the oxidative polymerization of three phenylpropanoid alcohol monomers:

p-hydroxyphenyl, guaiacyl (G), and syringyl (S) units. The G/S ratio in lignin
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composition determines its forage digestibility by ruminant animals and degradability as
a pulping material, and is thus removed during pulp and paper processing (Dean and
Eriksson, 1992). Therefore, the modification of lignin content and/or composition by
genetic manipulation would be of significant economic interest.

Among the different enzymatic steps involved in the biosynthesis of these
monolignols, methylation of the 3- and 5- hydroxyls of monolignol precursors is critical
in determining the content and composition of lignin. The monolignol biosynthetic
pathway has been controversial (see review by Ye et al., 2001), but the current view
entails a phenylpropanoid “metabolic grid” (Figure 4) leading to G and S units. This
mode! proposes that successive hydroxylation and O-methylation reactions occur at
various levels of side-chain oxidation, though there may be kinetically favored paths (see
review by Dixon et al., 2001). Alternatively, Dixon et al. (2001) has challenged this grid
model and suggested another model in which metabolic channeling allows for
independent pathways to G and S lignin involving various membrane-associated enzymes
acting in a concerted manner.

Several COMTs and CCoAOMTs have been biochemically characterized and
cloned from a variety of plant species. COMTs utilize caffeic acid and 5-hydroxyferulic
acid as substrates, to give rise to the monolignol precursors, ferulic and sinapic acids,
respectively (Dixon et al, 2001). In contrast, CCoAOMTs utilize, as preferred
substrates, the CoA esters of caffeic and/or 5-hydroxyferulic acids and, in certain cases,
caffeoyl glucose may act as a better acceptor than the CoA esters (Ibdah et al., 2003).

Originally, it was believed that methylation of caffeic/ferulic acids were carried

out by a ‘bifunctional/bispecific’ COMT, albeit to different degrees. However,

19



L-Phenylalanine ———-9»

PAL l

C4H

COOH COOH

/
COMT COMT
OCH, OCH, H,CO OCH,

4-coumaric caffeic acid
acid
ACL 4CL

CoA-S O
(g CCoA3H

4-coumaroyl caffeoyl
CoA CoA
\
\ 4

4-coumaryl aicohol

v

\{

p-hydroxyphenyl unit

——

CoA-S O
___>
CCoAOMT
OH

—

COOH

ferulic acid

4CL

CoA-S O

OCH,

feruloyl
CoA

\ 4

v

coniferyl alcohol

v

\ 4

Guaiacyl (G) unit

Flavonoids

GOOH COoH

OH

5-hydroxyferulic
acid

4CL 4CL l

sinapic acid

CoA-S O CopS 0
=
FCOA5H
CCoAOMT
OCH, HyCO OCH,

OH

5-hydroxyferuloyl sinapoyl
CoA CoA
v
\ 4

- sinapyl alcohol

v

\ 4

Syringyl (S) unit

Figure 4: Pathway to monolignols biosynthesis as proposed by Dixon et al., 2001. FSH:
ferulate S-hydroxylase; C3H: coumarate 3-hydroxylase; CCoA3H: coumaroyl CoA 3-
hydroxylase; 4CL: CoA ligase; FCoASH: feruloyl CoA 5-hydroxylase.

20



De Carolis and Ibrahim (1989) have reported the purification of two isoforms (I and II) of
a COMT from Sinapis alba, which exhibited distinct substrate preferences. The
differential activity of both isoforms towards caffeic acid and ferulic acid is indicative of
two distinct enzymeé, each having a specific preference for its respective substrate, while
at the same time, accepting the other substrate with a reduced affinity. The first cloned
COMT (Accession #: X62096) was reported from aspen and is regarded as the type-
member of this group (Bugos et al., 1991). Subsequently, other COMTs from alfalfa,
poplar, and several other species, including gymnosperms, were reported (Ibrahim and
Muzac, 2000 and references therein). These enzymes are typical Group II OMTs, given
the presence of almost all of the five signature motifs and no Mg®" requirement for
catalytic activity. Exceptions however exist, as demonstrated by several Group II OMTs
from Thalictrum tuberosum (Frick and Kutchan, 1999) that utilize a wide range of
substrates including simple catechol, as well as benzylisoquinoline alkaloids and
phenylpropanoids.

The first cloned CCoAOMT (M69184), the type-membervof this group, was
isolated from elicitor-treated parsley cell cultures (Schmitt et al., 1991). This clone
encodes an OMT involved in the methylation of caffeoyl CoA esters. Later, another
enzyme (U13151) from Zinnia showed that CCoAOMT can accept S-hydroxyferuloyl
CoA as a substrate as well as caffeoyl CoA to the same degree (Ye ef al., 1994). To date,
a number of CCoAOMT cDNA clones have been isolated from grape (Z254233) (Busam
et al., 1997), Stellaria (1.22203) (Zhang and Chinnappa, 1997), and tobacco (U38612)
(Martz et al., 1998) among several other species. Interestingly, Li et al. (1997) reported

the isolation from loblolly pine (U39301) of a xylem ¢cDNA encoding an enzyme

21



involved in the methylation of both caffeic and 5-hydroxyferulic acids, as well as their
CoA esters to a similar extent. Functionally, this OMT resembles that of a CCoAOMT,
but it harbors the five signature motifs characteristic of Group II OMTs with a molecular
weight of 42 kDa. The versatile nature of this loblolly pine OMT suggests that it may, in
fact, be another member of Group II OMTs. This idea is further supported by the
isolation of an OMT cDNA clone from stress-induced Scots pine (Chiron ef al., 2000)
that has been reported to encode a multifunctional OMT methylating the stilbene
pinosylvin, caffeic acid, 5-hydroxyferulic acid, caffeoyl CoA, catechol, and quercetin
among other substrates. This pine OMT exhibits all the physico-chemical properties of
Group II OMTs.

Another group of phenylpropanoids include the phenylpropenes, chavicol,
eugenol and isoeugenol. These are characterized by the absence of a carboxyl function in
the 3-carbon side chains, and methylation usually occurs on a hydroxyl group para to the
side chain. These methylated compounds constitute an important component of floral
scent of Clarkia species. Recently, cDNA clones vencoding OMTs responsible for this

methylation have been reported from sweet basil (Gang ef al., 2002).

E.4.3 OMTs Involved in Polymethylated Flavonol Biosynthesis

Sequential methylation of flavonols in Chrysosplenium americanum represents
one of the most elaborate methylation systems in plants. This semi-aquatic weed
accumulates a variety of tetra- and penta-O-methylated flavonol glucosides, but not the

intermediates with lower (mono-, di- or tri-) level of methylation (Collins ef al., 1981).
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Thi»s plant seems to accumulate highly methylated metabolites to protect itself against
pathogen attack and UV damage.

The initial steps of the biosynthetic pathway (Figure 5) involve the stepwise O-
methylation of the parent aglycone, quercetin to give rise to 3-methylquercetin, 3,7-
dimethylquercetin, and 3,7,4'-trimethylquercetin. Each of these enzymatic steps is
catalyzed by a distinct substrate-specific, position-oriented O-methyltransferase (De Luca
and Ibrahim, 1985a; Ibrahim et al., 1987). At this point, 3,7,4"-trimethylquercetin can
undergo either of two separate hydroxylations, one of which results in the production of
3,7,4"-trimethyl-2'-hydroxyquercetin, which will ultimately be glucosylated. The second
hydroxylation occurs at position 6 of 3,7,4-trimethylquercetin (Anzellotti and Ibrahim,
2004) giving rise to an intermediate for subsequent methylation and hydroxylation,
producing 3,6,7,4'-tetramethyl-2'-hydroxyquercetagetin. O-Glucosylation of position 2'
and 5' is catalyzed by two distinct glucosyltransferases (Latchinian et al., 1987,
Latchinian and Ibrahim, 1989). Although O-glycosylation is considered a terminal step
in flavonoid biosynthesis, it is interesting to note that both glucosylated products can be
further methylated resulting in the formation of 2'- and 5'-glucosides of 3,7,4',5'-
tetramethylquercetin and 3,6,7,2',4'-pentamethylquercetagetin, respectively, as final
products (Khouri et al., 1986).

The 3-OMT enzyme. activity, the first committed step in the sequential
methylation of flavonols, has also been reported in spinach leaves (Thresh and Ibrahim,
1985) and Serratula tinctoria (Huang ef al., 2004) among other species. Flavonol OMTs
methylating positions 3, 6, 7, 4', and 5' in this pathway have all been partially purified

and biochemically characterized from C. americanum (De Luca and Ibrahim, 1985a, b;
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Khouri et al., 1986; Ibrahim et al., 1987). The cDNA clone encoding the 3'/5-OMT from

the same species has also been isolated and characterized (Gauthier et al., 1996).

E.4.4 OMTs Involved in Isoflavonoid Biosynthesis: Phytoalexin Biosynthesis

Phytoalexins are low-molecular weight antimicrobial compounds that are
synthesized de novo and accumulated by plants as a result of biotic or abiotic elicitation.
Many isoflavone OMTs (IOMTs) are involved in the biosynthesis of phytoalexins, such
as medicarpin and pisatin. These isoflavonoids, limited primarily to the Leguminosae,
serve as precursors (isoflavones) or final products (pterocarpans). They exhibit
estrogenic, anti-angiogenic, antimicrobial and anti-cancer activities. As a result, they
have received considerable attention as health-promoting components of the human diet
(Dixon, 1999; Dixon and Steele, 1999).

Medicarpin, a major pterocarpan phytoalexin in alfalfa, is synthesized via the
isoflavonoid branch of phenylpropanoid metabolism. Much of this pathway has recently
been elucidated through characterization of the specific enzymes involved and the
cloning of their genes. The 4'-O-methylation of the B-ring of isoflavones in certain
legume species is the prerequisite reaction for further elaboration of the isoflavonoid
nucleus to form pterocarpans from isoflavone intermediates, such as daidzein in alfalfa
and genistein in chickpea (Dixon, 1999 and references therein). However, the nature of
the enzymatic step leading to the introduction of the methyl group at position 9 of

medicarpin (4'-position in isoflavones) is still a matter of debate (Figure 6).
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The IOMT (U97125) involved in the biosynthesis of medicarpin was first cloned
from alfalfa cell cultures upon elicitation with CuCl, (He et al., 1998). Surprisingly, this
recombinant enzyme, as with the native purified protein (He and Dixon, 1996), was
demonstrated to methylate daidzein (7,4'-dihydroxyisoflavone) in vitro at the 7 position
of the A-ring leading to the formation of isoformononetin (4'-hydroxy-7-
methoxyisoflavone). This rare compound does not accumulate in alfalfa and thus, is
unlikely to be involved in the formation of medicarpin. Interestingly however, when
challenged by abiotic elicitation or fungal infection, transgenic alfalfa overexpressing
IOMT produces elevated levels of the 4'-O-methylated medicarpin and its precursor
formononetin (7-hydroxy-4'-methoxyisoflavone) and, as a result, exhibits reduced
susceptibility to the fungal infection (He and Dixon, 2000). Accordingly, the
regiospecificity of IOMT appears to be different in vivo (4'-O-methylation of B-ring) as
compared to in vitro (7-O-methylation of A-ring).

In order to decipher the mystery of the pathway, Dixon and co-workers (Dixon,
1999; He and Dixon, 2000; Liu and Dixon, 2001) proposed daidzein 7-IOMT as part of
an in vivo multienzyme complex or “metabolic channel” that favors the 4'-O-methylation
over 7-O-methylation, where the enzyme complex facilitates the direct transfer, or
channeling, of intermediates between active sites producing formononetin and other
compounds downstream of the pathway. This hypothesis has been supported by the
observation that 7-IOMT fused with green fluorescent protein localized to the
endoplasmic reticulum of alfalfa where other membrane-bound enzymes (cytochrome
P450s) involved in the isoflavonoid pathway are also localized (Liu and Dixon, 2001).

Recently, radiolabeling and isotope dilution studies demonstrated the incorporation of

27



2,7 4-trihydroxyisoflavanone, but excluding daidzein, as an intermediate of
formononetin biosynthesis in alfalfa (Liu and Dixon, 2001). This observation is in
agreement with a previous study illustrating that radio-labeled daidzein is not
incorporated into medicarpin in CuCl,-treated seedlings of alfalfa, whereas formononetin
is an acceptable precursor (Dewick and Martin, 1979). Nevertheless, 7-IOMT has been
proposed to be the enzyme responsible for the 4'-O-methylation of 2,7,4'-
trihydroxyisoflavanone (Liu and Dixon, 2001), which is supported by the crystal
structure of 7-IOMT since it demonstrates that the enzyme can accommodate 2,7,4'-
trihydroxyisoflavanone in its active site according to computer modeling studies (Zubieta
etal.,2001).

More recently however, a novel IOMT cDNA clone encoding the 4-IOMT
(AB091684), isolated from Glycyrrhiza echinata, was shown to methylate 2,7,4'-
trihydroxyisoflavanone at the 4' hydroxyl group, but exhibited no 7-IOMT activity
(Akashi et al., 2003). Concurrently, a cDNA clone of 7-IOMT (AB091685) was also
identified in G. echinata and the recombinant protein was shown to mediate the
formation of isoformononetin from daidzein (Akashi et al., 2003). This discovery clearly
demonstrates, at least in G. echinata, that 7-IOMT and 4'-IOMT are two distinct enzymes
catalyzing two biochemically different reactions (Figure 6). A cDNA encoding the 4'-
IOMT (AB091686) was also detected in Lotus japonicus and the recombinant protein is
functionally similar to G. echinata 4'-IOMT (Akashi et al., 2003). Phylogenetic analyses
revealed that both 7-IOMT from alfalfa and G. echinata are closely related, while the 4'-
IOMT exhibits a higher degree of relatedness to the (+)-6a-hydroxymaackiain 3-OMT of

pea (Akashi ef al., 2003), which is involved in pisatin biosynthesis.
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Pisatin is a major pterocarpan produced by Pisum sativum upon microbial
infection. The enzyme that catalyzes the terminal step in pisatin biosynthesis involves an
OMT that methylates (+)-6a-hydroxymaackiain at the 3-position (3-position of
pterocarpans is essentially position 7 of isoflavones) (Dixon, 1999 and references
therein). Isolation of the cDNA clone of (+)-6a-hydroxymaackiain 3-OMT (U69554)
from fungus-infected pea tissue gave a gene product with a Mr of ca. 40 kDa (Wu et al.,
1997) that exhibits the same substrate specificity as the nétive protein (Preisig et al.,
1989).

Although the majority of the phytoalexins characterized so far seem to be derived
from isoflavonoids, other flavonoids such as flavanones and flavones may also act as
phytoalexins. Examples of proteins involved in their biosynthesis include the flavone
apigenin 7-OMT of Barley (X77467) (Christensen et al., 1998), the flavanone naringenin
7-OMT of rice (Rakwal et al., 2000), and the flavonol kaempferol 4'-OMT of carnation
(Curir et al., 2003), producing genkwanin, sakuranetin, and kaempferide, respectively.
Only the cDNA clone of apigenin 7-OMT (Christensen et al., 1998) from barley leaves
has been isolated and its recombinant protein characterized. Nevertheless, all the native
enzymes have been shown to be elicitor-induced and exhibit characteristics of Group II
OMTs. Likewise, all IOMTs characterized thus far exhibit characteristics of the Group II

OMTs.
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E.4.5 OMTs Involved in Benzylisoquinoline Alkaloid Biosynthesis

Alkaloids constitute one of the largest groups of natural products represented by
such compounds as morphine and codeine. Berberine, a benzylisoquinoline alkaloid, has
been found to be associated with an antimicrobial defense mechanism and is also used to
treat stomach ache. Berberine biosynthesis in plant cells has been well investigated at the
enzyme level (Croteau et al., 2000). The biosynthetic pathway leading from L-tyrosine to
berberine involves thirteen different enzymatic reactions and several of the enzymes
involved, including three OMTs, have been characterized and cloned from Coptis
Jjaponica (Figure 7). The three OMTs are the norcoclaurine 6-OMT (D29811) (Sato et
al., 1994), 3'-hydroxy-N-methylcoclaurine 4'-OMT (D29812) (Morishige et al., 2000),
and (S)-scoulerine 9-OMT (D29809) (Takeshita et al., 1995).

Recently, the norcoclaurine 6-OMT (AY26894) and (R,S)-reticuline 7-OMT
(AY26893) of opium poppy, Papaver somniferum, have also been characterized at the
molecular and biochemical level and ¢cDNA clones made available (Ounaroon et al.,
2003). The poppy norcoclaurine 6-OMT, as in the case of the 6-OMT, 4'-OMT, and 9-
OMT of Coptis, exhibits particular substrate preference limited to benzylisoquinoline
alkaloids. In contrast, the (R,S)-reticuline 7-OMT displays a broader substrate
specificity, accepting simple catechols, as well as tetrahydrobenzylisoquinoline alkaloids.
A similar situation is observed with the four multifunctional alkaloid OMTs (AF064693
to AF064696) from Thalictrum tuberosum (Frick and Kutchan, 1999), which methylate
various compounds including catechol, hydroxycinnamic acids, and benzylisoquinoline
alkaloids. Another alkaloid OMT cDNA that has been characterized is the columbamine

OMT (AB073908) from cell cultures of C. japonica
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(Morishige et al., 2002). This heterologously expressed protein catalyzes the conversion
of columbamine to palmatine, thereby elucidating the remaining step in isoquinoline
alkaloid biosynthesis in C. japonica (Figure 7). The OMTs involved in
benzylisoquinoline alkaloids biosynthesis characterized to date all exhibit characteristics

of Group II OMTs.

E.5 Utilization of OMTs in Metabolic Engineering

For much of human history, natural products have long been exploited as
medicines, flavors, fragrances, dyes, and other uses. To date, they represent an enormous
value from an economical standpoint. For the past decades, however, the economic
limitation of chemical synthesis, and the pollution that is associated with it, has prompted
the innovation of alternative modes for production of these organic compounds (Sato et
al,, 2001). The advent of recombinant DNA technology and plant transformation
techniques made it possible to apply genetic engineering to increase plant productivity
and enhance the plants’ resistance against microbes and pests. However, it is important
to keep in mind that blocking or introducing new pathways, and increasing levels df
secondary metabolites, may sometimes drastically alter the physiology of the plants,
resulting in plants that are more susceptible to diseases, pest or accumulation of toxic
materials (Hain and Grimmig, 2000). Therefore, it is crucial to have a comprehensive
understanding of the regulation of a biosynthetic pathway; both at the gene and protein

levels including those involved in the methylation of plant natural products.
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E.5.1 Impact of COMT and CCoAOMT Gene Inhibition on Lignin Biosynthesis

To better comprehend the methylation pathway leading to the production of
monolignols and to assess the feasibility of genetic engineering of COMTs for its effects
on the content and composition of lignin, several attempts aimed at suppressing or
overexpressing COMT genes have been made. Research involving down-regulation
through gene silencing techniques, of COMT in transgenic tobacco, poplar, and alfalfa,
indicates that COMT has a greater impact on S lignin than on G lignin (Atanassova et al.,
1995; Van Doorsselaere et al., 1995; Guo et al., 2001; Pincon et al., 2001a). Recently, it
has also been demonstrated that the loss of S units reflected a true block in S monomer
biosynthesis rather than a structural change in the lignin resulting in lower recovery of S
units. It is also intriguing that the suppression profile of COMT resembles that of the
bm3 mutant of maize (Barriere ef al., 1994). This mutant exhibits low OMT activity and
it confers a lower lignin content, altered composition, and better digestibility, indicating
that the COMT gene serves as a possible target for genetic manipulation.

Since the proposal of the involvement of CCOAOMTSs in monolignol biosynthesis
(see review by Ye et al., 2001 and references therein), various attempts have been made
to assess the impact of CCoAOMT gene down-regulation on the content and composition
of lignin. Taken together, these results suggest that CCoAOMT functions in the
biosynthesis of G lignin (at least in tobacco and alfalfa), but is not essential for the
synthesis of S lignin (Zhong et al., 1998; Guo et al., 2001; Pincon et al., 2001b). It is
also worth noting that although down-regulation of COMT resulted in an almost
complete loss of S lignins, suppression of CCoAOMT did not lead to a similar level of

reduction in G lignins. This suggests that another methyltransferase is also involved in
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the formation of G lignin in both alfalfa and tobacco (Ye et al., 2001; Dixon et al., 2001).
A potential candidate has been proposed to be COMT in view of the ~ 25% reduction in
G lignin that accompanies the larger reduction in S lignin in strongly COMT-suppressed
alfalfa (Dixon ef al., 2001). It is clear that more work is required to clarify the number of
different types of OMTs involved in the biosynthesis of G lignin.

The demonstration of the essential roles of COMT and CCoAOMT in
lignification has not only enriched our knowledge of the lignin biosynthetic pathway but
also implies the potential utility of these two OMTs as targets for genetic engineering of
Vlignin. It is anticipated that CCoAOMT alone, as well as a combination of both
CCoAOMT and COMT, may be ideal targets for modification of lignin content and
composition in trees and crops, in an effort to improve digestibility of forage crops, as
well as simplify the pulping process while reducing ecological damage. For a
comprehensive review of the subject, refer to Whetten et al. (1998), Dixon et al. (2001),

and Ye et al. (2001).

E.5.2 Impact of IOMT Overexpression on Disease Resistance

Recent advances have enabled the elucidation of the complete pathway leading to
isoflavonoid phytoalexin biosynthesis. This has since allowed for attempts to manipulate
the isoflavonoid pathway by genetically modifying the expression of the genes involved.
In particular, He et al. (2000) have demonstrated that over-expression of 7-IOMT in
abiotic- and biotic-elicited alfalfa leaves leads to earlier induction and higher
accumulation of formononetin glucoside and medicarpin, than in control lines.

Therefore, these elicitation studies indicate that genetic manipulation of IOMT, an
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enzyme activity ascribed as an isoflavone 7-O-methyltransferase in vitro, leads to
modulation of 4'-O-methylated isoflavonoids in vivo in transgenic alfalfa (He and Dixon,
2000).

In order to evaluate whether the more rapid accumulation of the phytoalexin
medicarpin leads to resistance to fungus in plants over-expressing 7-IOMT, the fungus
was introduced into wounded leaves of alfalfa in IOMT over-expressing lines.
Measurement of the lesion size post-inoculation illustrated a significant reduction in
lesion size in IOMT over-expressing lines compared to control lines, with an increase in
medicarpin concentration of ~ 370% in the IOMT over-expressing line in comparison to
controls. These results clearly demonstrate the relationship between medicarpin content
and resistance to P. medicaginis (He et al., 2000). The overall result illustrated that over-
expression of IOMT leads to markedly increased induction of most of the enzymes
directly involved in isoflavonoid biosynthesis but does not appear to affect expression of
these enzymes in the absence of the inducing agent.

The results described above clearly demonstrate that the increase in medicarpin
leads to effective resistance of alfalfa to the pathogen P. medicaginis, providing direct
evidence for the involvement of an isoflavonoid compound in disease resistance. The
introduction of foreign phytoalexins into plants has been shown to be a feasible genetic
manipulation technique by which the recipient plants acquire constitutive resistance.
However, such studies do not address the function of the endogenous phytoalexins on the
host plant. In the case of IOMT over-expression in alfalfa, the host’s natural phytoalexin
is overproduced, thereby allowing the evaluation of the potential role of that compound in

disease resistance in the natural host (He et al., 2000). It would also be important to

35



determine the impact of the down-regulation of the IOMT gene on isoflavonoid
biosynthesis and on disease resistance. It could be anticipated that, while the over-
expression of IOMT confers resistance, the down-regulation of IOMT might result in an
increase in susceptibility to pathogen attack.

Furthermore, it is also interesting to study the defence machanism(s) undertaken
by microorganisms to protect against phytoalexins. The metabolic strategies of
phytoalexin detoxification or degradation are mechanisms by which successful
phytopathogens may overcome the resistance response of their host (Dixon, 1999).
Microbes could inactivate phytoalexins by way of utilizing enzyme systems in the
modifications of these compounds. These modification processes include hydroxylation,
demethylation, reduction/oxidation, and hydration, catalyzed by enzymes such as
hydroxylases, demethylases, reductases, and hydratases, respectively (Dixon, 1999).
Understanding the mechanisms by which the phytopathogen responds to phytoalexins is

important for the application of metabolic engineering.

E.6  Phylogenomics

As important as it is to identify or assign putative functions to gene sequences
with little or no experimentally-determined functions, the ability to accurately predict
their substrate specificity is of equal, if not of, greater importance. Understanding gene
functions undoubtedly requires experimental information, but improved prediction
capabilities could facilitate the identification of potential substrates with a certain
measure of accuracy (Schroder er al., 2002). Most of the methods utilized for gene

function prediction rely merely on sequence homology/similarity, as has been done
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traditionally. However, it is important to acknowledge that the identification of sequence
similarity alone does not reliably reflect an identical function for an uncharacterized gene
(Eisen, 1998). It has been shown that genes possessing sequence similarity do in fact
exhibit diverse functions. This is exemplified by the fact that Arabidopsis OMT 1, which
was reported to encode a putative COMT on the basis of its sequence homology/identity
to other homologous genes (Zhang et al., 1997) was later identified as a flavonol 3'-OMT
gene after its expression in a heterologous system and careful study of its substrate
specificity (Muzac ef al., 2000).

A fairly recent approach of comparative biology, taking advantage of an
evolutionary perspective, has shed new light on the fields of genomics and gene function
prediction. This approach, in addition to characterization and quantification of sequence
similarity, seeks to elucidate how and why those similarities and differences came to be.
Essentially, it questions the reliability of the use of similarity alone and asks how
biologically relevant those similarities are, as “similarity itself is not a} reliable indicator
of evolutionary relatedness” (Eisen and Wu, 2002). Since the processes of convergence
and divergence can both lead to sequence homology, in order to infer gene relatedness, it
is important to differentiate between orthology and paralogy in functional prediction
(Eisen, 1998). This distinction is important since paralogous genes have undergone a
duplication event from the ancestral gene, while orthologous genes have not undergone
duplication but are the result of speciation events. Thus, determining whether a putative
gene is paralogous or orthologous to a gene with a known function would help in
assigning a function to the putative gene (Eisen and Wu, 2002). In view of the fact that

orthology can be described using phylogeny, and since the function of a gene influences

37



its rate and pattern of evolution, it is reasonable to hypothesize that the reconstruction of
the evolutionary history of a gene (molecular phylogeny) would improve the accuracy of
gene function prediction known as phylogenomics (Eisen, 1998; Eisen and Wu, 2002).
The reconstruction of an evolutionary history entails building conventional
phylogenetic trees utilizing sequences of the gene of interest, either DNA or protein, such
as a putative OMT clone identified by comparative studies and its respective homologs,
preferably those whose functional characteristics are determined. The resulting
phylogenetic tree is thus a reflection of the pattern of similarity translated into
evolutionary relationships. Such trees can then be employed to predict the substrate
specificity of the putative OMT based on the topology of the tree itself and the
phylogenetic position of the putative OMT with respect to other biochemically-
characterized OMTs. The application of this approach and other comparative studies
have led Schroder et al. (2002) to successfully predict the function and substrate
preference of the gene product of a putative OMT c¢DNA clone from Catharanthus
roseus. The recombinant protein was later heterologously expressed and its activity was
experimentélly confirmed. A similar approach carried out by Eisen et al. (1997) and
Heidelberg et al. (2000) have facilitated the discovery of new genes in their respective
genomic projects involving the uvrA and photolyase gene families, respectively. More
recently, a novel CCoOAOMT from Arabidopsis was also identified based on sequence

analysis and the development of a phylogenetic tree (Ibdah et al., 2003).
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E.7 Study of the Evolution of OMTs

Plant systematists have long recognized and employed the approach of
phylogenetics as a means to assist in the discovery, description, and interpretation of
biological diversity. However, this approach has not been very forthcoming in other
fields of biology, ironically in the fields of molecular biology and genomics. Therefore,
it is interesting to not only discuss the approach of phylogenetics in the prediction of gene
function and corresponding substrate prediction, but also to discuss the means by which
the reconstruction of the evolutionary history of OMTs could be carried out.

According to one hypothesis on enzyme evolution (Crow and Dove, 1989),
methyltransferases may have evolved in such a way that they have selectively “picked
up” pre-existing polypeptide subunits and, over time, through amino acid substitution led
to the acquisition of new functions. These methytransferases have however, due to
functional constraints, retained some conserved motifs required for catalytic activity, and
it is believed that lignin OMTs were the first to have evolved. This is due to the fact that
the primitive form of lignin may have been present in the first vascular land plants (Lewis
et al., 1999; Qiu and Palmer, 1999). These early vascular land plants may have acquired
the ability to synthesize this biopolymer for mechanical support, as well as transport of
water and solutes. These early OMTs, through duplication, evolutionary divergence, and
a process of “fine-tuning” to the preference and regiospecificity of their respective methyl
acceptors, may have given rise to the present variety of OMTs that are involved in the
methylation of various secondary metabolites (Ibrahim and Muzac, 2000).

The study of the evolution of metabolic enzymes has traditionally been based on

the function of the enzyme of interest and the relative position of this enzyme in a
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particular metabolic pathway. In general, it is reasonable to assume that enzymes
upstream of a biosynthetic pathway would be more ancestral to those that are located
downstream in the pathway. It is also interesting to note that upstream enzymes in a
pathway are less subject to acquire mutations as compared to the enzymes that participate
downstream in the pathway, as in the case of the flavonoid biosynthetic pathway
(Rausher et al., 1999). This is believed to be due to the fact that upstream enzymes
participate in reactions that are loéated at branch-points of different metabolic pathways,
resulting in metabolites that are subsequently acted upon by downstream enzymes.
Changes in the functions of these upstream enzymes would, therefore, lead to a cascade
of reactions affecting downstream enzymes.

As more OMT genes are identified and biochemically characterized, and their
sequences made available in public databases, it would be interesting to study the
evolution of these OMTs using molecular sequences (molecular phylogeny) as the
character state instead of an enzyme’s function alone, as has been previously done. In
particular, the examination of the convergent versus divergent evolution of genes and
gene functions of OMTs would no doubt tell us more about how this large gene family
has resulted in the present-day diversity. Knowledge of the phylogenetic relationships of
these OMTs would allow us to infer the rate of evolutionary change and the ages and
diversification patterns of the various lincages.

To facilitate the Study of the phylogenetic relationship between the taxa of a
phylogenetic tree, it is useful to take advantage of a technique known as the reconciled
tree. This involves the super juxtaposition of a gene tree and an organismal tree, an

analytical tool that was originally utilized to account for the incongruence between
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genetic and organismal phylogeny (Goodman et al., 1979). Analysis of the reconciled
tree would reveal information about the duplication events and an approximation as to
where in evolutionary time they occurred, as well as allow processes such as gene losses
or extinctions to be readily inferred. More significantly, this method simplifies the
identification of orthologous from paralogous genes (Page, 2000). Therefore, the
utilization of reconciled trees would provide new insights regarding the phylogenetic
relationship between the taxa, which would not otherwise be possible if either a gene or
organismal phylogeny alone were to be used. Nevertheless, in order to embed a gene tree
into a species tree, there is a "cost" involved in the reconciliation process. This cost may
result in the loss of information, such as the modification of gene duplication or deletion
events, in the construction of the reconciled tree. Therefore, the "fitness" of a reconciled
tree requires the incorporation of an optimality criterion that selects the best species tree
for a particular gene tree; one that would accommodate the gene tree with the least cost
(Page, 2000; Slowinski and Page, 1999). One could consult "The Angiosperm Phylogeny
Group" (classification published in Annals of the Missouri Botanical Garden 85: 531-553

(1998) or http://www.mobot.org/MOBQOT/Research/APweb/welcome.html for more

information as to how to obtain a species tree.

Similarly, phylogenetic analyses can be employed as the basis for classification of
the OMT gene superfamily, since their analysis as such has indicated that plant OMT
genes can be grouped according to a functional trait that reflects the substrate preferences
of their encoded proteins (Joshi and Chiang, 1998; Ibrahim et al., 1998). Ideally, in order
for such an endeavor to take form, more biochemically-characterized OMT sequences

must first be made available, which again implies that novel OMT genes need to be
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discovered. The classification of this OMT gene superfamily would not only facilitate in
their taxonomic categorization, but more importantly will provide insights as to the
selection of OMTs for metabolic engineering of commercially valuable secondary

metabolites.
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F. MATERIALS AND METHODS

F.1  Chemicals and Buffers

S-adenosyl-L-[*H]methionine (80Ci/mmol) was purchased from American
Radiolabelled Chemicals, Inc. (St. Louis, MO). The enzyme substrates used were from
our laboratory collection. [o->*P]dCTP (3000Ci/mmol) and [y-2P]dATP (3000Ci/mmol)
were purchased from Perkin Elmer Life and Analytical Sciences (Boston, MA).

The following buffers were used: A, sonication/lysis buffer, S0 mM NaH,PO,
(pH 7.8), 300 mM NaCl; B, assay buffer I, 50 mM NaH,PO4 (pH 7.8), 300 mM NaCl,
10% glycerol, 14 mM Q-mercaptoethanol, 10 mM EDTA; C, assay buffer II, 50mM
NaH,PO; (pH 7.8), 300 mM NaCl, 10% glycerol, 14 mM [-mercaptoethanol; D,
denaturation solution, 0.5 M NaOH, 1.5M NaCl; E, neutralization solution, 1 M Tris
HCI, 1.5 M NaCl (pH 7.5); F, hybridization buffer (Church and Gilbert, 1984), 0.5M
phosphate buffer (pH 7.2), 7%(w/v) SDS, 10mM EDTA; G, wash buffer I, 5x SSC
(sodium chloride/sodium citrate), 0.1% SDS (sodium dodecyl sulfate); H, wash buffer II,
1x SSC, 0.1% SDS; I, TMAC (tetramethylammonium chloride) hybridization buffer, 3M
TMAC, 0.1M NaPO4 (pH 6.8), ImM EDTA (pH 8.0), 0.6% SDS, 100 ug/ml denatured
Salmon sperm DNA, 5x Denhardt’s solution (100x solution: § g Ficoll 400, 5 g Polyvinyl
pyrrolidone, 5 g BSA); J, TMAC wash buffer, 3M TMAC, 50 mM Tris.Cl (pH 8.0),

0.2% SDS; K, wash buffer III, 2x SSC, 0.1% SDS.
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F.2  Molecular and Biochemical Characterization of Arabidopsis OMTs

F.2.1 DNA Sequencing

Polymerase Chain Reaction (PCR) products were purified using a Qiagen PCR
purification kit, and electrophoresed on 1% agarose gel with ethidium bromide (0.33
pg/mL) at 7 v/cm for 40 min. Amplified fragments were visually quantified employing a
GeneSnap 4.00-Gene Genius Bio Imaging System (Syngene) and the digital image files
were analyzed utilizing Gene Tools software from Syngene. The quantity of DNA was
estimated using a 1kbp DNA Standard Marker (MBI Fermentas). The purified, amplified
DNA was directly sequenced using ABI Big Dye Terminator v. 3.0 and 3.1 Cycle
Sequencing Ready Reaction kit and an ABI310 automated genetic analyzer (Applied

Biosystems, Foster City, CA). Each region was sequenced between two to seven times.

The thermal cycling profile of sequencing reactions were: Denaturation, 96°C, 10 sec;

Annealing, 50°C, 5 sec; Extension, 60°C, 4 min; repeated for 25 cycles. Alternatively,

DNA sequencing was done by the Hospital for the Sick Children (Toronto, ON) using
slab gel method and/or Sheldon Biotechnology Centre (McGill University) using the
dideoxy-mediated chain termination method (Sanger ef al., 1977). Primers employed for
sequencing reactions were either gene-specific or vector-specific primers such as

universal primers M13 Forward and Reverse, T7 and SP6.

F.2.2 Arabidopsis thaliana Full Length cDNA Clones

Two full-length putative OMT cDNA clones of Arabidopsis ecotype Columbia,

GenBank Accession # AF344315 and AF344316, were obtained from The Arabidopsis
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Information Resource (TAIR). The two clones are in pUNI-T3-D/V5-His-TOPO vector

in E. coli strain PIR1 under the acquisition numbers C00113 and C00114, respectively.

F.2.3 Cloning Strategies

(a) Subcloning into prokaryotic expression system
The two putative OMT clones (C00113 and C00114) were sub-cloned into the pTrc-HisB
bacterial expression vector (Invitrogen). Upon verification of the two cDNA clones by

sequencing reaction, the following specific primers were designed for sub-cloning:

AO315F: 5' -GAG CGG GTA CCA TGG GAT ACC TTT TCG- 3'
AO315R1: 5'-GGC GGA GCG AAT TCT CAC ACG TTT TAT TTA CAG AAC-3'
AO316F: 5'-GAG CGG GTA CCA TGG GAT ACC TTT TTC- 3'
AO316R1: 5'-GGC GGA GCT TCG AAT CAC ACA TTT TAT TTA CAG AAT- 3'

These primers individually contain a restriction site at their 5' end; Kpnl site for AO315F

and AO316F, EcoRI site for AO315R1 and AO315R2, and BstBI /Bsp1191for AO315R1.
These primers were used to carry out PCR amplification of the two clones utilizing Pfu
Turbo-high fidelity DNA polymerase (Stratagene) to maximize fidelity.

The optimized PCR conditions for clone C00113 utilizing primers AO315F and

AQ315R1, were carried out for the first round, following a first denaturation step at 94°C
for 5 min, as follows: Denaturation, 94°C, 30 sec, Annealing, 63°C, 30 sec; Extension,

72°C, 1.5 min. This was repeated for a total of 30 cycles, with a final extension time of 5

min. For clone C00114, primers AO316F and AO316R1 were used and the thermal
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cycling optimized conditions were the same as with C00113, expect that the annealing

step was carried out at 65°C for 30 sec.

The ~1.2-kb Kpnl-EcoRI fragment of C00113 and ~1.2-kb Kpnl-BstBl fragment
of C00114, containing the full-length cDNA sequences of both putative OMTs, were
digested accordingly and ligated into the corresponding recognition sites of the digested
pTrc-HisB expression vector. The DNA inserts were positioned downstream and in-
frame with a sequence that encodes a (His)s tag. Both the pTrc-HisB-C00113 and the
pTrc-HisB-C00114 constructs were transformed into E. coli CaCly-competent Top 10
cells (Invitrogen) by heat shock (Sambrook et al., 1989), and selected on ampicillin (100
pg/mL) containing LB-media (Luria-Bertani). The presence of the DNA inserts in their
respective vectors was confirmed by bacterial-colony PCR, and further verification was

performed by DNA sequencing.

(b) Subcloning into eukaryotic expression system

Heterologous protein expression in the Pichia pastoris system (EasySelect pPicZ-His;
Invitrogen) can be either intracellular or secreted. Secretion of the recombinant protein
requires the presence of an in-frame signal peptide. In this instance, the (His)s tag is
fused to the C-terminus end of the recombinant protein. The DNA fragment was
amplified by PCR using gene-specific primers, PicZ315F and PicZ315R, or PicZo315F
and PicZo315R for intracellular and secreted systems, respectively. For the pPicZ
construct, the initiation ATG was part of the yeast consensus sequence
(AATAATGTCT). For the pPicZa construct, the insert was cloned in-frame with the N-

terminal signal sequence and C-terminal tag. The pPicZ-315 and pPicZa-315 constructs
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were transformed into Pichia cells by electroporation according to manufacturer’s
instructions. Putative multi-copy recombinant clones were selected by plating cells on
YPD-media containing increasing concentrations of the antibiotic Zeocin (500, 1000,
2000 pg/mL). Pichia transformants were analyzed according to their Mut (methanol
utilization) phenotype on minimal media following the protocol instructions.
Transformation of the yeast strain (X-33) with linearized constructs favors single
crossover recombination at the AOXI locus; therefore, most of the transformants should
be Mut". However ‘with the presence of the AOX/ sequences in the plasmid, there is a

chance that recombination will also occur in the 3' 40X region, disrupting the wild-type

AOXI gene and creating Mut® transformants. Hence, loss of the 40XI gene alters the
ability of the cell to metabolize methanol. Testing cell growth on minimal media
containing dextrose or methanol will allow the confirmation of the Mut™ phenotype,
where there is little growth with dextrose but normal growth on methanol-containing

media. Yeast colony-PCR was also used to verify the presence of the insert utilizing

AOXI specific primers; 5' AOX1 site: 5'-GAC TGG TCC CAA TTG ACA AGC-3'and

3' AOX site: 5'-GCA AAT GGC ATT CTG ACA TCC-3'. Further verification of the
insert was done by sequencing reaction.
Gene specific primers designed for the sub-cloning of C00113 are as follows:

PicZ315F: 5'-GCG GAA TTC GCA ATA ATG TCT ATG GGA TAC CTT TTC GA-3'
PicZ315R: 5'-GGA GGG TAC CTT TAC AGA ACT CAA TAA TCC AG-3'
PicZa315F: 5'-GCG GAA TTC ATG GGA TAC CTT TTC GA-3'

PicZa315R: 5'-GAG GCG GCC GCT TTA CAG AAC TCA ATA ATC CAG-3'
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These primers individually contain a restriction site at their 5' end, EcoRI site for

PicZ315F and PicZo315F, Kpnl and Notl site for PicZ315R and PicZo315R,
respectively. Pfu Turbo-high fidelity DNA polymerase (Stratagene) was used to carry

out the PCR amplification of the C00113 clone. PicZ315F and PicZ315R or PicZo315F
and PicZa315R were used to prime the 5' direction and 3' direction, respectively. The
optimal PCR condition carried out for the first round, following a first denaturation step
at 94°C for 5 min, was as follows: Denaturation, 94°C, 5 min; Annealing, 62.7°C, 30 sec;
Extension, 72°C, 1.5 min; repeated for a total of 30 cycles, with a final extension time of
5 min. The thermal cycling conditions optimized for PicZo315F and PicZo315R were
‘the éame, except that the annealing step was at 65.1°C for 30 sec. The PCR products were

transferred into multiple cloning sites of pPicZ and pPicZa plasmids, and transformed
into E. coli XL1-Blue strains by heat-shock in order to isolate sufficient amount of

plasmid for transformation into yeast.

F.2.4 Heterologous Expression of Recombinant Proteins

(a) Recombinant expression in E. coli

In order to characterize the expressed protein, a one-mL aliquot of an overnight culture of
E. coli Top 10 cells carrying the expression plasmid was used to inoculate 50 mL of fresh
LB medium containing 100 pug/mL ampicillin. The culture was incubated at 37°C until
an ODggo of ~ 0.7 to 0.9 was attained, followed by the addition of isopropyl-B3-D-
thiogalactopyranoside (IPTG) to a final concentration of 2 mM, after which the culture

was allowed to grow for an additional 4 h. The bacterial extracts were prepared
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according to the manufacturer’s protocol for purification of recombinant (His)¢-tagged

proteins on Ni-nitrilo triacetic resin (Ni-NTA, Qiagen). Briefly, the bacterial cells were
pelleted and stored at -80°C overnight, they were then resuspended in buffer A, pelleted

again, then treated with lysozyme to a final concentration of 1 mg/ml for 30 min on ice.

The cells were then subjected to sonication on ice, and the lysate cleared by
centrifugation at 10,000 g for 20 min at 4°C. The soluble fraction was either used as the

crude enzyme preparation for initial characterization of substrate preference, or purified
on Ni-NTA resin for subsequent SDS-PAGE analysis of the recombinant protein and

further enzyme assays. Alternatively, induction of protein expression (2 mM IPTG final
concentration) was carried out at either room temperature or 30°C for 16 hours, in order

to ensure that the protein did not form inclusion bodies or accumulate in the insoluble

fraction of the cell lysate.

(b) Recombinant expression in P. pastoris

Recombinant protein expression in P. pastoris is dependant on the AOX! gene promoter,
with methanol as the inducer. In the absence of glucose, which acfs as a repressor,
recombinant protein production was induced by the addition of 0.5% methanol every 24
hours over a period of 3 to 4 days, for both intracellular and secretory systems. A
buffered culture medium, containing 100 mM potassium- phosphate, pH 8.0, was used for
cell growth and protein induction in order to limit enzyme inactivation and prevent
protein degradation. In the case of intracellular recombinant protein production, cells
were lysed using glass beads, and their extracts were prepared according to

manufacturer’s instructions. Secreted proteins were concentrated by ammonium sulfate
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precipitation, and the protein that precipitated between 35 to 70% salt saturation was
pelleted and used for activity determination and subsequent purification. Cleared extracts

were also subjected to purification on Ni-NTA resin.

F.2.5 Partial or Affinity Purification of Fusion Proteins

Crude protein lysate, if not used directly for enzyme assays, was subjected to
partial purification with ammonium sulfate precipitation in order to concentrate the
protein for subsequent enzyme assays. Upon precipitation, the appropriate cut-off of the
precipitated fraction was transferred to PD-10 desalting columns (Sephadex G-25;
Amersham) for the removal of salts for enzyme assays. The desalted-protein fraction can
be further purified by affinity chromatography utilizing Ni-NTA resin according to
manufacturer’s specifications. Briefly, the lysate was incubated with the resin that was

previously equilibrated with buffer A for 2 to 16 h at 4°C and the mixture was loaded

onto a column. After flow-through, the column was thoroughly washed with buffer A,
followed by a second wash with the same buffer containing 25 mM imidazole. The
recombinant protein was eluted with 250 mM imidazole in buffer A and, at this point, can
be either used for SDS-PAGE, or concentrated on a Centricon (YM 10 membrane;
Amicon), and buffer exchanged against buffer B for immediate use in enzyme assays.
Alternatively, the affinity-purified protein fraction was immediately subjected to a buffer

exchange against buffer B on a PD-10 column for use in enzyme assays.
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F.2.6 O-Methvltransferase Assays

Enzyme activity was assayed with buffer B using 50 to 500 uM substrates
(dissolved in DMSO), 25 nCi [*’H] AdoMet (55mCi/mmol) as the co-substrate, and 10 to
100 ug protein in a total volume of 100 uL. MgCl, at a final concentration of 1.0 mM
was added to certain enzyme assays to account for any Group I OMT activity that might
require divalent cations. The reaction was started by the addition of protein, incubated

for 30 min at 30°C, and terminated by the addition of 10 uL of 6N HCL. The reaction

products were extracted with 500 uL of a benzene-ethyl acetate mixture (1:1, v/v) or 500
pL of a diethyl ether-ethyl acetate mixture (1:1, v/v) or 100 uL of hexane depending on
the nature of substrates used. An aliquot of the organic phase, containing the labeled
reaction product, was mixed with a toluene-based scintillation fluid and counted for

radioactivity in a Wallac LKB 1217 Rackbeta or a Winspectra 1414 Liquid Scintillation

counter.

F.2.7 Polyacrylamide Gel Electrophoresis and Western Blot Analysis

SDS-PAGE was performed on 12.5% acrylamide gels according to (Laemmli,
1970) using molecular weight markers (Bio-Rad) ranging from 14.4 to 97.4 kDa for
calibration. After electrophoresis, proteins were stained with Coomassie Brilliant Blue
(R-250). For Western analysis, the proteins were submitted to a semi-dry electrophoretic
transfer onto nitrocellulose membranes. Upon blocking the membrane with non-fat dry
3% milk, the blots were probed with IgG-purified Arabidopsis anti-3'-OMT (1:500
dilution) as primary antibody (Muzac et al., 2000) and alkaline phosphatase-conjugated

goat-anti-rabbit IgG’s (1:5000; Bio-Rad) as secondary antibody. Alkaline phosphatase
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activity was revealed in the dark using nitroblue tetrazolium and 5-bromo-4-chloro-3-
indolyl phosphate (Bio-Rad) as substrates. Alternatively, blots were probed with anti-His
(1:5000; Amersham) and HRP (Horseradish peroxidase)-linked goat-anti-mouse IgG’s
(1:3000; Amersham), or IRDye800-conjugated goat-anti-mouse IgGs (1:5000; Rockland
Immunochemicals). Peroxidase activity was visualized in a chemiluminescent reaction
detected by exposure to light-sensitive autoradiography film. In the case of the
IRDye800 system, detection was carried out using IRDye technology and the Odyssey
workstation provided by Li-Cor Inc. All detection procedures were performed according

to manufacturer’s instructions.

F.2.8 Protein Determination

Protein concentration was determined employing the Bio-Rad protein assay based
on the method of (Bradford, 1976) according to manufacturer’s protocols, with bovine

serum albumin as the standard protein.

F.3  c¢cDNA Library Screening of Serratula tinctoria

F.3.1 Library Construction

A bacterial ¢cDNA library derived from the roots of Serratula tinctoria was
prepared by Dr. Jean Danyluk (Université du Québec a Montréal; UQAM). Briefly, two
month-old roots of Serratula were extracted for the isolation of mRNA using RNAwiz
according to manufacturer’s instructions (Ambion) and mRNA was isolated from total
RNA using oligo-dt column (Ammersham). For cDNA synthesis, the superscript plasmid

system with Gateway technology and cloning kit (Invitrogen) was used, except that the
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precipitation steps without yeast carrier tRNA were replaced by the Qiaquick PCR
purification procedure (Qiagen). cDNAs were directionally cloned into the pCMT-
Sport6 vector with the Sal/ I adaptor on the 5’ end and the Not I adaptor on the 3’ end. Six

million primary transformants were amplified and frozen as glycerol stocks.

F.3.3 Primers

Internal peptide information was obtained from partially-purified querqetin 3-
OMT of S. tinctoria by LC-MS/MS analyses (Huang et al. 2004). Oligonucleotide
primers for PCR-based or hybridization screening were designed based on the amino acid
sequences of five out of the six tryptic peptides obtained from the partially-purified
native protein. Degenerate primers were used in order to account for codon degeneracy
and, in each case, primers were designed utilizing minimal degeneracy in the genetic

code. Listed below are the primers used for this experiment:

DegPeplF: 5'-AC(C/T)AC(C/T)ATGATGCA(C/T)AG(A/G)CTTAA(A/G)-3'

. DegPep4F:5'-GG(A/T)AGTAG(C/T)GACCATAG(C/T)AC(C/T)ATGAG(C/T)ATGA
A(A/G)AAA-3'

DegPep5F: 5'-GG(A/T)GTTATTAT(C/T)CT(C/T)GCTGCACT(G/T)CCTAA(A/G)-3'
PEP1F: 5'-AC(A/C/G/T)AC(A/C/G/T)ATGATGCA(C/T)(C/A)G-3'

PEP3.1F: 5-ATGGA(A/G)TC(A/C/G/T)TGGTA(C/T)CA(C/T)-3'

PEP3.2F: 5'-ATGGA(A/G)AG(C/T)TGGTA(C/T)CA(C/T)-3'

PEP4A.1F: 5'-GG(A/C/G/T)ATGTC(A/C/G/T)GA(C/T)CA(C/T)-3'

PEP4A.2F: 5'-GG(A/C/G/T)ATGAG(C/T)GA(C/T)CA(C/T)-3"
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PEP4B.1F: 5'-AC(A/C/G/T)ATGTC(A/C/G/T)ATGAA(A/G)AA(A/G)-3'
PEP4B.2F: 5'-AC(A/C/G/T)ATGAG(C/T)ATGAA(A/G)AA(A/G)-3'
PEP5.1F: 5'-GA(C/T)AT(T/C/A)AT(T/C/A)TT(A/G)GC(A/C/G/T)GC-3'
PEPS.1R: 5'-GC(A/C/G/T)GC(C/T)AA(A/G/T)AT(A/G/T)AT(A/G)TC-3'
PEP5.2F: 5'-GA(C/T)AT(T/C/A)AT(T/C/A)CT(A/C/G/T)GC(A/C/G/T)GC-3'
PEP5.2R: 5'-GC(A/C/G/T)GC(A/C/G/T)AG(A/G/T)AT(A/G/T)AT(A/G)TC-3'
PEPG6.1F: 5'-GC(A/C/G/T)TT(A/G)AT(T/C/A)CA(C/T)AA(A/G)-3'
PEP6.1R: 5'~(C/T)TT(A/G)TG(A/G/T)AT(C/T)AA(A/C/G/T)GC-3'

PEP6.2F: 5'-GC(A/C/G/T)CT(A/C/G/T)AT(T/C/A)CA(CIT)AA(A/G)-3'
PEP6.2R: 5'—(C/T)TT(A/G)TG(A/G/T)AT(A/C/G/T)AG(A/C/G/T)GC-3'
Sport6F1: 5'~ACACCACAGAAGTAAGG-3'

Sport6F2: 5'-AAGCTAGCAGTTTTCC-3'

F.3.4 Screening of the cDNA Library

(a) PCR-based screening

An aliquot of plasmid DNA (ca.10 ng) from the cDNA library was used as a template in
PCR reactions with different combinations of primers. Due to the complex combinations
of primers used (Figure 15), not all combinations are listed. Examples of primer
combinations include gene specific forward primer (PEP1F) and vector specific reverse
primer (Sport6F2); or gene specific primers alone (forward primer PEPIF and reverse

primer PEP6.1R). PCR amplification was carried out using “hot-start” Platinum Taq
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DNA Polymerase (Invitrogen) which reduces amplification at ambient temperature,
thereby increasing the sensitivity, specificity, and yield of the PCR reaction. The absence
of endonuclease and exonuclease activity of this polymerase also helps to prevent proof-
reading activity, which is not desired when using degenerate primers. Thermal cycling

programs were as follows: Activation, 94°C for 2 min (for activation of the polymerase);
Denaturation, 95°C for 20 sec; Annealing, 55°C for 30 sec; Extension, 72°C for 1 min;

repeated for 10 ~ 12 cycles (depending on the situation) with annealing temperatures that

progressively decreased by 1°C each cycle. This touch-down step is followed by another
40 cycles of amplification with a 20-sec denaturation at 95°C, 30-sec annealing at 38 ~
48°C (depending on the Tm of the reaction primers), 1 min extension at 72°C, and a final

extension of 5 min at 72°C.  Amplified DNA fragments were diluted and employed as

templates for a second round of PCR amplifications with another series of different
primer sets, or nested primers, when possible.

Following electrophoresis, PCR fragments from the second round of amplification
were verified by Southern analyses, with [o->>P]dCTP-labelled Arabidopsis 3'-OMT full-
length cDNA as a heterologous probe for hybridization. Selected PCR products, with the
expected fragment sizes, were then subjected to blunt end treatment with Pfx-DNA
Polymerase prior to cloning into the pCR4Blunt-TOPO vector using the Zero Blunt
TOPO PCR Cloning Kit (Invitrogen). Ligated constructs were then transformed into E.
coli strain Topl0 by heat shock. Plasmids were then extracted for verification of the
presence of inserts, either by restriction analysis or colony-PCR. Putatively positive

clones were subsequently sequenced for further characterization. Alternatively, PCR
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fragments were ligated to the pGEM-T vector using the pGEM-T cloning kit (Promega)

and transformed into E. coli strain XL 1-Blue by heat shock.

(b) Hybridization screening/Colony lift screening

The bacterial cDNA library was screened using i) Arabidopsis 3'-OMT full-length cDNA
probe according to (Sambrook et al., 1989) or ii) degenerate oligonucleotide probes
(DegPeplF, DegPep4F, and DegPepSF) according to (Duby et al., 2000). Approximately
50,000 cells were plated in duplicates of twelve LB-plates and subsequently transferred
to 0.45 micron 137 mm nylon membranes (Osmonics Inc.) for hybridization to radio-
labelled probes. Following transfer, cells were subjected to lysis with 10% SDS for 3
min, denaturation with buffer D for 7 min, neutralization with buffer E for 7 min, soaked
with 2X SSC for 7 min and then dried for 30 min, before DNA was fixed to membranes
by UV crosslinking using a Stratalinker at 120,000 pJ/cm’. Screening with single
oligonucleotide probes, as in the case of the Arabidopsis 3'-OMT full-length cDNA,
involves random priming of the DNA fragment with -[a—32P]dCTP using Klenow as part
of the Multiprime DNA labelling system (Amersham). Wet membranes were first pre-
hybridized for 3 hours with buffer F at 65°C, then hybridized overnight with the
radiolabeled probe at the same temperature. Subsequently, membranes were washed with

buffer G for 20 min at 42°C and an additional 15 min for the temperature to increase
from 42°C to 65°, follow by two more rinses with buffer H at 65°C for 20 min prior to

detection. Positive clones were subsequently isolated, replated at a lower density onto

smaller dishes and the process was repeated. At this point, putative positives were
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isolated and analyzed by restriction digest and subjected to Southern analysis prior to
sequencing for final identification.

Library screening utilizing degenerate primers as probes involves labeling of
oligonucleotides with [y->*P]dATP using T4 Polynucleotide kinase (Invitrogen). Since
these probes consist of multiple oligonucleotides that are shorter in length, the conditions
for optimal hybridization differ from those with longer, homogeneous probes. In TMAC
(tetramethylammonium chloride), the melting temperature of an oligonucleotide is a
function of length independent of base composition. Therefore, erroneous hybridization
due to high G-C content of some of the oligonucleotides can be reduced (Duby et al.,

2000). The membranes with fixed DNA were pre-hybridized with buffer I at ca. 57 to
62°C (a temperature 7 to 10°C lower than the Tm of the reaction primers) for 2 to 3 h.
Upon addition of [1-*2P]dATP-DegPeplF probes, membranes were hybridized at 57 to
62°C for 40 to 60 h. After hybridization, membranes were washed with buffer J, two
washes at room temperature (the first wash for S min and the latter for 15 min), followed
by a third wash at 60°C for 1 h. Final rinses, 3 times, 10 min each, were carried out at

room témperature with buffer K prior to detection. Radio-labeled probes were then
stripped off the membranes for subsequent hybridization with [1-°°P]dATP-DegPep4F
and [y 2P]dATP-DegPepSF. Positive clones were purified, as described previously, by
one more round of screening and followed by Southern analysis before sequencing for

further verification.
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F.3.5 Southern Blot Analysis

Standard Southern analysis was carried out according to Sambrook et al. (1989).
PCR products or digested plasmid DNA were subjected to electrophoresis on 0.8% 1X
TAE agarose gel with ethidium bromide (0.33 pg/mL) at 7 v/cm for 40 min. After
successive treatments with 0.25M HCI (acidification), twice 10 min each; buffer D
(denaturation), twice 15 min each; and buffer E (neutralization), twice 20 min each, the
DNA was transferred by capillary action overnight to a charged-nylon membrane
(Hybond-N", Amersham) using 20X SSC solution. Following transfer, the membrane

was either baked at 80°C for 2 h or subjected to UV-crosslinking. The membrane was

then ready for hybridization with radiolabeled probes as previously described (random or
terminal labelling), and membranes were exposed to Kodak X-Ray film (BioMax Ms

Film) or Phosphor-Imager technology (Bio-Rad).

F.4  Phylogenomic Analysis of OMTs

Three major methods, namely maximum parsimony, distance and maximum
likelihood, are frequently employed for the reconstruction of phylogenetic trees. These
methods each differ from one another in their assumptions and algorithms of character
state optimization (Page and Holmes, 1998). The maximum likelihood method requires
~extensive computing power for analysis of large number of amino acid sequences, and

therefore, only the former two methods were carried out.
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F.4.1 Multiple Sequence Alignment

Genes that are selected for the study include only OMTs that have been
biochemically characterized. Sixty such OMTs from diverse plant species were selected
by  surveying  publications on  search  engines such as  PubMed

(http://www.ncbi.nlm.nih.gov), and by browsing the sequence databases such as EMBL,

GenBank, and SwissProt. The amino acid sequences of these OMTs were aligned using
multiple sequence alignment programs, CLUSTAL-W (Thompson et al., 1994) at

http://www.ebi.ac.uk/clustalw, using the PHYLIP output format. Upon completion of

sequence alignment, the data were saved as TEXT-FILE ONLY format prior to transfer
into a data exploration program, MacClade 4.03 (Maddison and Maddison, 2001), and
into a phylogenetic tree-building and analysis program, PAUP 4.0, beta 8 (Swofford,
2001). All the alignments were visually inspected and manually edited, as needed, in

MacClade 4.03 before tree reconstruction.

F.4.2 Phylogenetic Analysis and Statistics

A) Parsimony Analysis

Maximum parsimonious (MP) phylogenetic trees were constructed using a heuristic
search with equal character weights, gaps treated as missing, multi-state taxa interpreted
as uncertainty, starting tree was obtained via stepwise addition, and random addition of
sequences with 1000 replicates for the data set. Tree bisection-reconnection (TBR) was
used as the branch swapping algorithm. Strict and 50% majority rule consensus trees

were obtained. The phylogenetic trees were rooted using non-plant OMT sequences as
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out-groups. Bootstrap analysis with a fast heuristic search based on 1000 replicates was
performed to assess the robustness of the tree branches.

The character consistency index (CI) is equal to m;/s; (Maddison and Maddison,
2001 and references therein) where m; is the minimum conceivable number of steps for
character i on any tree (always equal to 1 for the binary data), and s; is the number of
reconstructed steps for character i on this tree. The consistency index for all characters
on a tree is the minimum pdssible tree length divided by the observed tree length, with
decreasing values indicating increasing homoplasy. The retention index (RI) for all
characters in a tree is calculated as the (maximum possible tree length minus actual tree
length) divided by (maximum possible tree length minus minimum possible tree length).
Since invariant characters are not included in the RI, if the characters in the data matrix
are parsimony-informative and are completely congruent with each other as well as with
the tree, then the RI will have a value of 1. However, if the data are maximally
homoplastic on the tree, the RI will have a value of 0 (Maddison and Maddison, 2001 and
references therein). The rescaled consistency index (RC) for all characters on a tree is the
CI multiplied by the RI. Invariant characters are not included in the RC. As with the RI,
the RC ranges from 0 to 1, with higher RC values indicating that characters in the data set
are more congruent with each other and with the tree (Maddison and Maddison, 2001 and
references therein). The CI, RI and RC’s values were calculated with one of the options

implemented in PAUP 4.0, beta 8.
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b) Distance Analysis

The optimality criterion employed for the distance method was Neighbor-Joining (Saitou
and Nei, 1987). The aligned amino acid sequences were analyzed using default options
of the program and all characters were weighted equally, gaps treated as missing
characters, multi-state taxa interpreted as uncertain, and the distance measure was set to
be equal to mean character difference. The robustness of the tree branches was tested

utilizing bootstrap analysis with neighbor-joining search algorithm of 1000 replicates.
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G. RESULTS

G.1  Molecular and Biochemical Characterization of Arabidopsis OMT Clones

G.1.1 Arabidopsis thaliana cDNA Full Length Clones

The two putative OMT cDNA sequences (GenBank Accession # AF344315 and
AF344316) employed in this study were first identified by BLAST search. This involved
querying the TAIR database (The Arabidopsis Information Resources;

http://www.arabidopsis.org) with the amino acid sequence of the flavonol 375'-O-

methyltransferase (Gauthier et al., 1996) to retrieve putative OMT sequences from the
Arabidopsis database. The BLAST results showed numerous ESTs (Expressed Sequence
Tags) annotated as potential OMTs based on sequence homology. AF344315 and
AF344316 were subsequently chosen based on the fact that they exhibit the highest score;
a calculation of the sequence similarity of these two putative OMTs relative to the
functionally characterized flavonol 375'-O-methyltransferase of C. americanum
(GenBank Accession # U16794).

Both AF344315 and AF344316 sequences contain an open reading frame of 1131
bp that would encode a 373 amino acid protein with a deduced molecular mass of ~ 41
kDa. The two sequences share a 92% similarity, at both the nucleotide and amino acid
levels, and 91% identity at the amino acid level. The putative molecular weights
obtained are representative of Class II OMTs that do not require Mg?* for enzyme
activity and, as shown in Figure 8, both AF344315 and AF344316 possess the five
characteristic motifs (Ibrahim et al. 1998) that have been associated with plant OMTs,

albeit with slight modifications. AF344316 differs from AF344315 by Glu-6 to
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CLUSTAL W (1.82) multiple sequence alignment

AF344315 MGYLFEETLSSNPKTPIVVDDDNELGLMAVRLANAAAFPMVLKASLELGVFDTLYAEASR 60
AF344316 MGYLFQETLSSNPKTPIVVDDDNELGLMAVRLANAAAFPMVLKAALELGVFDTLYAAASR 60

khkkhk . hhhkdhhkhhkhhkhhhhhkhhdhhkhkhhhkhhdhhkhkkhhhhhhh  hhhkkhhhkhhhkk *%k%k

AF344315 TDSFLSPSEIASKLPTTPRNPGAPVLLDRMLRLLASYSMVKCEKVSVGKGERVYRAEPIC 120
AF344316 TDSFLSPYETASKLPTTPRNPEAPVLLDRMLRLLASYSMVKCGKALSGKGERVYRAEPIC 120

khkkhkkkdh hhhhkkhkhkhkhdhdhk hhhkhhhhhkkhkhhdkhkkhkhhkkk % khkkdkkkhkhkhkkkkhkkk

AF344315 RFFLKNNIQDIGSLASQVIVNFDSVFLNTWAQLKDVVLEGGDAFGRAHGGMKLFDYMGTD 180
AF344316 RFFLKDNIQDIGSLASQVIVNFDSVFLNTWAQLKDVVLEGGDAFGRAHGGMKLFDYMGTD 180

khkkk . hhkhkhhhkhkhhhhdhdhhhhhkhhhhhhhkhhhhhkrhhkhhhhhkhhhrkdhhkhhhrhxx

Motif | Motif Il
AF344315 ERFSKLFNQTGFTTAVVKKALEVYQGFKGVNVLVDVGGGVGNTLGVVTSKYPNIKGINFD 240
AF344316 ERFSKLFNQTGFTIAVVKKALEVYEGFKGVKVLVDVGGGVGNTLGVVTSKYPNIKGINFD 240

LR EEEEEEELEESE RS SRS LR LR NREEEEEEEEEEREEEEEEEEEEEEEEEEES]

Motif Il Motif IV
AF344315 LTCALAQAPSYPGVEHVAGDMFVDVPTGDAMILKRILHDWTDEDCVKILKNCWKSLPENG 300
AF344316 LTCALAQAPSYPGVEHVAGDMFVDVPTGDAMILKRILHDWTDEDCVKILKNCWKSLPENG 300

khkhkhkhkhkhkhkhhkhkkkkkhkhkhkkhkkhkhhkkkhkkkhkkkkhhhhkhhkhhkkkhkhhkkkkkhkhhhkhkhhhkhx

Motif V
AF344315 KVVVIELVTPDEAENGDINANIAFDMDMLMFTQCSGGKERSRAEFEALAAASCFTHCKEV 360
AF344316 KVVVIELVTPDEAENGDINANIAFDMDMLMFTQCSGGKERSRAEFEALAAASGFTHCKFV 360

khkhkkhhkhkkkhkhhkhkhhhkhhhhhhhkhhhhkkhkkhkhkhkhhhhhhkhhhhhkhkhhhkhkhkhrdk *hkhhkkik

AF344315 CQAYHCWIIEFCK 373
AF344316 CQAYHCWIIEFCK 373

kkkkkhkkkkhkkkk

Figure 8: The amino acid sequences of Arabidopsis AF344315 and AF344316. The five
signature motifs of OMTs are underlined in bold. *+ Represents strictly conserved regions.
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Gln, Ser-45 to Ala, Glu-57 to Ala, Ser-68 to Tyr, Gly-82 to Glu, Glu-103 to Gly, Val-105
to Ala, Ser-106 to Leu, Val-107 to Ser, Asn-126 to Asp, Gln 205 to Glu, Asn-211 to Lys,
" Cys-353 to Gly.

BLAST searches of GenBank, EMBL and Swiss-Prot show that AF344315 and
AF344316 are similar to other OMTs exhibiting amino acids sequence similarity and
identity greater than 60% and 40%, respectively (Table 1), to other biochemically
characterized OMTs (Figure 9). These OMTs include the flavonol 3-OMT of
Arabidopsis (U70424; Muzac et al., 2000), an OMT utilizing hydroxycinnamic acids and
flavonoids of Periwinkle (AY028439; Schroder et al., 2002), the multifunctional OMTs
from Thalictrum tuberosum (AF064693 to AF064696; Frick and Kutchan, 1999) and, in
particular, the phloroglucinol OMT of Rosa chinensis (AB121046; Wu ef al., 2004). The
BLAST analysis suggests that the gene products of AF344315 and AF344316 could
potentially utilize a variety of substrates, ranging from small dihydroxyphenols to
flavonoids, where biochemical characterization may ultimately confirm their substrate

preferences.

G.1.2 Expression of Recombinant C00113 and C00114 in E. coli

To further characterize the gene products of clone C00113 (Accession
#AF344315) and clone C00114 (AF344316), they were subcloned into the E. coli
expression vector pTrc-His. These constructs allow for the expression of fusion proteins
with N-terminally located (His)s-tags under the control of the frc (¢rp-lac) promoter.
Upon induction with 2 mM IPTG for 4 h, the solubility of the fusion proteins was

assessed and enzyme assays were carried out. The level of fusion protein expression was
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Table 1: The overall relationship (% similarity and identity) of the two putative
Arabidopsis ¢cDNA clones (AF344315 and AF344316) with other biochemically
characterized OMTSs from various plant species. ’

AB121046° u70424° AY028439° AF064695°

Similarity Identity  Similarity Identity Similarity Identity Similarity Identity

AF344315  69% 50%  67% 48%  67% 47%  69% 46%

AF344316 63% 46%  63% 45%  63% 44%  63% 43%

? Phloroglucinol OMT of Rosa chinensis
® Flavonol 3'-OMT of Arabidopsis
® An OMT utilizing hydroxycinnamic acids and flavonoids of Periwinkle

¢ A multifunctional OMT from Thalictrum tuberosum utilizing substrates from both phenylpropanoids
and alkaloids
(Refer also to Figure 9)
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CLUSTAL W (1.82) multiple sequence alignment

U70424 MGSTAETQLT--=---- PVQVIDDEAALFAMOLASASVLPMALKSALELDLLEIMAKNG-~- 52
AY028439 MGSANPDNKN- - - - - - SMTKEEEEACLSAMRLASASVLPMVLKSAIELDLLELIKKSGP- 53
AF064694 MGST-QKNHN=- ~ - - ~ - LTPEEEEEACLHAMQLASASVLPMVLKAAIELSVLEIIAKAGQ- 52
AB121046 MRSTSPQTIDSTPMSHPQOEEEEELGKQATRLANVVILPMVLKSALELNVIDI IWGAGD- 59
AF344315 MGYLFEETLSSNPKTPIVVDDDNELGLMAVRLANAAAFPMVLKASLELGVFDTLYAEASR 60
AF344316 MGYLFOETLSSNPKTPIVVDDDNELGLMAVRLANAAAFPMVLKAALELGVFDTLYARASR 60
Foe e ek . KR Aok e e e bk -
U70424 - -SPMSPTETASKLPTK- -NPEAPVMLDRILRLLTSYSVLTCSNRKLSGDGVERIYGLGP 108
AY028439 -GAYVSPSELAAQLPTQ- -NPDAPVMIDRILRLLASY SVLNCTLKDLPDGGIERLYSLAP 110
AF064694 -GAYVAPTEIASQLSTS - -NSQAPT ILDRILRLLASYKVLTCNLRTLEDGGVERLYGLAP 109
AB121046 —GESLSPSDIAAQLPTK——NSNAPAVLDRMLRLLASHSILKCSARTGSDGQVERLYSAGP 116
AF344315 DSFLSPSEIASKLPTTPRNPGAPVLLDRMLRLLAS Y SMVKCEKVSVGKG- -ERVYRAEP 118
AF344316 TD%FL&PYEIA%KLPTTPRNPEAPVLLDRMLRLLA JYSMVKCGKALSGKG- ~ERVYRAEP 118
.:A ::‘r\::'&"»‘( *k‘ RS )«')J(:*}?&‘:):/::' «“k:i £
U70424 VCKYLTKNEDG- - VS IAALCLMNODKVLMESWYHLKDATLDGGT PENKAYG-MSAFEYHG 165
AY028439 VCKFLTKNEDG- - VSMAALLLMNQDKVLMESWYHLKDAVLEGGT PENKAYG-MTAFEYHG 167
AF064694 VCKFLVKNEDG - - VS TAPLVLMNODKVLMESWYHLKDAVLDGGT PENKAYG-MTAFEYHG 166
AB121046 ICKFLVKDONGGTRSVCPLFLLHHDKVFMEGWFHLNDAILEGGI PENRAYG-MTAFEYPE 175
AF344315 ICRFFLKNNIQDIGSLASQVIVNFDSVFLNTWAQLKDVVLEGGDAFGRAHGGMKLFDYMG 178
AF344316 TCRFFLKDNIQDIGSLASQVIVNFDSVFLNTWAQLKDVVI EGGDAFGRAHGGMKLFDYMG 178
e K e e K e - E Y ... * P i o ke b o Aoe kR > .k e A . X e
U70424 TDPRFNKVFNNGMSNHST I TMKK ILETYKGFEGLTSLVDVGGGIGATLKMIVSKYPNLKG 225
AY028439 KDPRFNKVFNQGMSNHSTT IMKKILEI YQGFQGLKTVVDVGGGTCGATLNMIVSKYPSIKG 227
AF064694 TDPRFNKVFNRGMADHSTTTMKKLLELYKGFECGLKSVVDVGGGTGATINMIVIKHPTIKG 226
AB121046 TDERFNRVFNOAMSNHTTLILKKILDVYRGFEGINVLVDVGGGIGVTLNLITNKYPHIKG 235
AF344315 TDERFSKLFNQ- - TGFTTAVVKKALEVYQGFKGVNVLVDVGGGVGNTLGVVTSKYPNIKG 236
AF344316 TDERFSKLFNQ- - TGFTIAVVKKALEVYEGFKGVKVLVDVGGGVGNTLGYVTSKYPNIKG 236
ES Ak . ok ok . * ok Ko & KoK e K e o kR ke e b S &4 LY Foe Aot
U70424 INFNLPHVIEDAPSHPGIEHVGGDMEFVSVPKGDAT FMKWI CHDWSDEHCVKFLKNCYESL 285
AY028439 INFDLPHVIEDAPSYPGVDHVGGDMFVSVPKGDAT FMKWI CHDWSDAHCLKFLKNCHEAL 287
AF064694 INFDLPHVIDDAPAY PGVEHIGGDMFVSVPKGDAT FMKWI LHDWSDEHSVKFLKNCYEST 286
AB121046 TNFDT,PHVLADAPS YPGVEHVGEDMFKSVPQGDAT FMKWILHDWSDEHCLTLLKNCCKSL 295
AF344315 INFDLTCALAQAPSYPGVEHVAGDMFVDVPTGDAMTLKRILHDWTDEDCVKILKNCWKSL 296
AF344316 INFDLFCALAQAP3YPGVEHVACDMFVDVPTGDAMILKRILHDWIDEDLVKILKN(WK%L 296
Aoobod o ok . P e ] B . ke ok e e e W R ok IR .
U70424 PEDGKVILAECILPETPDS - SLSTKQVVHVDCTMLAHNPGGKER TEKEFEALAKASGFKG 344
AY(028439 PENGKVILAECLLPEAPDS - TLSTQNTVHVDVIMLAHNPGGKERTEKEFEALAKGAGFRG 346
AF064694 PADGKVITVESTLPVYPET-NLASNACFQLDNIMLAHNPGGKERTEKDFEALSAKAGFTG 345
AB121046 PSSGRVIFVESILPEVPDS - TVTSNTVCEQDLLMFTQNPGGKERTKKEYEALALKSGFSR 354
AF344315 PENGKVVVIELVTPDEAENGDINANTAFDMDMLME TQCSGGKERSRAEFEALAAASCFTH 356
AF344316 PENGKVVVIELVTPDEAENGDINANTAFDMDMLMFTOUSGCKERSRAEFEALARASGE T 356
£ R & .k . LR P ek kb PRI Y - k
U70424 TKVVCDAFGVNLIELLKKL 363
AY028439 FIKVCCAYNSWIMELLK-- 363
AF064694 FKIVCGAFGSWVMEFCK-- 362
AB121046 LEVVCSAYNSWVMEFHK-- 371
AF344315 CKFVCQAYHCWIIEFCK-- 373
AF344316 CKFVCQAYHCWITEFCK-- 373

E koo e F .k

Figure 9: Multiple sequence alignment of AF344315 and AF344316 with different biochemically
characterized OMTs (refer to Table 3 for substrate preferences) from various plant species. The
color scheme represents amino acids grouped according to their physico-chemical properties.

* Represents strictly conserved regions.
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monitored by Western blot analysis of cell lysates. Membranes were probed with
Arabidopsis anti-3'-OMT and detected using the systems described in Materials and
Methods section. As shown in Figure 10A, the antibody immuno-recognized a 45 kDa
protein band in the crude cell lysates carrying the pTrc-His-C00113 construct after IPTG
induction. The (His)s-tag and amino acids resulting from the cloning process account for
an additional ~ 3.5 kDa in the fusion protein. Partial purification by ammonium sulfate
precipitation and affinity chromatography on a metal ligand affinity resin were carried
out and protein expression was monitored by immunoblotting (Figure 10 B & C).

The expression profile of recombinant C00114 protein was different from that of

recombinant C00113 in that the level of expression was lower at the condition optimized
for recombinant C00113 at 37 °C for 4 h. Hence, after discovering that the expressed

protein was present in inclusion bodies (Figure 11 A), induction by IPTG was carried out

at either room temperature or 30°C for 16 h, which was optimal for the expression of

C00114 (Figure 11 B). The Western blot profile of a Ni-NTA-purified recombinant

protein shows a band at the expected molecular weight of 45 kDa (Figure 11 C).

G.1.3  Determination of Recombinant OMT Activity in £. coli

Enzyme assays were first carried out with recombinant proteins from crude cell
lysates of both C00113 and C00114 using a variety of potential phenolic' substrates from
different classes; including benzoic acids, hydroxycinnamic acids, coumarins, flavonoids,
isoflavonoids, and indolic substrates (Table 2). When crude preparations of the
recombinant proteins did not exhibit OMT activity, partially purified and affinity-purified

proteins were utilized. Nevertheless, this yielded no specific OMT activity regardless of
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Figure 10: Expression of recombinant C00113 protein in E. coli as detected by

immunoblotting

A) Time course induction at 37 °C for 4 h.
B) Partial purification by ammonium sulphate precipitation (in duplicates).
C) Purification on Ni-NTA; Lane: 1, Non-induced (flow-through);

2, Induced (flow-through); 3, Fluate; 4 to 6, Washes.
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Figure 11: Expression of recombinant C00114 protein in E. coli as detected by
immunoblotting

A) Time course induction at 37°C for 4 hours.

B) Time course induction at 30°C for 16 hours.
C) Purification on Ni-NTA; Lane: 1, Flow-through; 2, Wash #1;
3, Wash #2; 4, Eluate.

69



‘Table 2: OMT assay of C00113 and C00114 recombinant proteins using

various substrates 2,

Substrate®

Protein®

Hydroxycinnamic acids:
5-Hydroxyferulic acid

Caffeic acid

Hydroxycinnamoyl CoA-ester:

Caffeoyl CoA

Benzoic acids:

Benzoic acid

Salicylic acid
2,3-Di-hydroxybenzoic acid
2,4-Di-hydroxybenzoic acid
2,5-Di-hydroxybenzoic acid
2,6-Di-hydroxybenzoic acid
3,4-Di-hydroxybenzoic acid

Coumarins:
Daphnetin
Esculetin

(iso)Flavonoids:
Quercetin
3,7,4'-Trimethylquercetin
Apigenin

L.uteolin

Naringenin

Genistein

Indolic:

4-Hydroxyindole
5-Hydroxyindole
Indole 3-ethanol

Simple sugar and di-/trihydric
phenols:

Myo-inositol

phloroglucinol

Catechol

A.P,.C00114, E. coli
C.L, C00113, P. pastoris

A.P, C00114, E. coli

A.P, C00114, E. coli

A.P, C00113, P. pastoris
C.L, C00113, P. pastoris
P.P, C00114, E. coli
C.L, C00113, E. coli
P.P, C00113, P. pastoris
A.P, C00114, E. coli

A.P, C00113, P. pastoris
A.P, C00114, E. coli

C.L, C00113, P. pastoris
P.P, C00113, E. coli
C.L, C00113, P. pastoris
A.P, C00113, P. pastoris
P.P, C00114, E. coli
A.P, C00113, P. pastoris

A.P, C00114, E. coli
A.P, C00113, P. pastoris
C.L, C00114, E. coli

A.P, C00114, E. coli
C.L, C00113, E. coli
C.L, C00114, E. coli

4 No specific activity was observed to be significantly above controls (less than 5%).

b Refer to Figure 21 for the chemical structures of various compounds utilized by OMTs.

© For illustration purposes, different levels of protein purification (C.L: crude lysate; P.P:
partially-purified; A.P: affinity-purified) from either of C00113 or C00114 and either of E.

coli or P. pastoris recombinant proteins were randomly chosen and depicted.
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the substrate, and a series of different conditions were attempted in order to identify any
potential enzymatic activity. These conditions include different substrate concentrations
(50 uM to 500 uM), varying the amounts of recombinant protein (10 pg to 100 pug),
modifying buffer systems (in the presence/absence of EDTA or ' Mg®"), as well as
different reaction product extraction methods (benzene-ethyl acetate mixture, diethyl
ether-ethyl acetate mixture, or hexane). However, no OMT activity was detected (Table
2), and it is not clear whether the recombinant proteins are inactive or the appropriate

substrates have yet to be identified.

G.1.4 Expression of C00113 in P. pastoris

The expression of C00113 in a prokaryotic system may not provide the
appropriate conditions for eukaryotic protein maturation. Therefore, such post-
translational modifications and protein folding limitations can be addressed by expression
of the recombinant protein in a eukaryotic system, P. pastoris. This system is relatively
easy to manipulate and displays many of the advantages of higher eukaryotic expression
systems such as protein processing, folding and modification. Through the enzymatic
activity of alcohol oxidase (AOX1), P. pastoris metabolizes methanol as its sole carbon
source. The promoter regulating the production of AOX1 drives heterologous protein
expression in the presence of methanol and absence of glucose. Furthermore, depending
on the presence of a signal peptide located N-terminally to the heterologous protein,
production of recombinant proteins can be either intracellular or secreted. Since P.
pastoris secretes very low levels of native proteins, secreted recombinant proteins have

the advantage of a higher yield to purity ratio as compared to intracellular expressed

71



Day 0 1 2 3 4 5

96 kDa
66 kDa

45 kDa «—— 45kDa

31 kDa

21 kDa

Figure 12: Expression of intracellular recombinant C00113 protein in P. pastoris as
detected by immunoblotting
A) Time course induction at 30°C for 5 days.
B) Purification on Ni-NTA; Lane: 1, Flow-through; 2 and 3, Washes;
4 and 5, Eluates.
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Day

<+— 45 kDa

Figure 13: Expression of secretory recombinant C00113 protein in P. pastoris as
detected by immunoblotting

A) Time course induction at 30°C for 5 days.

B) Purification on Ni-NTA; Lane: 1, Flow-through; 2 and 3, Washes;
4 to 6, Eluates.
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protein. Purification of recombinant proteins was carried out using a metal-affinity
ligand; although the polyhistidine tag is located at the N-terminal for the intracellular
expression construct and at the C-terminal for the secretory system.

Recombinant protein induction was carried out in a buffered culture medium as
described in the Materials and Methods. In addition, the media (BMGY/BMMY)
contained protein stabilizing factors, such as peptone and yeast extracts that have been
demonstrated to reduce proteolysis, particularly of secreted proteins (Brierley et al.,
1994; Clare et al., 1991). Methanol-induced expression of recombinant protein was
carried out over a 5-day period, for both intracellular and secretory systems. Protein
expression, monitored by Western blot analysis using anti-(His)s antibodies, was optimal
4 to 5 days post-induction in both systems (Figure 12 A & 13 A). Ni-NTA purified
recombinant proteins of both systems showed a similar protein band of 45 kDa (Figure 12

B & 13 B).

G.1.5 Determination of Recombinant Protein Activity in P. pastoris

Intracellular recombinant protein was subjected to buffer-exchange on a PD-10
column against buffer B for immediate use in enzyme assays. The secreted recombinant
protein was first subjected to ammonium sulfate concentration, followed by buffer
exchange against buffer B, before enzyme assays were carried out. When no OMT
activity was detected for both the crude and partially-purified proteins against all the
potential substrates tested (Table 2), recombinant proteins from both systems were

subjected to further purification on Ni-NTA resin and conditions for enzymes assay were
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altered as in the case for E. coli. These manipulations, nevertheless, did not produce any

OMT activity above control levels (Table 2).

G.2  Screening of Serratula tinctoria cDNA Library

G.2.1 PCR-based Screening

To facilitate the isolation of a putative flavonol 3-OMT clone from S. tinctoria,
degenerate oligonﬁcleotide primers based .on tryptic peptide sequences obtained from
partially purified native 3-OMT (Huang et al., 2004), were designed for use in a PCR-
based screening of a S. tinctoria cDNA bacterial library. This strategy (Figure 14)
involved the use of numerous primers and primer combinations as outlined in Figure 15.

In order to minimize the number of false positives, two consecutive rounds of
screening were carried out. Whenever possible, primer combinations that would generate
the longest potential fragments were utilized. Certain combinations, however, did not
amplify any fragments and/or produced false positives regardless of optimization. The
first round of screening involved the use of primer sets consisting of either one
degenerate, peptide-specific forward primer (PeplF or Pep3.1F and so on until Pep5.2F)
and reverse vector primer Sport6F2 or two peptide-specific primers (forward primers,
Pep!F or Pep3.1F and so on until Pep4B.2F, with reverse primers, Pep6.1R or Pep6.2R
or PepS.1R or PepS.2R).

PCR fragments from the first round of screening were then used as templates for a
second round of screening. The second round of screening involved the use of nested
primer sets, either peptide-specific primers with vector primers, or peptide-specific

primers alone. Nested primer combinations include forward primers, Pep3.1F or Pep3.2F
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and primer combinations
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Figure 14: PCR-based cloning strategy.
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and so on until Pep6.2F, with reverse primers, vector primer Sport6F1 or Pep5.1R or
Pep5.2R or Pep6.1R or Pep6.2R). For illustration purpose, if PeplF and Sport6F2 were
employed for the first round of amplification, the resulting fragment was then used as a
template for a second round of amplification using a set of nested primers, such as
Pep3.1F and Sport6F1 or Pep4A.1 and Pep6.1R and so forth.

Following Southern analysis with [o=*°P]dCTP-labelled Arabidopsis 3'-OMT full-
length cDNA as a heterologous probe for hybridization (a choice probe simply because of
its availability and being biochemically characterized (Muzac et al., 2000)), any
putatively positive fragments were then cloned and sequenced. The sequence
information obtained was analyzed by BLAST and further verified to assess whether any
of the six peptides obtained from the partially purified native protein of S. tinctoria were

.present in these sequences. When no such match was found, modifications of the PCR
conditions were attempted for each primer set combination as described previously,
thereby creating a multitude of PCR reactions that covered most possible combinations of

primers and PCR conditions. These modifications include, different annealing

temperatures (from 38°C to 48°C) for both rounds of screening, different numbers of

cycles, (10 to 12 cycles for the touchdown step and 40 to 45 cycles following touchdown
step), and different amounts of primers. Despite these efforts, PCR products containing

sequence matches to the expected peptides (based on the combination of primers used) of

S. tinctoria 3-OMT native protein could not be identified.
Although the isolation of quercetin 3-OMT clone has been unsuccessful, several
putative OMT cDNA-like clones have been identified. The initial BLAST analysis of the

27 clones obtained showed them to be closely related to caffeic acid OMTs. This is not
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unexpected since the lignin OMT in §. finctoria utilizes both caffeic acid and S-
hydroxyferulic acids as substrates. Nonetheless, these putative OMT c¢cDNA clones could
very well encode OMTs that catalyze O-methylation of different classes of substrates.
Further analysis of the sequences revealed that they all contain most, if not all, of the five
characteristic motifs of plant OMTs (Ibrahim et al. 1998). Furthermore, certain
sequences exhibit partial matches to some of the peptide sequences obtained from the S.
tinctoria 3-OMT. Given the fact that none of the vector primers were located at the 5’
end, full-length cDNA fragments could not be isolated using this strategy. Therefore, in
order to carry out further analysis of these clones, specific primers will have to be
designed from each of the clones for further isolation of missing sequences belonging to

either the 5’ end and/or 3’ end from the cDNA library.

G.2.2 Hybridization Screening/Colony Lift Screening

The cDNA library (~50,000 clones) was also screened with (i) Arabidopsis 3'-
OMT full-length ¢cDNA random-labeled probe; or (ii) terminally-labeled degenerate
oligonucleotide probes (-DegPeplF, DegPep4F, and DegPepSF). The former probe was
used because it is biochemically characterized and is readily available with the hope of
isolating any full-length putative OMT clones, while the latter probes were used as a final
attempt at isolating the 3-OMT clone of S. tinctoria. Due to the nature of the
oligonucleotides used, the protocols for the screening strategy differed as described in
Materials and Methods and as outlined in Figure 16. In order to minimize the number of
false positives in each case, two rounds of screening were carried out, allowed by

verification by Southern analysis before any putatively positive clones were sequenced.
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Figure 16: Hybridization screening/colony lift screening strategies.
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Screening with the Arabidopsis 3'-OMT full-length cDNA random-labeled probe
under high stringency conditions yieldéd 11 putative OMT clones upon analysis of the
sequence using BLAST. Interestingly, further analysis revealed that 9 out of the 11
cDNA clones have a 100% match with tryptic peptide 3 and a partial match with tryptic
peptide 4 of the native 3-OMT of S. tinctoria. These 9 clones are most likely derived
from the same mRNA species as local alignment of their nucleotide sequences show that
they are 93% to 99% identical. Among these 11 clones, 6 provided sequences sufficient
for contig development and revealed three full-length cDNA clones, StOMT1, StOMT2
and StOMT3, respectively. At the nucleotide level, StOMT1 and StOMT2 are 99%
identical in their coding region, 94% in its 5' untranslated region, and 97% in its 3'
untranslated region. StOMT3 is 79% identical to both StOMT1 and StOMT2 and shows
homology in their 5' and 3' untranslated regions. The first ATG at the 5' ends of the three
clones contains the sequence AAAAATGGCT, consistent with the consensus sequence
(TAAACAATGGCT) for translation initiation sites proposed for plant genes (Joshi,
1987). All three clones have TAA as the predicted stop codon (Figure 17, 18, 19).

Attempts to isolate the 3-OMT clone of S. tinctoria, employing the TMAC
(Tetramethylammonium chloride) protocol with degenerate terminal-labeled probes, were
not successful. The two successive rounds of screening, carried out under both stringent
and relaxed conditions, though yielded many putative positives, sequencing results

confirmed their being false positives.
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ccttcctcaagacctttecggattataatteccgtecattcaaattgaagetgecactaac
P 8 §$s R P F R I I I P S I Q I E A A T N
tcaattacaagttagaatatatataaaatttaaaaaatggcttcacagaagaatcatcat
s I T s - N I ¥ K I - K M A S Q K N H H
gaggaggaggaggaggaagctttcctgtttgectatgcaattggcaagtgegteggtgtta
E E E E E E A F L FAMOQUL A S A S V L
cccatggtgttgaaatctgecatagacttggatttgettgagatcattgeccaaagetgge
Pp MV L K S A I DL DL L E I I A K A G
cctggtgectatgtgtececcctgecatacctggetgetcagectcccaaaggcagacaacceyg
P G A Y VS P A YL A A Q L P K ADNP
gaggcacccgtgatgctcecgacaggatatgececgettgttggcectacctactcectgtettgace
E A P VML DRI CRILILATY S V L T
tgtaccctcaataaggtagacgatgatgttgttgagcgtctctatggtctggccecggtce
¢ T LN K VDDD V V ERUL Y G L A P V
tgcaaattcttggtgaagaatgaagatggtgtttccaatgcacctetcttgecttatgaac
c K F L VvV X NEDGV S NAUPULULILMN
caggataagattctaatggagagctggtatcatctgaaagatgectgttttggatggtgga
Q b K I L. M E S8 W Y HUL K DAV L D G G
attccattcaacaaggcttatggcatgagtgcectttcgagtatcatgggaaggatgataga
I P F N K AY GMS AU F E Y HG KD DR
ttcaacaaggtcttcaacagtggcatgtttaaccactccaccatgaccatgaagaagatce
F N K v F N §$ G M F NH S TMTM K K I
ctggatgtgtatcecctggtttegaaggggttcaaaccctggtagatgttggtggtggecacce
L D VY P G F E GV Q TL VDV G G G T
ggtgccagtctcagtatgatcctcteccaagecatceccttcaatcaagggtatcaattttgat
G A S L §S M I L §$ KHUP S I K G I NVF D
ttgccacatgtcattcaagacgcaaccacttatcctggtattgagecatgttggeggggac
L P H V I 9 DAT T Y P G I EHV G G D
atgtttgaaagcgtgccaaaaggagatgccattttcatgaagtggatctgeccatgactgg
M F E $S v P K G b A I FM KW I CHD W
agcgatgcacactgtgtgaaattectcaacaactgttacaaggcactccecctgagaatgga
S D A H CV K F L NNICYIKOAIL P E N G
aaagtgatcgtggceggaatgcatcecttecggagactccagactecgageectggecaccaaa
K v 1 v A E C I L P E TP D S S L A T K
aacgtggtgcacatcgacgtcatcatgttggcccacaacccecggtggcaaagagaggace
NV V HIDV I MUL AUHNU®PGGI KEIR T
gagaaagaattccaagcattggccaaggctgecggcttcaacggattcecgtaaggectge
E K E F Q AL A K A A G F NG F R KA C
tctgcactcaacacctggcecttatggagtttaccaaaTAAttttaataattcttcttettt
s AL NT WL M EF T K - F - - F F F F
ttctttttctttttacaaaaacatatgcgecttcttttctettcaactgagtgattttaa
F F F F L. Q K HMUPRUL L F S S TE - F -
tttgtttgtttatccaatacaaattattaatcatatcatatcttatatgaatatgaatat
F V C L § NTNY - S Y HTI L Y E Y E Y
gatgatcatgcatgtacccccactgcecttgtgaattaattcaatcaataaatacaaacatg
D bH A CTUPTAOCUETLTI QS I NTNM
ttttttttt
F F F

Figure 17: Nucleotide and deduced amino acid sequence of StOMTI. The
translation initiation site is depicted in bold and underlined. The stop codon is
indicated in upper-case letter in bold.
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ttccgtceccattcaaattgaagctgccactaactcaattacaagttagaatatatatatat
F R P F K L K L P L T QL Q V R I Y I Y
aaaattttaaaaatggcttcacagaagaatcatcatgaggaggaagctttcectgtttget
K I L. KX M A S Q K N HHE EE A F L F A
atgcaattggcaagtgcgtcggtgttacccatggtgttgaaatctgecatagacttggat
M Q L A § A §$ VL P M VL K S A I DL D
ttgcttgagatcattgccaaagctggecctggtgectatgtgteeecctgecatacetgget
L L E I I A K A G P G A Y V S P A Y L A
gctcagctcccaaaggcagacaacceggaggecacceegtgatgetecgacaggatatgecege
A Q L P K A DNUPEAUPVMUILDIURTICR
ttgttggctacctactctgtcttgacctgtacectcaataaggtagacgatgatgttgtt
L L. A T Y S VL T C¢CTL N KV DD D V V
gagcgtctctatggtcectggceccceggtectgcaaattecttggtgaagaatgaagatggtgtt
E R L ¥ G L. AP V C K F L VvV K NE D G V
tccaatgcacctctcttgecttatgaaccaggataagattctaatggagagectggtatceat
S N A PL L L M NQ DK I L ME S W Y H
ctgaaagatgctgttttggatggtggaatteccattecaacaaggcttacggcatgagtget
L X b avVvVv L D GGI P FNI KA AYGMS A
ttcgagtatcatgggaaggatgatagattcaacaaggtcttcaacagtggcatgtttaac
F E Y H G K D DR F N KV F NS G M F N
cactccaccatgaccatgaagaagatcctggatgtgtatcectggtttcgaaggggttcaa
H s T Mm T M K K I L DV Y P G F E G V Q
accctggtagatgttggtggtggcaccggtgecagtctcagtatgatecctetecaageat
T L v D v 6 6 6 T GA S L s M I L. S K H
ccttcaatcaagggtatcaattttgatttgeccacatgtcattcaagacgcaaccacttat
P s 1T K G I N F DL P HV I QD ATT Y
cctggtattgagcatgttggecggggacatgtttgaaagecgtgccaaaaggagatgecatt
P G I EH V GG DMUPFE S V P K G D AT
ttcatgaagtggatctgccatgactggagcgatgcacactgtgtgaaattectcaacaac
F M KW I CH D WS D A HOCV K VF L NN
tgttacaaggcactcectgagaatggaaaagtgategtggecggaatgecatccttecggag
c ¥y KX AL P ENGI KV I VA ECTIUL P E
actccagactcgagecctggecaccaaaaacgtggtgcacatcgacgtcatcatgttggece
T p D S S L AT KNV V HI DV I M UL A
cacaaccccggtggcaaagagaggaccgagaaagaattecaagcattggccaaggetgec
H N P G G K E R T E K E F Q A L A K A A
ggcttcaacggattccgtaaggcctgctectgcactcaacacctggettatggagtttace
G F NG F R KA CSAULNTWIL M E F T
aaaTAAttttaataattcttcttetttttectttttacaaaaacatatgegecttetttte

K - - - F F F FF FL Q KHMU RULULF
tcttcaactgagtgattttaatttgtttgtttatccaatacaaattattaatcatatcat
s s T™E - F - F V CL 8 N TN Y - S Y H

atcttatatgaatatgaatatgatgatcatgcatgtacccccactgecttgtgaattaatt
I .. Y E Y E Y D DHOACT P T A CE L I
caatcaataaatacaaacatgtttttttte

Q 8 I N T N M F F F

Figure 18: Nucleotide and deduced amino acid sequence of StOMT2. The
translation initiation site is depicted in bold and underlined. The stop codon is
indicated in upper-case letter in bold.
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caacaatataatcatattcactaaacttatatttgcctecttecttttaaaaaatagttctgt
N N I I I F T K L I F A 8§ 8 F K K - F C
aaaatgggttcatcatcagcatatgtgaatgttccggtggaagcaaaggaggacgaatcg
K M G 8§ §8$S 8§ A Y V NV P V EA K E D E S8
ttcctattcegecatgcaattggegagtgecatcececgtectaccgatggecttgaaaacecgec
F L, F AM QL A 8 A §S$S V L P MAUL K T A
atcgagctcgatttgctagaaaccatageccaaagecggggcccagegetteectttcatec
I E L DL L ETTI A KA AU GU©P S A S L S 8
tceccagetggcagetcagetececttggttaacaacceccgaagecaccecgtgatgetggac
s Q L. A A QL P L V NNDPEAWUPV M L D
cgcatctgcagtcttcectggctagecattecgtgectcacttgtagectaaaggaccttgac
R I ¢ §$S L. L.A S H S VL TC S L K DL D
gatggtggcgttgagcggctctacggtttggccceggtttgecaagttettgaccaagaac
D ¢ 6 V ER L ¥ G L A PV C K F L T K N
caagatggtgtgtcaatggcacccectettgetecatgaaccaagataaggttectcatggag
Q b ¢ V. s M A PL L L MN QD K V L M E
agctggtaccatttgaaagatgcggttttggacggtggaattccattcaacaaggcatat
S W Y HL K bA VL DGGTI P FNIKAY
ggtatgtctgccectttgagtaccatggcaaagatgccagattcaacaaggtatttaacagt
G M § A F E Y HG X D AIRVFNI KV F N S
ggcatgtttaatcattccaccatgaccatgaaaaagattgtagatttgtatgatggtttc
G M F NH S TM TMI K K I V D L Y D G F
aatggcctcaccacccttgtggacgttggtggtggcaccggtgetagecttaacatgate
N ¢ L T TL VDV GG GG T GA S L N MTIT
attgctaaacacacttcgctcaaggggatcaactttgatttgceccatgttattgaagac
I A K H T S L K G I N F DL P H V I E D
gctaccacttatcctggtattgagcatgttggaggcaatatgttcgaaagtgtgccaaaa
A T T Y P G I EHV GG NMUVFE S V P K
ggagatgccatctttatgaagtggatacttcatgattggagtgatgcacattgectgaaa
G b A I FM KW I L HDW S D AHC L K
tttctcaagaactgctacgaagcacttecageccaacgggaaagtgategtggetgaatge
F L K N ¢C Y E A L P A NG K VI V A E C
attcttccagaggctecagactegaccacggceccacccaaaatgtggtgcacattgatgtyg
I .. P EA PDS T T ATOQNV V HTI DV
atcatgttggctcataatccecggaggcaaagagagaaccgagaaggaatttgaggectta
I M L A H N P GG K E R T E K E F E A L
gccaagggagccggattcaaaagtttcaacaaggctgcttgtgetecttaatacttgggtt
A K G A G F K S F NI K A ACALNT W V
atggaattttgtaaaTAGatttgagtttaagcatatgtgggtatggttgtggtttgatat
M E F ¢ K - I -V - A Y V GMV V V - Y
gatggttcttttttggaaacaagcatggctttgattctaataaatatactgatttttata
b G s F L ETSMAUL I L I NI L I F I
gttgatgagattcaaaaaaaaaaaaaaagggcggccgc
vV b E I 9 K K K K R A A

Figure 19: Nucleotide and deduced amino acid sequence of StOMT3. The
translation initiation site is depicted in bold and underlined. The stop codon is
indicated in upper-case letter in bold.
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(G.2.3  Analysis of the Deduced StOMTs Amino Acid Sequences

The deduced amino acid sequences of StOMT1, StOMT2, and StOMT3 revealed
that their respective polypeptides, translated from the longest ORF beginning from first
start ATG to the first stop codon, contained 360, 357, and 364 amino acid residues,
respectively. The predicted molecular weights obtained for the three putatives OMT
clones were representative of OMTs that do not require the addition of Mg*" for enzyme
activity, and these deduced sequences further revealed the presence of the five
characteristic motifs of plant OMTs (Ibrahim ef al., 1998) (Figure 20). These preliminary
analyses indicate that the three clones exhibit the characteristics of Group II OMTs.
Comparison of the deduced amino acids of the three clones also showed that StOMT]1
and StOMT?2 exhibit sequence identity of 98% with one another, while showing 76% and
77% with StOMTS3, respectively. Interestingly, the only difference between StOMT1 and
StOMT?2 is that the latter contains three additional glutamic acid residues in succession at
position 12, 13 and 14, as compared to StOMT1 (Figure 20).

BLAST analysis revealed that all three clones are closely related to other plants
OMTs. StOMT1 exhibited 89% sequence similarity and 80% sequence identity with the
hydroxycinnamic acid OMT of Zinnia (U19911; Ye and Varner, 1995) followed by the
multifunctional OMT of periwinkle (AY028439; Schroder ef al., 2002), which showed
89% and 78% sequence similarity and identity, respectively. Likewise, StOMT3 showed
93% sequence similarity and 86% sequence identity with the caffeic acid OMT of Zinnia
(U19911) followed by the multifunctional OMTs of C. americanum (U16793; Gauthier et

al., 1998) exhibiting 83% and 71% sequence similarity and identity, respectively.

85



StOMT1,

StOMT2, StOMT3

CLUSTAL W (1.82) multiple sequence alignment

StOMT1
SLOMT2
StOMT3
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StOMT2
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StOMT1
StOMT2
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StOMT1
StOMT2
StOMT3-

StOMT1
StOMT2
StOMT3

MASQKNHHEE - - - -EEEEAFLFAMQLASASVLPMVLKSAIDLDLLEITAKAGPGAYVSPA
MASQKNHH--~---- BEEEAFLFAMQLASASVLPMVLKSAIDLDLLEITAKAGPGAYVSPA
MGSSSAYVNVPVEAKEDESFLFAMQLASASVLPMALKTAIELDLLETIAKAGPSASLSSS
* Kk : *ohshkhhkkdhhhhhhhhhhd *hhhk . hhkhhdx dhhhdd * s %

YLAAQLPKADNPEAPVMLDRICRLLATYSVLTCTLNKVDDDVVERLYGLAPVCKFLVKNE
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kkkhkhkhk  chkkkhhkkhhkhdhhkk Ahk,  hkhkhhkk. k. okk  kkhkhhkhhkhhkhhkhhk hk.

DGVSNAPLLLMNQDKILMESWYHLKDAVLDGGIPFNKAYGMSAFEYHGKDDRFNKVFNSG
DGVSNAPLLLMNQDKILMESWYHLKDAVLDGGIPFNKAYGMSAFEYHGKDDRFNKVFNSG

DGVSMAPLLLMNQDKVLMESWYHLKDAVLDGGIPFNKAYGMSAFEYHGKDARFNKVFNSG
D R R X

MFNHSTMTMKKILDVYPGFEGVQTLVDVGGGTGASLSMILSKHPSIKGINFDLPHVIQDA
MFNHSTMTMKKILDVYPGFEGVQTLVDVGGGTGASLSMILSKHPSIKGINFDLPHVIQDA
MFNHSTMTMKKIVDLYDGFNGLTTLVDVGGGTGASLNMI IAKHTSLKGINFDLPHVIEDA

Ak khkkhkkhkkdk sk sk Ak ks KAk kAR AhARARRA Fh,  hk Ko kAR hhhhkhkhh, **

TTYPGIEHVGGDMFESVPKGDAIFMKWICHDWSDAHCVKFLNNCYKALPENGKVIVAECIT
TTYPGIEHVGGDMFESVPKGDAIFMKWICHDWSDAHCVKFLNNCYKALPENGKVIVAECI
TTYPGIEHVGGNMFESVPKGDAIFMKWILHDWSDAHCLKFLKNCYEALPANGKVIVAECI

hhkkkdhhkhkhdk . hkhkkhhhhkhhkhhhhhk hhhbkhkhhdk  hhk o hhhk  hhk dhdkhhhkkkdk

LPETPDSSLATKNVVHIDVIMLAHNPGGKERTEKEFQALAKAAGFNGFRKACSALNTWLM
LPETPDSSLATKNVVHIDVIMLAHNPGGKERTEKEFQALAKAAGFNGFRKACSALNTWLM
LPEAPDSTTATONVVHIDVIMLAHNPGGKERTEKEFEALAKGAGFKSFNKAACALNTWVM
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EFTK 360
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Figure 20: Amino acids sequence alignment of StOMT1, StOMT?2 and StOMT3

depicting the five OMTs signature motifs (bold and underlined) and sequence

matches with peptides 3 and 4 (bold and italic) of the native S. tinctoria flavonol 3-

OMT.
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G.3  Phylogenomic Analysis of OMTs

Of the several hundred OMTs found in the databases (EMBL, GenBank and
SwissProt), we have chosen 60 entries, that have been biochemically characterized to
date (December 2004), for phylogenomic analysis. These include nine OMTs that utilize
caffeoyl CoA esters (CCoAOMTs), 25 OMTs that utilize phenylpropanoid compounds
(COMTs), 16 OMTs for flavonoids, four OMTs for carboxylic acids, and six OMTs for
alkaloids, as substrates (Table 3 and Figure 21). Except for the first nine sequences

which belong to Group I, all the others are Group II OMTs.

(G.3.1 Maximum Parsimony Analysis

The analysis of the 60 OMT sequences, based on maximum parsimony searches,
yielded two equally parsimonious trees with a length of 6374, consistency index (CI) of
0.544, retention index (RI) of 0.650, and a rescaled consistency index (RC) of 0.354.
Figure 22 shows a strict consensus of these two trees and reveals that the 60 OMTs form
two distinct clades. The first linecage (lineage A) includes the CCoAOMTs clade, sister to
the carboxylic acid OMTs; whereas the other (lineage B), comprises the phenylpropanoid
COMTs, (iso)flavonoid and alkaloid OMTs. Within lineage A, the CCoAOMTs and the
carboxylic acid OMTs form two distinct subclades, each with a bootstrap support of
100%. In addition, the chickweed and ice plant OMTs group together forming a clade

basal to other CCoAOMTs with a bootstrap value of 74%.
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OH

Hydroxycinnamic acids (HCA)

Caffeic acid: Ry=0OH, R, = H

CoA-S 0]

\

R2 R1
OH '

Hydroxycinnamoyl CoA-esters
Caffeoyl-CoA: Ry=0OH, R, =H

5-Hydroxyferulic acid: R, = OMe, 5-Hydroxyferuloyl-CoA: Ry = OMe,
R2 = OH R2 = OH
CH,
a
Rs R, COOH
Ry
OR, OH
Phenylpropenes Dihydric phenols (DHP) Carboxylic acids
Chavicol: Ry =R, = H Catechol: Ry =OH, R,=R;=H Benzoic acid: Ry = H

Eugenol: Ry =0OMe, R, =H
Isoeugenol: R; = OMe, R; = H,
a = Double bond

Indole-3-acetic acid

CH ,COOH

Guajacol: Ry = oMe, R; = Rs =H Salicylic acid: R; = OH
Orcinol: Ry =H, R2=0H, R;=OMe
Phloroglucinol: Ry= Ry;= R3= OH

CH,OH
Ry
R2
N N
H H
4-hydroxindole: Ry = OH, R, =H Indole 3-ethanol

5-hydroxindole: Ry = H, R, = OH

Figure 21 A: Various secondary metabolites utilized by OMTs.
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OH OH

OH HO (@]
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R,
O OH O
Chalcone Flavonoids
Isoliquiritigenin Flavone:. Ry = H, Flavonol: Ry = OH
Flavanone: no double bond between
C2 and C3
0 Rj Flavonol: Ry = OH; no double

bond between C2 and C3
Quercetin: Ry = OH, 5 = OH

Apigenin: Ry =H
R, Luteolin: Ry =H, 5'= OH
OH Naringenin: no double bond between

Isoflavonoids C2andC3,Ryi=H

Genistein: R1, R3=H, R2 = OH
Daidzein: R1,R2=0H,R3=H

2, 7, 4'-triOH-isoflavanone: R1 = H,
R2 = R3 = OH (no double bond
between C2 and C3)

o
R1 O CH3
R, N

6a Ry

11a COOH
H
o) ,

R4

Pterocarpan Jasmonic acid

(+)6a-hydroxymaackiain: Ry = OH,
R;=0H, Ry =R4 =0CH;0O
Medicarpin: Ry = OH, R, = R3 = H,
Rs = OMe

Figure 21 B: Various secondary metabolites utilized by OMTs.
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o .
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Benzylisoquinoline alkaloids (BIQA)
(R,8) norcoclaurine: Ry = Ry = H,

R, =R3=Rs=OH,

(R,S) recticuline: Ry = Me,

R, =Rs=OMe, R3 = R; = OH
Coclaurine : Ry = R4 = H, R, = OMe,
R3=Rz=0H,Rs=H

Laudanosoline: R1 = Me,
R2=R3=R4 =R5=0H

R4
X
2
Ry 0 O
R;
Coumarins

Daphnetin: Ry = H, R, = R; =OH
Esculetin. R =R, =0H, Rz =H

Tetrahydrobenzylisoquinoline
alkaloids (TBIQA)

Scoulerine: Ry = OH, R, = OMe
Columbamine: Ry = R, = OMe

H OH
O OH
H H
OH H
Myo-inositol

Figure 21 C: Various secondary metabolites utilized by OMTs.
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Figure 22: Strict consensus of two parsimonious trees of 60 OMTs. Non-plant OMTs
were used as out-groups to root the tree. Branch-lengths and bootstrap values are
represented by numbers above (in parenthesis) and below (in bold) each branch,
respectively.
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The majority of the OMTSs within the B-lineage constitute a number of distinct subclades,
which include 26 clones, mostly encoding the methylation of o-diphenol (catechol) and
COMTs, with the exception of one chalcone, one furanocoumarin, one inositol, three
phenylpropene (chavicol, eugenol, isoeugenol), two alkaloid, and three flavonoid OMTs.
Other distinct subclades include 21 OMTs (with bootstrap values in brackets), catalyzing
the methylation of five isoflavonoid/pterocarpan OMTs (58%), three Coptis-Papaver
alkaloid OMTs (86%), three peppermint flavonoid OMTs (96%), two Ocimum
phenylpropene OMTs (100%), two rose OMTs (100%), and the barley-rye and

periwinkle OMTs (78% and 99%, respectively).

G.3.2 Neighbor-Joining Analysis

The same 60 OMT sequences were used for distance based neighbor-joining
analysis and resulted in a single tree (Figure 23). The topology of the distance tree was
similar to that of maximum parsimony tree, with few exceptions. As in the case of
maximum parsimony tree, two distinct monophyletic lineages, namely A and B, were
observed. The bootstrap supports for these lineages were stronger with bootstrap values
of 100% and 99% for lineages A and B, respectively. Lineage A is identical to that of the
maximum parsimony tree (Figure 22).

Likewise, the topology of lineage B resembles the corresponding lineage in the
maximum parsimony tree, with some differences that involve the separation and/or
grouping of some taxa in each subclade within the larger clade(s). For example the

subclades of Pinus (U39301) and Papaver (AY268893), of Lolium (AF010291) and Zea
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Figure 23 A: Neighbor-joining tree of 60 OMTs. Non-plant species were used as out-
groups to root the tree. Numbers below branches represent bootstrap values.
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(M73235), and of the two periwinkle flavonol OMTs (AY127568 and AY343489)
occupy a more basal position in the neighbor-joining tree than the maximum parsimony
trees. Zinnia OMT (U19911), however, has separated from the clade with periwinkle
(AY028439) and Ammi (AY443007) occupying a less basal position in the neighbor-
joining tree as compared to the maximum parsimony tree. The neighbor-joining tree,
nevertheless, resembles the maximum parsimony tree as the major distinct subclades are
very similar to the maximum parsimony tree. These subclades include (with bootstrap
values in brackets) the five isoflavonoid/pterocarpan OMTs (99%), four Thalictrum
multifunctional OMTs (AF064693 to AF064696) (bootstrap value 100%), three alkaloids
OMTs (D29811, D29812, AY268894) (100%), three peppermints OMTs (AY337457 to
AY337461) (100%), two Ocimum phenylpropene OMTs (AF435007, AF435008)
(100%), rose OMTs (AF502433, AF502434) (100%), and the barley-rye OMTs
(X77467,AY 177404) (99%).

Both the parsimony (Figure 22) and the neighbor-joining trees (Figure 23)
revealed two monophyletic lineages (A and B); with lineage A consist‘ir‘lg of CCoAOMTs
and carboxylic OMTs, and lineage B comprising mainly the phenylpropanoid COMTs,
(1so)flavonoids and alkaloids. It is interesting to note that within lineage A, members of
the carboxylic OMTs, which methylate carboxyl groups of various acids are closely
related to those of CCoAOMTs, which methylate phenolic hydroxyl groups of various
substrates. This difference in substrate preference of the carboxylic OMTs could be
attributed to the significant changes in amino acid residues (274 branch length value)
from their common ancestor to that of the CCoAOMTs. Furthermore, it is not

unexpected to find that the chickweed and ice plant OMTs group together, forming a
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subclade basal to the rest of the CCOAOMTs. These two CCoAOMTs represents two
closely related enzymes, as the ice plant OMT gene was originally cloned on the basis of
sequence homology to chickweed OMT. Their location in this lineage may be further
corroborated by the fact that both OMTs utilize Caffeoyl-CoA and caffeoyl glucose esters
as their preferred substrates, although the ice plant OMT is a multifunctional enzyme that
catalyzes the methylation of flavonols as well (Ibdah et al., 2003).

The majority of members within lineage B constitute a number of distinct
subclades, with 99% bootstrap support (Figure 23) and 139 amino acids changes (Figure
22) from its nearest ancestor. These include most of the COMTs, OMTs which methylate
ring B of flavonoids that are related to phenylpropanoids, including the four Thalictrum
multifunctional OMTs, as well as other OMTs from the side branch of phenylpropanoids.
Other distinct subclades include the isoflavonoid/pterocarpan OMTs (99% Bootstrap
support; Figure 23), the three peppermint flavonoid OMTs (96% Bootstrap value; Figure
22), and the barley-rye OMTs (99% Bootstrap value; Figure 23). Members of the latter
subclade catalyze the 7-O-methylation of flavones and position 8 of daphnetin, a member
of the coumarin family of compounds. These two biosynthetically related substrates are
induced by pathogen attack and cold acclimation, respectively. The five isoflavone-
pterocarpan OMTs represent an interesting example of being clustered in a distinct clade
with all the enzymes sharing similar regiospecificities in their methyl acceptor molecules.
In fact, position 3 of pterocarpans (Pisum OMT) is stereochemically similar to position 7
of isoflavones (Alfalfa and Glycyrrhiza OMTs), and resembles position 4' of Glycyrrhiza

and Lotus isoflavones. Since both 4" and 7 positions are para to the heterocyclic ring,
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their hydroxyl groups exhibit similar negative electron densities with similar methyl
acceptor properties.

The six benzylisoquinoline (BIQ) alkaloid-specific OMTs from Coptis and
Papaver are located in two different subclades of the B lineage (Figure 22 and 23). One
of these, the Coptis scoulerine 9-OMT (92% Bootstrap value; Figure 23) is located
between the alfalfa chalcone and barley COMT,; its segregation from the other BIQ
alkaloid OMTs may be ascribed to the fact that its methyl acceptor, scoulerine is a
tetrahydro derivative and that methylation takes place at position 9 of the ring, thus
resembling phenylpropanoids (Figure 21A and C). However, Coptis columbamine (the
methylated product of scoulerine; 9-methyl-scoulerine) 3-OMT, which methylates
position 3, is grouped together with three of the norcoclaurine OMTs (Figure 23). These
three OMTs, the Coptis/Papaver norcoclaurine 6-OMTs and the 3’ -hydroxy-N-
methylcoclaurine-4’ -OMT occupy a distinct clade, and correspond well with their strict
substrate- and position specificities. In contrast, the sixth member of the alkaloid OMT
family, Papaver reticuline 7-OMT is associated with a Pinus COMT in an unusual clade
that reflects their distinct substrate preferences (Figure 22 and 23). This alkaloid OMT is
a permissive enzyme that methylates a number of tetrahydro-BIQ alkaloids and the
simple phenol guaiacol for which it exhibits a higher preference. In contrast, the pine
enzyme is a novel, bifunctional COMT that utilizes both caffeic and 5-hydroxyferulic
acids as well as their CoA esters as substrates.

Similar to alkaloid OMTs, the four, position-specific peppermint OMTs are
located in two distinct subclades where the 8-OMT is associated with the rose/Ocimum

OMTs (Figure 22 and 23), whereas the 7- and 4-OMT are clustered within a distinct
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subclade. It could be hypothesized that segregation of these OMTs is correlated with the
methylation of meta or para hydroxyl groups, and warrants further investigation. It is
interesting to note that, among the phenylpropene OMTs, the Clarkia-isoeugenol OMT is
associated with the flavonol-COMT while the other phenylpropene (Ocimum chavicol
and eugenol) OMTs are located in another subclade (Figure 22 and 23). Likewise, the
three rose dihydric phenol OMTs are segregated, with the phloroglucinol grouped with
the ice plant myo-inositol, while the other two OMTs (orcinol and methyl orciol)

clustered closely with the Ocimum chavicol and eugenol (Figure 22 and 23).

G.3.3 Prediction of Putative Substrates for OMT-Like Clones Through Phylogenomics

The sequences of two Arabidopsis OMT-like clones (AF344315 and AF344316)
were included into the same matrix of the 60 biochemically characterized OMT
sequences for analysis. Analyses based on maximum parsimony searches gave rise to
eight equally parsimonious trees with a tree length of 6536, consistency index (CI) of
0.537, retention index (RI) of 0.649, and a rescaled consistency index (RC) of 0.349. The
strict consensus of these eight trees (Figure 24) reveals that the 62 OMTs form several
monophyletic lineages including the two distinct clades previously described in the
maximum parsimony and neighbour-joining trees of the 60 biochemically characterized
OMTs. The overall topology of the tree in Figure 24 is comparable to Figures 22 and 23.
The two Arabidopsis putative OMT clones cluster within lineage B, in a subclade that

includes the ice plant myo-inositol (M87340) and rose phloroglucinol (AB121046)

OMTs.
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Figure 24: Strict consensus of eight parsimonious trees of the 60 biochemically
characterized OMTs together with the Arabidopsis clones AF344315 and AF344316.
Numbers below branches represent bootstrap values.
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The sequences of three putative OMT clones of S. tinctoria were analyzed in the
same way with the 60 biochemically characterized OMT clones utilizing the neighbor-
joining method. Likewise, Figure 25 reveals a tree with an overall topology similar to the
three trees previously reconstructed. The three S. tinctoria OMT-like clones, StOMT]I,
StOMT?2 and StOMT3, grouped closely with a subclade (92% bootstrap support) in the B
lineage that includes Zinnia COMT (U19911), Ammi majus COMT (AY443007), and a
hydroxycinnamic acid and flavanoids utilizing OMT of Periwinkle (AY028439). Though
phylogenetic analyses suggest that they utilize hydroxycinnamic acids as preferred

substrates, these clones await further molecular and biochemical characterization.
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Figure 25: Neighbor-joining tree the 60 biochemically characterized OMTs together
with the S. tinctoria OMT-like clones StOMT1, StOMT2 and StOMT3.
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H. DISCUSSION

H.1  Molecular and Biochemical Characterization of Arabidopsis OMTs

The first plant methyltransferase for which a cDNA was isolated was caffeoyl-
CoA 3-O-methyltransferase, an enzyme involved in the disease resistance response in
parsley cell cultures (Schmitt ef al., 1991). Since then, the genes encoding various plant
OMTs from diverse plant species have been identified (reviewed in Ibrahim et al., 1998).
Comparison of the amino acid sequences derived from the translated nucleotide
sequences revealed up to five conserved regions near the C-termini of the polypeptides
(Ibrahim, 1997). These consensus sequences may aid in the identification and direct
cloning of methyltransferase-encoding these plant cDNAs.

The international effort to sequence the complete genome of Arabidopsis has
created a remarkable opportunity to study the evolution and molecular mechanisms
leading to the diversity of the OMT superfamily, as well as provided an expeditious way
for the characterization and cloning of putative OMT cDNAs in Arabidopsis. This will
enable the elucidation of the role of OMTs in various biosynthetic pathways, an
important prerequisite for subsequenct genetic engineering efforts, as previously
discussed.

In our attempt to identify putative OMTs in the Arabidopsis database (TAIR)
using the flavonol 3"/5-OMT (Gauthier et al., 1996) as the query sequence, we came
across two putative full-length OMT cDNA clones. Upon initial sequence analysis, these
two clones, termed C00113 and C00114 (Accession # AF344315 and AF344316,

respectively), showed characteristics of Group Il OMTs; i.e. the five signature motifs,

108



molecular weight of ca. 40 kDa, and a comparable sequence identity to other
biochemically characterized OMTs from various plant species. Therefore, we proceeded
to heterologously express the two clones in a prokaryotic expression system to further
characterize the encoded proteins. Upon expression in E. coli, the two recombinant
proteins did not accept any of the substrates tested, regardless of the conditions being
optimized for enzyme assays, as well as the purity of the proteins being used. The
substrates used in these studies belonged to a wide range of compounds from different
families within the phenylpropanoid and flavonoid groups of secondary metabolites
(Table 2). It is unknown whether the appropriate substrates have yet to be identified or
that the recombinant proteins are catalytically inactive.

In order to investigate the possibility that the expressed recombinant proteins in
a prokaryotic expression system may not have been catalytically active due to improper
folding and lack of post-translational modifications, we proceeded to express the C00113
clone in the eukaryotic system, P. pastoris. However, this recombinant protein failed to
show any activity with any of the substrates tested, regardless of the level of purity of the
proteins used or the optimized conditions for enzyme assays.

It may be possible that C00113 and C00114 encode OMTs that are not involved
in the phenylpropanoid and flavonoid pathways, or are highly specific for substrates that
are yet to be identified. However, even if the putative substrate was not used, an active
OMT may still be expected to exhibit some residual background activity when utilizing
structurally similar compounds to its preferred substrate, as has been the case with many
OMTs (Frick and Kutchan, 1999; Huang et al., 2004). The fact that no such activity was

detected with either of the recombinant proteins, despite their expression in both
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prokaryotic and eukaryotic systems, suggests that the two proteins may, in fact, be
catalytically inactive. Interestingly, both Cacace et al. (2003) and Willits et al. (2004),
among other researchers, while attempting to isolate OMT cDNA clones also discovered
that some putatively positive OMT cDNA clones, although showing strong sequence
identity to functional OMTs, encode proteins that display no OMT activity regardless of
the substrates tested.

Pseudogenes have traditionally been described as non-functional sequences of
genomic DNA (junk DNA) derived from functional genes, but display such degenerative
traits as frameshift mutations and premature stop codons that disable their expression or
block transcription if such defects occur in the promoter region (Mighell et al., 2000;
Balakirev and Ayala, 2003). As a result, if translation takes place at all, pseudogenes
often lead to the production of proteins that do not have the same functional properties as
the proteins encoded by their “normal” paralogous counterparts. Since pseudogenes do
not have any apparent functional role, it has been assumed that they are generally
released from selective pressure and, consequently, pseudogene mutations are selectively
neutral and have high probability of becoming fixed in the genome (Balakirev and Ayala,
2003).

However, recent studies have demonstrated that pseudogenes are, more often than
not, evolutionarily conserved as well as being transcriptionally and translationally active
(Balakirev and Ayala, 2003). There is substantial evidence indicating that pseudogenes
often exhibit functional roles in gene expression, gene regulation, and generation of
genetic diversity. For example, studies on killer-cell immunoglobulin-like receptors

(KIR) revealed that an originally non-functional KIR pseudogene, KIR3DP1, is brought
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back to life in certain individuals via non-reciprocal recombination between different
KIR haplotypes (Uhrberg, 2005). It follows that pseudogenes also display reduced
nucleotide variability, excess synonymous over non-synonymous nucleotide
polymorphism, and other features that are expected in genes or DNA sequences that
possess functional roles (Balakirev and Ayala, 2003 and references therein).

Given that both C00113 and C00114 were obtained as full-length cDNA clones,
they are transcriptionally active genes. They possess comparable sequence identity to
various functional OMTs and produce seemingly normal proteins, but have no apparent
enzymatic activity. Could these two Arabidopsis putative OMTs be pseudogenes? One
of the characteristics of pseudogenes is that they are thought to arise by tandem
duplication of the functional genes from which they are derived. In turn, they are likely
to be inserted adjacent to their paralogous functional gene, but translocation to a different
chromosome is also possible (Mighell et al., 2000). A closer examination of the genomic
location of C00113 and C00114 revealed that they originated from chromosome 1, and
are indeed in tandem repeats with other putative OMTs. In fact, there are five such
OMT-like genes in tandem repeats in this region (T22I11) of the chromosome, with
C00113 (gene name AT1G21100.1) and C00114 (AT1G21120.1) in the first and third
position, respectively. However, no further information was available from TAIR (The
Arabidopsis Information Resource) to predict their substrate preferences.

In light of the possibility that C00113 and C00114 could be pseudogenes, it can
be envisaged that these two genes might be non-functional due to nucleotide mutations in
the protein-coding parts of their respective sequences, whereas their control elements in

the promoter regions are maintained, thus producing pseudogene transcripts. These
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transcripts could potentially serve a regulatory function such as anti-sense RNA that
hybridizes with the sense RNA from homologous functional OMT gene(s) forming stable
RNA/RNA duplex, thereby inhibiting their expression. Moreover, other means of
repression could include competitive interaction of OMT pseudogenes with their
homologous functional OMT gene(s) for positively acting transcription factor(s), thus
affecting transcription. OMT pseudogenes could also represent a repertoire of sequences
available for functional evolution with the potential of becoming genes whose products
have acquired a new substrate preference(s), as pseudogenes are known to acquire
functional roles (Uhrberg, 2005). This could, perhaps, be exemplified by the (+)6a-
hydroxymaackiain (a pterocarpan) 3-OMT of Pisum sativum (Wu et al., 1997), whereby
out of the eight OMTs that were originally isolated, only two showed considerably higher
enzyme activity than the others. The six OMTs that exhibited lower activity could have
been pseudogenes that have salvaged 3-OMT activity with lower substrate specificity or
regiospecificity, but might show higher activity with structurally similar substrates.
Whether C00113 and C00114 are pseudogenes thus producing inactive proteins remains
to be further investigated.

Arabidopsis thaliana represents an experimental model system for many plant
species. Though the characterization of C00113 and C00114 is as yet to be determined,
the future cloning and characterization of other functional OMTs in Arabidopsis would
be invaluable in the elucidation of certain metabolic pathways, as well as enable the
extension of this knowledge to other species, thus making feasible the application of
genetic engineering. ‘This is especially true if enhanced bioinformatics tools, such as

software programs capable of annotating genes or detecting pseudogenes, could be
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integrated into public databases. This would certainly improve the efficacy of gene

searches and increase the possibility of identifying functional genes.

H.2  Screening of Serratula tinctoria cDNA Library

3-0O-Methylquercetin is known for its roles as an anti-inflammatory and antiviral
agent (Middleton and Kandaswami, 1994; Malhotra et al., 1996), a specific inhibitor of
viral RNA replication (Castrillo and Carrasco, 1987), and as a tobacco phytoanticipin that
accumulates in response to wounding and insect herbivory (Roda et al., 2003). Thus, the
characterization of the OMT involved in its biosynthesis (Huang et al., 2004) is of great
economic interest with the ultimate goal of cloning and expressing the gene in transgenic
plants.

O-Methylation at position 3 constitutes the first committed step in the multiple
methylation sequence as has been demonstrated in a number of stepwise O-methylations
of quercetin by distinct OMTs in various plant species, such as apple (Malus domestica)
cell cultures (Macheix and Ibrahim, 1984), spinach (Spinacia oleracea) leaves (Thresh
and Ibrahim, 1985), and C. americanum shoots (Ibrahim et al., 1987). Thus, 3-O-methyl
flavonols rarely accumulate in significant amounts in plants, since they serve as
intermediates in the biosynthetic pathway of partially/highly methylated flavonoids
(Ibrahim et al., 1987; Macheix and Ibrahim, 1984; Thresh and Ibrahim, 1985). .
tinctoria, however, accumulates mainly 3,3'-dimethylquercetin and small amounts of 3-
methylquercetin as an intermediate, suggesting the existence in this plant of both

quercetin 3-OMT and 3-methylquercetin 3'-OMT enzymes (Huang ef al., 2004).
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Recently, the native quercetin 3-OMT of S. ftinctoria was partially purified,
biochemically characterized and internal tryptic peptide information made available
(Huang et al., 2004). As a next logical step, we have since attempted to clone the gene
encoding the flavonol 3-OMT employing degenerate primers based on the internal
peptide sequences. Library screening was carried out utilizing a PCR-based screening
strategy and standard colony lift hybridization methods. Following numerous rounds of
screening with different primers, various primer combinations and PCR conditions for the
PCR-based screening, amplification products containing sequence matches to the
expected peptides of S. tinctoria 3-OMT native protein could not be identified. Colony
lift screening with the TMAC protocol using terminally-labelled degenerate
oligonucleotide probes was likewise unsuccessful in isolating the flavonol 3-OMT.

Given that 3-methylquercetin is an intermediate metabolite that rarely
accumulates in plants grown under normal conditions, it is not unexpected that the
enzyme catalyzing its methylation is under tight regulation both at the mRNA and protein
levels, and hence its transcript may not be significantly expressed or accumulate to a
degree that permits its detection. Therefore, it appears that the low expression of flavonol
3-OMT cDNA under normal conditions and/or the potential degradation of some unstable
mRNA during extraction, could result in a lower level of transcript available for cDNA
library construction and, as a result, leads to a lower copy number of flavonol 3-OMT
clones in the overall pool. Perhaps, construction of a cDNA library derived from biotic-
or abiotic-stressed plant tissues would improve the recovery of flavonol 3-OMT cDNA

clones.
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It has also been proposed that the 3-OMT in C. americanum is part of a multi-
enzyme aggregate together with other OMTs catalyzing the stepwise O-methyaltion of
quercetin (Ibrahim ef al., 1987). If such aggregation system exists in C. americanum, it
would facilitate the formation of metabolic chains of intermediates and allows for
increased catalytic activity. In such an efficient system, it can be envisaged that low
levels of 3-OMT enzyme would be required for catalytic activity; however higher
enzyme levels would be required to target substrates that are diffuse within the cytosol.
Accordingly, assuming that S. tinctoria also possesses such a multi-enzyme aggregate for
3-O-methylation and subsequent stepwise substitution reactions, it is conceivable that the
flavonol 3-OMT is under tight regulation and thus not expressed in great quantity.

Although the isolation of a full-length cDNA clone containing all the six
tryptic peptides of the native flavonol 3-OMT was unsuccessful, three putative OMT-
like full-length clones (StOMT1, StOMT2 and StOMT3) were isolated using Arabidopsis
3'-OMT cDNA clone as a heterologous probe. These three full-length clones, although
lacking four of the tryptic peptides of the native flavonol 3-OMT, possess 100% match
with peptide 3 and partial match with peptide 4 of the native protein. Upon heterologous
expression of StOMT3 in E. coli, the resulting recombinant crude protein showed
catalytic activity with quercetin and S-hydroxyferulic acid, but not with 3-
methylquercetin or caffeic acid. Given that the recombinant StOMT3 protein utilizes
quercetin and not 3-methyl quercetion is significant, since the only difference between
quercetin and 3-methylquercetin is the methyl-group at the 3 position. Therefore, it is
possible that StOMT3 could very well be the gene encoding the native flavonol 3-OMT.

Alternatively, StOMT3 could encode a COMT that also utilizes flavonol. Obviously,

115



more work lies ahead and immediate work includes the confirmation of the position of
methylation and kinetic studies of the recombinant protein. Further work is currently in

progress for the identification of these putative clones.

H.3 Phylogenomic Analysis of OMTs

The reconstruction of the maximum parsimony and neighbour-joining
phylogenetic trees, based on protein sequence data of 60 biochemically characterized
OMTs involved in the O-methylatién of phenylpropanoids, flavonoids and alkaloids,
allowed the development of a framework for predicting the putative function and
substrate specificity of newly sequenced putative genes, and to infer the evolutionary
history of OMTs in plant species.

The extraordinary diversity of plant secondary metabolites has been
exploited by several researchers in chemosystematics and phylogenetics (Wink and
Waterman, 1999 and references therein). In contrast, the paucity of reports on the
biochemical and molecular characteri_zation of the enzymes involved in secondary
metabolite synthesis from different species prevents their extensive use in phylogenetic
studies. However, in spite of the relatively small number of biochemically characterized
OMTs, our investigation reveals that they catalyze the methylation of a variety of
chemical structures, almost all of which are phenolic in nature. Functionally, these
OMTs fall into two main categories; one involved in lignin biosynthesis and the other, in
the biosynthesis of defence compounds, such as alkaloids and ﬂavonoids.

Both phylogenetic trees obtained (Figures 22 and 23) demonstrate the segregation

of the two OMT Groups into distinct, well supported lineages. The fact that Group I
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OMTs are involved in the biosynthesis of the guaiacyl-type lignin that is considered
primitive, since it occurs predominantly in pteridophytes and gymnosperms, makes it
reasonable to assume that CCoOAOMTs have appeared in parallel with the evolution of
terrestrial vascular plants. They may have arisen by a selective, piece-by-piece assembly
of pre-existing functional polypeptide subunits (Crow and Dove, 1989). Further fine-
tuning of these assemblies, by selective amino acid substitutions have brought forth the
functional diversity of the Group II OMTs with attenuated substrate- and
regiospecificities to various methyl acceptor molecules (Ibrahim and Muzac, 2000).

The segregation of different Group II OMTs into distinct subclasses seems to
follow the structure of their preferred substrates, which include carboxylic acids, various
phenylpropanoids including phenylpropenes, (iso)flavonoids and alkaloids.  The
biosynthetic origin of these molecules may be considered as an important factor in the
phylogeny of these OMTs, since except for the benzylisoquinoline alkaloids which are
derived from L-tyrosine, all of the phenylpropanoid and flavonoid compounds are derived
from L-phenylalanine. The two phylogenetic trees, nevertheless, could also be analyzed
based not only on substrate utilization, but also on the physiological conditions of the
taxa involved (i.e. stress induced or not), species relatedness, and other character states.

As shown in Figures 24 and 25, the phylogenetic trees can also be utilized as a
powerful tool in substrate or functional predictions. The two Arabidopsis putative OMTs
(AF344315 and AF344316) seem to cluster with ice plant myo-inositol and rose
phloroglucinol-utilizing OMTs, suggesﬁng that they could likewise utilize di-/trihydric
phenols or simple sugar-like compounds such as inositol, as their preferred substrates

(Figure 24). However, the fact that these substrates were not accepted further indicates
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the possibility of the two clones being pseudogenes. In the case of StOMT1, StOMT?2,
and StOMT3, it is predicted that they utilize hydroxycinnamic acids as their preferred
substrates, thus corroborating their activity with 5-hydroxyferulic acid and quercetin as
substrates which are structurally related. In deed, this prediction has been substantiated
with recombinant StOMT3 crude protein, which showed catalytic activity with quercetin
and 5-hydroxyferulic acid.

These results demonstrate that the clustering of OMTs on the phylogenetic tree
can be correlated with functional characteristics, and analyses of this nature allow for
functional prediction of newly identified putative OMTs genes. This phylogenomic
approach, therefore, is of great value in guiding future research endeavors. Although
beyond the scope of this project, it would be valuable to compare members of the OMT
family/superfamily for their 3-D structure (protein fold)-based phylogenetic trees to
refine evolutionary relationships and explain the discrete differences among various

OMTs.
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