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Abstract

Madagascar periwinkle {Catharanthus roseus) produces the well known and

remarkably complex dimeric anticancer alkaloids vinblastine and vincristine that are

derived by coupling vindoline and catharanthine monomers. This thesis describes the

novel application of carborundum abrasion (CA) technique as a tool for large scale

isolation of leaf epidermis enriched proteins. This technique was used to facilitate the

purification to apparent homogeneity of 16-hydroxytabersonine-16-0-methyltransferse

(160MT) that catalyses the second step in the 6 step pathway that converts tabersonine

into vindoline. This versatile tool was also used to harvest leaf epidermis enriched

mRNAs that facilitated the molecular cloning of the 160MT. Functional expression and

biochemical characterization of recombinant 160MT enzyme showed that it had a very

narrow substrate specificity and high affinity for 1 6-hydroxytabersonine, since other

closely related monoterpene indole alkaloids (MIAs) did not act as substrates. In addition

to allowing the cloning of this gene, CA technique clearly showed that 160MT is

predominantly expressed in Catharanthus leaf epidermis, in contrast to several other

OMTs that appear to be expressed in other Catharanthus tissues. The results provide

compelling evidence that most of the pathway for vindoline biosynthesis including the O-

methylation of 1 6-hydroxytabersonine occurs exclusively in leaf epidermis, with

subsequent steps occurring in other leaf cell types.

Small molecule 0-methyltransferases (OMTs) (E.G. 2.1.1.6.x) catalyze the

transfer of the reactive methyl group of 5'-adenosyl-I-methionine (SAM) to free hydroxyl

groups of acceptor molecules. Plant OMTs, unlike their monomeric mammalian

homologues, exist as functional homodimers. While the biological advantages for dimer
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formation with plant OMTs remain to be established, studies with OMTs from the

benzylisoquinoline producing plant, Thalictrum tuberosum, showed that co-expression of

2 recombinant OMTs produced novel substrate specificities not found when each rOMT

was expressed individually (Frick, Kutchan, 1999) . These results suggest that OMTs can

form heterodimers that confer novel substrate specificities not possible with the

homodimer alone. The present study describes a 160MT model based strategy attempting

to modify the substrate specificity by site-specific mutagenesis. Our failure to generate

altered substrate acceptance profiles in our 160MT mutants has lead us to study the

biochemical properties of homodimers and heterodimers. Experimental evidence is

provided to show that active sites found on OMT dimers function independently and that

biflinctional heterodimeric OMTs may be formed in vivo to produce a broader and more

diverse range of natural products in plants.
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Chapter 1

Literature Review

S-Adenosyl-L-Methionine (SAM) dependent O-methyltransferases: Tlieir function

and relevance in plant metabolism.

Dylan Levac and Vincenzo De Luca
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S-Adenosyl-L-Methionine (SAM) dependant O-methyltransferase; Their function

and relevance in plant metabolism.

Dylan Levac and Vincenzo De Luca

1.1.1 - S-adenosyl-L-methionine dependent methyltransferases

Enzymatic methylation is a reaction all organisms utilize in varied biological

processes (Ibrahim, et al. 2001). In plants, methylation of small molecules occurs in

metabolic pathways essential for plant survival (primary metabolism), as well as in

metabolic pathways that were traditionally considered non-essential to the plant

(secondary metabolism). We now know that most secondary metabolic pathways do in

fact produce small molecules essential to plant defense, pollination, communication, and

seed dispersal, all elements essential to plant survival and reproduction.

Methylation reactions are catalyzed by diverse classes of small molecule S-

Adenosyl-Z-Methionine (SAM) dependant methyltransferases (MTs) (Ibrahim, et al.

2001). Methylation of small molecules in plants dramatically increases the diversity of

metabolites that appear to be important for plant development, defense, reproduction and

for intra and/or inter plant communication (Gang, 2005). In the case of secondary

metabolites, SAM dependent MTs methylate a variety of reactive centers that modify all

three major classes of secondary metabolites (phenolics, terpenes, and alkaloids). The

wide variety of methylated small molecules ensures a diverse library of bioactive

products that appear to have wide variety of biological roles that remain to be understood.

Some methylated small molecules are nutritionally important (ie. a-tocopherol,
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isoflavones), while other are commercial medicines (ie. morphine, vincristine,

vinblastine) or provide esthetic value (ie. anthocyanins) to human populations.

Plant small molecule 0-methyltransferases (OMTs) (E.G. 2.1.1.6.x) catalyze the

enzymatic transfer a reactive methyl group from SAM, to a hydroxyl, or reactive .{

oxyanion of the target substrate. This reaction typically occurs via a general Sn2 acid/base

reaction mechanism facilitated by a basic catalytic residue (ie. histidine, lysine), but there

are variants ofSAM MTs that use the ionized character of their target substrate at cellular

pH rather than basic catalytic residues to facilitate transmethylation (Class III MTs). This

review will focus on plant OMTs that are involved in primary and secondary plant

metabolism, their essential roles in biosynthetic pathways, and their role in establishing

biosynthetic pathway order and their evolution together with structure-function

relationships.

1.1.2 - Evolution of secondary biosynthetic pathway genes

There is a vast library of structurally characterized secondary metabolites (>50

000), and an even larger predicted array of yet to be discovered compounds. Although

plants possess this massive library of small molecules, the enzymes responsible for their

biosynthesis perform limited chemical modifications. It is a consequence of enzyme

substrate specificities, substrate stereospecificities, and enzyme promiscuity that have

permitted a few reaction types to yield the diversified library of plant secondary

metabolites found in modem plants (Gang, 2005).

When discussing evolution of biosynthetic pathways, we must first define what

constitutes a new or unique gene. Genes are considered distinct from ancestral progenitor



nr -,i.fl

' "J .
1 1'

.,

]••
? ^^-1. i ...

>.' ' ' ' kH ;

••V I
:

. i.-'r{. i-7' : vaO f'^y'^iA ff-

i.fr'Xi ,
•:-. -n ( '.'<;

;*':"
'"

.vuAv.



genes when their gene products perform the same catalytic modification on a new

substrate, or when they perform a new chemical reaction on the same substrate

(Pichersky, Gang, 2000). It would then follow that if a new gene product performs new

chemistry on a new substrate it would also be considered distinct from the ancestral gene.

However, the appearance of a new substrate preference together with new enzyme

chemistry is less likely to occur (Gang, 2005).

It is generally accepted that new OMTs arise from a given ancestor by gene

duplication followed by mutation (Wang, Pichersky, 1999, Gang, 2005). The ancestral

gene is duplicated in the plant genome to yield a copy that is free to mutate and

potentially acquire a new biochemical function at no detrimental cost to the plant

(Pichersky, Gang, 2000).

A well known example of gene evolution by gene duplication is that of the

isoeugenol OMT (lEMT). Comparing the amino acid sequences of 13 OMTs, it was

shown that the Clarkia breweri lEMT gene was undoubtedly derived from the C.breweri

caffeic acid OMT (COMT) gene (Wang, Pichersky, 1999). Phylogenetic analysis

determined that this evolution likely occurred by gene duplication ofCOMT followed by

mutation. Detailed kinetic analysis using recombinant wild type lEMT and COMT

enzymes, as well as recombinant site-specific mutagenized lEMT and COMT gene

products established that only 7 amino acid differences caused the change in substrate

specificity (Wang, Pichersky, 1999).

While gene duplication events followed by mutation are probably the most well

understood mechanisms ofnew gene evolution, other forms of gene evolution may also

occur in the diversification of plant biosynthetic pathways (Pichersky, Gang, 2000).
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Repeated or convergent evolution could also yield new functional gene products, as

exemplified by the terpene synthases (Pichersky, Gang, 2000), but examples of this type

ofOMT gene evolution have yet to be reported.

1.1.3 - Common amino acid signatures and proposed classiflcation of OMTs

SAM-dependent OMTs almost always possess a highly conserved nucleotide

binding domain, more commonly referred to as the SAM binding domain that is

characterized by a highly conserved a/p Rossmann fold. The a/p Rossmann fold consists

of at least 3 P-sheets and at least 2 a-helices in alternating order (Rao, Rossmann, 1973)

and is localized to the C-terminal 1/3 of the protein (Ibrahim, 1998). The only reported

example of a SAM dependent OMT not possessing a discemable SAM binding domain is

Vitis vinifera Caffeoyl CoA 3-0-methyltransferase (Busam, et al. 1997). For all other

OMTs the reported SAM binding consensus sequence annotated as LVDGGGxG is

glycine rich (Ibrahim, 1998).

In addition to the highly conserved SAM binding domain, OMTs possess metal

binding domains within the consensus amino acid sequence, NGKVI (Vidgren, et al.

1994, Ibrahim, et al. 1998). It should be noted, however, that some OMTs that do not

require divalent metal cations for catalytic activity still show predicted metal binding

domains in their protein sequence (Joshi, Chiang, 1998). While the function of these

metal binding domains in non-metal requiring OMTs is currently unclear, it is possible

that the domain is vestigial and is simply a remnant of the ancestral gene that required

divalent cations for catalytic function.
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1.1.4 - Plant OMTs occur as dimers in order to be enzymatically active

Plant OMTs are unique compared to those of animals since they almost always

occur as homodimers through a common N-terminal dimerization domain (Zubieta, et al.

2001). For example the isoflavone OMT (lOMT) from alfalfa, and SalicyHc acid OMT

(SAMT) from Clarkia both possess N-terminal dimerization domains (Zubieta, et al.

2001, Zubieta, et al. 2003). Varying between OMT classes is the size of the domain in

general and its extent of involvement in the complementary monomer's active site. The

crystal structure oflOMT suggests that the N-terminal dimerization domain participates

in the catalytic site of the opposing monomer (Zubieta, et al 2001), whereas the N-

terminal dimerization domains ofSAMT and other Class III MTs do not (Zubieta, et al

2003). There appears to be a relationship between the size of the dimerization domain

and its participation in the active site. For example, the dimerization domain of lOMTs

representing 30% of the polypeptide chain, participates in the active site (Zubieta, et al.

2001), while SAMT as well as other Class III MTs have a simple dimerization domain

comprising only 7% of the polypeptide that do not participate in the active site (Zubieta,

et al. 2003).

1.1.5 - Classification of Plant OMTs

Several classification systems have been proposed for SAM-dependent OMTs.

Initially OMTs were classified based on substrate preferences (Ibrahim, et al. 1998).

Phenylpropanoid, flavonoid and alkaloid methyltransferases were organized into A, B

and C classes, respectively. Class A OMTs were organized into subclasses 1 through 5

representing enzymes acting on caffeic and 5-hydroxyferulic acids, caffeoyl and 5-
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7

hydroxyferuoyl-CoA esters, coumarins/furanocoumarins, phenols/benzoic acids/phenolic

esters, and polyketides, respectively. Class B MTs were organized into enzymes acting

on flavonols/flavones, chalcones/flavanones, pterocarpans, and flavans/anthocyanin

subclasses, respectively. Class C MTs were organized into enzymes acting on

benzoisoquinoline alkaloid, morphinan alkaloid, and secologanin/lysergic acid ''
\

subclasses, respectively (Ibrahim, et al. 1998). Unfortunately this classification system

did not consider that the substrate specificity ofOMTs did not necessarily represent their

phylogenetic origin, the OMT active site structural relationships, or their catalytic activity

properties (D'Auria, et al. 2003). More recently OMTs have been classified as class I,

class II and class III OMTs (Joshi, Chiang, 1998, D'Auria, et al. 2003). Class I OMTs

have subunit masses of approximately 30 kDa and are active only in the presence of

divalent cations. While Class I OMTs represent the majority of the enzymes that O-

methylate CoA esters (ie. caffeoyl-CoA, 5-hydroxyferuloyl-CoA), some Class I OMTs

also methylate flavonoids (Joshi, Chiang, 1998). Class II OMTs have subunit masses of

approximately 40 kDa, and show no requirement for divalent cations for catalytic

activity. Class II MTs typically methylate a broad range of substrates, including

monlignol precursors (caffeic acid, caffeoyl alcohol, caffeoylaldehyde), flavonoids, and

alkaloids (Joshi, Chiang, 1998). Class III OMTs, also named the SABATH

methyltransferases after the first three enzymes identified fi-om this new class (Salicylic

Acid OMT, Benzoic Acid OMT, THeobromine synthase) have subunit masses of40 kDa,

do not require divalent cations, and O-methylate the oxyanion of carboxylic acid

functional groups (Ross, et al. 1999, Murffit, et al. 2000, Ogawa, et al. 2001, Uefugi, et

al. 2003). This classification system, although simple, is more effecUve in classifying
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methyltransferases according to their structural similiarities, catalytic requirements, and

phylogenetic origins. :. .. -.r.

1.2.1 - Phenolic O-methyltransferases -.

Phenolics, one of the largest groups of plant small molecules, are identified by

their aromatic six member ring, and by the presence of at least one hydroxyl functional

group. These compounds (ie. /7-coumaric, caffeic, ferulic, sinapic acids) have a large

range of biological functions including deterrent roles against herbivores, fungi and

bacteria, or as allelopathic agents in modulating plant-plant interactions (Siqueria, et al.

1991). Some volatile phenols are important attractants for pollinators or fruit dispersers,

and act as signaling molecules for pathogen attack (eg. salicyHc acid) (Gang, 2005).

Other phenolics serve a more structural role (eg. lignin) or protection against ultraviolet

radiation (eg. flavonoids, anthocyanins) (Ibrahim, et al. 1998).

1.2.2 - Lignin: Monolignol biosynthesis . -

Lignin is one of the most abundant organic molecules on the planet, and is second

in abundance only to cellulose. Using atmospheric O2 and 5'^C it has been estimated that

approximately 30% of total fixed carbon is directed to lignin biosynthesis (Battle, et al.

2000). Lignin's hydrophobic nature and its intrinsic strength makes it an intrinsic

component of plant vasculature that prevents these tissues from collapsing under the ;

negative pressure produced by transpiration. These properties also ensure structural '

stability of plants for upward growth. In terms of plant defense the structural strength of

lignin deters herbivores and protects plants against pathogen invasion (Guo, et al. 2001).
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Lignin is a complex, branched polymer formed from basic phenolics (sinapyl,

coumaryl, and coniferyl alcohols) that are referred to as monolignols (Figure 1.1) (Ralph,

et al, 2004). . The exact structure of lignin is still unknown due to its complexity and the

difficulties involved in isolating the pure polymer. Moreover, the mechanism of

monolignol polymerization is a highly debated topic (Lewis, 2005, Ralph, et al. 2004).

Some researchers believe the hnking of monolignol subunits is achieved by a mechanism

analogous to non-catalyzed organic reactions (Ralph, et al, 2004). Conversely other in

vitro research has demonstrated that lignin polymerization occurs via a far more ordered

mechanism mediated by so called dirigent proteins (DPs) purified from Forsythia

suspense (Laurence, et al. 1997). DPs, contrary to enzymes, are not biological catalysts

but are hypothetically stereo-selective guides for monolignol coupling. It must be noted

that to date any reproduction of this original DP purification, or purification of any

homologous DPs from other plants has yet to been reported.

Lignin biosynthesis is of great economic interest, in particular to both animal and

human food crop industries, as well as in pulp and paper production. The major

monolignol subunits affecting food digestibility are the methoxylated monomers, known

as guaiacyl (G) and syringyl (S) subunits (Campbell, Sederoff, 1996). The S/G

composition of lignin varies significantly from one plant species to another, within one

plant species and even within a single plant depending on its tissue type, and

developmental stage (Campbell, Sederoff, 1996). In terms of nutrition, a high S/G ratio

will have a negative effect on lignin digestibility and as a consequence there is interest in

developing legumes with
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COOH COOH COOH COOH

phenylalanine cmnamate OCHjCO
. OH QH
4-coumarate carfeate

OCH,

OH OH
,

5-hydroxyferulate sinapate

OCIf^CO^ ^ "OCH3

OH OH
4-coumaroyl CoA caffeoylCoA feruloyl CoA 5-hydroxyferuloyl CoA sinapoyl CoA

OCR

COMT

OCHJCO" ^ "OCH3

OH OHOH OH
4-coumaryl aldehyd^affeoyl aldehyde coniferaldehyde S-hydroxyconifer aldehyde sinapoyl

aldeiiyde

'OCH3

4-coumaryl alcohol caffeoyl alcohol coniferalcohol S-hydroxyconifer alcohol sinapoyl alcohol

p-hydroxyphenyl G Unit S Unit

monolignol monolignol monolignol

Figure 1.1 Proposed routes of monolignol biosynthesis modified from Parvathi et al.

2001. Green arrows indicate proposed route for G monolignol unit biosynthesis. Red

arrows indicate proposed route for S monolignol unit biosynthesis.
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decreased syringyl monlignol lignin to improve the nutritional use of food crops

(Campbell, Sederoff, 1996).

In terms of the pulp and paper industry, lignin must be removed from cellulose for

paper production. Plants containing higher levels of condensed lignin (ie. low S/G ratio

and greater p-hydroxyphenyl unit content) are poor raw materials for paper production

(Chiang, Funaoka, 1990). For example, softwood gymnosperms have high guaiacyl

monolignol content, as well as some p-hydroxyphenyl (H) monolignols, and

consequently are less suitable for paper production. Lignin of this composition is more

difficult to remove by hydrolysis than in angiosperms that produce less condensed lignin

(Chiang, Funaoka, 1990).

The differences between condensed and non-condensed monolignols are their

methoxylation states. Two particular OMTs, caffeic acid 3-0-methyltransferase

(COMT), and caffeoyl CoA 3-0-methyltransferase (CCOMT) control 0-methylation of

monolignol precursors. COMT catalyzing the conversion of caffeic acid to ferulic acid

was first reported in the early 1960s from crude protein extracts of apple and pampas

grass tissues (Finkle, Nelson, RF., 1963, Finkle, Masri, 1964). The COMTs from ginko

(Shimada, 1972), poplar (Higuchi, et al. 1977), and tobacco (Hermann, et al. 1987) were

purified by gel filtration and demonstrated to have molecular masses between 60 - 86

kDa. These purified COMTs were also shown to not require divalent cations for catalytic

function.

Research of the 1970s and early 1980s revealed that lignin biosynthesis involved

the combined participation of hydroxylases and OMTs that controlled the production of

lignin precursors such as p-coumaric acid and its acid derivatives (ferulic acid, and
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sinapic acid). These intermediates were thought to be reduced to monoUgnols through

their CoA derivatives (Humphreys, Chappie, 2002) (Figure 1.1).

The first reported isolation of a cDNA encoding COMT {Ptomtl), whose gene

product M^as capable of 0-methylating caffeic acid and 5-hydroxyferulic acid, was cloned

from Populus tremuloides (Bugos, et al. 1991). Ptomtl enzyme preferentially accepted

5-hydroxyferulic acid 2.5 times more efficiently than caffeic acid, thus supporting the

model for hgnin biosynthesis where monolignols were derivatized through their acid

intermediates. More recent kinetic analyses of alfalfa COMT enzyme suggest that

caffeoyl aldehyde (Km 6.9 |xM) and 5-hydroxyconiferaldehyde (Km 1.8 |xM) have a 10

and 3 times lower Km than caffeic and ferulic acid (Parvathi, et al. 2001). While this

remains to be proven, the preference ofCOMT for the aldehyde intermediates suggests

an alternative, more favoured route for monolignol biosynthesis through caffeoyl

aldehyde and 5-hydroxyconiferaldehyde (Figure 1.1).

While COMT enzyme substrate saturation kinetics suggest that lignin

biosynthesis proceeds through aldehyde intermediates, further pioneering studies reported

the discovery of caffeoyl-Co-enzyme-A OMTs (CCoAOMTs) (Kneusel, et al. 1989,

Schmitt, et al., 1991, Ye, et al. 1994, Ye, et al. 1995) that led to the hypothesis that

monolignol biosynthesis occurs though CoA ester intermediates. The first CCoAOMT

gene was cloned and its enzyme functionally characterized was from parsley (Schmitt, et

al, 1991). hi general, CCOMT requires divalent cations (Mg*^, Zn^, Ca*^) for enzyme

activity and the subunit Mr of this class of varies between 27 - 28 kDa (Kneusel, et al.

1989, Ye, et al. 1994, Ferrer, et al. 2005). Substrate specificities of recombinant alfalfa

CCOMT showed its strict substrate preferences for caffeoyl-CoA (Km 4.3 ^M), and 5-
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hydroxyferuloyl-CoA (Km 6.2 ^M) whereas other monolignol intermediates were not

accepted (Parvathi, et al. 2001). The abiHty ofCCoAOMTs to methylate the CoA ester

intermediates of monohgnols led to the development of the initial alternative pathway for

monolignol biosynthesis (Ye, et al. 1994) (Fig 1.1).

The current proposed model for monolignol biosynthesis follows a grid pattern

using coniferaldehyde as a common intermediate for both G and S monolignol

biosynthesis (Parvathi, et al. 2001) (Figure 1.1). Unfortunately this theory is based largely

on combined enzymatic data from widely varying plant species and is primarily a

representation ofm vitro kinetic data rather than in vivo biological reality.

1.2.3 - Lignin: Maize bm mutants and COMT/CCOMT antisense transgenics

Maize brown-midrib (bm) mutants, first reported nearly 40 years ago (Kuc, et al.

1968), are characterized by a red-brown midrib, reduced lignin content, and are more

easily digested compared to normal varieties. However, the improved digestibility of low

lignin lines is offset by low crop yields compared to normal lignin producing lines

(Chemey, et al. 1991). Of the four maize bm lines known, bm3 has been identified as a

mutation ofCOMr (Vignols, et al. 1995). Two independent bm3 mutant alleles have been

characterized, where bm3-l corresponds to an insertion near the highly conserved intron

of COAfr and bm3-2 is characterized by a partial deletion of COMr (Vignols, et al.

1995). Both mutations lack COMT activity. Maize bm3 mutants contain 12% less

lignin (Grand, et al. 1985) together with increased p-hydroxyphenyl content in the lignin

as well as increased levels of soluble monolignols (p-coumaric acid, ferulic acid, 5-

hydroxyferulic acid) (Chabbert, et al. 1994).
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hydroxyferuloyl-CoA (Km 6.2 nM) whereas other monoHgnol intermediates were not

accepted (Parvathi, et al. 2001). The abihty ofCCoAOMTs to methylate the CoA ester

intermediates of monolignols led to the development of the initial alternative pathway for

monolignol biosynthesis (Ye, et al. 1994) (Fig 1.1).

The current proposed model for monolignol biosynthesis follows a grid pattern

using coniferaldehyde as a common intermediate for both G and S monolignol

biosynthesis (Parvathi, et al. 2001) (Figure 1.1). Unfortunately this theory is based largely

on combined enzymatic data from widely varying plant species and is primarily a

representation of in vitro kinetic data rather than in vivo biological reality.

1.2.3 - Lignin: Maize bm mutants and COMT/CCOMT antisense transgenics

Maize brown-midrib (bm) mutants, first reported nearly 40 years ago (Kuc, et al.

1968), are characterized by a red-brown midrib, reduced lignin content, and are more

easily digested compared to normal varieties. However, the improved digestibility of low

lignin lines is offset by low crop yields compared to normal lignin producing lines

(Chemey, et al. 1991). Of the four maize bm Unes known, bm3 has been identified as a

mutation ofCOMr (Vignols, et al. 1995). Two independent bm3 mutant alleles have been

characterized, where bmS-l corresponds to an insertion near the highly conserved intron

ofCOMT and bm3-2 is characterized by a partial deletion ofCOMr (Vignols, et al.

1995). Both mutations lack COMT activity. Maize bm3 mutants contain 12% less

lignin (Grand, et al. 1985) together with increased p-hydroxyphenyl content in the lignin

as well as increased levels of soluble monolignols (p-coumaric acid, ferulic acid, 5-

hydroxyferulic acid) (Chabbert, et al. 1994).
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The significant role played by COMT in general monolignol biosynthesis has

triggered metabolic engineering efforts using antisense technology to modulate lignin

content in transgenic poplar. Poplar lines expressing antisense poplar COMT had very

low levels of COMT"mRNA and COMT enzyme activity that was only 5% of the levels

found in untransformed control lines (van Doorssealere, et al. 1995). Stable transgenic

lines accumulated 56% less S monolignols while G monolignol content slightly increased

compared to control lines, but total lignin levels remained unchanged (van Doorssealere,

et al. 1995). These results suggest an alternative route for G monolignol biosynthesis

through CCOMT enzyme, and illustrate the absolute requirement for COMT enzyme in S

monolignol biosynthesis (Figure 1.1). Over expression ofCOMT in woody plants,

particularly angiosperms used in the pulp and paper industry, could be of economic

benefit.

Transgenic tobacco expressing antisense tobacco CCoy4(9Mr produced 53 - 67%

less total lignin (Zong, et al. 1998). While total lignin content was decreased on average

by 58%, the ratios ofG and S monolignol remained unchanged compared to control lines

(Zong, et al. 1998). This demonstrated that CCoAOMT enzyme contributed significantly

to the overall monolignol subunit pool dravra upon for lignin biosynthesis. The results

suggest that CCoAOMT enzyme contribution is significant enough that the alternative

COMT pathway to G and S monolignols might not compensate for the CCoAOMT

deficit (Figure 1.1).

Enzyme kinetics, substrate specificities, maize bm mutants, and antisense

transgenics were all used to develop the current model of monolignol biosynthesis (Fig

1.1). The essential roles ofCOMT and CCOMT enzymes in the production ofG and S
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monolignol precursor pools suggest that modulation ofCOMT and CCOMT gene

expression, and consequently their products, in transgenic lines could be used to produce

improved plants for the production of pulp and paper or improved food crops that are

more easily digested.

1.2.4 - Flavonoid methylation

Flavonoids, one of the largest classes ofphenolic compounds, include the

anthocyanins, flavones, flavonols, and isoflavones. Flavonoids serve a variety of plant

functions. Anthocyanins attract insects through flower pigmentation (Ibrahim, 1998).

Flavonoids in general protect against UV-B radiation damage, act as signaling molecules

(Long, 1988) and appear to control plant growth by regulating auxin transport (Jacobs,

1988).

Methylation of flavonoids alters their solubility and subcellular localization.

While glycosylation of flavonoids in many cases targets them to the vacuole (Harbome,

Williams, 2000), methoxylation of flavonoids increases their lipophilic nature and these

partition to more hydrophobic environments like the waxy cuticle outside of the leaf

epidermis (Harbome, Williams, 2000). Additionally, methoxylation of flavonoids shifts

their UV absorption spectrums to shorter wavelengths. This property, coupled with their

waxy cuticle localization, makes them great UV-B protectants. In terms of their potential

commercial uses, methoxylated flavonoids are candidates for sunscreen additives (Li, et

al. 1993). Similarly, methoxylated anthocyanins modulate the colours of flowers. For

example, the pale blue/lavender of petunidin (Colijn, et al. 1981), and the deep red color
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of wines are derived from methoxylated anthocyanins and are commercially relevant for

floral, aesthetic and cultural industries.

In Catharanthns roseus, two flavonol OMT genes have been cloned {CrOMT2,

CrOMT6), and their products partially characterized (Cacace, et al. 2003, Schroder, et al.

2004). CrOMT2 enzyme is a bifunctional flavonol OMT responsible for two sequential

methylations at the 3' and 5' hydroxyl positions of the flavonol B ring of myricetin

(Cacace, et al. 2003). In contrast, CrOMT6 preferentially accepted the flavanone

homoeriodictyol or the flavonol isorhamnetin at its 4' hydroxyl position (Schroder, et al.

2004). The Mr ofCrOMT2 monomer is 39 kDa while CrOMT6 has a monomer

molecular mass of 41 kDa. Since neither enzyme showed an apparent requirement for

divalent cations for catalytic activity, they belong to Class II OMTs according to the

accepted classification system. This is characteristic of almost all characterized flavonoid

OMTs. The only exceptions to this pattern are an OMT which accepts both

phenylpropanoids and flavonoids (PFOMT), that was identified from

Mesembryanthemum crystallinum (Ibdah, et al. 2003), and SOMT-9 from Glycine max

(Kim, et al. 2005). Both belong to Class I MTs. These recently discovered genes could

encode a new class of small molecule OMTs that will emerge in the fiiture as more

research is done, but at this time they remain exceptions to current methyltransferase

classification.

PFOMT has a predicted molecular weight of 29 kDa and requires Mg""^ for catalytic

activity (Ibdah, et al. 2003). SOMT-9 has a molecular mass of 27 kDa and shows a

conserved metal-binding amino acid consensus sequence, although requirement of

divalent cations for catalytic function was not reported in the enzyme characterization
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(Kim, et al. 2005). Until the discovery of these two coding sequences, all Type I

methyltransferases preferentially accepted phenolic CoA esters as substrate. The

discovery of this apparent new class ofOMTs underlines the importance of proper

biochemical characterization of enzymes with complete kinetic analyses, and

demonstration of their actual biochemical functions, and when possible, actual in vivo

biological functions. Functional classification based solely on amino acid, or nucleotide

sequence is insufficient.

1.2.5 - Flavonoid methylation: UV-B protectants

Chalcone synthase (CHS) mutants ofArabidopsis thaliana lack flavonoids and

are reported to be more sensitive to UV-B radiation compared to wild-type Arabidopsis

(Li, et al. 1993). CHS mutants lack flavonoids because CHS is responsible for the

condensation of 4-coumaroyI CoA with malonyl-CoA, the first major committed step in

flavonoid biosynthesis (Winkel-Shirley, 2001). It has been speculated that the effects on

growth in the mutant lines most likely relates to the lack ofUV-B damage protection

flavonoids confers to plants.

The UV-B damage protection conferred by methoxylated flavones and the

induction of their biosynthesis under high light conditions has been reported from

Gnaphalium vira-vira (Cuadra, Harbome, 1996). Gnaphalium possesses two

methoxylated flavones on the leaf surface araneol (5,7-dihydroxy-3,6,8-

trimethoxyflavone), 7-0-methylaraneol (5-hydroxy-3,6,7,8-tetramethoxyflavone). UV-B

irradiation oi Gnaphalium for extended periods of time triggers the increased

accumulation of 7-0-methylaraneol and reduces levels of araneol. This result
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demonstrates that in response to prolonged UV-B exposure Gnaphalium further

methylates highly methylated flavones (Cuadra, Harbome, 1996).

1.2.6 - Flavonoid methylation: Phytoalexins

Methylated flavonoids have been shown to possess more potent anti-fungal

activity than their non-methylated counterparts (VanEtten, et al.l989). Structure-activity

relationships of flavonoid phytoalexins show a strong positive correlation between

flavonoid lipophilicity and their anti-fungal activity (Laks, Pruner, 1989). It is thought

that the methoxylated derivatives are better suited to cross phospholipids membranes and

cell walls. Consequently the methoxylated flavonoids reach their site of action easier and

yield anti-fungal activities at lower concentrations (Laks, Pruner, 1989, VanEtten, et

al.l989).

When fungal pathogens attack plants, plants respond by activating

multicomponent defense pathways that include the production of low molecular weight

phytoalexins (Baker, et al. 1997). A well characterized example of phytoalexin

production during a plant-pathogen interaction has been demonstrated between Blumeria

graminis (bgh) and barley (Hordeum vulgare). Infection ofbarley by bgh stimulates the

pathways for phenylpropanoid and flavonoid biosynthesis. Phenylalanine ammonia lyase

{PAL), chalcone synthase {CHS) and caffeic acid OMT {COMT) gene expression is

quickly up regulated, and their gene product catalytic activities increase to promote

flavonoid biosynthesis (Clark, et al. 1994, Gregersen, 1994, Christensen, et all 997,

Shiraishi, 1995). Flavonoid 7-0-methyltransferase {Fl-OMT) mRNA transcripts and

protein levels have been reported to increase in H. vulgare in response to fungal attack
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(Christensen, et al. 1997, Christensen, et al. 1998). Induction of this Class II OMT

(Christensen, et al. 1998) was accompanied by the accumulation of 7-0-methyl apigenin

(Cushnie, Lamb, 2005), which has significant antifungal activity suggesting a defensive

role for Fl-OMT during pathogen attack by bgh.

1.2.7 - Isoflavonoid methylation: Phytoalexins

Isoflavones have been the subject of intense research for decades because of their

numerous heath benefits, as well as their participation in plant disease resistance (Dixon,

Steele, 1999). Isoflavones appear to play critical roles in the constitutive and inducible

defenses of legumes against various diseases (Lamb, Dixon, 1997, Dixon, 2001). For

example, the methoxylated isoflavone, pisatin, is a potent antimicrobial compound

compared to its non-methoxylated derivative (Deavours, et al. 2006). It has been

suggested that 3-0-methylation of 6a-hydroxymaackiain is a critical step in the

development of disease resistance (Deavours, et al. 2006). In peas {Pisum sativum), 6a-

hydroxymaackianin OMT (PsHMM) is responsible for 3-0-methylation of 6a-

hydroxymaackianin (Preisig, et al. 1989). PsHMM is a dimer composed of two 43 kDa

subunits that does not require divalent cations for activity, and the enzyme is highly

selective for (+)6a-hydroxymaackianin, although other substrates and their enantiomers

were accepted at lower levels [(-)6a-hydroxymaackianin (+)maackiain, (-)maackiain,

(+)medicarpin, (-) medicarpin] (Preisig, et al. 1989). It is interesting that the (+)

enantiomer of 6a-hydroxymaackianin is preferentially accepted in vitro since only the (-)

enantiomers of pterocarpan accumulate to any appreciable extent in the plant upon fungal

elicitation (Dewick, 1988).
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Medicago sativa (alfalfa), like P.sativum, also accumulates isoflavone

phytoalexin in response to disease (He, Dixon, 2000). In M.sativa the 4' 0-methylated

isoflavones (Dixon, 1999) are particularly important disease resistance factors. Early *^

efforts to identify the 4'IOMT responsible for medicarpin biosynthesis, the major

isoflavonoid phytoalexin of alfalfa, were only successful in identifying a 7-IOMT that

yielded 7-0-methylated isoflavones (isoformononetin, 7-0-methylgenistein) in in vitro

enzyme assays. These methylated isoflavones are not major soluble phenolics in either

alfalfa or of other legumes (He, Dixon, 1996, He, et al. 1998); however, studies with

alfalfa cell cultures elicited with yeast elicitor triggered a 200-fold increase in 7-IOMT

activity that was correlated with the accumulation of the 4'-0-methylated isoflavone

phytoalexin, medicarpin (Dalkin, et al. 1990, Kessmann, et al. 1990, Edwards, Dixon,

1991). Two further attempts to purify a 4' lOMT from elicited alfalfa cell cultures only

yielded 2 separate 7-IOMT activities (Edwards, Dixon, 1991, He, Dixon, 1996). The first

7-IOMT preferentially accepted daidzen (Km 20 ^M), and did not require divalent

cations for catalytic function (Edwards, Dixon, 1991) while the second preferentially

accepted 6,7,4-trihydroxyisoflavone, but also accepted daidzein, and genistein at lower

levels (He, Dixon, 1996). The failure to isolate a 4'-I0MT was attributed to the

possibility that 7-IOMT could catalyze a 4T0MT activity in association with other

isoflavonoid pathway enzymes as part of a multienzyme complex'.

Supporting the hypothesis of a multienzyme complex, work using transformed

alfalfa expressing 7-/C>Mr accumulated higher levels of 4'-0-methylated isoflavones

(He, Dixon, 2000). Additionally, co-localization studies (Dixon, 1999, He, et al. 1998)

together with the X-ray crystal structure of the 7-IOMT enzyme, which showed that the
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active site of the enzyme could accommodate 2,4,7-trihydroxyisoflavanone in

orientations favorable for both 4' or 7' 0-methylation (Zubieta, et al. 2001), were used to

suggest that 7-IOMT was in fact a 4'IOMT in vivo. Recently a 4'-0MT {HI4 'OMT) was

cloned from both Lotusjaponicus (accession number AB091686), and Glycyrrhiza

echinata (accession number AB091684) (Akashi, et al. 2003). These enzymes, with

subunit Mr of44 kDa, catalyzed the highly specific 4'-0-methylation of 2,7,4-

trihydroxyisoflavanone (Akashi, et al. 2003). So while there is still some controversy

that 7-IOMT is in fact a 4T0MT in vivo, or if it works in co-ordination with a

multienzyme complex, it is undeniable that the 4'IOMT isolated by Akashi et al. (2003)

is involved in medicarpin biosynthesis.

1.2.8 - Flavonoid methylation: Anthocyanins

Flavonoid, carotenoid, and betalain-derived pigments are important to aesthetic

and cultural industries (Brugliera, et al. 1999). Methylated anthocyanins, for example,

impart blue/violet colors and are responsible for pigmentation of various economically

important flowers, as well as wines. Four independent Petunia hybrida OMTs (Mtl/Mfl,

Mt2/Mf2) are responsible for anthocyanin methylation, and are named according to their

control line (Jonsson, et al. 1984). The major anthocyanin components of P. hybrida

change depending on the cultivar's Mt and Mfalleles (Jonsson, et al. 1983). If any Mt

gene is dominant, only 3'-0-methylated anthocyanins (ie. peonidin, petunidin) will

accumulate. Conversely, when any A/jTgene is dominant, 3'-5'-dimethoxylated

anthocyanin malvidin will accumulate (Jonsson, et al. 1983).

Biochemical characterization of the four P. hybrida OMTs revealed comparable

biochemical characteristics. Each of the P.hybrida anthocyanin OMTs belonged to class
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II OMTs since they had a pH optima of 7.7, had subunit Mr's between 45-50 kDa and did

not require Mg"^ for activity (Jonsson, et al. 1984). Each isoenzyme only differed slightly

in their affinity constants (Kms) for the substrates, petunidin and cyanidin (Jonsson, et al.

1984).

Although anthocyanin methylation is important in modulation of flower and finit

pigmentation, most breeding or transformation studies have focused primarily on

manipulating the major committing steps to anthocyanin biosynthesis such as CHS or

dihydroflavonol 4-reductase (DFR)) rather than on OMTs (Tanaka, et al. 1988).

Transgenic plants with decreased CHS and/or DFR diversified the available cultivars of

purple P.hybrida to lines with patterned white flowers (van der Krol, et al. 1988), and red

Gerbera to lines with uniform pink flowers (Elomaa, et al.l993). While this has not been

widely adopted for commercial manipulation of flower or fruit pigments, transformation

technologies could be used for rapid generation of usefiil phenotypes. For example,

genetic engineering a blue pigmented Vitis labrusca grapes to eliminate anthocyanin 5'-

0-glucosyltransferase (GT) could generate a more visually pleasing red wine that is

preferred by consumers, while at the same time maintaining the cold tolerant character of

V.labmsca, an important property for growing grapes in the temperate zones like the

Niagara region.

1.2.9 - Isoflavonoid methylation: Structural analysis

The X-ray crystal structure oflOMT revealed a highly conserved C-terminal

SAM binding domain, consisting of the a/p Rossmann fold, as well as novel N-terminal

dimerization for plant methyltransferases (Zubieta, et al. 2001). The crystal structure of
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lOMT suggested that dimerization was essential for catalytic activity as parts of both

subunits participate in the formation of each active site (Zubieta, et al. 2001). This

observation could be extended to other class II OMTs since they behave as dimers as

determined by gel filtration chromatography (Sato, et al. 1994). The X-ray crystal

structure studies suggested that approximately 30% of the protein participates in the

dimerization interface of lOMT, significantly more than other structurally characterized

OMTs (ie. chalcone OMT, SAMT) (Zubieta, et al. 2001, Zubieta, et al. 2003). hi

addition to a significant dimerization interface, several amino acids in the N-terminal

dimerization domain appear to contribute to the catalytic pocket of the complementary

subunit, since M29, T32 and T33 oflOMT insert into the complementary subunit's

catalytic site, and form the back wall of the substrate binding pocket (Zubieta, et al.

2001).

The binding of SAM/S-adenosylhomocysteine (SAH) appears to be highly

conserved among OMTs in a SAM binding domain (Zubieta, et al. 2001) involving a

network ofhydrogen bonds interacting with the ribose hydroxyls and carboxylic acid

group of SAM, as well as Van der Waal forces bracketing the adenine ring to bind and

orient SAM within the active site (Zubieta, et al. 2001, Zubieta, et al. 2003). The binding

of substrate by lOMT involves highly conserved thioethers ofMl 68 and M311 that

bracket aromatic phenol and orient the target hydroxyl towards a catalytic histidine

residue (Zubieta, et al. 2001). This interesting structural feature appears to be conserved

among phenolic OMTs (Zubieta, et al. 2001, Zubieta, et al. 2003) and 160MT (Levac, et

al. 2008). While the crystal structure showed that lOMT could accommodate the

isoflavone substrate in either orientation to direct 7' or 4' O-methylation, enzyme assays
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showed that lOMT had a 9-fold greater preference for 0-methylating position 7 than

position 4' of the substrate.

1.2.10 - Isoflavonoid methylation: Catalytic mechanism

0-methylation catalyzed by class I and class II OMT enzymes proceeds by an Sn2

reaction mechanism utilizing base-assisted deprotonation of the target hydroxyl by the

enzyme's catalytic His residue, followed by transmethylation of the reactive oxyanion

intermediate by SAM (Zubieta, et al. 2001). His257 is the lOMT catalytic residue, and

its basic properties are potentiated by Glu318 which hydrogen bonds to His257 8 nitrogen

(Zubieta, et al. 2001). His257 deprotonates the target hydroxyl generating a reactive

oxyanion intermediate which is quickly quenched by the transfer ofSAMs positive

methyl group along its thermodynamically favored path. This yields the trans-methylated

isoflavone (Zubieta, et al. 2001).

1.3.1 - Methylation of plant hormone and hormone like molecules

Plants, like all other multicellular organisms, require signal molecules that

regulate development, growth, maturation, reproduction, and defense (Taiz, Zeiger,

2002). In animals, some hormones are derived from amino acids while others are steroid

derivatives. Plants on the other hand have an entirely different array of signaling

molecules (auxins, gibberellins, cytokinins, ethylene, abscisic acid, jasmonic acid,

salicylic acid) (Taiz, Zeiger, 2002).

Methylated hormones and hormone like molecules are responsible for floral

scents and flavors of plants. Methylsalicylate, methylbenzoate, methyljasmonate, and
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methylcinnimate are important floral scents attracting pollinators and are aesthetically

pleasing (Murffit, 2000). Methylesters are of major interest to agricultural, floral,

cultural and food industries. '
i <':

1.3.2 - SABATH Methyltransferases

Since the cloning of the first three members of the SABATH family, indole acetic

acid (lAA), jasmonic acid (JA), and two gibberellin MTs have been cloned and

characterized (Qin, et al. 2005, Seo, et al. 2001, Varbanova, et al. 2007). SABATH MTs

methylate a variety of plant signaling molecules, some ofwhich are important for floral

scent and plant-plant, plant-insect communication (Murffit, et al. 2000, Seo, et al. 2001,

Zubieta, et al. 2003, Qin, et al. 2005, Varbanova, et al. 2007). SABATH (class III) MTs

differ dramatically from class I and class II MTs in that they do not possess a catalytic

residue, their two active sites apparently have no contributed residues from the

complementary subunit (Zubieta, et al. 2003), and they could represent an evolutionary

intermediate from ancient MTs that functioned as monomers to what we observe as

functional homodimers in plants today.

1.3.3 - Salicylic Acid Methyltransferase (SAMT)

Salicylic acid (SA) is a signal molecule involved in systemic acquired resistance

(SAR) of plants (Ryals, et al 1996). The methylester ofSA is also important in systemic

acquired resistance (Methylsalicylate; MeSA) and quickly accumulates in damaged

tissues along with SA (Seskar, et al. 1998, Shulaev, et al. 1997). MeSA is also

participates to attract pollinators in moth-pollinated plants (Knudsen, ToUsten, 1993).



tl

.iji ;>.'•)

-f. ''it'XriS V X.-

.V!r
, iH'y 'J /mi vrl'pot'-"^

^ " •:-:: »;,. :; " ifcji v r;: >f?, 'iH'-a;^^; ;;

.\t''^ f, --'iiijiij r>,r'i .irj;^

i'-iji'.'JO'',

i-;"«f>i .<

1 I :
\' ! -J,

-,i>"I



26

MeSA is also artificially added to candies, foods, and medicines for its desirable flavor

and scent attributes (Cauthen, Hester, 1989, Das Gupta, 1974, Howrie, et al. 1985).

MeSA is far more lipophillic than its carboxylic acid precursor and under

atmospheric conditions, it is easily volatilized making MeSA a suitable intra- and inter-

plant signal molecule (Shulaev, 1997). In this context, the involvement of the SAMT

enzyme in floral scent development was partially purified along with benzoic acid MT

from Clarkia breweri (Dudereva, 1998). The cDNA clone of&4Mr encodes a 359 amino

acid 40 kDa protein, and the bioactive form elutes as an 80 kDa protein in gel filtration

chromatography (Ross, et al. 1999). This suggests that the enzyme exists as a

homodimer, an observation that was later confirmed when the SAMT structure was

elucidated by X-ray crystalography (Zubieta, et al. 2003).

The substrate preference for SAMT is highly specific for salicylic acid; although,

it is also able to methylate benzoic acid at a slightly lower efficiency (-69%). Michaelis-

Menten kinetic analysis ofSAMT revealed affinity constants (Km) for salicylic acid (24

^M) and SAM (9 ^M), typical of class III MTs (Zubieta, Ross, et al. 1999).

Interestingly, His-tagged recombinant protein showed higher affinity for salicylic acid

(Km 1 .7 ^M), and 4 times higher turnover rates than the untagged recombinant protein,

suggesting the His-tag alters the protein structure thereby affecting SA binding and trans-

methylation (Ross, et al. 1999).

Crystal structures ofSAMT in complex with SA and SAH were reported. These

revealed a highly conserved SAM binding domain, consistent with other SAM-dependant

MTs (Zubieta, et al. 2003). SAMT co-substrate (SAH) binding involves hydrogen

bonding with SAH ribose hydroxyls from Asp-98, as well as SAH carboxylic acid from
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Asn-65, and the SAH amino tail through a water bridge from Asp-57. Additionally Van

der Waals forces bracket the adenine ring ofSAH (Zubieta, et al. 2003). The binding of

SA, like other class II MTs, involves highly conserved methionines responsible for '

orienting the SA appropriately for methylation (Zubieta, et al. 2003). The thioether

residues (Metl30, Met-308) interact through pi-stacking to properly hold the benzene

ring ofSA in place (Zubieta, et al. 2003). The carboxylate moiety ofSA is bound by

intramolecular hydrogen bonds, as well as hydrogen bonds to Trp-151 and Gln-25

(Zubieta, et al. 2003). These bonds constrain the carboxylate moiety of SA and orient it

towards the reactive methyl group ofSAM facilitating trans-methylation. The remainder

of the binding pocket provides the hydrophobic enviroiraient to promote deprotonation of

the SA carboxylic acid (Zubieta, et al. 2003).

Structurally characterized SAM OMTs (lOMT, ChOMT, COMT) use Sn2

reaction mechanisms facilitated by lysine or histidine catalytic residues to methylate

target substrates (Zubieta, et al. 2001, Zubieta, et al. 2002). Phylogenetic alignments and

structural elucidation ofSAMT suggest that it, along with other Class II MTs, does not

possess lysine or histidine catalytic residues (Zubieta, et al. 2003). SAMT appears to use

the SA carboxylate anion form to facilitate transmethylation. Positioning of the

negatively charged anion within the proximity of the positively charged methyl ofSAM

is sufficient to transmethylate SA (Zubieta, et al. 2003, Takusagawa, et al. 1998). Class

III MTs therefore utilize an Snl mechanism to transmethylate their substrates.
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1.3.4 - Benzoic Acid Methyltransferase (BAMT)

Methyl benzoate (MeBA), like MeSA, methyl jasmonate (MeJA) and methyl

cinnamate are important components of floral scent and of the aesthetic industry (Murffit,

et al. 2000). In addition to floral scent, MeBA has been implicated in plant resistance to

pathogen attack (Shulaev, et al. 1997).

5^Mr cloned from Antirrhinum majus (Snapdragon), encodes a 49 kDa monomer

that behaves as an active 100 kDa dimeric protein as determined by gel filtration

(Murffit, et al. 2000). Further kinetic analysis revealed that BAMT enzyme has low

affinity constants for its BA (Km =1 .6 nM) and SAM (Km=78 |iM) (Murffit, et al. 2000)

similar to those found for SAMT. Additionally it should be noted that enzymatic

methylation ofBA by BAMT was potentiated two fold by monovalent K* and NH4"^

cations (Murffit, et al. 2000). This is of interest as all previously reported SABATH

methyltransferases did not require either monovalent or divalent cations.

1.3.5 - Jasmonic Acid Methyltransferase (JAMT)

Methyl Jasmonate (MeJA) is the methyl ester ofjasmonic acid (JA) and was first

isolated from Jasminum grandiflorum (Demole, et al. 1962). Like SA, JA has been

shown to be involved in systemic acquired resistance (Hamberg, Gardner, 1992). MeJA

levels quickly increase upon wounding (Pare, Tumlinson, 1999) within the plant and also

in unwounded nearby plants (Arimura, et al. 2001).

The cDNA clone corresponding to JAMT was cloned from Arabidopsis thaliana

and corresponded to a 389 amino acid, 49 kDa protein (Seo, et al. 2001). Biochemical

analysis of Arabidopsis JAMT demonstrated it requiremed monovalent cations (K"^, and
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that this enzyme had a significantly lower optimum temperature (20°C) compared to

other class III MTs. Michaelis-Menten kinetic analysis ofJAMT determined affinity

constants for BA (Km=38.5 [iM) and SAM (Km=6.2 ^M) that were slightly higher than

other class III MTs (Seo, et al. 2001). J/iMr transcript was not detectable in young

seedlings but rather the gene is expressed systemically in mature plants and is quickly

upregulated upon flower maturation or wounding (Seo, et al. 2001). These observations

further support JA and MeJA as regulators of flower development and plant disease. ^

1.4.1 - Methylation of plant alkaloids

Over 12 000 nitrogen-containing small molecules have been identified and

characterized both structurally and functionally from plants (Facchini, 2001). In plant

biology and biochemistry, alkaloids are defined as small molecular weight molecules (<

900 Da) that contain nitrogen. Plant alkaloids have a wide range of physiological effects

and serve a variety of biological functions in humans and other organisms. For example,

plant alkaloids can act as central nervous system stimulants (eg. cocaine, nicotine, and

caffeine), analgesics (eg. morphine) and potent hallucinogens (eg. lysergic acid). Other

alkaloids act as antimicrobials (eg. berberine), antineoplastic agents (eg. vincristine,

vinblastine) or as cardiovascular hypotensives (eg. reserpine) or cardio stimulants (eg.

digoxin). Plant alkaloids are generally derivatized from amino acids, and their inplanta

functions, in terms of antimicrobials or antibiotics, mostly reflect their medicinal

applications (Facchini, 2001). ^
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1,4.2 - 0-methylation of benzoisoquinoline alkaloids
" •'•'

'' '•'

Benzisoquinoline alkaloids (BIA) are important contributors to plant defense (eg.

berberine), and serve extremely important medical applications (eg.morphine, codeine).

The biosynthetic pathways of berberine and morphine share the common intermediate,

(S)-reticuline which is derived, like all other BIAs, from the condensation of L-

dopamine, and 4-hydroxyphenylacetylaldehyde into (S)-norcoclaurine (Facchini, 2001).

The biosynthesis of (S)-reticuline from this precursor involves four biosynthetic steps and

two of these involve OMTs (Facchini, 2001).

The first biosynthetic step in the conversion of (S)-norcoclaurine to (S)-reticuline

is the 6'-0-methylation of norcoclaurine (Sato, et al. 1994). Purified 6-OMT enzyme

from Coptisjaponica cell cultures had a native Mr of 95 kDa as determined by gel

filtration chromatography and an apparent subunit Mr of 40 kDa, as determined by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Sato, et al.

1994). The 6-OMT was highly specific for norcoclaurine, but would accept both R- and

S-enantiomers, as well as both R and S enantiomers of norlaudanosoline, a further

oxidized form of norcoclaurine (Sato, et al. 1994). Berberine inhibited the activity of 6-

OMT, but concentrations (10 mM) far above those present in vivo were required. The 6-

OMT affinity constants for SAM (Km=3.95 mM) and (S)-norlaudanosoline (Km=2.23

mM) (Sato, et al. 1994) were significantly higher than those of other OMTs that have

been described.

The fourth step in the conversion of (S)-norcoclaurine to (S)-reticuline is the 4'-

0-methylation of (S)-3'-hydroxy-N-methylcoclaurine. The 4' OMT responsible for this

reaction was purified from Berberis koetineuna cell culture, and copurified with 6' OMT
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(Frenzel, Zenk, MH., 1990). Similar results were also reported by other researchers (Sato,

et al. 1994). In spite of this, the biochemical characterization of4'OMTs was possible

since substrate specificities of these enzymes did not overlap (Morishige, et al. 2000).

The 4' OMT purified from Berberis accepted (S)-3'-hydroxy-N-methylcoclaurine, (R,S)-

laudanosoline and (R,S)-7-0-methylnorlaudanosoline equally well; whereas, (S)-3'-

hydroxy-coclaurine was a poor substrate (10% as active relative to (S)-3'-hydroxy-N-

methylcoclaurine) (Frenzel, Zenk, 1990). The 4'OMT showed high affinity for (S)-3'-

hydroxy-N-methylcocIaurine (Km=4.5 ^M), and for SAM (Km=30 p.M) (Morishige, et

al. 2000).

The 6- and 4'-0MTs were cloned from a Coptusjaponica cell culture cDNA

library. Each recombinant enzyme was highly specific for their respective substrates and

neither required divalent cations for enzyme activity (Morishige, et al. 2000). These

properties, together with their subunit Mr (~40kDa), classify these as Type II MTs.

The biosynthesis of reticuline from norcoclaurine requires two 0-methylations,

one A^-methylation, and one hydroxylation, but almost any order could occur

theoretically. The substrate specificities of the 4'OMT and 6-OMT suggested that the

biosynthesis of reticuline from corcoclaurine occurs in a linear order beginning with 6-0-

methylation, and finishing with 4-0-methylation (Facchini, 2001).

It is possible to hypothesize enzyme order in biosynthetic pathways making use of

enzyme substrate specificities. For reticuline biosynthesis, r6-0MT was reported to

preferentially accept (R,S)-norcoclaurine, but also (R,S)-laudanosoline and (R,S)-

norlaudanosoline at significantly lower levels, suggesting that the 6-OMT precedes both

N-methylation and hyroxylations (Figure 1.2) (Morishige, et al. 2000). Similarly, the
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4'OMT preferentially accepts (R,S)-laudanosoline (A^methylated derivative) over (R,S)-

norlaudanosoline and (R,S)-6-0-methylnorlaudanosoline (non N-methyIated)(Morishige,

et al. 2000). Although these particular compounds are not be part of the BIA pathway

per se, they do report substrate preference and suggest pathway order in the sense that the

A^methylation and hydroxylation precede 4'0-methylation. On this basis, order of the

BIA pathway was hypothesized. The first step in reticuline biosynthesis from coclaurine

was 6-0-methylation while the 4-0-methylation occurs last (Morishige, et al. 2000).

1.4.3 - 0-methyIation of benzoisoquinoline alkaloids: Berberine biosynthesis

OMTs are involved in BIA biosynthesis from Thalictrum tuberosum cell cultures under

MeJa induction (Frick, Kutchan, 1999). Work conducted with T. tuberosum focused on

isolating OMTs involved in berberine biosynthesis. Berberine biosynthesis was shown to

be strictly regulated by four methyltransferases (3 OMTs, 1 N-methyltransferase)

(Rueffer, et al. 1983, Sato, et al. 1994, Frenzel, Zenk, 1990, Galneder, Zenk, 1990). Four

unique OMTs were cloned from T.buberosum. Only two showed biochemical activity in

vitro (OMTII. 1 , 0MTII.2) (Frick, Kutchan, 1 999). These encoded OMTs differ by only

a single amino acid residue, but show highly promiscuous, and different substrate

preference profiles (Frick, Kutchan, 1999), reinforcing the idea that fiinctional annotation

based on sequence identity is insufficient.

OMT heterodimers formed through heterologous expressions ofOMTs

demonstrate variations in methylated subsfrate profiles compared to non-heterlogous

expressions (Frick, Kutchan, 1 999), leading support to the possibility that in planta when
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H3CO HgCO^

NCH,

(S)-NorcocUurine
(S)-CocIaurine (S)-N-Methylcoc Iaurine

CYP80B1

H3CO

HO' .^s-

HO

H3CO

H3CO

NCH3 4..0MT HO

y^

NCH3

(S)-R«iculine

HO

HO'

(S>3'-Hydroxy-N-Methylcoclaurine

Figure 1.2 Biosynthetic pathway of (S)Reticuline from (S)-Norcoclaurine.

Modified from Facchini, 2001.
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multiple methyltransferases are expressed within a single cell type heterodimers form,

enabling new substrate specificities, and opening entirely new biosynthetic pathways

(Frick, Kutchan, 1999). The X-ray crystal structures oflOMT and ChOMT revealed the

participation of the N-terminal domain of each OMT monomer in the catalytic site

backwall of the complementary monomer (Zubieta, et al. 2001). The structural analysis

oflOMT illustrated that substrate discrimination is determined at the deep backwall of

the catalytic pocket, which has a significant contribution from the complementary subunit

in class 11 MTs (Zubieta, et al. 2001). Therefore if a heterodimer were formed, the

backwall residues would be changed and substrate preference could also be altered.
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Chapter 2.

Application of carborundum abrasion for investigating leaf epidermis: Molecular

cloning of Catharanthus roseus 16-hydroxytabersonine-16-0-methyltransferase.

This manuscript was published in The Plant Journal (2008) 53: 225-236

Contribution: With the exception of conducting Real Time PCR experiments, their

Microsoft Excel analysis, and some preliminary carborundum abrasion ground work, all

work detailed in this chapter was performed by Dylan Levac.
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Application of carborundum abrasion for investigating leaf epidermis: Molecular

cloning of Catharanthus roseus 16-hydroxytabersonine-16-0-methyltransferase.

Dylan Levac, Jun Murata, Won S. Kim and Vincenzo De Luca ,. ,

Dqjartment of Biological Sciences, Brock University, 500 Glenridge Ave., St.

Catharines, ON, L2S 3A1, Canada
"'/-

'

^'' '',') '

*

2,1 - Abstract ;

The Madagascar periwinkle {Catharanthus roseus) produces the well known and

remarkably complex anticancer dimeric alkaloids vinblastine and vincristine that are

derived from the coupling of vindoline and catharanthine monomers. This study describes

the novel application of carborundum abrasion (CA) technique for large scale isolation of

leaf epidermis-enriched proteins to purify 16-hydroxytabersonine- 16-0- rf^tni

methyltransferase (160MT) that catalyses the 2nd of 6 steps in the conversion of

tabersonine into vindoline to apparent homogeneity and to clone the gene. Functional

expression and biochemical characterization of recombinant 160MT showed its very

narrow substrate specificity and

high affinity for 16-hydroxytabersonine. hi addition to allowing the cloning of this gene,

CA technique clearly showed that 160MT is predominantly expressed in Catharanthus

leaf epidermis. The results provide compelling evidence that most of the pathway for

vindoline biosynthesis, including the 0-methylation of 16-hydroxytabersonine, occurs

exclusively in leaf epidermis, with subsequent steps occurring in other leaf cell types.

.:,j''.!r..
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2.2 - Introduction

Catharanthus roseus (Madagascar periwinkle) makes a variety of biologically

active monoterpene indole alkaloids (MIAs) that include the antihypertensive corynanthe

alkaloid, ajmalicine (Tikhomiroff and Jolicoeur, 2002), and that can accumulate to 0.57

mg g-1 dry weight in Catharanthus hairy root cultures (Vazquez-Flota, et al, 1994). \n

contrast the dimeric bisindole alkaloids, vinblastine (VBL) and vincristine (VCR), both

used to treat Hodgkin's disease and childhood lymphomas, accumulate up to 46.6 |ig g'

dry weight and trace amounts, respectively, in above ground parts of Catharanthus

roseus (Choi, et al, 2002). The economic and medical importance ofVBL and VCR, as

well as their chemical complexity, has prompted extensive research efforts to facilitate

their production from the plant since their discovery over 45 years ago. In fact, the recent

development of the new dimeric MIA drug known as Vinflunine (Javlor) (Fahy, et al.,

1997) produced by Pierre Fabre Medicament still requires the plant to supply the MIA

precursors, vindoline and catharanthine for its production. Vinflunine is in Phase III

clinical trials due to its increased effectiveness, lower toxicity usefulness for the

treatment of a broader range ofhuman cancers.

VBL and VCR are produced as a result of a condensation of the Iboga alkaloid

catharanthine, and the aspidosperma alkaloid vindoline. While catharanthine

accumulating cell suspension cultures have been successfully produced (Moreno, et. al,

1995), cultures that make vindoline have never been reported. The complex regulation of

vindoline biosynthesis, including the requirement for light and the involvement of several

cell types in its production (St. Pierre, et al. 1999), could not be reproduced in cell culture
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systems. More recently it has been suggested that the many of the genes responsible for

MIA biosynthesis up to 16-methoxytabersonine may in fact be expressed and localized to

the leaf epidermis of Catharanthus (Figure 2.1, Murata and De Luca, 2005), whereas the

last 4 steps required to make vindoline may occur in specialized idioblast and laticifer

cell types within the leaf (St. Pierre et al, 1999).

It is well known that most plant MIAs are derived from tryptamine and

secologanin to produce the central intermediate, strictosidine, from which is derived

tabersonine through a number of uncharacterized enzymatic steps (Figure 2.1). The

enzyme tabersonine 16-hydroxylase converts tabersonine into 16-hydroxytabersonine and

the second of six steps involved in the conversion of tabersonine into vindoline is

catalyzed by 160MT (Figure 2.1). Significant efforts to use homology based methods

(Cacacea et al, 2003, Schroder et al, 2004) have failed to clone the 160MT, but several

frill length flavonoid-0-methyltransferases (FOMTs) were successfully obtained,

including a flavonoid/anthocyanin-OMT that can perform sequential 3', 5' 0-methylation

of flavonoids and anthocyanins that accumulate in Catharanthus roseus. While additional

efforts to clone this gene involved the successftil purification to homogeneity of 160MT

from Catharanthus roseus cell cultures, the approach only succeeded in cloning yet

another flavonoid 4'-0MT that was functionally characterized (Schroder et al, 2004).

Both of these 160MT cloning efforts used plant cell cultures that were activated for MIA

biosynthesis as a source of enzymes. Although such induced cell cultures may be a cost

effective and convenient source of enzymes, these results suggest that they are not always

suitable for selective purification of enzymes normally expressed in plant leaves.
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Tryptophan - > Tryptamine
TDC + STR1

^- Strictosidine

Secologanin

Multiple steps

^^CH,-AdoMet

AdoCys

16-OMT Ha^XO

CO2CH3

1 6-Hydroxytabersonlne

CO2CH3

1 6-Methoxytabersonine

H3CO

3 steps

.'^^

H3CO

CH3
,

HO CO2CH3

Deacetylvlndollne

OCOCH3N

CH3
,

HO CO2CH3

VIndoline

Figure. 2.1. The biosynthesis of Vindoline from tryptamine and secologanin. Tryptamine

is derived from tryptophan via the action of Tryptophan decarboxylase (TDC) whereas

strictosidine synthase (STRl) converts tryptamine and secologanin into the central

intermediate strictosidine. Strictosidine is converted into 16 methoxytabersonine through

a series of uncharacterized reactions together with tabersonine 16-hydroxylase (T16H)

and 16-hydroxytabersonine-16-0-methyltransferase (16-OMT). The enzyme assay for

T16H uses [14-CH3]-S-adenosyl-L-methionine ([14-CH3]-AdoMet) and radiolabelled

16- methoxytabersonine can be detected. The biosynthesis of Vindoline involves 3 more

enzymatic steps to form deacetylvindoline that is converted to vindoline by the action of

deacetylvindoline-4-O-acetyltransferase.
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The present study describes the convenient use of carborundum abrasion (CA)

technique (Murata and De Luca, 2005) as a tool for large scale isolation of leaf epidermis

enriched proteins and for purification of 160MT to apparent homogeneity. This versatile

tool was also used to harvest leaf epidermis enriched mRNAs that facilitated the

molecular cloning of the 160MT. Additionally, the functional expression and

biochemical characterization of the recombinant 160MT is reported, as well as its

preferred localization and expression in the leaf epidermis compared to other OMTs that

are expressed in other Catharanthus tissues.

2.3 - Materials and Methods ^

2.3.1 - Plant Material
i

Madagascar Periwinkle {Catharanthus roseus (L.) G. Don, Little Delicata) was

used throughout the study. Seeds were germinated in moist artificial soil (Sun Grow

Horticulture Canada Ltd.) and grown under controlled greenhouse conditions (25°C, 57%

humidity and 16 hour photoperiod). The plants were watered once a week,

and once every three months they were provided with all purpose fertilizer (Miracle

Grow, 12% nitrogen, 4% phosphate, 8% potassium) (Scotts Canada Ltd.).

2.3.2 - A large scale CA extraction method to harvest leaf epidermis protein:

puriflcation of 160MT and protein sequencing.

Young leaves (128 g, 1.5 cm long) harvested near the apical meristem of shoots

were abraded with carborundum number F (Fisher Scientific) using a vortex to

selectively extract the leaf epidermis (refer to appendix, Fig. SI) using a protocol
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modified from Murata et al, 2005. The length and intensities of vortex treatment were

optimized to ensure underlying cell layers were largely left undisturbed by monitoring for

absence of idioblast and laticifer localized DAT enzyme activity. The optimized protocol

used a 1 : 1 w/w fresh weight of young leaves to carborundum together with a 1 : 12 w/v

fresh weight of young leaves to protein extraction buffer (100 mM Tris-HCl pH 7.5, 13

mM P-mercaptoethanol) at 4°C to perform CA. Leaf epidermal proteins were extracted at

maximum vortex intensity over 10 minutes. To keep extraction buffer temperature cool,

the extract was placed on ice for 2 min after the first 5 minutes of CA.

During CA, the extract was vigorously shaken approximately every 30 seconds to

suspend any sedimented carborundum. To ensure that all leaf material was abraded as

evenly as possible the angle at which the vessel rested on the vortex during abrasion was

approximately 45 degrees. The same extraction buffer was used up to 4 times by

removing abraded leaf material and carborundum by filtration through a nylon mesh and

by adding fresh leaf material and fresh carborundum (1:1 w/w ratio), as well as fresh

extraction buffer to compensation for the loss in volume.

The combined extract was filtered sequentially through a 20 mm nylon mesh, then

by suction through 0.45 |im Filtropur® vacuum filtration unit (Sarstedt) and the filtrate

was centrifuged at 500 g for 5 min at 4°C to remove remaining carborundum particles.

Depending on the volume, extracts were concentrated to 2.5 ml using Centricon Plus-

70®, 10 kDa and Amicon Ultra®, 10 kDa centrifugation concentrators (Fisher Scientific)

and desalted by PD-10 column chromatography (GE Healthcare, Piscataway, NJ).

The concentrated protein extract (5 mL) that was submitted to Sephadex G150

(Sigma-Aldrich) column chromatography [125 mL bed volume, equilibrated in Buffer A
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(100 mM Tris-HCl pH 7.5, 13 mM P-mercaptoethanol), flow rate of 0.3 mL/min]. Eluted

fractions were collected in 4 ml volumes, fractions were assayed for 160MT and FOMT

to harvest peak 160MT fractions that were concentrated by Amicon Ultra® 10 kDa

centrifugation concentrator (Fisher Scientific).

The concentrated sample (2 mL) was incubated with 1 ml activated

adenosineagarose affinity resin [prepared from 5'-AMP-agarose (Sigma-Aldrich) by

dephosphorylation with bovine alkaline phosphatase (James et al, 1995 )] overnight at

4°C with constant gentle mixing. The mixture was centrifiiged at 10,000 g for 10 seconds

in a benchtop microcentrifiige. The resin washed 3 times with 2.5 mL Buffer A and

bound proteins were eluted 3 times with 2.5 ml Buffer A containing 500 |4.M SAM

(Sigma-Aldrich). After desalting, active fractions were pooled and applied to a Mono

QTM Anion exchange column (2 mL bed volume (GE Healthcare, Piscataway, NJ)

equilibrated in Buffer A at 4°C and after washing the column, 160MT activity was eluted

in 0.5 ml fractions using a 20 ml gradient to 50% gradient of 2 M NaCl in Buffer A.

Active fractions were concentrated, subjected to SDS-PAGE and stained with colloidal

Coomassie blue (Invitrogen Co., Burlington, ON, Canada). A 40 kDa protein band (Fig.

S2) which positively correlated with 160MT activity was excised from the gel and

forwarded for sequence analysis, performed by Harvard Microchemistry Facility

(Harvard University) by microcapillary reverse-phase HPLC nano-electrospray tandem

mas spectrometry (^LC/MS/MS) on a Finnigan LCQ DECA XP Plus quadrupole ion trap

mass spectrometer. Seven peptide sequences were obtained from this protein: (Peptide 1

:

WILHDWNDEDCVK; Peptide 2: GIVLTMLDPAELK; Peptide 3:

MVLHDWNDEDCVK; Peptide 4: NEDGTAFETAHGK; Peptide 5: IPPAHVVFLK;
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Peptide 6: EAGFSSYK, Peptide 7: CTVFDLPHVVANLESK).

2.3.3 - Small scale CA extraction of leaf epidermis enriched protein compared to

whole leaf extraction for estimating the 160MT activity in the epidermis.

Young leaves (2 grams fresh weight, 1.5 cm long) were harvested and processed

as described for the large scale method with the following exceptions; Fresh leaves,

carborundum and 24 ml of extraction buffer were placed in a 50 ml PP tube (Sarstedt)

and shaken vigorously by hand for 1 minute. The extraction buffer was then filtered

through P5 filter paper (Fisher Scientific) to remove residual carborundum. The filtrate

was further filtered using a Luer-Lok^^ syringe and 25mm syringe filter (pore size 0.22

|xm) (Fisher Scientific). The second filtrate was concentrated to 2.5 ml using Amicon

Ultra centrifugal filter units (10 kDa molecular cut off) (Sigma Aldrich). Concentrated

epidermis enriched protein extract was desalted using PD-10 desalting colimms (GE

Healthcare) and then used for enzyme assay.

2.3.4 - Extraction of whole leaves for comparative enzyme assays or for comparative

purification to CA-based extraction.

Whole young leaves (2.0 to 6 grams fresh weight) were homogenized in 3 to 9 ml

protein extraction buffer using a mortar and pestle. The sample was centrifuged at 500 g

for 5 min at 4°C to pellet cell debris and the supernatant was processed as described for

leaf epidermal extracts for direct assay of crude extracts or for protein purification. The

protein concentration of extracts was determined using a Protein assay kit (Bio-Rad,

Hercules, CA, USA).



rn^- iQVn -.IK!,

: ;>!i

; .1 U'V. -^i]t:': 'M >i,.
''•.

,ii> >> ii-ry;'^ ' -ii'

'.I'-ii ' Ov":ii-!r
, (*'JM:^-." iT!»"'.-Tj/' jji--"''0! ' "^'t

;')' '-'^u ^i;f ;fV-:«: -riinirv V? J : ..;iv, .*':'*

V '''' .' ."v!/^ ;.,(;:-: ^; • ''» ;V.J Ti;,J>1(li'i7i n''..,^ ' •

"'

;:'<'f.-.' ^15

,_,; -^'vv:;"

?.; ^•f<>:i "U»t {-J ''»:.;•<., -li.i •-('>

-I J) 5 :. <:. >fr !; y- '-J -: l:it

•'h';i, ;V^<<\, •.-.-r'M v> ,..!. 'T •,(_, /sr-: !V-;;J. 1*>!



44

2.3.5 - CA extraction to harvest leaf epidermis enriched mRNA.

Young C. roseus leaves (2.5 grams FW) were harvested and combined with 8 ml

Trizol® reagent, and 2.5 g carborundum in a conical 50 ml tube (Starstedt AG & Co.,

Montreal, Quebec, Canada) (Figure SI). The tube containing leaf material, carborundum

and Trizol was vortexed at maximum intensity for 1 min.; ensuring most of the leaves in

the tube were well abraded.

The tube was then placed at room temperature for 5 minutes to allow extraction

buffer to settle to the bottom. Abraded leaves were removed with forceps, and the process

was repeated with another 2.5 g of fresh leaf tissue. The extract was centrifuged at 2600 g

for 5 min, the supernatant (5 ml) was harvested and mixed by vortex sequentially with 1

ml 5 M NaCl, followed with 3 ml chloroform. The mixture was centrifuged at 2600 g for

30 minutes and aliquots of the aqueous phase were transferred to sterile 1.5 ml tubes

together with 0.9 volumes isopropanol with vortex mixing and the mixture was incubated

at -20°C for 1 hour or overnight in the presence of linear acrylamide to maximize the

amount ofmRNA being isolated. Samples were centrifuged at 21,000 g for 30 minutes,

the supernatant was removed, and the precipitated pellet was washed with 70% ethanol,

followed by centrifugation at 21,000 g for 5 minutes. The pellet, containing mRNA was

resuspended in 20-50 [i\ RNase-free water. RNA quality and quantity was measured by

spectrophotometry and ca. 50 \ig of total RNA was be obtained from 5 g FW of leaves

extracted by CA.
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2.3.6 - Construction and random sequencing of leaf epidermis-specific cDNA
library.

Catharanthus leaf epidermis-specific cDNA library was constructed using a

SMART cDNA library construction kit (Clontech, Mountain View, CA) according to the

manufacturer's instruction. The whole cDNA was amplified by PCR prior to the

packaging to Gigapack III gold packaging extract (Stratagene, La JoUa, CA). The

primary library (1.0 x 106 pfu) was directly converted to plasmids by in vivo excision, and

the obtained colonies of £. coli were randomly picked for single path sequencing using

primers from 5' end of the inserts. The sequencing reactions were performed using

Templiphi DNA sequencing template preparation kit (GE Healthcare, Piscataway, NJ),

and the resulting DNA templates were sequenced using ABI Prism Big Dye terminator

sequencing kits (Applied Biosystems, Foster City, CA) and an ABI 3730 genetic analyzer

(Applied Biosystems).

2.3.7 - Identification of potential 160MT Expressed Sequences.

The sequence files with ABI format were analyzed using the BLASTX algorithm

(Altschul et al, 1997). Multiple clones with the overlapping areas of identical sequences

were clustered and classified as 'Clustered', while sequences that appeared only once in

the EST were classified as 'Singletons'. The threshold of the sequence similarity was set

as the E-values at 10'^ and lower, and the sequences that did not show significant

homology were named 'No hits'. The sequences were archived in FIESTA software

package (http://bioinfo.pbi.nrc.ca/napgen.beta//login.html) at Plant Biotechnology

histitute of the National Research Council of Canada (NRC/PBI). The functional
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categorization was first done automatically by the putative annotations, followed by

manual inspection to verify the annotation.

2.3.8 -Molecular cloning of 160MT. n ,

Gene-specific forward primers were designed to the mRNA domains of CrOMT7

(AY343492) corresponding to peptide 4. The associated forward primer corresponding to

peptide 4 was 5' CTGCTTTTGAAACAGCTCATGG 3' (Fl) and the reverse primer

designed to the mRNA domain of CrOMT6 (AY343490) corresponding to the N-

terminus of peptide 1 was 5' CAGTCATGGAGAATCCACTT 3'

(Rl). PCR with Fl, Rl and 2 ^il of epidermal enriched cDNA in phage X was run for 25

cycles. The amplified reaction was diluted 1000-fold and 2 nl used as template for a

second PCR amplification with Fl and Rl to yield a novel 361 bp putative OMT

sequence. The PCR product was sequenced (Robarts Research Institute, London, ON,

Canada) and specific primers corresponding to the novel putative OMT were then

designed to amplify the 5' and 3' ends by RACE using phage X primers flanking the

cDNA insert. This sequence was used to produce a contig with Vector NTI V 6.0.0.0

(InforMax Inc., Calgary, AB). The full-length gene (1065 bp, encoding the full length

ORF) was amplified using forward (5'CACCATGGATGTTCAATCTGAGGA 3') and

reverse (5'TCAAGGATAAACCTCAATGAGACTCC 3') primers that were compatible

to the Gateway® pENTR directional vectors (Invitrogen Co.) and directionally ligated

into pENTR and subsequently mobilized to pDEST- 1 7 of Gateway' s ® expression

system (Invitrogen Co.), which harbors six histidine residues at the N-terminus. This was

done according manufacturer's specifications. pDEST-17 vectors containing full-length
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amplified product-His fusion was transformed into E. coli (DE3)pLysS cells.

2.3.9 - Expression, refolding and purification of rl60MT. .. •.'

A 3 mL culture in 2 x YT media containing 50 ^ig/ml ampicillin was inoculated,

grown overnight at 37°C to produce a saturated culture. 500 nl saturated culture was then

used to inoculate 50 ml 2 x YT media containing 50 |ig/ml ampicillin. Cultures were

allowed to grow at 37°C to OD600 = 0.8, induced with 2 mM final EPTG concentration

and grown at 16°C for 24hr. The culture was then centrifuged at 5000 rpm for 10 min to

harvest cells, supernatant was removed and cell pellets were stored at -20°C until they

were processed for extraction.

Cell pellets were resuspended in 5 ml 100 mM Tris-HCl, pH 7.5, 13 mM p-

mercaptoethanol) and lysed by sonication. After centrifiagation at 21000 g (4°C) for 20

min, the pellet with inclusion bodies was washed 3x in 10 mL Wash Buffer (100 mM

Tris-HCl, pH 7.5, 150 mM NaCl) containing 1 M urea per gram pellet weight, 0.1 %

Triton X-100, after each wash inclusion bodies were re-pelleted by centrifugation at

21000 g for 10 min at 4°C. This was followed by a single wash step with Wash Buffer to

remove residual Triton X-100. Purified inclusion bodies were then solubilized in

solubilization buffer [100 mM Tris-HCl, pH 7.5, 8 M urea, 1 mM phenylmethylsulfonyl

fluoride to a final <10 mg/ml protein concentration (Kopito, 2000) . Protein inclusion

bodies were solubilized in a beaker with gentle stirring for one hour at room temperature

and solubilized proteins were dialyzed (100 mM Tris, pH 7.5) overnight at 4°C using a

30 ml Slide-A-Lyzer Dialysis Cassette (10 MWCO, Fisher Scienfific) according to the

manufacturer's instructions. Refolded proteins were used directly for enzyme assays.
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2.3.10 - Enzyme kinetic analysis of rl60MT.

E. coli expressing recombinant tabersonine-16-hydroxylase: NADPH cytochrome

P450 reductase protein (Schroder et al, 1999) was used to biotransform tabersonine into

16 hydroxytabersonine used in rl60MT assays. For Km determinations, triplicate

rl60MT enzyme assays were performed with 2, 6, 10, 14 and 18 |iM 16-

hydroxytabersonine at constant 2.08 ^M (0.025 ^iCi) (Methyl-'''C)SAM and with 1, 2, 5,

10 and 20 |xM (Methyl- 14C)SAM at constant 0.1 mM 1 6-hydroxytabersonine. For Ki

determinations, triplicate rl60MT enzyme assays contained 1, 2, 5, 10 and 20 |jM

(Methyl- 14C)SAM at constant 30 \iM 1 6-hydroxytabersonine and changing AdoCys

concentrations (Ox, 0.05x and 0.3x SAM Km). All assays were performed in triplicate at

35°C for 30 min at pH 7.5 (lOOmM Tris-Cl, 0.1% p-mercaptoethanol).

2.3.11 - Preparation of cDNA from laser capture microdissected cells.

cDNA was prepared from RNA amplified after being isolated from epidermal,

mesophyll, idioblast, laticifer, vascular and representative whole leaf cells isolated by

laser capture microdissection as previously described (Murata et al, 2005).

2.3.12 - Real time PCR for quantitation of 160MT in different cell types obtained by

laser capture microdissection.

P-Actin and 160MT sequences were aligned using Clone Manager Professional

Suite (version 7.1 1, Scientific & Educational software, Gary, NC, USA) to determine

possible regions for the best primer candidates. Initial primer design was done with the

software PRIMER 3 (Whitehead Institute, MIT, Cambridge, MA, USA) and further

examined through Integrated DNA Technology (IDT, Coralville, lA, USA) web based
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software (http://scitools.idtdna.com /scitools/Applications/ OligoAnalyzer/) to avoid

hairpin, hetero or self-dimer structures. The following primer pairs (Actin-F-

GGAGCTGAGAGATTCCGTTG; Actin-R-GAATTCCTGCAGCTTCCATC and

160MT-F-CCTTACCCCATCAAGTCGAA; 160MT-R-

ACAGGGTCAGCCATGGTAAG) were used to generate 73 and 81 bp PCR products,

respectively. The real-time quantitative PCR reaction was optimized in a 20 \i\ of volume

containing with 150 nM of each primer, QuantiTect® SYBR Green PCR Master mix

(Qiagen, Mississauga, ON, Canada) and 2 ^l ofcDNA (corresponding to approximately

216 ng cDNA). Real-time PCR conditions were as follow: 95 °C for 15 min, then 45

cycles of 95 °C for 10 s, 57 °C for 15 s and 72 °C for 30 s. All real-time PCR

experiments were run in triplicate for each biological replicate ofcDNA produced from

mRNA isolated from whole leaf and from cells from the leaf epidermis, mesophyll,

idioblasts, laticifers and vasculature. The average threshold cycle (Ct) and relative

quantities were calculated using SDS software v2.1 (Applied Biosystems). A Ct value

from each sample was calculated from the amplification curves by selecting the optimal

ARn (emission of reporter dye over starting background fluorescence) in the exponential

portion of the amplification plot. P-Actin was used as an internal standard to calculate the

relative fold difference based on the comparative Ct method. To determine relative fold

differences for each sample in each experiment, the Ct values for 160MT genes was

normalized to the Ct values for P-Actin and was calculated relative to a calibrator

(laticifer cells) using the formula 2'^^^
\
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2.3.13 - Expression of 160MT, TDC and DAT enzyme activity in light and dark

grown seedlings.

Catharanthus roseus seeds were germinated and grown for different times in the

absence and presence of light (De Luca et al, 1988). Enzyme assays for TDC, DAT (De

Luca et al, 1988) and 160MT (Fahn et. al, 1986; Murata et al, 2005) were performed

as previously described. ^

- I'-. If-

2.3.14 - Protein determinations. The protein concentration of extracts was determined

using a Protein assay kit (Bio-Rad, Hercules, CA, USA). n "f

2.4 - Results >

2.4.1 - MIA pathway enzyme activity profiling throughout seedling development, in

leaves, flowers, stems and roots of Catharanthus roseus.

Seedlings were prepared, harvested and assayed for tryptophan decarboxylase

(TDC), 160MT and deacetylvindoline 4-0-acetyltransferase (DAT) activity, as

previously reported (De Luca et al, 1988). TDC enzyme activity rose in 4 day old dark

grown seedlings, it increased until 8 days of growth and decreased thereafter (Figure

2.2A). While light treatment did not affect the TDC profile, DAT activity was increased

several fold by light treatment compared to dark grown control seedlings (Figure 2.2A,

2.2B), confirming previous results describing the light induction ofDAT activity in

etiolated seedlings (De Luca et al, 1988; St. Pierre et al, 1998). When seedling extracts

were assayed for 160MT activity, it first appeared in 2 day old dark grown seedlings and
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Figure 2.2 Distribution of 160MT enzyme activities in Catharanthus roseus seedlings,

organs and cells. A and B) Regulated appearance ofTDC, 160MT and DAT enzyme

activities during 10 days of dark (A) and light (B) growth of germinating seedlings.

C) Comparison of 160MT activites in leaves of different ages from the youngest

1st leaf pair to the oldest 3rd leaf pair. D) Comparison of 160MT and FOMT enzyme

activities in different plant organs.



£3

.*.o

'1

>
JtJ

b-c-



52

increased to a maximum after 8 days of growth (Figure 2.2A). Unlike the effect of hght

on DAT induction, 160MT activity was only increased 30 % compared to dark grown

controls (Figure 2.2A, 2.2B), displaying a very similar intermediate expression pattern

that was also observed with a A'-methyltransferase responsible for the 3rd to last step in

the vindoline biosynthesis (Dethier and De Luca, 1993; De Luca et al, 1988; De Luca et

al., 1987a,b).

The distribution of 160MT enzyme activities were determined in the 1st, 2nd and

3rd pair of leaves from the leaf apical meristem that represent various stages of leaf

development. The specific activity of 160MT was highest in crude extracts of the

youngest leaf pair and this activity diminished with developmental age (Figure 2.2C).

The distribution of 160MT and FOMT enzyme activities were also determined in crude

extracts of leaves, flowers, stems and roots (Figure 2.2D). While 160MT enzyme

activities were highest in flowers and leaves, respectively, those ofFOMT were highest

in flowers and roots. The relative 160MT and FOMT enzyme activities in different

Catharanthus tissues may reflect the different biochemical roles played by these enzymes

in each tissue as well as their relative tissue-specific distribution.

2.4.2 - Purification of Catharanthus roseus 160MT to homogeneity and molecular

cloning from a cDNA library prepared from leaf epidermis enriched mRNA.

Young Catharanthus leaves (128 g) were extracted by CA technique (Figure SI)

to selectively extract approximately 4 mg of crude leaf epidermis enriched protein

compared to the much higher levels of protein (640 mg) that would be obtained from

extraction of 128 g of whole leaves (Table 2.1). After concentrating the extract by
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ultrafiltration, it was subjected to Sephadex G150 size exclusion chromatography as

described in Materials and Methods. Active fractions with 160MT activity were not

active against FOMT substrate and were further purified by adenosine agarose affinity

chromatography, and MonoQ anion exchange column chromatography (Table 2.1). In

contrast whole leaf extracts contained residual FOMT activity after size exclusion and

affinity chromatography, but it completely disappeared in the MonoQ anion exchange

chromatography step (Table 2.1). The MonoQ step completed the purification ofCA

extracted protein to produce a 1.29x1 04-fold enrichment of 160MT compared to crude

extracts [Figure S2, see SDS PAGE protein profile ofwhole leaf crude extracts (W) and

fi-om Carborundum leaf epidermis enriched extracts (CA)] to yielded a total of 4 ng of a

purified 40 kDa protein (Table 2.1, Figure S2) as determined by SDS-PAGE and silver

staining (Figure S2, Fractions 21-23). In contrast purification of this enzyme from whole

leaves produced a partially purified preparation containing several proteins that did not

include the predominant 40 kDa protein purified from CA leaf epidermis enriched

extracts. Fractions containing the purified 160MT were pooled, concentrated and

submitted to SDS-PAGE to harvest a 40 kDa protein that was submitted

for sequencing.

Seven peptides with 100% sequence identity to different published Catharanthus

OMTs were obtained and protein BLAST analysis of the sequenced peptides

demonstrated that two peptides (Peptide 1: WILHDWNDEDCVK; Peptide 2:

GIVLTMLDPAELK) had 100% sequence identity to CrOMT6 (AAR02420), four

peptides (Peptide 3: MVLHDWNDEDCVK; Peptide 4: NEDGTAFETAHGK; Peptide 5:

IPPAHVVFLK; Peptide 6: EAGFSSYK) had 100% sequence identity to CrOMT7
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(AAR02421), and one peptide (Peptide 7: CTVFDLPHVVANLESK) had 100%

sequence identity to CR0MT2 (AAM09497), CrOMTS (AAR02417) and CrOMTS.

The high amino acid sequence identities between different Catharanthus OMTs

made it difficult to design 7(50M7 gene-specific cloning primers (Figure S3) and this

may explain one reason for the failure of previous efforts to clone this gene (Cacacea et

al, 2003; Schroder et al, 2004). This issue was solved by designing 3 different sets of

primers based on these peptides in CrOMTS alone (primers Fl and Rl), CrOMT7 alone

(primers F2 and R2) and a mixed set based on both CrOMT6 and CrOMT7 (Primers F3

and R3) (Figure 2.3). Both the CrOMT6 and CrOMTl sets of primers only produced PCR

products in preparations fi^om whole leaves but not in epidermis enriched preparations

(Figure 2.2, inset). In contrast, PCR with a gene-specific forward primer based on

CrOMTl (Figure S2, Peptide 4) and the reverse primer based on CrOMT6 (Figure S2,

Peptide 1) produced a unique 361 base pair product (Figure 2.3, inset) from cDNA

libraries derived fi-om mRNA isolated fi-om whole leaves and from CA leaf epidermis

enriched extracts that corresponded to a putative 160MT gene. Identical PCR products

were obtained fi-om either cDNA library as shown by DNA sequencing and they were

87% identitical to a putative uncharacterized CrOMTS and 83% identitical to CrOMT6,

that appears to catalyze the 4'-(9-methyIation of the flavanone, eriotictyol, of the

flavonols isorhamnetin, quercetin and kaempferol and of the flavone, chrysoeriol

(Schroder et al, 2004). New unique sequence specific primers based on this novel

sequence were designed to amplify the remainder of the clone by 5' and 3' RACE using a

leaf epidermis enriched cDNA library (see Materials and Methods) to produce a 1323 bp



) i -J'ri v',; ;;:,„ //. '/;,': '''l
'"^") :''

ri^bi^JV. ^Ay\'

•'.'
" ^.'' ."!. !'llL^^ :

''> .n1(r.--»M ',<:j, fi'!jv»,':irt l.

.'.'•
!.. .;i:.!--- f.' ;tV' U'O-:-' iC

; .
'

. rriiu •?' V -Mk. ;f ^/'.vV'

>! '" a ••
• yiUV , W-!'' < \ .'• anS :':VUi

i' 'i ;
i/ ;'? ' -! V*:! .:.- is ft>--- ,!

,

,

'.y; - J .•;i 'rr" -t !,':•• n ,^^>'Hv./.v.i^J!>r';.y

'iffi
;.'•''<'/



56

CrOMT6 (515-735 bp)

CrOMT7 (348-716 bp)

CrOMT7/CrOMT6 (425-786 bp)

Actin
425bp

N 7 5.1.3

-^
361 bp

766bp

Figure 2.3: Alignment of peptide sequencesl to 7 in relation to the putative open reading

frame of 160MT and identification of a unique PCR product that is preferentially

expressed in leaf epidermal cells compared to whole leaf The following primer sets

CrOMT6 (515-735 bp) (F2: 5' CCATGGCTAATGACTCTG 3'; R2: 5'

GTCTCCTCCAACAAACTC 3'); CrOMT7 (348-716 bp) (Fl: 5'

TCCAATGCTAGATCCACTTC 3'. Rl: 5' CCACCAACAAACTCCAAGT 3'),

and CrOMT7/CrOMT6 (425-786 bp of 160MT clone) (F3: 5'

CTGCTTTTGAAACAGCTCATGG 3'; R3: 5' CAGTCATGGAGAATCCACTT 3') were

used to produce the PCR products shown in the inset using cDNA libraries derived from

mRNA isolated from CA leaf epidermal cells and from whole leaf.
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fragment encoding a 1068 bp ORF for a putative 355 amino acid OMT with a theoretical

mass of 39.8 kDa (Figure S3) (Genbank accession # Ef444544). This novel protein with

significant sequence identity to CrOMT6 (64%) and CrOMTS (66%) (Table SI)

possessed a highly conserved C-terminal 5'-adenosyl-Z--methionine (SAM) catalytic

binding domain characterized by a central a/p Rossman fold as well as an N-terminal

domain responsible for dimerization and catalytic site back wall formation required for

substrate recognition (Zubieta et al, 2001).

2.4.3 - Expression and functional characterization of recombinant 160MT
irl60MT)

Biotransformation experiments with E. coli transformed with r750Mr containing

vector, completely converted 16-hydroxytabersonine that was supplied exogenously into

the expected 16-0-methylated derivative, whereas induction with IPTG prevented this

conversion from occurring. Control E. coli cultures expressing the empty vector were

unable to catalyze the biotransformation since only authentic 16 hydroxytabersonine was

recovered.

The ability of E. coli cultures expressing rl60MTXo produce the 16-0-methylated

product prompted efforts to directly characterize the enzyme. Cell free extracts from

whole Catharanthus roseus leaves (Figure 2.4A, Lane 1 & 2.4B, Lane 2) as well as from

E. coli transformed with r7<50Mr containing vector (Figure 2.4A, Lane 2 & 2.4B, Lane

2) catalyzed the enzymatic 0-methylation of 16-hydroxytabersonine in the presence of

SAM methyl group donor. In contrast IPTG treated soluble (Figure 2.4A, Lane 3 & 2.4B,

Lane 3) and inclusion body (Figure 2.4A, Lane 4 & 2.4B, Lane 4) extracts from E. coli

fransformed with rl60MT were not active, nor were extracts from untransformed E. coli
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A B
M 1

62 kDa

47.5 kDa
R160MT

32.5 kDa

Figure 2.4: A) SDS PAGE profile of protein extracts stained with colloidal Comassie

Blue. M: Standard protein molecular weight markers; Lane 1 : Whole leaf; Lane 2:

Soluble proteins from E.coli expressing 160MT before adding IPTG; Lane 3: Soluble

proteins from E.coli expressing 160MT after adding IPTG; Lane 4: Inclusion body

proteins found in the pellet after centrifiigation from E.coli expressing 160MT after

adding IPTG; Lane 5:Soluble proteins from E.coli expressing empty vector before

adding IPTG; Lane 6: Soluble proteins fi-om E.coli expressing empty vector after adding

IPTG
B) Enzyme activity assays for 160MT visualized by thin layer chromatography of

radioactive reaction products and autoradiography. Each of the native protein extracts

(1 to 6) was assayed for 160MT as well as inclusion bodies after solubilization (4*) as

described in Materials and Methods. A section of the autoradiogram for assays 1 to 6

is represented to show the production of 16 [14C]-methoxytabersonine in the presence

of S-Adenosyl-L-methionine, 1 6-hydroxytabersonine (+S) and with rl60MT or with

boiled rl60MY (B), or with rl60MT in the absence of alkaloid substrate (-S).
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cells before (Figure 2.4A, Lane 5 & 2.4B, Lane 5) or after (Figure 2.4A, Lane 6 & 2.4B,

Lane 6) IPTG induction. Inclusion bodies were harvested, purified, dissolved and

renatured by dialysis (see Materials and Methods) to produce approximately 250-400 mg

of highly purified rl60MT (Figure 2.4B, Lane 4*) from a 50 ml E. coli culture.

2.4.4 - Recombinant 160MT is a highly specific O-methyltransferase

The substrate specificity ofrl60MT was assayed for its ability to use a range of

different substrates including ML\s, flavonoids and aromatic amines. When assayed

between pH 5.0-9.0, 16-hydroxytabersonine, but not tabersonine, (Figure 2.5) was

converted to the 16-0-methylated product with a pH optimum of 7.0 to 7.5.

Aromatic and indole amines like 3-hydroxytyramine, 4-hydroxytyramine, and 5-

hydroxytryptamine (5HT) were also assayed at different pHs, but no reaction product

could be produced. In addition, rl60MT activity was assayed in vitro against various

alkaloids (2,3-dihydro-3-hydroxytabersonine, lochnericine, horhammericine) and their

respective 16-hydroxylated products (Figure 2.5), but non were accepted as substrates for

0-methylation. Finally rl60MT activity was assayed in vitro against quercetin,

kaempferol and caffeic acid and none were accepted as substrates. The results show that

in spite of its high similarity to other functionally characterized FOMTs (76 - 78%

nucleotide sequence identity, 60 to 65% amino acid identity (Figure S3 and Table SI),

160MT is a highly specific enzyme for its alkaloid substrate.

2.4.5 - Kinetic analysis of the recombinant 160MT

Substrate saturation kinetics revealed that rl60MT displayed a high affinity for
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CO2CH3

Tabersonine

H OH
CO^CHa

hottiammericine

CO2CH3

1 6-Hydroxy-tabersonine

NA>C H3CO
H H rCOzCHa

OH

CO2CH3

Lochnericine

2,3 dihydro-

tabersonine

CO2CH3

1 6-Methoxy-tabersonine

H H rCOzCHa
OH

16-hydroxy-2,3 dihydro-

tabersonine

CO2CH3 HO ^ N' y H OH
" CO2CH3

16-Hydroxy- 16-hydroxy-

lochnericine horhammericine

OH O
Quercetin

OH O
Kempferol

HO
OH

Caffeic acid

COOH

H

NH2 NH2

OH
Tryptamine 4-hydroxytryptamine 5-hydroxytryptamine 3-hydroxy-tyramine

Figure 2.5: Substrate specificity of rl60MT for its methyl acceptor. The only methyl

acceptor for rl60MT was 1 6-hydroxytabersonine [Specific Activity: 6.95 ± 0.8 pkafmg
protein (n=6 replicates)]. The substrates, 1 6-hydroxy-2,3 dihydrotabersonine, 16-

hydroxylochnericine 1 6-hydroxyhorhammericine were produced by biotransformation of

2,3 dihydrotabersonine, lochnericine, and horhammericine using E. coli expressing a

recombinant tabersonine- 16-hydroxylase: NADPH Cytochrome P450 reductase fusion

protein (Schroeder et al., 1999).
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16-hydroxytabersonine and SAM, with Km values of 2.6 nM, and 17 nM, respectively

(Table 2.2). In addition S-adenosyl-Z-homocysteine (AdoCys), a well known competitive

inhibitor of OMTs, had an inhibitory constant (Ki) of 600 nM (Table 2.2) whereas 16-

methoxytabersonine was not an inhibitor at the concentrations tested (5 to 50 |xM).

2.4.6 - Leaf epidermal cells are enriched 900-fold in 160MT activity compared to

whole leaves and 6-fold in 7<iOMr transcripts compared to LCM captured whole

leaves.

Crude epidermis-enriched and total leaf extracts were prepared by CA technique

using the small scale protocol described in Materials and Methods. Extracts were desalted

to remove small molecular weight molecules and these were assayed for different OMT

activities using 16-hydroxytabersonine and quercetin as substrates, as well as forNMT

and DAT activities that are not expressed in leaf epidermis (Murata, De Luca, 2005).

Inspection of 160MT reaction products showed that CA treatment was required

to obtain leaf epidermis enriched 160MT extracts, since simply dipping leaves in

extraction buffer without carborundum treatment did not produce any activity.

Extractions were performed in triplicate to show that the specific activities of whole leaf

protein extracts were 0.03 and 0.04 pkat mg'' protein for 16-hydroxytabersonine and

quercetin, respectively (Figure 2.6A). In contrast leaf epidermis enriched extracts had

300-fold (9.43 pkat mg"') and 30-fold (1.37 pkat mg"') higher 160MT and FOMT

activity, respectively, compared to those ofwhole leaves (Fig. 2.6A). To control for

extraction of cells within the leaf mesophyll, the leaf epidermis enriched extracts were
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shown to have no NMT or DAT activity compared with those of whole leaves (Figure

2.6A).

The levels of 7(JOMr transcripts were quantitated by Real Time PCR in

tissues obtained by laser capture microdissection (whole leaves, epidermal cells, palisade

mesophyll cells, palisade-assisted idioblast cells, cross-cormected laticifer cells and

vascular cells). As described previously (Murata, J., De Luca, V., 2005), the amount of

RNA isolated from extraction of LCM-dissected cells was not sufficient for direct RT-

PCR analysis, it was amplified by T7-based RNA amplification prior to PCR as

previously described (Nakazono et al, 2003) to produce good cDNA useful for detecting

expression of various genes in different cell types. Real time PCR analysis revealed that

the leaf epidermis of Catharanthus roseus detected at least 6 times more 160MT

transcript than in whole leaves or in other any of the other cell types (Figure 2.6B).

Together the very high leaf epidermis enrichment ratio of 160MT activity and the

preferential detection of 7dOAfr transcript in LCM captured leaf epidermal cells strongly

suggests that this reaction occurs in leaf epidermis in contrast to the later stages in

vindoline biosynthesis (NMT and DAT) (Figure 2.6A, B).

Further RT-PCR analysis showed that all CrOMTs, with the exception of

CrOMT5, could be detected in all LCM captured cells. It is interesting to note that

CrOMT6 whose gene product catalyzes the 4'-0-methylation of flavonoids (Schroder et

al, 2004) showed a strong signal in Catharanthus roots, whereas CrOMTS, of unknown

biochemical function, was strongly detected in flowers and stems, respectively. This

result also points to the flowers as a promising tissue to elucidate the function of CrOMT

5, since may have an obvious biological role in flower biochemistry.
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2.5 - Discussion

2.5.1 - Carborundum abrasion technique is a cost effective, robust method to study

leaf epidermis biology.

Carborundum abrasion technique has been used successfully to differentially

extract indole alkaloids, enzymes active in MIA biosynthesis, and mRNA from the leaf

epidermis of Catharanthus (Murata, J., De Luca, V., 2005). Combined use of this

technique with enzyme assays suggested that leaf epidermis preferentially expresses

/<5C?Mr compared to other leaf cell-types (Figure 2.2; Murata, J., De Luca, V., 2005).

These results were used to suggest that leaf epidermal cells are biosynthetically

competent to produce tryptamine and secologanin precursors that are converted via many

enzymatic transformations to make 16-methoxytabersonine (Murata, J., De Luca, V.,

2005) while the remainder of the pathway leading to vindoline biosynthesis appears to

occur within specialized cells in the leaf mesophyll (St Pierre et ai, 1999).

The present study shows that CA technique could be scaled up to useful levels

(Figure SI) for purifying leaf epidermis localized proteins like 160MT to homogeneity

(Table 2.1). Using the scaled up approach, the specific activity of 160MT was 36 times

higher in concentrated crude CA extracts compared to those ofwhole leaf extracts (Table

2.1). This enrichment of 160MT by CA extraction was essential to purify this enzyme to

homogeneity (Figure S2) and to obtain peptide sequences that led to the successful

cloning (Figure 2.3; Figure S3) of 7(50Mrfrom a cDNA library produced from leaf

epidermis enriched mRNA. In contrast, previous efforts using plant cell suspension

cultures only led to the isolation of a number of novel contaminating OMTs {CrOMTs -2,

-4, -5, -6 and -7) (Cacacea et al, 2003; Schroder et ai, 2004).
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The usefulness ofCA technique as a tool to enrich for leaf epidermis localized

biological processes has also recently been validated through random sequencing of ;

cDNA libraries produced from leaf epidermis enriched mRNA (Murata et al, in < .^

preparation). The sequencing of close to 10,000 random clones from this library

produced 4 independent sequences identical to various parts of 7(5C>Mr(Figure S4),

whereas this clone was not represented in EST sequencing ofcDNA libraries from

mRNA isolated from whole leaves or from root tips (Murata, J., De Luca, V., 2006). This

study clearly shows that CA technique is a cost effective, robust means by which to

enrich for epidermal components of plant tissues and this can be selectively used to

dissect different metabolic pathways, to purify the proteins involved or to generate useful

cDNA libraries that represent the biological activities of leaf epidermis. It is clear that

combining CA technique with traditional protein purification or with modem proteomics

tools improves significantly our capability to study epidermis localized biological

processes. The versatility of epidermis enriched extracts for investigating cellular

specialization is surprisingly similar to studies performed with isolated glandular

trichomes for investigating their highly specialized gene expression and chemistry (Lange

et al, 2000; Gang et al, 2001; Wagner et al, 2004; Fridman et al, 2005). Clearly this

approach might be of great use to study the comparative biology of Catharanthus leaf

epidermis during growth and development or it could be used to compare the leaf

epidermis biology between plant species.
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2.5.2 - Properties of rl60MT

The rl60MT showed very high substrate specificity for 16-hydroxytabersonine

since slight modifications of this substrate ehminated enzyme activity (Figure 2.5). The

enzyme did not accept selected aromatic amines or the flavonoid, quercetin that is a

substrate for other related Catharanthus OMTs (Cacacea et al, 2003; Schroder et al,

2004). The inability of the enzyme to 0-methylate 16-hydroxy-2,3 dihydrotabersonine

does suggest that this reaction occurs prior to further substitution of 16-

hydroxytabersonine (Figure 2.1) and supports its order in the pathway of vindoline

biosynthesis. Both the rl60MT and the enzyme from leaf extracts showed characteristic

features ofOMTs (Koch et al, 2003) such as strong inhibition by low concentrations of

i'-adenosyl-L-homocysteine, but neither was affected by divalent cations

(Mn2+,Mg2+,Zn2+,Ca2+,Cu2+) that modulate the activities of some OMTs (Lin et al,

2006; Schubert et al., 2000). Together, these data suggest that 160MT is the gene

responsible for in vivo 160MT activity in Catharanthus.

2.5.3 - The leaf epidermis expression of 160MT activity in Catharanthus

The enrichment of 160MT activity (Figure 2.6A) and of /60Mr (Figure 2.6B)

transcript in leaf epidermis compared to that ofFOMT (Fig. 2.6A) and the greater FOMT

activity found in most Catharanthus organs tested (leaf, flower, stem, and root) (Figure

2.2D) provides very strong evidence for preferential expression of 160MT within leaf

epidermal cells that have been shown to be specialized for much of the MIA pathway

(Murata, J., De Luca, V., 2005; St Pierre et al, 1999). While combined use of

carborundum abrasion and laser capture microdissection techniques has enabled targeted
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dissection of specialized biochemical function, the expression profiles of all currently

published CrOMTs were very similar in most Catharanthus tissue types, with the

exception ofCrOMTS that was preferentially expressed in flowers and stems and

CrOMT6 that was preferentially expressed in roots, hi addition, neither idioblast nor

mesophyll cells appear to express at high levels any of the tested OMT transcripts.

During seedling development 160MT activity is present under both dark and light

conditions, although temporally it appears approximately at the same time as the 2,3-

dihydro-3-hydrox54abersonine A^-methyltransferase (De Luca et al, 1987a,b; De Luca et

al., 1988). Additionally the 160MT responds to light in a similar mode as the

downstream A'-methyltransferase where both enzyme activities are increased slightly

when etiolated seedlings are treated with light, hi contrast both deacetylvindoline-4-

hydroxylase (Vazquez Flota and De Luca, 1998) and DAT (Fig. 2B; (De Luca et al.,

1988; St. Pierre et al., 1998) activities were induced many fold when etiolated seedlings

were submitted to light treatment.

2.6 - Conclusions

Using Catharanthus roseus as a model system, a simple, general and highly

useful method for harvesting proteins and mRNA by carborundum abrasion technique

was reported. This method was essential for the successful molecular cloning, functional

characterization and expression profiling of 7<5C>Mr(Figure 2.1) that is responsible for

the leaf epidermis localized 5th to last step in vindoline biosynthesis. This versatile

method could be applied for studying the changing biochemistry of specialized leaf

epidermis during growth and development, as has already been done with harvested
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glandular trichomes (Lange et al, 2000; Gang et al., 2002; Wagner et al, 2004; Fridman

et al., 2005). The specialized nature of the leaf epidermis suggests that CA combined

with methods for studying the complement of genes expressed in this cell type should

yield remarkable new information as illustrated in this study.
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Chapter 3.

Molecular Modeling, Structural Characterization, Site Directed Mutagenesis and

Analysis of Oligomeric Activity of 160MT mutants: New strategy in the

development of new cellular chemistries
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Molecular Modeling, Structural Characterization, Site Directed Mutagenesis and

Analysis of Oligomeric Activity of 160MT mutants: New strategy in the

development of new cellular chemistries

Dylan Levac, Heather Gordon, Vincenzo De Luca

Department of Biological Sciences, Brock University, 500 Glenridge Ave., St.

Catharines, ON, L2S 3A1, Canada

3.1 - Abstract

Small molecule 0-methyltransferases (OMTs) (E.C. 2.1.1.6.x) catalyze the

transfer of the reactive methyl group of ^-adenosyl-Z-methionine (SAM) to free hydroxy]

groups of acceptor molecules. Plant OMTs, unlike their monomeric mammalian

homologues, exist primarily as functional homodimers. While the biological advantages

for dimer formation with plant OMTs remain to be established, studies with OMTs from

the benzylisoquinoline producing plant, Thalictrum tuberosum, showed that co-

expression of 2 recombinant OMTs produced novel substrate specificities not found

when each rOMT was expressed individually (Frick, Kutchan, 1999) . These results

suggest that OMTs can form heterodimers that confer novel substrate specificities not

possible with the homodimer alone. The present study describes a molecular model of the

160MT based on the known X-ray structure of isoflavone OMT (Zubieta, et al. 2001).

Based on this model, site specific mutagenesis has been used in an attempt to modify the

substrate specificity and to inactivate 160MT. Specific mutants were produced that could

be used to study the biochemical properties ofhomodimers and heterodimers.

Experimental evidence is provided to show that active sites found on OMT dimers
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function independently, and that biflinctional heterodimeric OMTs may be fonned in vivo

to produce a broader and more diverse range of natural products in plants.

3.2 - Introduction

Small molecule O-methyltransferases (OMTs) (E.G. 2.1.1.6.x) are involved in

both primary and secondary plant metabolism. They catalyze the enzymatic transfer of

the reactive methyl group from i'-adenosyl-Z-methionine (SAM) to a hydroxyl, or

reactive oxyanion of their substrate, by means of a general acid/base mechanism

facilitated by a basic catalytic residue (ie. histidine, lysine). There are also variants of

SAM-dependant methyltransferases (ie. Class III methyltransferases) that use the

ionization character of their substrate at cellular pH rather than catalytic residues to

facilitate this reaction.

Plant small molecule OMTs are distinct from their mammalian homologues in

that the plant OMTs are ftmctional homodimers; whereas, the mammalian catechol

OMTs function as monomers (Zubieta, et al. 2001, Vidgren, et al 1994, Mannistoo,

Kaakkola, 1999). While it has yet to be established if there is any evolutionary advantage

in forming dimers in plants, one report has shown that heterologous co-expression of two

recombinant benzoisoquinoline alkaloid OMTs (rBAOMT) in E.coli produced novel

methylated products compared to bacterial cultures expressing either enzyme alone

(Frick, Kutchan, 1999). These results were used to suggest that the two OMTs could form

heterodimers that were responsible for producing the new substrate specificity observed.

The X-ray crystal structure analyses of the class II isoflavone 0-methyltransferase

(lOMT) revealed a highly conserved C-terminal SAM binding domain, consisting of a

typical nucleotide binding motifknown as an a/p Rossmann fold (Rao, Rossmann,1973),
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as well as an N-terminal dimerization domain that is unique to plant methyltransferases

(Zubieta, et al. 2001). The three dimensional structure of lOMT, together with its

behaviour on gel filtration columns, suggested that it functions in vitro as a homodimer.

The dimerization domain oflOMT involves approximately 30% of the N-terminal end of

the protein, which contributes amino acid residues that appear to be important for

substrate binding within the catalytic site of the complementary monomer (Zubieta, et al.

2001). The crystal structure oflOMT showed that Met29, Thr32 and Thr33 oflOMT

insert into the complementary subunit's catalytic site and form the back wall of the

substrate binding pocket (Zubieta, et al. 2001). The hypothetical heterodimer described

by Frick and Kutchan (1999) also belongs to class II OMTs, and its novel substrate

specificity could be produced if the dimerization domains between the two rBAOMTs

altered the composition of the back wall of a catalytic pocket to accommodate a broader

range of substrates.

The Madagascar periwinkle {Catharanthus roseus) produces the well-known and

remarkably complex anticancer dimeric alkaloids vinblastine and vincristine that are

derived firom the coupling of vindoline and catharanthine monomers. Previous studies

have described the molecular cloning and functional characterization of 16-

hydroxytabersonine-16-(9-methyltransferase (160MT) that catalyses the second of six

steps in the conversion of tabersonine into vindoline (Levac, D., et al, 2008). Functional

expression and biochemical characterization of recombinant 160MT showed its narrow

substrate preference and high affinity for 16-hydroxytabersonine (Km=2.6nM).

The present study uses molecular modeling, site-directed mutagenesis (SDM),

and classical biochemical techniques to identify residues important for substrate binding.
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The 160MT enzyme model was used to suggest amino acid substitutions or deletion by

SDM of 160MT to change the enzyme's substrate specificity to accept flavonoids like

the closely related CrOMT2 and CrOMT6 enzymes of Catharanthus roseus (Levac, et al.

2007, Cacace, et al. 2003, Schroder, et al. 2004). This study also uses rl60MT and

inactive form ofrl60MTi (H260A) to determine if active heterodimers can be produced.

The results suggest that modeling studies and phylogenetic alignments may not be

sufficient to identify amino acid residues to modify to alter substrate specificity of the

rl60MT. Experimental evidence also suggests that heteroohgomeric rl60MT:rl60MTi

could be produced and that the active sites of the oligomer could fiinction independently

of each other.

3.3 - Materials and Methods

3.3.1 - Cloning, expression and purification of recombinant C roseus 160MT from
inclusion bodies

The 160MT responsible for 0-methylation of 16-hydroxytabersonine was

identified and cloned from an epidermis enriched phage X cDNA library as reported in

Chapter 2. Briefly, the full-length ORF was amplified by PCR fi-om an epidermis

enriched phage X cDNA library using forward

(5'CACCATGGATGTTCAATCTGAGGA 3') and reverse (5'TCAAGGATAAACC

TCAATGAGACTCC 3') primers that were compatible to the Gateway® pENTR

directional vectors (Invitrogen Co., http://www.invitrogen.com/). The PCR product was

directionally ligated into pENTR and subsequently mobilized to pDEST-17 (Invitrogen

Co., http://www.invitrogen.com/), according to the manufacturer's specifications. The
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pDEST-17 vectors harboring the full-length 160MT ORF-His fusion were transformed

into E. coli (DE3)pLysS cells as described in Chapter 2.

Three mL saturated pDEST-17 160MT E. coli cultures were generated using 2 x

YT media containing 50 |ig/mL ampicillin, and grown overnight at 37°C. Five hundred

HL of the saturated culture was then used to inoculate 50 ml 2 x YT media containing 50

p,g/mL ampicillin. Cultures were allowed to grow at 37°C to OD 0.8, then induced with 2

mM final concentration IPTG and grown at room temperature overnight to promote

inclusion body formation. The culture was then centrifuged at 5000 rpm for 10 min to

harvest cells, the supernatant was removed and cell pellets were stored at -20°C until they

were processed for inclusion body purification and extraction.

Cell pellets were resuspended in 5 ml 100 mM Tris-HCl, pH 7.5, 13 mM P-

mercaptoethanol and lysed by sonication. After centrifugation at 21000 g (4°C) for 20

min the pellet containing inclusion bodies was washed 3x in 10 mL Wash Buffer (100

mM Tris-HCl, pH 7.5, 150 mM NaCl) containing 1 M urea per gram pellet weight and

0.1 % Triton X-100. After each wash inclusion bodies were re-pelleted by centrifugation

at 21000 g for 10 min at 4°C as described in Chapter 2. This was followed by a single

wash step with Wash Buffer to remove residual Triton X-100. Purified inclusion bodies

were dissolved in solubilization buffer (100 mM Tris-HCl, pH 7.5, 8 M urea, 1 mM

phenylmethylsulfonylfloride) to a final <10 mg/mL protein concentration (Kopito, R.,

2000) and solubilized in a beaker with gentle stirring for at least one hour at room

temperature. SolubiHzed proteins were dialyzed (100 mM Tris, pH 7.5) overnight at 4°C

using a 30 ml Slide-A-Lyzer Dialysis Cassette (10 MWCO, Fisher Scientific) according

to the manufacturer's instructions. Refolded proteins were used directly for enzyme
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assays. The protein concentration of extracts was determined using a Protein assay kit

(Bio-Rad, Hercules, CA, USA).

'V'-' '•' ' ''

3.3.2 - 160MT assays

The substrate required for 160MT assays was produced by biotransformation of

tabersonine into 16 hydroxytabersonine using E. coli expressing recombinant

tabersonine-16-hydroxylase: NADPH cytochrome P450 reductase protein (Schroder, et

al., 1999). Induced bacterial cells were incubated at 37°C with 500 mg of tabersonine and

after 16 h of incubation approximately 400 mg of 16 hydroxytabersonine could be

produced. After purification this substrate was used in rl60MT enzyme assays. Enzyme

assays were performed in a final volume of 100 |xL using 4 |j,g of solubilized and refolded

rl60MT protein, or the corresponding 160MT mutants in the presence of substrate (0.1

mM 1 6-hydroxytabersonine, kaempferol or quercetin) and co-substrate (2.08 \iM (0.025

|i,Ci) (methyl- C)SAM). Enzyme assays were performed at 35°C for one hour, pH 7.5

(lOOmM Tris-Cl, 0.1% p-mercaptoethanol) and stopped using 20 ^1 10 M NaOH for

alkaloid enzyme assays, or 20 |4.1 10% H2SO4 for flavonoid enzyme assays. Radioactive

reaction products were separated from unreacted (methyl-'''C)SAM co-substrate by

extraction of the reaction mixture with 400 ^1 ethyl acetate. Fifty jxL of ethyl acetate

containing reaction product was dissolved in 5 ml ScintiSafe^"^ Econo 2 scintillation

cocktail (Fisher Scientific) and radioactive product was measured with an LS 6500 Multi-

purpose Scintillation Counter (Beckman Coulter, Fullerton, CA, USA). The remaining

350 ^iL ethyl acetate containing enzyme reaction products were taken to dryness by

vacuum centrifugation in an SPD SpeedVac (Thermo Savant, Holbrook, NY, USA).
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Each sample was dissolved in 20 \iL methanol, 5 nL ofwhich was applied to TLC for

analyses. Alkaloid products were applied to Polygram® SEL G/UV254 TLC plates (Fisher

Scientific) and developed in a 50:50 hexane:ethyl acetate solvent. Flavonoid reaction

products were applied to Polygram® Polyamid-6 TLC plates (Fisher scientific) and

developed in a solvent system that will resolve polymethylated flavonols (4:3:3

benzene:methylethyl ketone:methanol). Radioactive products were detected by exposing

TLCs to a Storage Phosphor Screen (Amersham Biosciences) for 16 hr and visualized

using a Phosphorimager FLA-3000 (Fujifilm, Tokyo, Japan) and MULTI GAUGE ver.

3.0(Fujifilm).

3.3.3 - Comparative enzyme kinetic analysis between rl60MT and rl60MT
mutants.

For Km determinations, triplicate enzyme assays were performed with 2, 6, 10, 14

and 18 ^M 1 6-hydroxytabersonine at constant 2.08 ^.M (0.025 ^iCi) (methyl- ''*C)SAM

and with 1, 2, 5, 10 and 20 ^M (methyl-"'C)SAM at constant 0.1 mM 16-

hydroxytabersonine.

3.3.4 - Relationship tree

Sequences were aligned using CLUSTAL W (Thompson, et al. 1994).

Phylogenetic and molecular evolutionary analyses were conducted using MEGA version

3.1 (Kumar, et al. 2004). Cladistic analysis was performed using UPGMA clustering

method, and bootstrap values were determined by 10000 replicates using the heuristic

search algorithm. All branch points with less than 50% bootstrap support were considered

inclusive and collapsed to produce a condensed relationship tree.
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3.3.5 - Homology modeling and substrate positioning within the 160MT active site

The C.roseus 160MT amino acid sequence was submitted to The PSIPRED

Protein Structure Prediction Server mGenTHREADER fold recognition software to

identify suitable crystal structures for modeling 160MT. Only crystal structures having

an overall mGenTHREADER score and percent identity of >0.95 and >40% respectively

were considered suitable. With those constraints in mind, only the Ms7I0MT (U97125)

(Zubieta, et al. 2001) appeared to be suitable to perform the 160MT modeling study.

Swiss Model First Approach (Schwede, et al. 2004) was used to generate an initial model

of the 160MT based on Ms7I0MT in complex with S-adenosyl-homocysteine (SAH)

and isoformononetin (PDB: 1FP2).

The resulting model was refined using Quanta (Molecular Simulations hic, San

Diego, CA) to add protons, C-terminal carboxylic acid and N-terminal amino groups that

are absent in original models. Following this, SAH and isoformononetin were replaced

with SAM and 16-hydroxytabersonine, respectively within the active site of the 160MT

model using Quanta. The backbone of 16-hydroxytabersonine was overlaid with

isoformononetin using the indole group 16-hydroxytabersonine as an anchor, similar to

the A/C ring of isoformononetin. The 16-hydroxyl position of 16-hydroxytabersonine,

corresponding to 7'-hydroxyl of isoformononetin, was positioned next to the catalytic

residue (H260) of 160MT.

The model was then energy minimized twice using Chemistry at HARvard

Macromolecular Mechanics (CHARMM) program (Brooks, et al. 1983). The first energy

minimization was done constraining all the peptide atoms in place and allowing the
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substrate and co-substrate molecules to move to their lowest possible potential energy

locations. The second energy minimization was performed by fixing only peptide

backbone atoms in place in order to allow substrate, co-substrate and protein side chains

to move to locations of lowest possible potential energy.

3.3.6 - Site directed mutagenesis of 160MT and mutant identification

Single (C20F, H260A, Del316-317) and double (C20F and Del316-317) mutants

of 160MT were generated according to the manufacturer's instructions using the

QuickChange® Multi Site-Directed Mutagenesis Kit (Stratagene). Mutations were

performed on pDEST-17 Gateway® expression vector harboring 160MT.

Oligonucleotide primers compatible with the QuickChange ® kit were designed using the

web based QuickChange® Primer Design Program

(http://www.stratagene.com/qcprimerdesign). Primers were designed to mutate cysteine 20 to

phenylalanine (C20F: 5'

CTCAAATATGGAGCCAATCCTTCTCTTTCATAACTTCTGCTTC 3'), histidine 260

to alanine (H260A: 5'

ATCTTTCTCAAGTGGATTCTCGCTGACTGGAACGATGAAGATTG 3'), and to

delete phenylalanine 316 and alanine 317 (Del316-317: 5' CTATGGATATG

GCAATGCTTGTAAATGCTAAAGAAAGATGTGAG 3').

Mutant clones were immediately transformed according to the manufacturer's

protocols into XLIO-Gold ultracompetent E. coli cells (Stratagene). Transformants were

identified by plating E. coli on ampicillin selection plates. Positive transformants were

used to inoculate 3 ml LB liquid cultures containing 50 ^ig/ml ampicillin and grown
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overnight at 37°C to generate respective saturated bacterial cultures. Saturated cultures

were pelleted by centrifugation at 3000 g for 20 minutes and recombinant plasmids were

purified from the resultant cell pellet using the QIAprep spin miniprep plasmid

purification kit (Qiagen Inc.) according to manufacturer's instructions. The identity of

mutant clones was verified by sequencing (Robarts Research Institute, London, Ontario,

Canada). Identified mutants were retransformed into E. coli (DE3)pLysS for expression

according to the protocol in 3.2.1.

3.3.7 - Titration of functional 160MT with inactive H260A 160MT mutant

Both rl60MT and H260A rl60MT (rl60MTi) mutant proteins were produced

independently and harvested as inclusion bodies that were washed, and solubilized to a

final concentration of 2 mg protein/ml urea as detailed in section 3.2.1. The solubilized

denatured protein solutions were mixed in ratios of 1 :0, 1:0.12, 1:0.75, 1:1,0.75:1,0.5:1,

and 0:1 ofrl60MT/rl60MTi mutant protein in a final volume of 25 ml. Denatured

protein solutions were gently mixed in a 50 ml beaker over a 1 hr period. To renature the

proteins, each urea soluble protein mixture was dialyzed (100 mM Tris-HCl, pH 7.5)

overnight at 4°C using a 30 ml Slide-A-Lyzer Dialysis Cassette (10 MWCO, Fisher

Scientific) according to the manufacturer's instructions and the dialysates was used

directly for 160MT enzyme activity assays. The protein concentration of extracts was

determined using a Protein assay kit (Bio-Rad, Hercules, CA, USA).
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3.3.8 - Use of His tag purification and protease treatment to isolate purified

rl60MT.

To generate rl60MT whose histidine tag had been cleaved, inclusion bodies of

rl60MT were solubilized, cleaned and renatured as described previously in 3.2.1.

Immediately after dialysis the protein was concentrated 3-fold by centrifugation using

Amicon Ultra concentrators (Fisher Scientific). The concentrated dialysate containing

functional rl60MT enzyme harboring an N-terminal poly-histidine tag tethered by a

TEV domain was then treated with AcTEV"^ protease (Invitrogen; according to a 10 fold

scaled up version of manufacturers instructions) in order to remove the poly-histidine tag.

The cleaved, poly-histidine tag lacking rl60MT was purified away from histidine tag

harboring r 160MT by Ni-NTA column chromatography by harvesting non binding

fi-actions. Non-binding fractions were then acetone precipitated for preparation of

rl60MT:rl60MTi heterooligomers.

Both histidine-tag-lacking rl60MT homodimers and rl60MT:r 160MTi

heterooligomers were generated as described in section 3.2.7. The dialysate was then

concentrated 3-fold using Amicon Ultra concentrators (Fisher Scientific). Ten mL of the

concentrated sample was applied to 1 mL of his-tag resin in a 15 ml conical tube

(Sarstedt) to allow binding ofH260A homodimers or 16OMT:H260A heterodimers by

constant gentle mixing overnight at 4°C. The next morning Ni-NTA resin was allowed to

sediment by gravity, and the resin was then pelleted by centrifugation in a

microcentrifuge with a 10 second pulse ofmaximum speed. The supernatant was

collected for analysis and the remaining Ni-NTA resin was washed 3 times with 10 mL

of 100 mM Tris-HCl pH 7.5, 14mM mercaptoethanol, 20 mM imidazole and the

supematants were pooled for enzymatic analysis. His-tagged proteins bound to Ni-NTA
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resin were released with 10 mL of 100 mM Tris-HCI pH 7.5, 14mM mercaptoethanol,

and 500 mM imidazole. The supernatant (10 mL), the wash (30 mL) and eluted (10 mL)

fractions were concentrated to 5 ml using Amicon Ultra concentrators (Fisher Scientific).

The concentrated wash (2.5 mL) and eluted fractions (2.5 mL) were further desalted

using PD-10 columns. All fractions including the supernatant were assayed for 160MT

activity.

3.3.9 - Preparation of cDNA from laser capture microdissected cells

cDNA was prepared from RNA amplified after being isolated from epidermal,

mesophyll, idioblast, laticifer, vascular and representative whole leaf cells isolated by

laser capture microdissection as previously described (Murata, De Luca, 2005).

3.3.10 - Cell-type expression proflling of selected OMTs compared to 160MT

One |xL cDNA prepared from RNA isolated from laser captured epidermal,

mesophyll, idioblast, laticifer, vascular and representative whole leaf cells was used as

template for PCR amplification using gene specific primers for TDC (A23291), T16H

(AJ238612), i)^r (AF053307), 160MT, CrOMTl (AY028439), CrOMT2 (AY127568),

CrOMT4 (AY127569), CrOMTS (AY343488), CrOMT6 fAY343490), CrOMTl

(AY343492). Due to high sequence identity between OMTs, the right primer was

designed using the 3
' UTR of each respective gene as template. PCR amplification was

optimized for Tm and run over 30 cycles. The PCR products were analyzed by

electrophoresis on 1.5% agarose gel containing ethidium bromide.
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3.4 - Results

3.4.1 - Phylogenetic analysis: 160MT is most closely related to two Catharanthus

roseus class II OMTs

Cladistic analysis of 56 biochemically characterized OMTs with highly divergent

substrate specificities could be resolved into independent phyla (Figure 3.1) of all three

currently known OMT classes (Class I, II and III) (Joshi, Chiang, 1998, Zubieta, et al.

2003). Such analyses combined with substrate specificity studies have suggested that

particular biochemical functions ofOMTs evolved by gene duplication followed by

mutation (Gang, 2005). For example, the caffeic acid OMT (COMT) from Medicago

sativa (Accession number CAB65279.1) appears to be more closely related to

Stylosanthes humilis COMT (Accession number 21 19166A), than it is to M. sativa

chalcone OMT (ChOMT) (Accession number AAB48059), or another putative M.sativa

OMT (Accession number CAB6279) (Gang, 2005). Cladistic analysis ofOMTs (Figure

3.1) shows that 160MT is most closely related to two Catharanthus roseus class II

OMTs; a myricetin OMT that performs 3' and 5' sequential 0-methylations {CrOMT2)

(Cacace, et al. 2003) and a flavone/flavonol 4' OMT (CrOMT6) (Schroder, et al. 2004).

These results suggest that 160MT, CrOMT2 and CrOMT6 probably evolved by gene

duplication from a common ancesfral phenylpropanoid OMT, followed by mutations to

alter substrate preference to yield the highly substrate-specific 160MT involved in the

late stages of vindoline biosynthesis.
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Lignin OMT Poplus (AAF60951)

Caffeic acid OMT Ptremuloides (U13171)

Bispecific COMT P.tremulides (CAA44006)
Caffeic acid OIVIT P.tomentosa(AAF63200)

Caffeic acid OMT R.chinensis (CAD29457)

J— O-Diphenol OMT C.annum (U83789)
99"— Catecliol OMT N.tabacum (X74453)

Catechol OMT5 T.tubersoum(AAD29845)

Catechol OMT3 Ttubersoum (AAD29843)
Catechol 6-OMT Ttuberosum (AF064694)

41 Lj— Catechol 0MT1 T.tubersoum(AAD29841)

Catechol 0MT4 Ttubersoum (AAD29844)
Caffeic acid OMT C.americanum (U 16793)

Isoeugenol OMT C.breweri (CBU86760)
Lignin OMT Z.mays (M73235)

Flavonol 3-OMT M.piperlta (AY337460)

Phloroglucinol OMT R.chinensis(BAD18975)

Myo-inositol OMT M.crystallinum (M87340)

Eugenol OMT R.chinensis (AB086103)

Isoliquiritigenin 2-OMT M.sativa (L10211

Caffeic acid OMT Rtaeda (AAC49708)
Caffeic acid o-OMT Pradiata (AAD24001)
Caffeic acid OMT H.vulgare (AAC18643)
30H-N-methylcoclaurine 40MT1 (AAP4531 3)

30H-N-methylcoclaurine40MT2(AAP45314)

_|— 30H-N-methylcoclaurine 40MT (BAB08005)
lool— 3-OH-N-methylnorcoclaurine 40MT (D29812)

Norcoclaurine60MTP.somniferum{AAP45315)

Norcoclaurine 60MT C.japonica(BAB08004)

Norcoclaurine 6-OMT C.japonica (D29811)

7-FOMT H.vulgare(CAA54616)

160MTC.roseus
CrOMT6
CrOMT2
Orcinol 0MT1 R.chinensis (CAD29459)

Orcinol 0MT2 R.chinensis (CAH05078)

7-OMT M.sativum(AAC49926)

7-IOMT M.sativa (AF000976)

Daldzein 70MT G.echlnata(BAC58012)

6a-HMK OMT Psativa(AAC49856)

6a-HMK 3-OMT Psativum (U69554)

4-IOMT G.echinata{BAC58011)

4IOMT L.japonlcus (AB091686)

4-IOMT L.japonlcus (BAC58013)

Flavonol 7-OMT M.piperlta (AY337457)

Flavonol 4-OMT M.piperlta (AY337461)

Daphnetin OMT S.cereale(AA023335)

Caffeoyl-CoA 30MT A.thallana (NM 202375)

Caffeoyl-CoA 30MT C.canephora (EF15933)

Caffeoyl-CoA OMT N.tabacum (AF022775)

Caffeoyl-CoA 30MT B.rapa (DQ457404)

lAAMT A.thallana (NP 001078756)

BAMT A.majus (Q9FYZ9)

SAMT C.breweri(AAF00108)

JAMT A.thallana (NP 173394)

iooll
ft^l

—

Class II

Class I

Class

Figure 3.1 Phylogenic tree of plant 0-methyltransferases that have been biochemically

characterized. Phylogenetic and molecular evolutionary analyses were conducted using
MEGA version 3.1 (Kumar et al., 2004)
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3.4.2 - Identification of 160MT active site residues based on the crystal structure of

Ms7I0MT

The phylogenetic relationship between 160MT to C. roseus flavonoid OMTs

{CrOMT2, CrOMT6) prompted modeling studies ofthel60MT active site with theM

sativa isoflavone-7-O-methytransferase (MsTIOMT) whose crystal structure is known

(Zubieta, et al. 2001). In addition, the program known as mGenTHREADER (McGuffm,

Jones, 2003, Jones, 1999) showed that the MsTIOMT crystal structure could be used to

model the active site of 160MT because of its 41.2% sequence identity to 160MT and an

overall mGenTHREADER score of 0.952.

Modeling the 160MT after Ms7I0MT using SWISS-MODEL (Schwede, et al.

2003) automated protein homology-modeling server yielded a primary model that

represented the entire 160MT sequence in its predicted tertiary structure with the

exception of the first five amino acid residues (Ml - S5). This initial model was fiirther

refined using Quanta and CHARMM (see Materials and Methods) and the model's root

mean square deviation (R.M.S.D) was determined to be 1.02 A° over the entire protein

sequence (E6 - P352 for 160MT) when comparing the 160MT peptide backbone atom

locations to those ofMs7I0MT. When comparing the locations of the peptide backbone

atoms of 160MT and MsTIOMT within the a/p Rossmann fold domain (SAM binding

domain) of both models (E184 - D340 for 160MT) the R.M.S.D was determined to be

only 0.66 A°. These values measure the fidelity of the 160MT model as it is derived

fi"om the MsTIOMT crystal structure to produce a good approximation of the native

tertiary structure of 160MT. The quaternary structure of the 160MT dimer was

generated using Swiss-PDB Deep Viewer, and the same transformation matrix required
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to reconstitute the functional unit ofMs7I0MT model from its monomer crystal structure

(1FP2).

The 160MT model revealed that 32% of each subunit (F8 to P121) was involved

in the dimerization complex and that the N-terminal residues Gin12 to He 16 insert into

the back wall of the catalytic site of the complementary monomer, as also shown for

Ms7I0MT (Zubieta, et al. 2001). Fiuther inspection of this model also suggested that

W16 and F 144 in the back wall might provide a hydrophobic sink for binding the terpene

moiety of 16-hydroxytabersonine and promote a favorable interaction within the active

site (Figure 3.2). hi addition, the highly conserved methonine residues (Ml 70 and M312)

could orient the aromatic ring of the indole moiety towards the catalytic residue (H260)

and SAM to promote transmethylation of 16-hydroxytabersonine (Figure 3.2 E). The

methionine residues are homologous to Ml 68 and M31 1 ofMs7I0MT that orient to the

A ring of 2,4,7-trihydroxyisoflavanone (Zubieta, et al. 2001) as predicted by a Clustal W

amino acid alignment (Figure 3.3) and mGenTHREADER iterative alignment algorithm.

These residues might stabilize 16-hydroxytabersonine within the active site by means of

pi-pi stacking between d-orbitals of the methionine sulfur atom and the pi orbitals of the

aromatic ring of the indole moiety of 16-hydroxytabersonine (Figure 2 E). Interestingly

there is only one predicted hydrogen bond that occurs between the catalytic residue H260

and the target hydroxyl group of 16-hydroxytabersonine. The lack ofmore stabilizing

hydrogen bonds within the active site do not appear to be detrimental to the positioning

of the reactive hydroxyl group of 16-hydroxytabersonine that is located 2.46 A° from the

primary basic nifrogen ofH260 and 3.16 A° from the reactive methyl group of SAM.
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Figure 3.2. Molecular models of the 160MT. Amino acid alignment was performed

by mGenTHREADER iterative alignment algorithm. The 160MT model was
visualized using Swiss PDV Deep Viewer (GSK), Final images visualized in SPDV
were refined using PovRay. A-C show overall enzyme structure by doing a 180

degree rotation about space filled model. D. Close up of one of the active sites

showing its constriction, and sequestration of the substrate (red) deep within the

enzyme. E. 160MT active site showing important residues (grey carbon bonds),

16-hydroxytabersonine and SAM (black carbon bonds).
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These distances are sufficiently close for deprotonation of the 16-hydroxyl by H260 and

then subsequently transmethylated by SAM.

The binding ofSAM is accomplished by the ct/p Rossmann fold of 1 60MT, a

characteristic nucleotide binding domain common to almost all SAM-dependant OMTs

(Zubieta et al. 2001, Ibrahim, et al. 1998). Compared to Ms7I0MT, 160MT also has a

similar network of hydrophobic interactions and hydrogen bonds that stabilize SAM

within the active site in a favorable orientation for transmethylation of 16-

hydroxytabersonine. More specifically a hydrogen bond is predicted to occur between

D222 and one of the ribose hydroxyls ofSAM and 2 hydrogen bonds with G19 and K251

are predicted to form in association with the terminal carboxylic acid group of SAM.

3.4.3 Site-directed mutagenesis to identify residues essential for catalysis and

substrate binding

Modeling studies combined with Clustal W alignment of 160MT, CrOMT2 and

CrOMT6 amino acid sequences (Figure 3.3) prompted the testing of a C20F mutant and

an F3 16, A3 17 deletion for altering the substrate specificity of this enzyme. The C20F

modification was also tested since both CrOMT2 and CrOMT6 (Cacace, et al. 2003,

Schroder, et al. 2004), contain F instead ofC at this amino acid position, where this

potential active site residue is located at F27 in Ms7I0MT. The deleted F3 16, A3 17

mutant (Del 316-317) was selected for testing since these amino acids could be part of a

random coil-coil motif adjacent to a predicted flavonoid binding site in Ms7I0MT whose

removal might stabilize the flavonoid substrate within the active site of 160MT. The

H260A mutation was tested to knockout this catalytic residue and to yield an inactive
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QOi^e 1

160MT 1

&CMT2 1

CrCMT6 59 HKI
160MT 60 "H
CrO\n"2 58 |N

cr ome 1 1

7

leoivrr 112
Cr oivrr2 1 05

crome
leoivrr

Cr0ivn"2

175 N
172 S
162 A

CrOMTB 235
160MT 232
a(MT2 222

croivrre 295
160IVn" 290
aom2 2 82

aOMT6 353 -

160IVn" 348 RHll
Cr0ivnr2 342 -HP

iiKiJiBaawdciBiTiiaaayapsiiirai laui iBMjiiiatMTiaM
;raEtvHEFVaGDIVIFEKI PSANAI |LKW LHD\ANDEDCVKI L
STENrEFVGGDWiFEKI PSANAI LLKVI LHDVV3DEI=CVKk''JL

2NEK- -

DD- -

HEME

NFAAKERTEEEV
!<U3KiawJFl

iKERTEEE\AAULFREAGFSGYKI FP

Figure 3.3 Clustal W multiple sequence alignment of Catharanthus methyltransferases

functionally annotated and established to have in vivo functions. CrOMT 2 (

AAM97497,3'-5'-flavonoid OMT), CrOMT6 (AAR02419,4'-flavonoid OMT), 160MT
(Ef444544).
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protein. All mutants were sequenced to show that the appropriate codons had been

modified or deleted to generate each of the putative mutant proteins.

3.4.4 Functional expression and biochemical analysis of rl60MT mutants

Recombinant 160MT C20F, Del 316-317, H260A as well as C20F/Del 316-317

double mutants were expressed in DE3 pLySs E.coli cells to produce inclusion bodies

containing denatured protein as shown previously for rl60MT (Levac, et al 2008).

Inclusion bodies for each protein were harvested, solubilized, renatured by dialysis

(Figure 3.4B; see Materials and Methods) and soluble proteins were assayed directly for

enzyme activity with 16-hydroxytabersonine, quercetin, and kaempferol as methyl

acceptors in the presence ofSAM (Levac, et al, 2008).

The renatured rC20F16OMT was enzymatically active and it showed the same

high substrate specificity for 16-hydroxytabersonine as shown previously for rl60MT

(Table 3.1). Kinetic analysis for this mutant showed that the Km for both 16-

hydroxytabersonine (Km=3.4 + 1.6 jxM) and SAM (Km=10.5 + 4.1 ^M) were

comparable to those of authentic rl60MT (Table 3.2). With this new information and

inspection of the model the results could be explained if the C20 residue was too far

removed from 16-hydroxytabersonine to interact with it, even if C20 was replaced with a

large hydrophobic F20 residue.

Remarkably neither the rDel 316-317 nor the rC20F/Del 316-317 160MT

mutants had catalytic activity against 16-hydroxytabersonine or quercetin suggesting that

deletion of residues 316 and 317 abolished enzyme activity. These unexpected results

suggest that F316 and A3 17 may in fact alter the rotation of all amino acid residues about
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A. B.M123456 M12345

62kDa

47.5 kDa

32.5 kDa

47.5 kDa
40 kDa

32.5 kDa

Figure 3.4. A) SDS PAGE profile of protein extracts stained with colloidal

Comassie Blue. M: Standard protein molecular weight markers; Lane 1 : Whole

leaf; Lane 2: Soluble proteins from E. Coli expressing 160MT before adding

IPTG; Lane 3: Soluble proteins fi-om E. Coli expressing 160MT after adding
;

Lane 4: Inclusion body proteins found in the pellet after centrifugation fi-om E.

Coli expressing 160MT afteradding IPTG; Lane 5: empty vector 6 empty vector.

B) SDS PAGE profile of solubilized and renatured inclusion body protein extracts

stained with colloidal Comassie Blue. M: Standard protein molecular weight

markers; Lane 1: rl60MT; Lane 2: rH260A; Lane 3:1:1 mixture

rl6OMT:rH260A ; Lane 4: rC20F; Lane 5: rDel316-317.
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the key a-helix central axis, thus affecting amino acid residue E320 and increase the H-

bonding distance with the e-nitrogen of the catalytic H260 residue. This could lead to a

reduction in the basic nature of this catalytic residue and possibly abolish all catalytic

activity of the 160MT.

The renatured rH260A mutant (rl60MTi) was completely inactive (Figure 3.4B

and Table 3.1 respectively) demonstrating that H260 is in fact the catalytic residue and

partially validating the accuracy of the 160MT molecular model.

3.4.5 Heterooligomers of rl60MTi inactive protein with active rl60MT are

biochemically active.

When recombinant 160MT and rl60MTi mutant protein were harvested as

inclusion bodies they contained relatively pure denatured proteins (Figure 3.4B).

hiclusion bodies ofrl60MT or rl60MTi were solubilized in urea (2 mg protein/ml) and

were mixed in ratios between 1 :0 to 0: 1, rl60MT: rl60MTi. Each solubilized protein

mixture was then dialyzed and renatured proteins were assayed for 160MT specific

activity using 1 6-hydroxytabersonine substrate and SAM as co-substrates. When the

rl60MTi mutant was renatured with active 160MT the putative heterooligomer was

enzymatically active against 1 6-hydroxytabersonine. There was a strong (R^ = 0.93)

positive Hnear correlation between increasing the ratio ofrl60MT and the specific

activity obtained (Figure 3.5). Assuming that a heterdimer or heterooligomer is produced,

the increasing rl60MT:rl60MTi ratios to overall enzyme specific activity suggested that

the function each 160MT active site could function independently of the other (Figure

3.5).
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3.4.6 Catalyically active His-tag affinity purified rl60MT:rl60MTi
heterooligomers could not be purified.

In order to show that rl60MT:rl60MTi heterooligomers were enzymatically

active, the poly-histidine tag was removed from rl60MT in order to create

rl60MT:rl60MTi heterooHgomers that could be purified by using the poly-histidine

tagged rl60MTi subunit. This would allow the separation of heterooligomers from

active homodimers by histidine affinity chromatography. Upon completion of overnight

dialysis, renatured proteins were shown to be active by enzyme assay (specific activity

18.41 pkat mg"' protein) (Table 3.3). Next, rl60MT enzyme had its N-terminal poly-

histidine tag cleaved using AcTEV protease and the N-terminal tag lacking enzyme

purified by negative selection using Ni-NTA column chromatography was still

biochemically active (specific acfivity 16.33 pkat mg'' protein). Purified poly-hisfidine

tag lacking rl60MT was concentrated by acetone precipitation, and resolubilized as

described 3.3.1. Each protein (poly-histidine lacking rl60MT and rl60MTi) was

resolubilized individually or in 1:1 ratio and renatured to generate various oligomers as

described in 3.3.1.

While enzyme activity was observed in all rl60MT containing fractions until

TEV domain cleavage, acetone precipitation and renaturation of various oligomers

produced inactive proteins (Table 3.2). These problems made it impossible to perform

these experiments, unless a renaturation protocol could be developed to produce active

enzyme after acetone precipitation.
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3.4.7 Expression analysis of C.roseus OMTs

The expression profiles ofCrOMTs 1, 2, 4, 5, 6 and 160MT were compared in

cDNA samples produced from mRNA obtained from whole leaves and individual cell

types harvested by LCM (Figure 3.6). These profiles were compared to cDNA samples

produced from mRNA harvested by regular RNA extraction of flowers, stems and roots

(Figure 3.6). The results show that all CrOMTs, with the exception oiCrOMTS, are

variably expressed in the epidermis and laticifer oi C.roseus leaf tissue (Figure 3.6). The

expression profiles suggest that flavonoids (CrOMT 2, 6) and 16-hydroxytabersonine

(160MT) could be produced throughout the whole plant (Chapter 2). While these

expression profiles suggest that several OMTs are co-expressed in the same cell type

(leaf epidermis), it remains to be shown if they could form heterooligomers with novel

substrate specificity.

3.5 - Discussion

3.5.1 -The evolutionary origin of tlie Catharanthus 160MT

Previous studies have suggested that plant OMTs involved in floral sent

production appear to have evolved by gene duplication followed by mutation (Gang, D.,

2005). The phylogenetic analysis of 56 biochemically characterized plant OMTs with

broadly different substrate specificities (Figure 3.1) suggests that gene duplication

followed by mutation to yield new gene fiinction has been an important evolutionary tool

for biochemical diversification. One interesting result of this cladistic analysis is that

although the majority of the aligned plant OMTs clade according to substrate class

preference, the biochemically characterized C.roseus OMTs cluster together regardless of
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160MT

CrOMT7

CrOMT6

Figure 3.6 Expression profile of 160MT in relation to CrOMT 1 , 2, 4, 5, 6, 7

in mRNA extracted from Whole leaves, CA enriched leaf epidermis, mesophyll cells,

Idioblast cells, vascular cells, flov^ers, stems and roots. The primer sets used for the

RT-PCR reactions were designed to the 3'UTRs ofCrOMT 1,2,4,5,6 and 7 that were

unique to each gene: CrOMT 1 (Forward: 5'AGGTGATACTTGCTGAATGTCT 3';

Reverse: 5' AAAAGACAGGTAGTGTTGTGTG 3'); CrOMT 2: (Forward: 5' GAGGAA
AAGTGATCCTCATAGA 3'; Reverse: 5' TATGGTGTAATACCACACATGG 3');

CrOMT4: (Forward: 5' GGTGATCGTCATAGACATTGTA 3'; Reverse: 5'AGCTAG
TTAAGTACCCAAGCAC 3'); CrOMT 5 (Forward:5' 5'GACAGC AAGAAAGAAG
ACTAT 3'; Reverse: 5'AGGAAAATCTTGTGTGTGTCTC 3'); CrOMT 6: (Forward:

5'GCTAAA GAAAGAACTGAGGAAG 3'; Reverse:5' ACCTTACCTCAATAAGC
AAGTG 3'); CrOMT 7 (Forward: 5TTAAGACACAGATAG CAATGGA 3'; Reverse: 5'

GCAAATGATGATCATCCCT 3'); 160MT (Forward: 5' TAAGGAAGCTGGTTT
TAGT GAT 3'; Reverse: 5'CGTAATACAAATTGGGTACAAA 3'). Actin is used as an

internal loading control.
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substrate class. The three biochemically characterized C.roseus OMTs (160MT,

CrOMT2, and CrOMT6) have varied substrate preference (alkaloid vs flavonols), w^hich

suggests that the C.roseus 160MT may have evolved from a phenylpropanoid ancestral

gene common to CrOMT2 and CrOMT6. It will be interesting to see if this common

relationship between Catharanthus OMTs will also be found when the biochemical roles

ofCrOMT4, CrOMTS and CrOMT7 are discovered. This information can only be

obtained by following biochemical characterization ofOMTs to properly hypothesize

their in vivo functions.

3.5.2 - Mutagenesis of the 160MT

Site-directed mutagenesis of the 160MT revealed that even combined use of

modeling based on the known crystal structure oflOMT and amino acid alignments of

the 160MT to closely related CrOMT2 and CrOMT6 flavonol OMTs to identify

substrate binding residues can be insufficient in efforts to engineer new substrate

preferences in well characterized enzymes. The failure of this approach to change

substrate preference of 160MT from 16-hydroxytabersonine to flavonols highlights the

complexity involved in biological systems, substrate binding in enzymes and the

chemistries enzymes perform. It is somewhat surprising that our approach, which took

advantage of molecular models based on crystal structures failed, while efforts using

simple amino acid alignments have been previously successftil (Wang, Pichersky, 1999).

The contribution of non-catalytic site residues to overall enzyme structure and catalytic

site topology cannot be ignored when considering possible reasons for this outcome.

Unfortunately these complexities were not considered in our engineering effort. For this
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reason, when attempting to alter enzyme function in enzymes that show even as much as

62-65% sequence homology, as is the case between the 160MT and CrOMT2 and

CrOMT6, sophisticated algorithms (Dwyer, et al. 2004) in the design of active enzymes

from proteins that are previously inactive in terms of biological catalysis would be

beneficial. Unfortunately such programs are not freely available, even to educational

institutions.

Our SDM study shows that C20 is not absolutely required for 160MT substrate

binding. Both the C20F mutant's catalytic efficiency with 16-hydroxytabersonine and

SAM (kcat/Km = 2.4 x 10^ M"' s"' and kcat/Km = 5.8 x 10* M'' s"' respectively) are

comparable to rl60MT (kcat/Km = 2.4 x 10^ M'' s'' and kcat/Km = 3.8 x 10^ M"' s"*

respectively), as well as C20F's affinity constants for 16-hydroxytabersonine and SAM

(Km = 3.4 ^M and Km = 10.5 \iM respectively) are comparable to rl60MT (Km = 2.6

^M and Km = 21.7 nM respectively).

The results obtained for the Del 316-317 mutant were not expected, since the

model predicted that the deleted residues were part of a random coil motif and would not

adversely affect the overall tertiary structure of the enzyme. However, it is possible that

a-helix C-terminal to the deleted residues predicted by mGenTHREADER is really

extended to include the F3 1 6 and A3 1 7 residues. In this case the Del 316-317 mutation

would cause a 200° rotation of all downstream residues about the a-helix central axis.

This effect would be detrimental to overall enzyme activity as the downstream E320

residue potentates the basic nature of 160MT catalytic residue H260. A 200° rotation

about this a-helix axis would place E320 out ofH-bonding distance with the s-nitrogen of
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H260 leading to a reduction in the basic nature of the catalytic residue and possibly

abolish all catalytic activity of the 160MT.

3.5.3 - 0-methyItransferase heterodimerization as a method for developing new
chemistries in vivo.

The rl60MT was renatured with varying amounts of the inactive rl60MTi in

order to form heterooligomers. The strong positive linear correlation between increasing

functional rl60MT content and enzyme specific activity (Figure 3.5), suggested that the

heterooligomers containing a single functional active site could still be active in spite of

the presence of inactive rl60MTi and the two active sites can function independently of

each other.

When initially conducting the titration experiment two possible outcomes were

considered: i) the heterodimer (rl60MT/rl60MTi) was completely inactive due to a

dependence ofone active site's function on the activity of the second, an exponential

relationship would be observed when plotting increasing rl60MT:rl60MTi ratios to

overall rl60MT specific activity and ii) if the two active sites could function

independently of each others, then a linear relationship would be expected when

comparing increasing rl60MT:rl60MTi ratios to overall rl60MT specific activity.

This would be comparable to a dilution effect as functional rl60MT would be in essence

"diluted" with inactive protein.

To date it has not been possible to biochemically purify the heterodimer for more

detailed biochemical analysis. From our experimental approach this most likely reflects

the long, and often harsh refining steps taken to generate non-tagged functional rl60MT

to mix with tagged inactive, histidine tagged rl60MTi mutant to generate
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heterooligomers. Shortening the process by producing non-tagged functional rl60MT

initially, rather than cleaving the affinity tag, would greatly facilitate the process,

assuming this untagged rl60MT is also localized to inclusion bodies after recombinant

expression. Otherwise generating functional recombinant rl60MT with any other affinity

tag other than poly-histidine would be necessary to faciHtate both, purification of the

rl60MT protein fi-om E.coli, and purification to homogeneity of rl60MT:rl60MTi

heterodimers.

These preliminary resuhs, although insufficient to establish heterooligomer

function in vivo, give new insight into the development ofnew chemistries within plant

cell types expressing multiple OMTs. In this report we demonstrated that there are

multiple OMTs expressed in the leaf epidermis and idioblast cells ofC.roseus (Figure

3.6). This co-expression of multiple OMTs within single cell types enables a situation,

Hke previously reported (Frick, Kutchan, 1999), where heterodimers could possibly form,

yielding enzymes with novel substrate specificities and consequently new methylated

products, and in the end radiating the small molecule chemistries of these particular cell

types.

3.6 - Conclusion

For plants, the biochemical advantage of having OMTs with fimctionally

independent catalytic sites is obvious. In the condition of an OMT heterodimer or

heterooligomer there is a distinct possibility that only a single active site will be suited to

accept a particular metabolite available within the heterodimer OMT cell type. Therefore

in terms of developing new chemistries for the purpose of producing new phytoalexins.
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plant volatiles or signal molecules, functionally independent active sites for plant OMTs

would promote this particular strategy of radiating chemistries, and small molecules in

plants. It appears that in addition to the evolutionary strategies undertaken by plants to

develop new gene products for small molecule biosynthetic pathways (Pichersky, Gang,

2000, Gang, 2005), enzyme heterooligomer formation may be yet another level plants use

to generate their vast library of small molecules used by plants. What remains to be

established is if the in vitro work we have reported here, and the heterologous expression

of enzymes with novel substrate specificities reported previously (Frick, Kutchan, 1999),

are representative ofm vivo reality. More work to define if our herterooligomers are

heterodimers needs to be performed. In addition, pure heterooligomers are required for

biochemical analysis, although ultimately the identification of an in vivo OMT

heterodimer or heterooligomer would be the only proof to establish if this work at all

represents reality, or is simply an artifact.
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Figure S 1 : Carborundum abrasion technique for extraction of leaf epidermis enriched

protein proteins. The container with leaves and extraction buffer was tilted at an angle

for vortexing in order to generate a swirling motion of the carborundum containing

buffer and to generate the impacts of the carborundum particles onto the leaf sufaces.
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Figure S2: SDS-PAGE combined with silver staining of the gel and enzyme activity

profile of 160MT eluting from a MonoQ anion exchange column. Note that 160MT
activity co-elutes with a 40 KDa protein (at 0.52-0.53 M NaCl) that was later harvested

to obtain peptide sequences. The SDS PAGE profiles of whole leaf crude extracts (W)

and epidermis enriched crude extracts obtained by carborundum abrasion (CA) are shown

for comparative purposes.
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