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DETOXIFICATION OF 3,4-DICHLOROANILINE IN SOYBEAN 

BY N-MALONYLATION 

Si-houy LAO, Ph.D. (2003) 

ABSTRACT 

3,4-Dichloroaniline (DCA), the degradation product of certain herbicides, is 

not readily degraded by micro-organisms and, due to its persistence in the 

environment, is considered to be a reference xenobiotic. Here, the metabolic fate of 

[UL- 14C]-3,4-DCA was investigated in soybean (Glycine max var. Chapman) plants 

over a 48 h period following treatment via the root media. DCA was rapidly taken 

up and metabolised to N-malonyl-DCA. Synthesis occurred in the roots and the 

conjugate was largely exported into the culture medium, a smaller proportion being 

retained within the plant tissue. Once exported, the DCA metabolites present in the 

medium were not readily taken up by soybean roots. Conjugation and export of 

DCA therefore constitute an effective detoxification mechanism for the plant. 

A radiometric assay for DCA-N-malonyltransferase (E.C.2.3.1.114; DCA-N

MT) was developed and used to follow DCA-N-MT activity through a four-step 

protocol, in which DCA-N-MT was purified 400-fold from soybean roots. SDS

PAGE analysis and gel filtration chromatography suggested that DCA-N-MT is a 52 

± 2 kDa protein. Following treatments with 100 J..lM DCA for 24 h, DCA-N-MT 

activity in soybean roots increased from 44.6 ± 8.1 nkat.g-1 to 104 ± 4.9 nkat.g-1 but 

did not vary significantly in suspension-cultured cells (332.9 ± 38.9 nkat.g-1
). 

Kinetic studies suggested that this increase in activity could be due to de novo 

protein synthesis. Partially-purified DCA-N-MT was therefore subjected to 

differential gel electrophoresis (DiGE) analysis to identify proteins which increased 

in abundance in response to DCA pre-treatment. Although a clear candidate for 

DCA-N-MT was not detected, five differentially expressed proteins were identified 

by mass spectrometry. 
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Chapter 1 

INTRODUCTION 

Weed control by herbicides is an integral part of modem commercial 

agriculture and because of cost-effectiveness, it is likely to remain an important 

agronomic strategy for the foreseeable future. The most effective weed-control 

measures employ selective herbicides that can suppress or kill yield-reducing weeds 

without harming the crop. One of the most common factors responsible for herbicide 

selectivity is the ability of a crop to detoxify (metabolise) the herbicide to non

phytotoxic substances, faster than the competing weed (Barrett et a/., 1997). 

However, the continuous use of herbicides over several years can lead to the 

selection and enrichment of genes that confer resistance in weed populations. 

Enhanced metabolism of herbicides by some herbicide-tolerant weed populations is 

a common resistance mechanism and herbicide resistance is an important 

agricultural and environmental problem. 

Plants are continuously exposed to potentially toxic compounds. These 

xenobiotics consist of synthetic, man-made compounds such as herbicides and 

pesticides, or can be natural products synthesised by plants themselves (secondary 

metabolites). Many of these compounds are important commercially as 

pharmaceuticals, dyes, flavourings or natural plant protection agents. Since the 

metabolic pathways used by plants to deal with these endogenous natural products 

overlap with, or are parallel to the pathways they employ for the detoxification 

metabolism of herbicides, a better characterisation of the mechanisms of herbicide 

metabolism would contribute to understanding the selectivity of herbicides, the 

evolution of herbicide resistance and the synthesis of natural products. 
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JL.L Xenobiotic detoxification 

Many xenobiotics are lipophilic and readily accumulate within plant tissues 

up to toxic levels. To survive, some plants possess enzymes that catalyse chemical 

transformations of xenobiotics to non-toxic metabolites, a process known as 

detoxification (Kreuz eta!., 1996; Coleman eta!., 1997; Cole and Edwards, 2000). 

As illustrated by figure 1.1, these transformations can be grouped into three or more 

sequential phases, which are described in more detail below. 

1.1.1. Uptake of xenobiotics by plants 

In order to enter plants, toxic compounds must overcome the natural 

protective barriers of plants. The uptake and transport of chemicals by plants has 

been widely studied, using a range of xenobiotics and plant species. In soybean 

seeds (Rieder et a!., 1969) and soybean roots (Moody et a!., 1970), the uptake of 

herbicides was thought to be due to as yet undefined physical processes. 

Subsequently, the importance of physico-chemical parameters such as 

lipophilicity/water solubility and acid strength was demonstrated and a model for the 

uptake of chemicals by roots was developed (Briggs et al., 1982; Bromilow and 

Chamberlain, 1995; Chamberlain eta!., 1996). These studies showed that in general, 

the most important property controlling the movement of a chemical in plants is its 

lipophilicity, which is usually assessed using the octan-1-ol/water partition 

coefficient, Kow· The pKa of a chemical is also an important criterion, as it is more 

difficult for an ionised molecule to partition through biological membranes. This is 

manifested in a pH-dependent uptake and transport behaviour of charged 

compounds (Sterling, 1994; Bromilow and Chamberlain, 1995). There are 

essentially two routes of solute uptake into plant roots: symplastic and apoplastic. In 

general, a chemical is believed to enter roots via the apoplast in the cortex. When it 

reaches the endodermis, where the apoplastic route is hindered due to the presence 

of the Casparian strip, the chemical has to enter the cell through the plasma 

membrane. This is where its log Kow plays an important role: a highly lipophilic 

compound would partition easily through the membrane but its transport in the 

xylem would be difficult. Conversely, a chemical with a low log Kow would be 

2 
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Figure 1.1: Detoxification of xenobiotics in plants. 

In phase I (activation), the xenobiotic X is activated via non-synthetic processes such as oxidations, reductions and hydrolyses and prepared for phase II 

reactions. In phase II (conjugation), the activated compound X* is conjugated to hydrophilic molecules (e.g. glucose, glutathione or malonate), thus 

hampering its movement within the plant and generally rendering it less harmful. In phase III (compartmentation), X-conjugates are transported into the 

vacuole by ABC-transporters and W-coupled transporters, or into the apoplast (bound residues) via plasma membrane transporters. In phase IV, previously 

sequestered conjugates are metabolised further. ? indicates that the identity of enzyme or transporter is unknown. Proton pumps: W-pyrophosphatase (yellow 

circle) and W-ATPase (purple circle). Secondary transporters present in the tonoplast: proton-dependent symport and antiport (white circles). 



rapidly transported in the xylem but its uptake by the root would be slower (assuming 

the absence of transporters). 

The uptake of chemicals following foliar application is generally slower than 

that in roots, as aerial plant parts are covered by a waxy cuticle, which serves as a 

barrier against water losses and pathogen invasions. However, since the xenobiotic 3,4-

dichloroaniline generally enters plants via their roots, its fate in leaves will not be dealt 

with here. Information about the uptake and transport of herbicides applied to leaves, 

such as the phenoxyacetic acids, is nevertheless available elsewhere (Pilmoor and 

Gaunt, 1981). 

1.1.2. Detoxification: phase I 

The frrst phase of xenobiotic detoxification can be considered as a preparation 

phase, during which the xenobiotic is chemically activated to enable its conjugation to 

an endogenous hydrophilic molecule in the subsequent detoxification phase. Phase I 

reactions usually involve hydrolysis or oxidation. Hydrolysis is catalysed by amidases 

or esterases (Incledon and Hall, 1997) but most reactions are oxidations, catalysed by 

the haem proteins, cytochrome P450 monooxygenases (Kreuz eta!., 1996; Aoki et al., 

2000), which incorporate an oxygen atom from molecular oxygen into a substrate (R

H), the second oxygen atom being converted to water. This reaction is NADPH

dependent (equation 1.1): 

(Equation 1.1) 

Cytochrome P450s exist as many isoforms with molecular masses ranging from 

45 to 62 kDa. They form one of the largest classes of plant enzymes and several 

hundred are found in any plant species. This multiplicity is reflected in their wide range 

of functions, not only in the secondary metabolism where they are involved in various 

biosynthetic pathways, such as those for fatty acids, flavonoids or alkaloids (Bolwell et 

a!., 1994; Schuler, 1996; Guengerich, 2003), but also in xenobiotic detoxification. To 
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date, over 900 plant cytochromes P450 have been listed in the Cytochrome P450 

Database (http://drnelson.utmem.edu/ cytochromep450.html). 

The first direct evidence of cytochrome P450 involvement in herbicide 

detoxification dates back to the end of the 1960s. Subsequently, bacterial and 

mammalian P450 genes have been used to engineer herbicide resistance in plants 

(Werck-Reichhart eta/., 2000). Recently, the expression of a soybean cytochrome P450 

monooxygenase eDNA in tobacco was found to enhance the metabolism of phenyl urea 

herbicides (Siminszky eta/., 1999). 

Since phase I is a transformation step that prepares the xenobiotic to its further 

detoxification, the resulting product may not be less toxic than the parent compound. 

Furthermore, some xenobiotics may not need to undergo phase I reactions if they 

already possess the functional sites required for the subsequent conjugation reaction. 

1.1.3. Detoxification: phase II 

In phase II, phase !-activated compounds are covalently linked to endogenous, 

hydrophilic molecules such as glucose, malonic acid, amino acids or glutathione. This 

conjugation step results in a more hydrophilic compound which is less likely to partition 

through biological membranes, and hence generally exhibits a decreased toxicity. 

Consequently, phase II reactions are generally protective although some conjugated 

xenobiotics retain some toxicity (Monks eta/., 1990). In plants, the principal enzymes 

involved in the conjugation of these endogenous molecules are glutathione-S

transferases, glucosyltransferases and malonyltransferases. 

1.1. 3.1. Glutathione S-transferases 

Glutathione S-transferases (GSTs) are amongst the best-characterised enzymes 

involved in xenobiotic metabolism. They were first discovered in plants for their role in 

the detoxification of the herbicide atrazine in maize (Frear and Swanson, 1970). Since, 

their involvement in herbicide selectivity in both crops and weeds has been well

established (Cole et al., 1997). 
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GSTs are cytosolic, soluble, dimeric proteins with a native molecular weight of 

approximately 50 kDa, which have been found in bacteria, fungi, plants and mammals 

(Sheehan et al., 2001) but membrane-bound proteins with GST-like activities have also 

been reported (Jakobsson et al., 1999). Generally, GSTs catalyse the transfer of the tri

peptide glutathione (y-glutamyl-cysteinyl-glycine, GSH), in its thiolate anion form os-, 
to xenobiotics which possess a suitable electrophilic centre (equation 1.2). However, in 

some legumes such as mung bean and soybean, homoglutathione (y-glutamyl-cysteinyl

~-alanine, hGSH) replaces glutathione and thus, hGSH-conjugates are formed (Coleman 

eta/., 1997). 

GST 
M os- + X ~ GS-X (Equation 1.2) 

GSTs consist of two polypeptide subunits of approximately 26 kDa linked by a 

5-10 residue linker, and exist as homodimers or heterodimers. Each subunit possesses a 

catalytic site that includes: (1) a well-conserved GSH-binding site in the N-terminal 

domain and (2) a more variable substrate-binding site in the C-terminal domain, which 

might explain the wide substrate specificity of this enzyme superfamily. Indeed, apart 

from the well-characterised role in pesticide detoxification, physiological functions of 

GSTs include: 

protection from oxidative stress, as they can act as glutathione peroxidases 

(Noctor and Foyer, 1998; Cummins et al., 1999); 

isomerisation of catabolites during the degradation of aromatic amino acids 

(Fernandez-Canan and Penalva, 1998); 

and non-catalytic roles such as the binding, transport and compartmentation 

of phytohormones and phenolic compounds (Marrs, 1996; Alfenito et al., 

1998; Edwards eta/., 2000). 

GSTs were first identified in mammalian systems and were classified into alpha, 

mu, pi, sigma and theta classes on the basis of amino acid identity, immunological 
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cross-reactivity and substrate specificity. Most plant GSTs are similar to the theta class 

but were originally classified into three subgroups (1, II and III), according to their 

amino acid sequence identity and their number of introns and exons. Following the 

completion of the Arabidopsis genome sequencing project, which revealed that the 

Arabidopsis genome contains 48 GST-like genes (Dixon et al., 2002), a new 

classification for plant GST genes was proposed recently (summarised in table 1.1). 

This classification is based on phylogenetic information and modelled from the non

mammalian Greek-letter system (Edwards et al., 2000). 

Interestingly, not all enzyme activities documented to date are sub-class specific, 

for example, glutathione peroxidase activity is found in theta, phi and tau class 

members. Although GSTs of different subclasses have low overall sequence identity, 

three-dimensional structures obtained by X-ray crystallography demonstrated a highly 

conserved overall structure (Sheehan et al., 2001) but with subtle differences in the 

active site, which often provide a structural rationale for substrate specificity (Thorn et 

a!., 2001; Thorn et a!., 2002). 

1.1.3.2. Glucosyltransferases 

Glycosyltransferases are a group of enzymes that catalyse the transfer of an 

activated mono- or oligosaccharide residue to an acceptor molecule. They have been 

detected in a wide variety of organisms, ranging from mammals to micro-organisms 

(bacteria, archaea and fungi). In plants, UDP-glucose is the most common glycosylation 

substrate and is the substrate for 0- and N-glucosyltransferases (equations 1.3 and 1.4). 

0-GT 

R-OH + UDP-glucose ~ R-0-glucose + UDP 

N-GT 

R-NH2 + UDP-glucose ~ R-NH-glucose + UDP 

(Equation 1.3) 

(Equation 1.4) 
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Glucosyltransferases (GTs) involved in xenobiotic detoxification are soluble, 

cytosolic enzymes, with molecular masses between 45 kDa and 60 kDa though 

membrane-bound GTs involved in secondary metabolism have been detected in the 

Golgi apparatus and the endoplasmic reticulum (Winkel-Shirley, 1999). GTs play major 

roles in a range of plant processes: 

plant hormone homeostasis, e.g. the conjugation of the phytohormone 

indole-3-acetic acid (Jones and Vogt, 2001); 

cell-wall biosynthesis, e.g. in the phenylpropanoid pathway for the formation 

of lignin (Keegstra and Raikhel, 2001); 

plant defence and stress tolerance, e.g. the glucosylation of the signal 

molecule salicylic acid (Jones and Vogt, 2001); 

the detoxification of xenobiotic compounds such as pesticide derivatives 

(Sandermann eta/., 1997). 

The addition of a sugar moiety to these molecules not only results in increased 

water solubility and improved chemical stability due to the decrease in reactivity, but 

also seems to act as a recognition signal for vacuolar sequestration, since glucosyl

conjugates are usually recognised by active transport systems, while their aglycones 

(non-carbohydrate portion of a glycoside) are not. 

In plants, the glucosylation of pesticides during their detoxification process has 

been widely observed (Sandermann et a/., 1997). Because many xenobiotics are 

hydroxylated in plants, 0-glucosides are the conjugates most frequently found 

(Pflugmacher and Sandermann, 1998). However, the formation of ester conjugates (by

COOH substitution) is readily reversible and therefore does not constitute an effective 

detoxification step. These labile molecules can nevertheless be further conjugated to 

more glucose residues to yield di- or oligo-saccharides, which may eventually be 

incorporated into the cell wall structure as bound residues (Schmidt et a/., 1997). By 

contrast, the N-glucosylation (transfer of a glucosyl-residue onto an amino group) of 

toxic compounds leads to conjugates which are generally more stable to enzymatic 

hydrolysis but that are labile to chemical hydrolysis at extreme pH values 
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New Previous Specific features Functions 

classification classification 

Phi Type I Three exons Ligandin 

Isomerase 

GST detoxification 

GPOX detoxification 

Zeta Type II Ten exons, close to Isomerase 

mammalian zeta GSTs MAAI 

Tau Type III Two exons Hormone-responsive 

Ligandin 

GST detoxification 

GPOX detoxification 

Theta Type IV Similar to mammalian GPOX detoxification 

theta GSTs 

Table 1.1: New classification of plant glutathione S-transferases. 

After Edwards eta/., 2000. 

Abbreviations: GST: glutathione S-transferase; GPOX: glutathione peroxidase; MAAI: 

maleylacetoacetate isomerase 
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(Winkler and Sandermann, 1989). Consequently, the metabolism of herbicides via the 

action of N-GTs is believed to be more efficient. The occurrence of other, less common 

glucosyl-conjugates, such as N-, S- and ester-glucosides also exist but will no be dealt 

with here. For further information, the reader is referred to Cole and Edwards (2000). 

Until the mid-1990s, very little information regarding the sequence and structure 

of glycosyltransferases was known and, due to the wide range of sugar substrates and 

acceptors involved, a simple and obvious classification of glycosyltransferases was 

impossible. Many GTs had been purified from various plant species, mammals and 

micro-organisms but only a single three-dimensional structure of a glycosyltransferase, 

a DNA ~-glucosyltransferase from bacteriophage T4 was available (Vrielink et a/., 

1994). In 1997, Campbell and colleagues proposed a first classification for NDP-sugar 

hexosyltransferases (EC 2.4.1.x), based on amino acid sequences. According to this 

classification, there are now 65 different families of glycosyltransferases 

(http://afmb.cnrs-mrs.fr/~cazy/CAZY/index.html). However, with the recent access to 

the Arabidopsis genome sequence and the availability of 13 new crystal structures, new 

classification schemes have emerged. Kapitonov and Yu (1999) suggested the existence 

of three main families, based on the configuration of the anomeric carbon and 

conserved domains, whereas Unligi1 and Rini (2000) classified glycosyltransferases 

according to their conserved catalytic domains. This classification into two 

superfamilies: GT -A, which comprises many Golgi apparatus- and endoplasmic 

reticulum-bound enzymes as well as many prokaryotic glycosyltransferases, and GT-B, 

which includes most of the prokaryotic enzymes involved in the glycosylation of 

primary and secondary metabolites, has since been adopted (Hu and Walker, 2002). The 

striking feature about glycosyltransferases is their structural similarities despite their 

very low sequence homology. These new discoveries allow more studies on enzyme 

mechanisms and structure-function relationships (Breton and lmberty, 1999; Breton et 

a/., 2001) and help clarify the functions of the gene products (Charnock et al., 2001). 

107 sequences in the genome of Arabidopsis thaliana contain a consensus suggesting 

that they belong to GT -A superfamily (Bowles, 2002). No such information was found 

for the GT -B superfamily. 
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1.1.3.3. Malonyltransferases 

Malonyltransferases (MTs) catalyse the transfer of a malonyl group from 

malonyl-coenzyme A (M-CoA) to either a hydroxyl- or an amino-group of an acceptor 

molecule and are classified as 0-MTs and N-MTs, respectively (equations 1.5 and 1.6). 

0-MT 

R-OH + M-CoA 7 R-0-malonyl + CoASH (Equation 1. 5) 

N-MT 

R-NH2 + M-CoA ~ R-NH-malonyl + CoASH (Equation 1.6) 

Many flavonoids, found as 6'-malonylglucosides, have been detected within the 

vacuole (Matern et al., 1986; Mackenbrock et al., 1992; Mackenbrock et al., 1993). 

Some anthocyanins (Harborne, 1986), amino acids (Guo et al., 1993; Wu et al., 1995), 

degradation metabolites of chlorophyll (Hinder et al., 1996; Hortensteiner, 1998) and of 

2,4-dichlorophenoxyacetic acid (Schmitt and Sandermann, 1982) are malonylated and 

deposited in the vacuole. These observations suggest that, in the same manner as 

glutathionation and glucosylation, malonylation could act as a signal for 

compartmentation (Matern et al., 1984; Schmitt et al., 1985; Schmidt et al., 1997). 

However, in contrast to GSTs and glycosyltransferases, very little is known about MTs. 

Only 0-MTs and their role in plant xenobiotic detoxification and secondary metabolism 

will be described in this section; N-MTs, which is the enzyme class studied in this 

thesis, will be discussed more in depth in a later paragraph. 

0-MTs transfer a malonyl-residue to the 6'-hydroxy-group of a sugar moiety, 

generally glucose. This malonylation has been shown to protect glucosides from 

degradation by ~-glucosidases (Suzuki et al., 2002). However, the resulting 

malonylated glucosides are often labile and readily degraded under alkaline conditions 

or due to the action ofmalonylesterases and ~-glucosidases (Schmitt et al., 1985; Parry 

et al., 1994). Due to the instability of this bond and the utilisation of inappropriate 
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extraction procedures, many 6' '-0-malonylglucosides may often have been overlooked 

(Matern et al., 1983; Harborne, 1986). 

0-MTs have been shown to be involved in the metabolism of the herbicide 

methazole (Suzuki and Cas ida, 1981 ), the fungicide pentachlorophenol (Scheel et a!., 

1984; Schmitt et al., 1985) and 4-nitrophenol, which is the degradation product of 

pesticides such as parathion and fluorodifen (Schmidt et a/., 1993). They are also 

involved in the biosynthesis of phenolic compounds and have been purified from 

various sources. Two 0-MTs specific for flavones were purified from parsley cell 

suspension cultures (Matern et a/., 1983) and an 0-MT specific for isoflavones, 

particularly biochanin A and formononetin, was purified from chick pea roots (Koester 

et al., 1984). More recently, 0-MTs involved in the malonylation of anthocyanins were 

purified from the flowers of scarlet sage (Suzuki et a!., 2001) and dahlia (Suzuki et a!., 

2002). cDNAS encoding these two enzymes were cloned, providing for the first time 

information regarding the molecular identity of malonyltransferases. Both 0-MTs were 

approximately 50 kDa and possessed motifs commonly shared by members of the 

multifunctional plant acyltransferase superfamily (St-Pierre et al., 1998), which led the 

authors to propose that 0-MTs belong to this gene family. Members of the 

acyltransferase gene family differ considerably not only in their substrate but also in 

their co-substrate specificity. For example, many acyltransferases can accept both 

aliphatic and aromatic acyl donors, whereas 0-MTs seem to accept only some aliphatic 

acyl donors, such as malonyl-CoA and succinyl-CoA but not acetyl-CoA (Benichou et 

a/., 1995; Martin and Saftner, 1995). Acyltransferases have been shown to be involved 

in anthocyanin (Fujiwara et a!., 1998) and phenylpropanoid metabolism (Hoffmann et 

al., 2003) but unlike the well-characterised GST and glycosyltransferase superfamilies, 

the functional and genetic characterisation of plant acyltransferases is only at its debut. 

It is unclear whether 0-MTs involved in the metabolism of secondary products 

and ofxenobiotics are identical. Matern and co-workers (1983) demonstrated in parsley 

cell cultures that partially purified malonyl-CoA: flavone/flavonol-7-0-glucoside 

malonyltransferase could use 4-hydroxy-2,5-D (a 2,4-D-derived metabolite) and 4-

nitrophenol as substrates. However, when purified to homogeneity, the 0-MTs did not 
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acylate these two compounds, suggesting that a contaminating 0-MT was responsible 

for conjugating the xenobiotics. 

1.1.4. Detoxification: phase III 

In phase III, the xenobiotic-conjugate is compartmentalised either into the 

vacuole or into the apoplast, adding further protection against the xenobiotic, by 

physically removing it from its target-site, preventing potential feedback inhibition of 

phase II enzyme activities and permitting further metabolism in a discrete subcellular 

compartment. 

1.1. 4.1. Sequestration in the vacuole 

The vacuole is the largest compartment in many types of plant cells and can 

occupy up to 90% of a mature cell volume, e.g. in leafmesophyll. It plays an important 

role as an intermediate storage compartment for carbohydrates, amino acids, organic 

acids and ions (reviewed by Martinoia et al., 2000) and has a major protective role, 

since it is the accumulation site of xenobiotics and potentially toxic secondary 

metabolites (Wink, 1997). 

The tonoplast (vacuolar membrane) possesses three major protein components: 

aquaporins (water channels), which regulate water volume and are crucial for osmotic 

movements, and two proton pumps (figure 1.1), the H+-ATPase (V-ATPase) and H+

pyrophosphatase (V-PPase). These two pumps maintain a proton gradient across the 

tonoplast (inside positively charged), and, together with the plasma membrane H+

A TPase, contribute to the maintenance of cytosolic pH, such that the cytoplasmic pH 

stays around 7.4 (for a review, see Maeshima, 2001). The trans-tonoplast 

electrochemical gradient can be utilised by secondary transport systems such as 

symporters and antiporters (figure 1.1). Recently, a group oftransporters that belong to 

the A TP-binding cassette (ABC) superfamily has been characterised (Rea et at., 1998; 

Rea, 1999; Theodoulou, 2000). These transporters are found in both prokaryotes and 

eukaryotes and are involved in the active transport of a wide range of structurally 
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unrelated chemicals. All ABC-transporters possess a common basic structure consisting 

of two copies oftwo elements: a hydrophobic transmembrane spanning (TMS) domain, 

which consists of several membrane-spanning a-helices, and a cytosolic domain 

involved in ATP-binding, the nucleotide binding fold (NBF), which contains the Walker 

A and Walker B motifs and an ABC-transporter specific sequence (Walker et al., 1982; 

Higgins, 1992). This structure allows these proteins to transport chemicals across 

biological membranes, via the hydrolysis of A TP. In fact, ABC-transporter catalysed 

uptake are characterised by a direct energisation by A TP hydrolysis, an extreme 

sensitivity to vanadate and are not dependent on the H+ -electrochemical gradient. 

There are 13 subclasses of ABC proteins in plants (Sanchez-Femandez et al., 

2002), several of which might potentially be involved in transport of xenobiotics and 

their metabolites. In mammalian systems, members of at least two ABC-transporters 

have been shown to confer resistance to a range of structurally unrelated drugs and were 

hence called multi-drug resistance proteins (MDRs) and multidmg resistance 

associated proteins (MRPs). Representatives of these proteins are also present in plants 

and have since been shown to be involved in various aspects of xenobiotic transport. Of 

particular interest are members of the MRP subclass: they are involved not only in the 

vacuolar sequestration of negatively charged xenobiotic metabolites, such as 

glutathione-conjugates of herbicides, but also in the deposition of endogenous anionic 

compounds, such as glucuronides (Martinoia et a!., 1993; Klein et at., 1998; Klein et 

al., 2000; Gaedeke et al., 2001; Klein et al., 2001; Klein et al., 2002). In contrast, 

secondary transport systems, generally H+-antiport systems, have been implicated in the 

transport of both xenobiotic and endogenous glucosides, such as herbicide conjugates 

(Bartholomew et al., 2002) and phenolic compounds, such as coumarins and flavonoids 

(Werner and Matile, 1985; Klein et al., 1996; Bartholomew et al., 2002). 
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1.1.4. 2. Sequestration in the apoplast 

The apoplast is generally defmed as the continuous system of cell walls and 

intercellular air spaces of a plant. Using radiolabelled pesticides, metabolic fate 

experiments demonstrated that certain xenobiotics were ultimately found in the 

apoplast, possibly associated to pectin, cellulose, hemicellulose or lignin (Schmidt, 

1999). Because these radiolabelled compounds cannot be extracted with common 

aqueous and organic solvents, they are referred to as non-extractable or bound residues. 

Various plant species (both mono- and dicotyledons) and systems (cell suspension 

cultures, intact plants, seeds, excised leaves/shoots) have been used to study the 

metabolic fate of a wide range of pesticides (reviewed by Schmidt, 1999). In general, 

considerable amounts of non-extractable residues were formed from heterocyclic and 

aromatic compounds (in particular anilines) whereas less bound residues resulted from 

the metabolism of linear, aliphatic compounds. The quantity of bound residues also 

varies greatly depending on the plant species, the tissues utilised and the growth 

conditions. 

It is still unclear how pesticides, or their metabolites, are transported into the 

apoplast and incorporated into cell wall polymers. 3,4-dichloroaniline, a degradation 

product of many pesticides which is usually found as non-extractable compounds, was 

suggested to be bound to lignin via the a-carbon in the lignin side chain, thus forming a 

benzylamine bond (Still et al., 1981). This was confirmed recently by NMR

spectroscopy (Brunow eta!., 1998; Lange eta/., 1998). The potential bioavailability of 

these compounds is also a matter for discussion. For instance, when radiolabelled 4-

chloroaniline was applied to soil prior to the growth of barley, potatoes and carrots, 

approximately 30 % of the applied radioactivity was recovered from the plants after 20 

weeks (Freitag et al., 1984). This raised some concerns about their toxicology in the 

food chain (Sandermann eta/., 2001). Similarly, when chloroaniline-lignin conjugates 

obtained from wheat were fed to lambs and rats, 11-20 % of the radioactivity was 

released in a soluble form (Sandermann eta/., 1992). When enzymatically synthesised 

chloroaniline-lignin conjugates were used, a striking 66 % radioactivity was released 

from rats, as soluble metabolites. The same authors then simulated the acidic stomach 
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conditions ofmammals (0.1 M HCl, 37 °C) and observed an immediate 30% release of 

the bound residues. However, this was not confirmed in vivo. More recently, the 

degradation of chloroaniline-lignin conjugates under simulated stomach conditions and 

using NMR-spectroscopy showed that the previously reported high bioavailability was 

due to an experimental artefact (Lange et al., 1998). 

1.1.5. Detoxification: phase IV 

The sequestration of toxic compounds into the vacuole or the apoplast appears to 

be an effective means of preventing cellular damage and, for a long time, this 

compartmentation was believed to be a fmal step in the detoxification of xenobiotics in 

plants. However, as illustrated by the potential bioavailability of bound residues, the 

metabolism of xenobiotics does not end with their sequestration. A well studied case is 

the metabolic fate of glutathione-conjugates, which are compartmentalised within the 

vacuole via ABC transporters (Martinoia et al., 1993; Rea, 1999). As well as being an 

additional protection step, this compartmentation also prevents a possible feedback 

inhibition ofGSTs by GSH-conjugates (Lamoureux and Rusness, 1986). However, once 

within the vacuole, GSH-conjugates are degraded by peptidases in a sequential fashion. 

First, a carboxypeptidase cleaves the glycinyl residue from the GSH moiety, forming a 

y-glutamyl-cysteine-conjugate, which is subsequently degraded to an S-cysteinyl 

derivative. This conjugate is then believed to be exported into the cytosol where it 

undergoes malonylation, glucosylation or malonyl-glucosylation, or is further degraded 

to thiolactic acid, thiophenol and thioanisole derivatives (Schroder, 1997). These 

observations suggested the existence of an enzymatic network involved in the further 

metabolism of xenobiotics (Sandermann, 1994). 
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1.2. 3,4-Dichloroaniline, a model xenobiotic 

3,4-Dichlororaniline (DCA) is the degradation metabolite of certain pesticides, 

such as Propanil (N-propionyl-3,4-dichloroaniline ), Diuron [3-(3,4-dichlorophenyl)-1, 1-

dimethylurea] and Linuron [3-(3,4-dichlorophenyl)-1-methoxy-1-methylurea] and also 

derives from the production of pharmaceuticals and azo-dyes. DCA production amounts 

to 42,000 to 47,000 tonnes worldwide, 60 % of which is produced in the EU 

(Livingston and Willacy, 1991). 

DCA is a persistent pollutant in the environment as it binds covalently to soil 

particles, which limits its bioavailability to soil micro-organisms (Thorn et a/., 1996). 

Since DCA is not readily biodegraded, it accumulates in the soil following repeated use 

of certain herbicides. The metabolic fate of [14C]-labelled DCA in sediments collected 

from different environmental sites, was studied by Heim and co-workers (1994) who 

demonstrated that DCA was predominantly associated to the sediments as non

extractable residues. DCA was nevertheless mobile in aqueous systems as it was 

released into the water surrounding the sediments, but was readsorbed within 15 to 25 d, 

by association to humic substances in the sediment (Heim eta/., 1995). However, DCA 

also appears to have a propensity for building-up within plant tissues. For example, it 

accumulates as bound-residues in wheat, soybean and carrot cell suspension cultures 

and plants (Winkler and Sandermann, 1989; Bockers eta!., 1994; Schmidt et al., 1994). 

Propanil, a post-emergence herbicide used on rice ( Oriza sativa) is hydrolysed to DCA, 

which is subsequently found as soluble and bound residues (Still, 1968; Yih et a/., 

1968). As a consequence, phytoremediation is considered to be an attractive solution to 

DCA contamination (Schroder eta/., 2001; Schaffner et al., 2002). In natural water, 

DCA is mainly degraded abiotically, by photolysis (Miller eta!., 1980; Othmen and 

Boule, 1999). 

DCA degradation by micro-organisms and plants has been widely investigated. 

In contrast to plants, which use compartmentation as a means to detoxify xenobiotics, 

micro-organisms tend to export toxic compounds from the cells. Moreover, many 

micro-organisms can degrade aromatic compounds completely, a property that plants 

lack. Also, where plants use sugars and amino acids to conjugate xenobiotics, microbes 
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use non-nutrient endogenous substrates such as methyl and acyl residues from 

methanogenesis (for a review regarding the similarities and differences between 

microbial and plant xenobiotic detoxification, see Hallet al., 2001). The metabolism of 

DCA by soil micro-organisms was reported to occur under anaerobic (Struijs and 

Rogers, 1989; Travkin et al., 2002) and aerobic conditions (Surovtseva et al., 1996) and 

led to the formation of organic by-products. Recently, El-Fantroussi (2000) 

demonstrated the complete mineralisation of urea herbicides by several bacterial 

species. But, because DCA is covalently bound to soil particles, its bacterial degradation 

is generally limited. However, the white-rot fungus Phanerochaete chrysosporium is 

capable of mineralising not only free chloroanilines but also those bound to the cell-wall 

(May et al., 1997 and references therein). Consequently, the utilisation of P. 

chrysosporium may constitute an efficient remediation solution. 

Like other chloroanilines, the primary human health hazard caused by DCA is its 

elicitation of methaemoglobin formation, which stops haemoglobulin from fixing 

oxygen reversibly (Singleton and Murphy, 1973). Anaemia and kidney and liver injury 

have also been observed following DCA poisoning (Valentovic eta!., 1995). Because of 

its toxicity and because it is not readily biodegradable, DCA has become one of the 

reference chemicals studied in eco-toxicological testing procedures and was chosen to 

be the model xenobiotic for this thesis. In plants, the metabolism of DCA has been 

studied using various species and systems, ranging from suspension-cultured cells to 

intact plants. The enzymes involved in DCA detoxification include N

glucosyltransferases and 0- and N-malonyltransferases, as illustrated in figure 1.2. 

1.3. N-malonyltransferases, current knowledge 

N-malonyltransferases (N-MTs) are important for the detoxification of 

xenobiotics with free amino groups, such as DCA, which usually result from the phase I 

modifications of phenylurea herbicides such as Propanil, Diuron and Linuron. 

Malonylation has also been observed in the further metabolism of glucosides and GSH

conjugates. However, as opposed to the ester bonds formed following 0-malonylations, 

the amide bonds formed by N-malony1ations are more stable to chemical and enzymatic 
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Figure 1.2: Enzymes involved in the metabolism of 3,4-dichloroaniline (DCA) in 

plants. 

DCA-N-malonyltransferase (DCA-N-Mn, DCA-N-glucosyltransferase (DCA-N-GT), 

0-malonyltransferase ( 0-MT). 
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hydrolysis (Winkler and Sandermann, 1989, 1992) and the resulting conjugates are 

generally compartmentalised, either in the vacuole or in the apoplast. 

One of the best characterised roles of N-malonylation is in the conversion of 1-

aminocyclopropane-1-carboxylic acid (ACC) into its malonylated derivative (MACC), 

catalysed by ACC-N-MT (Kionka and Amrhein, 1984; Guo et al., 1993). ACC being 

the immediate precursor of ethylene, its malonylation followed by its sequestration into 

vacuoles suggest that ACC-N-MT may contribute to the regulation of ethylene 

production (Yang and Hoffman, 1984). N-MTs may also be involved in the biosynthesis 

of auxins, as it has been suggested that N-malonyltryptophan is an auxin precursor and, 

since the activity of this trp-N-MT was increased by water-stress, N-MT may also be 

associated with stress response (Liu et a!., 1995; Wu et a!., 1995). N-MTs were 

additionally demonstrated to inactivate D-amino acids, which would otherwise be toxic 

to plants (Liu eta!., 1983; Guo et al., 1993; Wu et al., 1995). 

ACC-N-MTs and N-MTs accepting D-amino acids have been purified from 

various plant species (table 1.2). Some of these enzymes could only accept malonyl

CoA as acyl-donor, whereas others also accepted succinyl-CoA, though with lesser 

efficiency (40-50% M-CoA activity; Benichou et al., 1995; Martin and Saftner, 1995). 

Some ACC-N-MTs appear to be substrate-specific whilst others accept both ACC and a 

range of amino acids. For example, neither a 54 k:Da ACC-N-MT partially purified from 

chickpea nor a monomeric 38 k:Da ACC-N-MT purified from tomato fruit (Martin and 

Saftner, 1995; Martinez-Reina et a!., 1996) were inhibited by L- and D-amino acids. In 

mung bean, three different monomeric N-MTs have been isolated. Firstly, a 55 k:Da 

molecule was found to accept both ACC and D-phenylalanine and the enzyme activity 

was inhibited by aromatic amino acids (Guo et al., 1992; Guo et al., 1993). Secondly, a 

36 k:Da N-MT which could also use both ACC and D-phenylalanine as substrates, was 

partially purified but unlike the 55 k:Da protein, was not inhibited by aromatic amino 

acids (Benichou et al., 1995). Thirdly, a 40 k:Da ACC-N-MT was purified and used for 

monoclonal antibody production. The antibody recognised the enzyme at a site other 

than the active site and was capable of precipitating all ACC-N-MT activity present in 

mung bean crude extracts, suggesting the existence of several ACC-N-MT isoforms in 

mung bean (Chick and Leung, 1997). 
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Source enzyme substrate MW pH optimum Reference 
specificity (kDa) 

peanut D-trp-N- D-trp; also 40 8.8 Matern eta!., 
MT accepts ACC but 1984 

with slow 
conversion 

peanut anthranilic acid 50 8.8 Matern eta!., 
anthranilic acid- 1984 
N-MT 

peanut 3,4-DCA 45 ND Matern eta!., 
DCA-N-MT 1984 

peanut 2- 55 ND Matern et a!., 
DCA-N-MT methoxyethanol 1984 

soybean DCA-N- specific for 48 6.3-7.2 Sandermann et 
MT chlorinated a/., 1991 

anilines 
(D-aas and ACC 
not tested) 

mung bean ACC- ACC and D-phe; 55 Guo eta!., 1992, 
N-MT inhibited by 1993 

aromatic amino 
acids 

mung bean ACC- ACC and D-phe; 36 Benichou et a!., 
N-MT accepts succinyl 1995 

Co A 

tomato fruit no inhibition by 38 8.0-8.5 Martin and 
ACC-N-MT excess D-aa Saftner, 1995 

accepts succinyl 
Co A 

chickpea ACC-N- no inhibition by 54 Martinez-Reina 
MT D- or L- amino eta!., 1996 

acids 

mung bean ACC- 40 Chick and Leung, 
N-MT 1997 
ND: not determined 

Table 1.2: Properties of purified Namalonyltransferases. 
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Relatively little is known about N-MTs involved in the detoxification of 

xenobiotics. The metabolism of chlorinated anilines has been investigated mainly in 

wheat (Triticum aestivum L.) and in soybean (Glycine max L.), using a range of plant 

systems including cell suspension cultures (Scheel et al., 1984; Schmitt et al., 1985; 

Winkler and Sandermann, 1989; Sandermann et al., 1991; Schmidt et al., 1994), 

excised leaves (Gareis et al., 1992) and whole plants (Bockers et al., 1994; Hohl and 

Barz, 1995; Schmidt et al., 1995). From these studies, the detoxification of DCA was 

assigned to a DCA-N-MT (EC 2.3.1.114), which transfers a malonyl-residue from M

CoA to the amino group of DCA (equation 1. 7): 

~CI 
Cl 

+ 
0:-. S-CoA 
"C-CH

2
-c/ DCA-N-MT 

/ ,, 
HO '0 

0~ ,.OH 

/C-CH2-C~ 
H-N 0 

¢lCI + CoASH 

Cl 

3,4-Dichloroaniline Malonyl-CoA M-DCA 

(Equation 1. 7) 

So far, DCA-N-MT has been only partially purified from peanut seedlings 

(Matern et a!., 1984) and from soybean cell suspension cultures (Sandermann et a!., 

1991 ). The enzymes were both monomeric and had molecular weights of 45 kDa and 48 

kDa, respectively. The DCA-N-MT purified from soybean could metabolise a range of 

chlorinated anilines, with a clear preference for DCA, but had no activity towards 

natural products (Sanderrnann et al., 1991). Unfortunately, ACC and D-amino acids 

were not tested as potential substrates in these studies. Interestingly, the purified 55 kDa 

ACC-N-MT from mung bean could not accept DCA but the latter was metabolised 

when crude mung bean extract was used, suggesting the existence of several substrate 

specific N-MTs in this plant species (Guo eta!., 1993). Although N-MTs are involved in 

secondary metabolism and play a role in the detoxification of herbicides, the 
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relationship between the enzymes involved in either ofthese functions is unknown. The 

molecular identification of DCA-N-MT will be an important step towards the 

understanding of the role and the classification of N-MTs in plants. 

1.4. Aims 

The overall aim of this project was to study soybean DCA-N-MT in order to 

obtain information which would lead to its molecular identification and to understand 

better the role of this enzyme in the detoxification of the reference xenobiotic DCA. 

Soybean was selected as a model dicotyledonous species since it is an important crop 

plant, is amenable to physiological, biochemical and molecular biological studies and 

since some information concerning DCA metabolism was already available. 

Specific aims: 

1. To study the metabolism of DCA in intact soybean plants with the aim of comparing 

data with previous results for other plant systems and extending these observations 

by examining the feasibility of DCA metabolite transport studies. 

2. To establish a soybean cell suspension culture, since cell cultures have been shown 

to be a rich source of xenobiotic-degrading enzymes, including DCA-N-MT (Hohl 

and Barz, 1995; Schmidt et al., 1995). 

3. To devise a robust, rapid and sensitive assay for DCA-N-MT. 

4. To compare DCA-N-MT in soybean plants and suspension cultured cells and to 

ascertain the best starting material for purification ofDCA-N-MT. 

5. To purify DCA-N-MT from soybean, with the ultimate aim of cloning and 

characterising the eDNA. 
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Chapter 2 

Materials and methods 

2.1. Chemicals 

2.1.1. Tissue culture and biochemical studies 

Chemicals for tissue culture were obtained from Sigma-Aldrich, England. 

Murashige and Skoog (MS) basal medium (M-5519); Schenk and Hildebrandt (SH) 

basal salt mixture (S-6765); 2,4-D (dichlorophenoxyacetic acid, D1133) and kinetin (6-

furfurylaminopurine, K-0753). 

Solvents for biochemical studies were of analytical grade. Malonic acid and N,N'

dicyclohexylcarbodiimide were obtained from Fluka, 3,4-dichloroaniline (DCA) from 

Riedel-de-Haen (Germany). 

2.1.2. Radiochemicals 

[UL-14C]-3,4-dichloroaniline (22.1 mCi/mmol, 817.7 MBq/mmol) was obtained 

from Sigma-Aldrich (England), [2-14C]-malonyl-Coenzyme A (55.0 mCi/mmol, 2.0 

GBq/mmol) and Uridine diphospho-D-[UL- 14C]-glucose (320 mCi/mmol, 11.8 

GBq/mmol) from Amersham Biosciences (England). 
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2.1.3. Synthesis of 3.4-dichloroaniline conjugates 

N-malonyl-3,4-dichloroaniline (M-DCA) was synthesised chemically following 

the procedure described by Matern et al. (1984) for use as a reference compound in thin 

layer chromatography (TLC). Briefly, under anhydrous conditions, malonic acid and 

3,4-dichloroaniline (DCA) were coupled in the presence of dicyclohexylcarbodiimide to 

form M-DCA and dicyclohexylurea. M-DCA was crystallized and the melting point 

was determined to be 134 °C, which is consistent with the results published by Matern 

eta!. (1984). 

Radiolabelled M-DCA and N-~-D-glucopyranosyl-3,4-dichloroaniline (G-DCA) 

were synthesised enzymatically using crude protein extracts (see section 2.4.1) of 

soybean suspension-cultured cells and A. thaliana suspension-cultured cells, 

respectively. For M-DCA, the assay mixture consisted of enzyme extract (100 jlg 

protein), 8 mM DCA, 100 JlM [2-14C]-malonyl-Coenzyme A (0.5 j.tCi, 18.5 kBq) and 

reaction buffer ( 100 mM Bis-Tris Propane, pH 6.5 with HCl) in a fmal volume of 100 

j.tl. After 20 min incubation at 35 °C, the reaction was stopped with 3 Jll glacial acetic 

acid and the radiolabelled conjugates were extracted with 200 j.tl ethyl acetate. The ethyl 

acetate fraction was then analysed by thin layer chromatography (TLC, section 2.3.5) or 

used for radioactive quantitation by liquid scintillation counting (LSC, section 2.3.4). 

For G-DCA (protocol from C. Loutre, University of Durham), the assay mixture 

consisted of Arabidopsis root culture extract (50 jlg protein), 60 JlM DCA, 0.9 JlM [UL-

14C]-UDP-glucose (2 nCi, 7.4 Bq) and reaction buffer (0.2 M Tris-HCl, pH= 8.0, 2 mM 

dithiothreitol). After 20 min incubation at 30 °C, the reaction was stopped with 125 j.tl 

reaction buffer and the radiolabelled conjugates were extracted with 200 Jll ethyl acetate 

and analysed by TLC and LSC. 

2.2. Plant material 

2.2.1. Soybean tissue culture 
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Callus cultures from soybean (Glycine max L. var. Chapman) roots were 

established according to Schenk and Hildebrandt (1972) and Oswald et al. (1977). 

Briefly, the seeds were surface-sterilised [1 min in 70 % ethanol (v/v), 15 min in 8 % 

(w/v) sodium hypochlorite], rinsed 3 times for 10 min in distilled water, and placed onto 

Murashige and Skoog medium supplemented with 3 % (w/v) sucrose and 0.8 % (w/v) 

agar. The seeds were germinated in the dark at 26 oc, for 4 d. Root sections were placed 

onto "SH" medium, which consisted of Schenk and Hildebrandt (SH) basal salt mixture 

supplemented with 3 % (w/v) sucrose, 0.8 % (w/v) agar, 1 g r 1 myo-inositol, 5 mg r1 

thiamine, 5 mg r 1 nicotinic acid, 0.5 mg r 1 dichlorophenoxyacetic acid (2,4-D), 0.5 mg 

r 1 pyridoxine, and 0.1 mg r 1 kinetin, pH 5.8. The calli were grown at 26 °C, with 16 h 

photoperiod. 

Friable cells growing on the surface of the calli were transferred into continuously

shaken 250 ml flasks containing 50 mlliquid SH medium (i.e. without agar). The use of 

baffled flasks to obtain finer suspension cultures was attempted but the cells did not 

survive the shear forces caused by the baffles. Therefore, small cell clumps were 

selected by pipetting during each sub-culture. Cells were sub-cultured every 2 weeks, 

initially by transferring 10 ml culture into 50 ml fresh medium but as the cells grew 

faster, 10 ml culture was transferred into 90 ml fresh medium (figure 2.1). The cultures 

were grown at 26 °C, with 16 h photoperiod. 

2.2.2. Soybean 

Soybean seeds (Glycine max L. var. Chapman) were sown in vermiculite and 

grown at 24 °C, with 110 J..LE m-1 s-1 light (16 h photoperiod), for 10 to 13 d. The 

seedlings were either utilised for the study of DCA metabolism (section 2.3) or for 

protein purification (section 2.4). For the study of DCA metabolism, the seedlings were 

transferred to Erlenmeyer flasks, each containing 50 ml Hoagland's No. 2 basal salt 

mixture (Sigma-Aldrich, England), pH 6.0 and incubated for 24 h with constant aeration 

to allow the plants to adapt to their liquid medium. Different treatments were applied to 

these seedlings, as described below (section 2.3). 
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Figure 2.1: Growth curve for suspension-cultured soybean cells. 

Cells were grown in Schenk and Hildebrandt (SH) medium, with 90 ml fresh SH 

medium inoculated with 10 ml two week-old culture. The fresh weight of cells was 

measured after vacuum-filtering the cells for 1 min, using a Buchner flask. Values are 

means ±standard deviation of four measurements. 
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2.2.3. Arabidopsis 

For root cultures, the seeds of Arabidopsis thaliana wild type Columbia "Col 0" 

(Lehle Seeds, USA) were sterilised in 70% (v/v) ethanol for 1 min before their transfer 

to a 20 % (v/v) sodium hypochlorite solution for 10 min. The seeds were then rinsed 

several times with sterile distilled water. Ten seeds were transferred to 50 ml Gamborg 

B5 liquid medium (Sigma-Aldrich, England), pH 5.8, supplemented with 1 % (w/v) 

sucrose and grown in the dark, at 25 °C with shaking (studies carried out in 

collaboration with C. Loutre, University of Durham). Cell suspension cultures 

(Landsberg erecta) were a gift from M. Fricker (University of Oxford; May and Leaver, 

1993). 

2.3. DCA metabolism studies 

2.3.1. Treatment of soybean plants with DCA 

9 d-old soybean plants were grown hydroponically (section 2.2.2) before DCA

treatment. After 24 h, [UL- 14C]-3,4-dichloroaniline (26.7 kBq, 0.7 J.!Ci; final 

concentration 0.31 J.!M) was added to 6 flasks containing soybean seedlings, mixed 

thoroughly and left in the fume hood for 88 h, with the light on and with constant 

aeration of the media. To quantify and to identify DCA metabolites, the seedlings and 

the growth media were analysed separately as follows. 

2.3.2. Extraction ofradiolabelled DCA metabolites from plant material 

To quantify the amount of radioactive DCA metabolites in various soybean 

organs, 2 batches of 3 seedlings were analysed for each treatment. The roots were rinsed 

first with tap water then with distilled water, blotted dry with tissues and each seedling 

was separated into roots (R), cotyledons (C), primary leaves (L), secondary leaves plus 

meristem (M), and stem (S). These were weighed, frozen in liquid nitrogen and ground 
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using a mortar and pestle, with acid washed sand. Methanol (10 v/w) at 4 °C was then 

added to extract the radiolabelled compounds. The mixture was transferred to 15 ml 

Falcon tubes, centrifuged at 4000 g for 5 min and the pellet frozen at -20 °C while the 

methanol supernatant was evaporated under pressure, using either a centrifugal 

evaporator at 50 °C (Programmable Centrifugal Evaporator RC 10.22, Jouan, England) 

or a rotary evaporator (Rotavapor EL130, Biichi, Switzerland). The dried material was 

resuspended in one ml methanol. The radioactive content of the samples was assessed 

by liquid scintillation counting (section 2.3.4) and the nature of the compounds was 

determined by High Performance Liquid Chromatography (HPLC, section 2.3.6). 

Bound residues were solubilised from plant extracts by incubation with 2 ml of 2 

M NaOH, at 37 °C for 20 h. The samples were neutralised with 320 J..Ll concentrated 

HCI. One hundred J..Ll of the supernatant was added to 4 ml Ultima-Gold High Flash 

Point Liquid Scintillation Counting cocktail (for aqueous and non-aqueous samples, 

Packard). Preliminary experiments showed that the amount of salt solution utilised and 

the variation of sample pH (from pH 1. 6 to 11.1) affected the radioactive readings by s 
2%. 

2.3.3. Extraction of DCA metabolites from growth media 

Samples from each flask of growth medium were counted by LSC. The three 

nutrient solutions from the same batch were then mixed together and the resulting 50 ml 

solution added to 50 m1 ethyl acetate to partition the radiolabelled chemicals into the 

organic phase. The ethyl acetate phase was then concentrated to 1 ml under pressure, at 

40 °C. Radioactivity in the distillate was quantified by LSC. Losses of volatile 

radioactivity by this procedure were typically 40 %. 200 J..Ll of the liquid phase and 20 J..Ll 

ofthe concentrated ethyl acetate were counted by LSC. 
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2.3.4. Liquid Scintillation Counting (LSC) 

2.3.4.1. Quench curve 

A quench curve was required to compensate the loss of counts due to the 

presence of ethyl acetate. To do so, a known amount of radioactivity was counted 

before and after the addition of increasing volumes of ethyl acetate (0 to 800 J.ll) to 

determine the quench produced. In practice, the radioactivity present in a series of 6 

vials, each containing: 21,650 dpm of [14C]-hexadecane (25 J.ll) and 3.0 rn1 Ultima

Gold™ High Flash Point LSC cocktail for aqueous and non-aqueous samples (Packard), 

was measured on a Tri-Carb® Liquid Scintillation Analyzer (Packard) for 30 min, 

before and after the addition of increasing amounts of ethyl acetate (0, 50, 100, 200, 400 

and 800 f.ll) into the vials to assess the quench produced. The quench curve was then 

plotted as the quench indicating parameter tSIE (transformed Spectral Index of the 

External standard) versus efficiency (figure 2.2). tSIE is equal to 1000 for an 

unquenched sample. As the counting efficiency decreases, due to increasing quench in 

the samples, the tSIE will also decreases. Therefore, by calculating the tSIE of a sample, 

the counting efficiency of that sample can be interpolated from the quench curve and 

the DPM (disintegration per minute) can be calculated as DPM = CPM/efficiency, with 

CPM: counts per minute. 

2. 3.4. 2. Counting of samples 

For the studies on the metabolism of [UL-14C]-DCA in soybean plants (sections 

2.3.2 and 2.3.3), 20 J.ll ethyl acetate extract was mixed with 4 rn1 of scintillation cocktail 

Ecoscint TM A (National Diagnostics) or with 3.0 rn1 Ultima-Gold™ LSC cocktail 

before quantification by LSC. The results obtained were similar. For DCA-N-MT 

assays, 100 J.ll ethyl acetate was mixed with 3.0 ml Ultima-Gold™ LSC cocktail. The 

amount of radioactivity was measured on a Tri-Carb® Liquid Scintillation Analyzer 

(Packard) for 3 min. 
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Figure 2.2: Ethyl acetate quench correction for liquid scintillation analyser. 

The quench curve was constructed using a series of 6 vials, each containing: 21 ,650 

dpm of [14C]-hexadecane (25 J..tl) and 3.0 ml LSC cocktail. The radioactivity present in 

the vials was measured on a Tri-Carb® Liquid Scintillation Analyzer (Packard) for 30 

min, before and after the addition of increasing amounts of ethyl acetate (0, 50, 100, 

200, 400 and 800 J..tl) into the vials to assess the quench produced. tSIE: transformed 

Spectral Index of the External standard, is a parameter that indicates the level of quench 

in samples. For a completely unquenched sample, tSIE is equal to 1000. 
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2.3.5. Thin layer chromatography (TLC) 

To analyse the radiolabelled conjugates synthesised enzymatically (section 

2.1.3), approximately 20 Jll (0.17 kBq) of ethyl acetate extract was spotted onto silica 

gel TLC plates pre-coated with fluorescent indicator (UV254, Sigma-Aldrich, England). 

The compounds were separated in solvent mix A [ethyl acetate/propan-2-ol/water 

(63/23/11, v/v/v)]. The Rf values for DCA, G-DCA and M-DCA were 0.78, 0.56 and 

0.34, respectively. Radioactivity was detected and quantified using a TLC analyser 

(Berthold LB 2842, Wildbad, Germany). UV -absorbing spots were detected under UV 

light (254 nm). 

In order to analyse DCA metabolites present in Hoagland's medium (after 

incubation of soybean plants with [UL-14C]-DCA), solvent mix A or B 

[chloroform/methanol/water (60/35/8, v/v/v)] was utilised. With the latter, the Rfvalues 

for DCA, G-DCA and M-DCA were 0.76, 0.49 and 0. 44, respectively. 

Radioactivity was detected using a phosphor-imager (Bio-Rad GS-525 Sample 

loading doc, Molecular Imager System and Screen eraser, England). Alternatively, 

radioactive spots were detected using Kodak BioMax TranScreen intensifying screen 

system (Kodak Scientific Imaging Systems, Cambridge, England), by placing the 

phosphor surface of the TranScreen between the TLC plate and the X-ray film (Kodak 

BioMax MR film) to increase the resolution of the signal detected. In both cases, 

identity of the conjugate was confirmed by co-chromatography with chemically

synthesised DCA conjugates (section 2.1.3). 

2.3.6. High Performance Liquid Chromatography (HPLC) 

The radiolabelled compounds extracted in ethyl acetate were evaporated using a 

rotary evaporator under pressure, at 50 °C and the residue redissolved in methanol 

(analytical grade). The plant and medium extracts were then analysed on a reverse

phase column (Symmetry C18, 3.5 Jlm, 4.6 x 30 mm). The initial solvent system of 

acetonitrile (5%)/1% phosphoric acid (95%) was changed after 2 ml to give a linear 

gradient to 100% acetonitrile at 7.6 ml, with a flow rate of0.8 mllmin. The UV detector 
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was set at a wavelength of 254 nm. Reference standards: [UL- 14C]-G-DCA, G-DCA, 

DCA, [2- 14C]-M-DCA and M-DCA (sections 2.1.2 and 2.1.3). 

2.3.7. Visualisation of DCA metabolites by phosphor-imaging 

[UL- 14C]-3,4-dichloroaniline (37 kBq, 1 J..LCi; fmal concentration, 0.43 J..LM) was 

added to each flask containing 10 d-old soybean seedlings, mixed thoroughly and left at 

room temperature for 1 d, 3d and 5 d. At each time-point, the seedling was rinsed with 

distilled water, blotted dry and pressed between two sheets of filter paper until dried 

before being analysed on a phosphor-imager (BioRad GS-525). 

2.3.8. DCA-N-MT assay 

2.3.8.1. Initial DCA-N-MT assay 

The reaction was performed in 100 mM potassium phosphate buffer, pH 6.5, 

with 205 J.1M cold DCA, 19 J..LM [2-14C]-M-CoA (7.4 kBq, 200 nCi) and enzyme extract, 

to a final volume of 200 J..Ll. The reaction was incubated at 40 °C for 40 min, stopped 

with the addition of 5 J..Ll glacial acetic acid and the radioactive conjugate was extracted 

with 200 J..Ll ethyl acetate. The compounds were then separated by TLC and radioactive 

spots were detected and quantified by a linear TLC analyser (Berthold LB2842, Wilbad, 

Germany). 

2.3.8.2. Optimised DCA-N-MT assay 

The development and optimisation of the assay is fully described in Chapter 4. 

The assay mixture consisted of 100 mM Bis-Tris propane (pH 6.5 with HCl), 300 J..LM 

DCA, 19 J.tM [2-14C]-Malonyl-CoA (7.4 kBq, 200 nCi), 0.1% (w/v) BSA and 10-20 J..Lg 

of protein extract, in a final volume of 100 J.tl. Radiolabelled M-CoA was added after 

pre-incubation of the reaction mixture at 35 °C for 2 min. The reaction was stopped 
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with 3 J.tl glacial acetic acid after 5 min incubation and the malonylated conjugates were 

extracted with 200 J.tl ethyl acetate, which was analysed by LSC (section 2.3.4). 

2.3.8.3. Final DCA-N-MT assay 

In order to limit the cost of the assay, the radiolabelled M-CoA used in the 

optimised assay was partially replaced with unlabelled M-CoA. Thus, 9 J1M [2- 14C]

Malonyl-CoA (3.7 kBq, 100 nCi) was mixed with 22 J1M unlabelled M-CoA prior to 

their addition to the reaction mixture, as described in 2.3.8.2. Again, to limit the cost of 

the assay, fractions eluted from chromatography columns were assayed with only 4 J1M 
[2-14 C]-Malonyl-CoA. 

2.3.9. N-Glucosyltransferase assay 

The assay mixture consisted of200 mM Tris-HCI, (pH 8.0), 1 mM DCA, 1 J1M 

[UL-14C]-UDP-glucose (26 nCi, 0.96 kBq) and I 00 J.tg of crude protein extract, in a 

final volume of 75 J.tl. After incubation at 30 oc for 20 min, the reaction was stopped 

with 125 J1l of 200 mM Tris-HCI, (pH 8.0) and the glucosylated conjugates were 

extracted with 200 J.tl ethyl acetate, which was analysed by LSC (section 2.3.4). 

2.3.10. Assay for the presence of 6"-0-malonyl-DCA-N-m-D-glucopyranosyl)-

3 .4-dicloroaniline CM -0-DCA) 

To determine whether the DCA-glucosylated metabolites extracted from the 

soybean seedlings were malonylated, the samples were treated with 0.2 M Tris to cleave 

the malonyl ester from the parent glucoside (Tiller et a!., 1994) and re-analysed by 

HPLC. Methanol was removed from the samples by rotary evaporation under pressure 

at 50 °C. 0.5 ml of0.2 M Tris was added to each extract and incubated 16 hat 30 °C. A 

control (sample incubated with distilled water) was included. After incubation, all 

samples were acidified with concentrated HCl to pH 7.0. The hydrophobic compounds 
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were subsequently extracted with 0.5 ml ethyl acetate, which was in turn evaporated and 

replaced with analytical grade methanol for analysis by HPLC (section 2.3.6). 

2.3.11. Time-course ofDCA uptake 

16-d old soybean seedlings were transferred into 50 ml Hoagland's medium 

containing 37 kBq (1 11Ci, fmal concentration, 0.86 JlM) [UL- 14C]-DCA. Separate flasks 

were prepared for each time point. After 30 min, 2 h, 4 h, 8 h, 12 h, 24 hand 48 h, the 

plants and the media were analysed, as described in section 2.4, except that: (i) the 

plants were separated only into roots and shoots and the cotyledons (not radioactive) 

were discarded; (ii) the radiochemicals present in the growth media were extracted with 

one volume ethyl acetate; (iii) the methanol extracts were analysed by LSC (section 

2.3.4) before and after concentration. All samples were in duplicate. 

2.3.12. Cross-feeding experiment 

Four soybean seedlings and four A. thaliana root cultures were transferred 

respectively into 50 ml Hoagland's medium and Gamborg B5 basal salt medium, 

containing 37 kBq (1 J1Ci) [UL- 14C]-DCA. After 48 h, plants were removed and the 

radiolabelled metabolites present in the growth media were assayed by LSC and then 

extracted by partitioning with 1 vol. ethyl acetate. The organic phase was evaporated 

under pressure using a rotary evaporator and the residue redissolved in 1 ml of methanol 

and re-assayed by LSC. After concentrating the methanolic extract to 50 Jll under a 

stream of N2, the equivalent of 6.67 kBq (fmal concentration 0.39 j.!M) of 14C-labelled 

metabolites was added to 20 ml of fresh media in the following combinations: ( 1) fresh 

soybean plants plus DCA metabolites from soybean treatments (2) fresh Arabidopsis 

root cultures plus DCA metabolites from soybean treatments (3) fresh soybean plants 

plus DCA metabolites from Arabidopsis treatments ( 4) fresh Arabidopsis root cultures 

plus DCA metabolites from Arabidopsis treatments. After 24 h, the plant material and 

growth media were radioassayed as described above. 
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2.3.13. Effect of inhibitors on M-DCA efflux from soybean roots 

12 d-old seedlings were grown overnight in Hoagland's (pH 6.0) before being 

transferred to a flask containing 50 ml fresh medium and 37 kBq (1 J..i.Ci) [UL-14C]

DCA (3 plants/flask). After 30 min incubation at room temperature to allow the uptake 

of [UL- 14C]-DCA by the plants, the roots were thoroughly rinsed with distilled water, 

transferred to fresh media containing various inhibitors and left for 2 h. The seedlings 

were then thoroughly rinsed with distilled water, blotted dry, weighed and kept in liquid 

nitrogen for further use. The amount of radioactivity present in the media at the 

beginning of the experiment, after 30 min and after 2 h incubation with inhibitors, was 

quantified by LSC (section 2.3.4). The following inhibitors were used: 1 mM sodium 

vanadate, 1 mM sodium azide, 50 J..i.M nifedipine, 1 00 J..i.M quinidine, 10 mM butyric 

acid (pH= 5.6), 1 mM 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) and 1 

mM probenecid. Nifedipine and quinidine were dissolved in DMSO. Control 

experiments showed that DMSO did not affect soybean roots in the amounts applied. 

2.4. Purification of 3,4-dichloroaniline-DCA-N-malonyltransferase 

A flow chart of the steps in the purification procedure is given in figure 2.3. All 

purification steps were carried out at 4 °C. Two strategies were employed, the first 

involved the use of Centricon filters and step-gradients for the elution of proteins from 

chromatographic columns whereas in the second, protamine sulphate was used and 

linear elution gradients were applied, with additional chromatographic steps. 

2.4.1. Preparation of extracts 

Step I: Preparation of the crude extract. 100-500 g roots from 2 week-old 

soybean seedlings were washed thoroughly to remove vermiculite. The roots were then 

blotted dry before being frozen in liquid nitrogen and ground to a fine powder using a 

mortar and pestle. The powder obtained was mixed with 1.5 (v/w) homogenising buffer 

[200 mM Tris-HCl, pH 7.5, 2 mM MgCh, 5 % (w/v) PVPP, 5 mM DTT, 1 J..lg mr1 
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leupeptin, 1 Jlg mr1 pepstatin A, 1 mM PMSF (added just before use, from a 0.2 M 

stock solution in ethanol)] and filtered through 4 layers of muslin. The filtrate was then 

cleared by centrifugation (20,000. g, 10 min) and the resulting supernatant was used as 

cell free extract for further purification. 

2.4.2. Purification procedure 1 

Step 2: Ammonium sulphate precipitation. Proteins were precipitated with finely 

powdered solid ammonium sulphate. Proteins that precipitated between 40-70 % salt 

saturation were collected after centrifugation (20,000 g, 20 min) and dissolved in 

suspension buffer (20 mM Tris-HCl, pH 7.5, 2 mM MgCh, 5 mM DTT, 1 mM PMSF). 

The mixture was then centrifuged at 10,000 g for 1 min to remove any insoluble 

material and was desalted using pre-packed Sephadex G-25 columns (PD-1 0, 

Amersham Biosciences, England), previously equilibrated with suspension buffer. 

Step 3: Centricon filters. The proteins present in the desalted mixture were 

concentrated with Centricon filters (Millipore, UK). The extract was first filtered 

through a Centricon YM-100 (with 100 kDa cut-off). The filtrate obtained was then 

transferred onto a Centricon YM-30 (with a 30 kDa cut-oft). Proteins retained by the 

last filter, with a theoretical size range between 30 and 100 kDa, were used for the 

following purification step. 

Step 4: Ion-exchange chromatography. The protein mixture was applied to a Hi

Trap DEAE-Sepharose Fast Flow column (1.6 x 2.5 em, Amersham Biosciences, 

England) at 2 ml min-1
, equilibrated with start buffer (20 mM Tris-HCl, pH 7.5, 2 mM 

MgCh) prior to use. Proteins were eluted using a step gradient of NaCl in the same 

buffer, incrementing by 50 mM NaCl with each step, from 0 to 450 mM NaCl. One ml 

fractions were collected and assayed for protein content and for DCA-N-MT activity. 

Ammonium sulphate [25 % (w/v)] was added to the active fractions to prepare for the 

following purification step. 
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Figure 2.3: Strategies employed! for the purification of DCA-N-MT from soybean roots. 

DNA was precipitated using protamine sulphate and proteins were concentrated using ammonium sulphate. Different column 

chromatographies were utilised: PD-1 0 for desalting, DEAE-Sepharose and Resource Q as anion-exchange steps, Phenyl-Sepharose as 

a hydrophobic interaction step, Cibacron Blue as an affinity step and Sephadex 75 for size exclusion. 



Step 5: Hydrophobic interaction chromatography. The protein concentrate 

was applied to a phenyl-Sepharose High Performance column (0. 7 x 2.5 em, 

Amersham Biosciences, England) at one ml min-', equilibrated with 25 % (w/v) 

ammonium sulphate in suspension buffer prior to use. Proteins were eluted using 2 

rnl step of 15 %, 10 %, 0 % ammonium sulphate in suspension buffer and double

distilled water. One rnl fractions were collected and assayed for protein and 

enzymatic activity. 

Step 6: Dye ligand chromatography. The active fraction was loaded on a 

HiTrap Cibacron Blue F3G-A-Sepharose High Performance column (1.6 x 2.5 em, 

Amersham Biosciences, England) at 2 rnl min-1
, equilibrated with start buffer prior to 

use. Proteins were eluted using a step gradient of NaCl in the same buffer, 

incrementing by 200 mM NaCl with each step, from 0 to 1 M NaCI. One rnl 

fractions were collected and assayed for protein content and for DCA-N-MT 

activity. 

2.4.3. Purification procedure 2 

Step 2 ': Precipitation of nucleic acids. Nucleic acids were precipitated from 

the cell free extract using 0.14% protamine sulphate [from a 1.4% (w/v) protamine 

sulphate solution; protamine sulphate was first dissolved in concentrated HCl before 

being diluted further with distilled water]. After 15 min, the nucleic acid precipitate 

was removed by centrifugation (25,000 g, 45 min) and the supernatant was used for 

the next step. 

Step 3 ': Ammonium sulphate precipitation. As described in step 2 above. 

Step 4 ': Ion-exchange chromatography. The protein mixture was applied to a 

Hi-Trap DEAE-Sepharose Fast Flow column (1.6 x 2.5 em, Amersham Biosciences, 

England), previously equilibrated with start buffer (20 mM Tris-HCl, pH 7.5, 2 mM 

MgCh). Proteins were eluted using a linear gradient of NaCl, up to 300 mM NaCl, 

at a flow rate of 2 rnl min-1
, over 20 min. One rnl fractions were collected and 

assayed for protein content and for DCA-N-MT activity. The active fractions were 

desalted using pre-packed Sephadex G-25 columns (PD-1 0, Amersham Biosciences, 
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England) and either loaded onto the next chromatography column or stored in liquid 

nitrogen. 

Step 5 ': Second ion-exchange chromatography. The protein mixture was 

applied to a Resource Q column (16 x 30 mm, Amersham Biosciences, England), 

previously equilibrated with start buffer (20 mM Tris-HCl, pH 7.5, 2 mM MgCh). 

Proteins were eluted using a linear gradient of NaCl, from 0 to 1 M NaCI, at a flow 

rate of 3 ml min-1
, over a period of 30 min. 1.5 ml fractions were collected and 

assayed for protein content and for DCA-N-MT activity. The active fractions were 

desalted using pre-packed Sephadex G-25 columns (PD-1 0, Amersham Biosciences, 

England) and frozen in liquid nitrogen. 

Step 5 '': Gel filtration. In place of the second ion-exchange column, a size 

exclusion step was tested (HiPrep 16/60 Sephacryl S-1 00 High Resolution, 16 x 600 

mm, Amersham Biosciences, England). The column was calibrated using albumin 

(66 kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa), trypsin (20.1 kDa) and 

cytochrome c (12.4 kDa), with VO = 37.4 ml (figure 4.16.A). All solutions were 

filtered through a cellulose nitrate membrane filter (0.2 f..lm pore size). The column 

was rinsed with 60 ml double-distilled water and 300 ml start buffer, at 0.5 ml min-1
, 

prior to the separation of protein samples. 

2.4.4. Determination of protein concentration 

2. 4. 4.1. Using a microtitre plate 

The protein content of samples was determined by the method of Bradford 

(1976), adapted to a 96-well microtitre plate format. Briefly, a standard serial 

dilution of bovine serum albumin (BSA) was prepared by a series of two-fold 

dilutions, starting with 80 f..ll of a 0.2 mg ml-1 BSA solution in 80 f..ll of a 0.2 M 

potassium phosphate buffer, pH 7 .2. Protein concentration was assessed by adding 

20 f..ll of Bio-Rad Protein Assay Dye (ref. 500-0006) to each well, before mixing and 

incubating at room temperature for 5 min. Protein samples were treated identically. 

Both standards and samples were performed in triplicate. The absorbance at 595 nm 
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was measured in a microplate spectrophotometer system (SpectraMax™ 340, 

Molecular Devices, Sunnyvale, USA). 

2.4.4.2. Using 1 ml cuvettes 

The protein content of samples was determined by the method of Bradford 

(1976). A standard curve was prepared using 0.2 mg mr1 BSA. 0, 10, 20, 40 and 80 

Jll of BSA solution was made up to 100 Jll with distilled water and 900 Jll of Bio

Rad Protein Assay Dye (diluted 1 in 5 prior to use) was added. The cuvettes were 

inverted to mix their content thoroughly and left at room temperature for 5 min 

before reading the absorbance at 595 nm. Samples were diluted so that their 

absorbance corresponded to the linear part of the standard curve. Both standards and 

samples were performed in duplicate. 

2.4.5. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS

PAGE) 

Polyacrylamide gel electophoresis of proteins was carried out using a Bio

Rad PROTEAN minigel kit according to manufacturers' instructions. SDS-PAGE 

gels consisted of a 12 % acrylamide lower resolving gel [1.75 ml 30% (v/v) bis

acrylamide (37.5:1 acrylamide:bis), 1.75 ml 1.5 M Tris-HCl pH 8.8, 10 J.ll 

ammonium persulphate (250 mg ml"1
), 10 J.ll NNN'N'-tetramethylethylenediamine 

(TEMED), 30 J.ll 10% (w/v) SDS, 3.45 ml distilled water], which was overlaid with 

water-saturated butanol and allowed to polymerise for ca. 30 min at room 

temperature. Once set, the water-saturated butanol was poured off and the gel was 

rinsed with distilled water and dried with filter paper. The stacking gel [0.5 ml 30 % 

(v/v) bis-acrylamide (37.5: 1 acrylamide:bis), 0.9 ml 0.5 M Tris-HCl pH 6.8, 5.1 J.ll 

ammonium persulphate (250 mg/ml), 36 J.ll 10% (w/v) SDS, 5.1 J.ll TEMED, 2.17 

ml distilled water] was poured on top of the resolving gel, a comb was inserted to 

allow the formation of wells, and the gel was allowed to set at room temperature. 

Protein samples were prepared by mixing with an equal volume of 2 x SDS 

sample buffer [5 % (v/v) glycerol, 3 % (w/v) SDS, 63 mM Tris-HCl pH 6.8, 25 mg 

bromophenol blue, 5 % (v/v) ~-mercaptoethanol (14.3 M), made up to a final 
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volume of 50 ml with distilled water], and boiled for 10 min. Samples were loaded 

into the wells and electrophoresed for ca. 45 min at 200 V in gel running buffer [25 

rnM Tris-HCl pH 8.3, 250 rnM glycine, 0.1 % (w/v) SDS]. To visualise the bands, 

gels were stained for 1 h in staining buffer [ 40 % (v/v) methanol, 20 % (v/v) acetic 

acid, 0.2 % (v/v) Coomassie Brilliant Blue R-250] and destained in 30 % (v/v) 

methanol, 10% (v/v) acetic acid until bands became visible. 

2.5. Further characterisation of DCA-N-MT 

2.5.1. Effect ofDCA on DCA-N-MT activity 

7 d-old soybean seedlings, grown as described in section 2.2.2 (except at 26 

oc instead of 24 °C), were transferred from vermiculite to 50 ml Hoagland's 

medium (pH = 6.0, 1 seedling per pot) and grown hydroponically overnight, with 

constant aeration, to allow the plants to adapt to the liquid medium. The volume of 

Hoagland's was re-adjusted to 50 ml with distilled water before the addition of 10 Jll 

DCA stock solution, to give a final concentration of 100 JlM and 200 JlM DCA. 

DCA was added at 48 h, 24 h and 12 h before the determination of DCA-N-MT 

activity in the 10 d-old roots. A control, to which 10 Jll methanol was added at each 

time point, was included. All samples were in duplicate. Protein extracts were 

obtained as described in section 2.4.1 and DCA-N-MT assay was performed as 

described in section 2.3.8.3, except that only 10 Jlg total protein was present in each 

assay. 

A shorter time-course experiment was carried out in the same conditions, 

except that a final concentration of 100 JlM DCA was applied to 15 plants. The 

DCA-N-MT activity was measured at 2 h, 4 h, 6 hand 12 h. 

Similarly, soybean suspension-cultured cells were treated with 50 J.!M DCA 

and 100 JlM DCA every 12 h for 36 h. Methanol was used as a control treatment. 

After 36 h, the 10 d-old cells were vacuum-filtered, weighed and frozen in liquid 

nitrogen. Proteins were extracted and DCA-N-MT assay performed as described 

above. 
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2.5.2. Kinetic studies 

Eight, 9 d-old soybean seedlings, grown as described in section 2.2.2, were 

transferred from vermiculite to 150 m1 Hoagland's medium (pH 6.0, 4 seedlings/150 

ml) and grown hydroponically overnight to allow the plants to adapt to the liquid 

medium. The volume of Hoagland's was re-adjusted to 150 m1 with distilled water 

before the addition of 30 J.Ll DCA stock solution (final concentration of 100 J.LM 

DCA) or 30 J,Ll methanol. After 24 h treatment, proteins were extracted as described 

in section 2.4., steps 1 and 2. DCA-N-MT assay was carried out as described in 

section 2.3.8.2, with the following modifications. To determine the Km value for 

DCA, DCA concentration was varied from 0 to 600 J,LM. The assay included 3. 7 kBq 

[2- 14C]-Malonyl-CoA and cold malonyl-CoA to give a final, constant concentration 

of 1 mM. To determine the Km value for malonyl-CoA, DCA concentration was kept 

constant at 300 J,LM and the concentration of malonyl-CoA was varied from 0 to 1.2 

mM (which consisted of 10 J.LM [2-14C]-Malonyl-CoA and cold malonyl-CoA). 

2.5.3. Effects of inhibitors on DCA-N-MT activity 

Fourteen 9 d-old soybean seedlings, grown as described in section 2.2.2, 

were transferred from vermiculite to 30 m1 Hoagland's medium (pH 6.0, 2 seedlings 

per 30 ml) and grown hydroponically overnight to allow the plants to adapt to the 

liquid medium. The medium volume was re-adjusted to 30 m1 with distilled water 

before the addition of DCA, actinomycin D (actD) and cycloheximide (CH) in 

various combinations. Final concentrations for the treatments were: 100 J.LM DCA, 

79.6 J,LM (100 J,Lg m1"1
) actD and 35.5 J.LM (10 J.Lg ml"1

) CH. They were applied either 

as sole treatments, or combined as follows: DCA + actD or DCA + CH. ActD was 

dissolved in absolute ethanol, therefore, a control to which 1.5 m1 absolute ethanol 

was added was included. DCA was dissolved in methanol but previous experiments 

have shown that the volume utilised (< 1 %o) had not effect on the growth of 

soybean. A negative control (distilled water) was also included. All treatments were 

for a period of 24 h and in duplicate. The roots were extensively rinsed in cold 

distilled water before being blotted dry, weighed and frozen in liquid nitrogen. 
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Protein extracts were obtained as described in section 2.4 and DCA-N-MT assay was 

performed as described in section 2.3.8, with 10 IJ.g total protein instead of20 IJ.g. 

2.5.4. In vitro translation of soybean RNA 

2.5.4.1. RNA extraction and quantification 

Total RNA was extracted from vermiculite grown 10 d-old soybean roots. 

0.2 g root tissue was frozen in liquid nitrogen, ground with a mortar and pestle to a 

fine powder and mixed with 2 ml TRizol® reagent (GIBCO Invitrogen Ltd, Paisley, 

Scotland) until thawed. The mixture was transferred to an autoclaved 2 rnl 

microcentrifuge tube, vortexed for 20 s and incubated a room temperature for 5 min 

before being centrifuged (12,000 g, 10 min, 4 °C). The supernatant was transferred 

to a new tube, 0.4 ml chloroform was added and the tubes were vortexed for 10 s 

and incubated at room temperature for 5 min before another centrifugation (12,000. 

g, 15 min, 4 °C). At this stage, the mixture separated into a lower pink-phenol

chloroform phase and a colourless upper aqueous phase, which contained the RNAs. 

The upper phase was transferred to a new tube, mixed with 0.6 vol. isopropanol and 

0.1 vol. DEPC-treated 3 M sodium acetate, incubated at room temperature for 10 

min before being centrifuged (12.000 g, 10 min, 4 °C) to pellet the RNAs. The 

supernatant was then removed with a pipette and the pellet washed with 70% (v/v) 

ethanol (made up with RNase free water). The tubes were centrifuged tore-pellet the 

RNAs (12,000 g, 5 min, 4 °C). The supernatant was removed and the pellets were 

air-dried for 10 min at room temperature and resuspended in 30 IJ.l RNase free water. 

RNA samples (diluted 111 00) were quantified by spectrophotometry at 260 

nm and 280 nm. The concentration of RNA was then calculated as follows: [RNA] = 

Abs(260 nm) X 40, in IJ.g rnl-1
. With the dilution factor of 100: [RNA] = AbS(260nm) X 4, 

in IJ.g 11r1
• To assess the contamination of the samples with DNA, the ratio 

Abs<26onm/Abs(2sOnm) was calculated. For a pure RNA sample, this ratio equals 1.8. 

The quality of RNAs was checked in a 1 % (w/v) agarose gel made up in 

TAE buffer (40 mM Tris-Acetate, 1 mM EDTA, pH= 8.0) with ethidium bromide 

(1 IJ.l in 100 rnl gel). 2 IJ.l sample was mixed with 2 IJ.l loading buffer [50 % (v/v) 

glycerol, 0.5 % Bromophenol blue, in RNase-free water] and 10 IJ.l RNase-free 
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water to increase the total volume and facilitate the loading on the gel. The samples 

were electrophoresed in T AE buffer for 45 min, at 80 V and visualised under UV 

light. 

2.5.4.2. In vitro translation 

In vitro translation of total RNA was performed using a Rabbit Reticulocyte 

Lysate System (Promega) following the manufacturers' instructions, using a 

complete amino acid mixture and omitting radiolabelled amino acids. Translation 

reactions contained 6 flg total RNA. After the translation, protein concentration in 

the crude reaction mixture was determined (section 2.4.4) and DCA-N-MT activity 

was assayed as described in section 2.3.8.3 but the reaction was carried out for 1 h 

30 min instead of 5 min. 

2.6. Fluorescence two-dimensional differential gel electrophoresis (2-D DiGE) 

2.6.1 Sample preparation 

Soybean plants were grown in vermiculite as described above. After 10 d, 

vermiculite was washed from the roots and the plants were separated into two 

batches. One batch was placed in distilled water containing 100 flM DCA for 12 h 

and the remaining batch was placed in distilled water containing methanol only. The 

roots were washed with distilled water and excised. DCA-N-MT was partially 

purified from each batch of roots (approx. 150 g) using a modification of procedure 

2 (section 2.4.3), with the addition of 1 mM DTT to buffers to preserve DCA-N-MT 

activity. Following the first anion exchange step, proteins were separated by gel 

filtration, as in step 5 ". DCA-N-MT activity was monitored throughout the 

purification procedure to identify peak fractions and to compare the two treatments. 

Labelling and analysis of differentially expressed proteins were carried out on a 

service basis at the Cambridge Centre for Proteomics. 

Proteins were concentrated by phenol precipitation to remove DTT which 

interferes with DiGE labelling. Briefly, samples were vortexed with an equal vol. of 

TE (100 mM Tris-HCl, pH 7.8; 1 mM EDT A)-saturated phenol and incubated on ice 

for 10 min. Following centrifugation at 3,000 g for 10 min, the upper, aqueous phase 
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was removed. The interface and lower phase were then extracted twice with two 

volumes of TE-saturated phenol. Proteins in the interface were precipitated by the 

addition of 5 vol. of 0.1 M ammonium acetate dissolved in methanol, followed by 

incubation overnight at -20 °C. Proteins were collected by centrifugation at 3,000.g 

for 10 min and the pellet washed in 80 % of 0.1 M ammonium acetate (0.1 M 

ammonium acetate dissolved in methanol: water; 80 : 20; v/v). Following 

centrifugation at 3,000 g for 10 min the pellet was washed in 80% (v/v) acetone and 

centrifugation repeated. The supernatant was removed and the pellet dried under 

reduced pressure to remove remaining traces of acetone. 

2.6.2 DiGE labelling 

Non-saturating labeling of samples was performed using NHS esters of Cy3 

or Cy5 (CyDye DiGE fluors; Amersham Biosciences). Dye (200 pmol) was added 

to 50 J..lg of sample in AUT sample buffer [7 M urea, 2 M thiourea, 2 % (w/v) 

ASB14, 10 mM Tris pH 8.5, 5 mM magnesium acetate] to give a typical total 

volume of 1 0-15 J..ll and left on ice in the dark for 30 min. The reaction was 

quenched by the addition of 10 nmol of L-lysine and further incubation for 10 min 

(Unlii eta!., 1997). The Cy3-labeled and Cy5-labeled samples were then combined 

and prepared for isoelectric focussing (IEF) by the addition of an equal volume of 

sample buffer [20 mg mr1 DTT, 2 % appropriate lPG buffer (Amersham 

Biosciences), 7 M urea, 2M thiourea, 2% ASB14]. 

2.6.3 Electrophoretic analysis 

Two-dimensional electrophoresis was carried out usmg 13 em pH 4-7 

immobilised pH gradient (lPG) strips in conjunction with an IPGPhor (Amersham 

Biosciences). lPG strips were rehydrated for 12 h with rehydration buffer (2 mg mr1 

DTT, 1 %appropriate lPG buffer, 7 M urea, 2M thiourea, 2% ASB14) to which the 

sample was added to give a final volume of 250 ml. Focussing was carried out for a 

total of 41700 Vhr. Separation in the second dimension was carried out using a 12 

% SDS-PAGE (Hoefer SE600). Gels were scanned with the appropriate excitation 

and emission wavelengths for Cy3 and Cy5 using a 2920-2D Masterlmager 
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(Amersham Biosciences). Images were exported as TIF files. False-coloration and 

contrast-enhancement of scans was performed with Adobe Photoshop. 

For analysis by mass spectrometry, proteins were stained with Coomassie 

G250 and excised manually. Proteins within the gel-excised spots were digested to 

peptides using trypsin on a MassPrepStation (Micromass). The resulting peptides 

were applied to (QTofwith capLC, Micromass) in conjunction with a PepMap C18 

180mrn internal diameter 15 em capillary column LC MS-MS (LC Packings). 

Fragmentation data was used to search the National Centre for Biotechnology 

Information (NCBI) Arabidopsis and soybean databases using the MASCOT search 

engine (Matrix Science). Manual sequence assignment was assisted using the 

peptide sequencing feature of BioLynx (Micromass). 
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Chapter 3 

Metabolism of 3,4~dichloroaniline in soybean 

3.1. Introduction 

The aim of this chapter was to determine the metabolic fate of DCA in 

soybean. The metabolism of xenobiotics has been studied in various plant systems 

but since it has proved difficult to compare studies of xenobiotic metabolism due to 

the wide range of experimental conditions employed by different researchers, there 

has been a move to establish standard procedures for the study of environmental 

chemicals with cell suspension cultures (Ebing et a!., 1984; Sandermann et al., 

1984; Harms and Langebartels, 1986). Cell suspension cultures are frequently found 

to be a rich source of xenobiotic-degrading enzymes and their use can reduce the 

potential problem of microbial degradation of the xenobiotic. Furthermore, the 

ability to grow cultures in the dark ensures the absence of photodegradation. Excised 

leaves, as a system closer to whole plants, have also been used to study the 

metabolism of xenobiotics such as DCA (Gareis eta!., 1992). However, both cell 

suspension cultures and excised leaves are artificial systems and the observations 

obtained may not represent the actual phenomena occurring within whole plants. 

Therefore, DCA metabolism in whole, hydroponically-grown soybean plants was 

studied in this project. A similar study has been carried out by Bockers eta!. (1994), 

but the present project had two additional longer-term goals to extend these 

observations: 
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1) To follow up the fate of DCA metabolites in p/anta with studies of their 

transport across biological membranes and to interpret this information in the 

context of known pathways of xenobiotic detoxification; 

2) To investigate whether the mechanisms of DCA metabolism are present in 

other dicots, by comparison with a parallel study of DCA metabolism in Arabidopsis 

tha/iana (C. Loutre, University of Durham). 

3.2. Results 

3.2.1. Distribution of radio label following [UL- 14C]-DCA treatment 

In order to obtain an overall picture of DCA metabolism in soybean plants, 

10 d-old soybean seedlings were treated with 37 kBq [UL- 14C]-3,4-dichloroaniline, 

in hydroponics. After 1 d, 3 d and 5 d, the plants were removed from the nutrient 

medium, rinsed thoroughly, dried and the radiolabelled compounds were visualised 

by phosphor-imaging to determine the distribution of radiolabelled DCA

metabolites within the plants (figure 3.1). The images showed that radiolabel 

accumulated mostly in the roots and in the newly-formed leaftissue. No label could 

be detected in cotyledons and whilst newly-formed leaves contained 14C, the signal 

declined as leaves expanded. 

To study more precisely the distribution of DCA metabolites throughout the 

seedling, hydroponically-grown 10 d-old soybean seedlings were treated with 37 

kBq [UL- 14C]-DCA in a volume of 100 ml. After 3.5 d, duplicate plants were 

dissected into roots, cotyledons, primary leaves, secondary leaves, and stem. DCA 

metabolites were then extracted from each plant sample and from the media, and 

quantified by LSC. After 3.5 d incubation with [UL-14C]-DCA, approximately 78 % 

radioactivity was found in the growth medium (figure 3.2.A). Consistent with the 

observations obtained by phosphor-imaging, most radiolabelled metabolites within 

soybean plants were found in the roots and in the meristem (radioactivity expressed 

as dpm g-1 fresh weight tissue; figure 3.2.B). When expressed as a percentage of the 

total radioactive dose within the seedling, approximately 90 % radiolabel was 

present in the roots, 4-9 % in the stem and less than 1 % in the cotyledons and the 

primary and secondary leaves (figure 3.2.C). 
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Figure 3.1: Localisation of radiolabeUed compounds in soybean plants. 

Soybean was grown hydroponically in the presence of [UL- 14C]-3,4-dichloroaniline 

(3 7 kBq, 0.43 J.!M). After 1-5 d, the plants were rinsed and dried. The left panels 

show photographs of the plants, the right panels show the corresponding phosphor

image. 
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Figure 3.2: Distribution of [UL-14C]-DCA metabolites between the growth 
medium and the soybean seedling. 
Two batches of 10 d-old soybean seedlings (3 per batch) were treated 
hydroponically with 37 k:Bq [UL- 14C]-DCA (0.43 J.lM) for 3.5 days. DCA 
metabolites were then extracted as described in 2.3.2 and 2.3.3 and analysed by 
LSC. The black and white bars represent 2 independent experiments. A. Distribution 
of radioactivity between nutrient medium and plants. Figures are given as 
percentage of initial radioactive dose. 8 and C. Distribution of radioactivity within 
the plant. B, figures are given as radioactivity per gram fresh weight tissue. C, 
figures are given as percentage of radioactive dose taken up by the plant. 
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3.2.2. Identification of [UL-14C]-DCA metabolites in soybean 

Having determined the general distribution of radio label in soybean grown in 

the presence of [UL- 14C]-DCA, the identification of the metabolites was attempted. 

10 d-old soybean seedlings were treated with 37 kBq [UL- 14C]-DCA, in 50 ml 

hydroponics. At different time-points (up to 48 h), DCA metabolites were extracted 

from the growth medium and from the roots and were analysed by TLC. Unlabelled 

and radiolabelled M-DCA and G-DCA conjugates were synthesised as described in 

section 2.1. 3 and used as reference compounds. 

In all chromatograms (figures 3.3, 3.5 and 3.6), the parent [UL- 14C]-DCA 

ran as three radioactive entities, with two major spots around Rf = 0. 78 (DCA) and a 

minor spot at Rf = 0.44 (DCA-minor). As shown below (section 3.2.3.2), DCA

minor was not metabolised by soybean plants, therefore only the fate of major DCA 

spots was analysed further. Prior to this experiment, a relationship between M-DCA 

migration and its loading-dose was observed (data not shown). When more than 200 

nmoles M-DCA were separated by TLC, the chemical migrated as 2 distinct spots. 

When the TLC plate was turned by 90 °C to allow a second dimension separation of 

these spots in the same solvent, the previously distinct spots migrated identically, 

suggesting that, when overloaded, a single compound could migrate as two different 

spots. To verify this, the two putative [UL- 14C]-DCA spots that migrated around Rf 

= 0. 78 were scraped off and re-run in the same chromatography system. Both were 

found to have the same Rf value, which corroborates our initial hypothesis. 

Moreover, HPLC analysis of the same samples showed a single peak where 

reference DCA ran. Therefore, the two distinct spots corresponded to a single 

compound: [UL-14C]-DCA. Consequently, in all subsequent analyses, these two 

radioactive bands were collectively quantified as parent [UL_I4C]-DCA. 

In the plants, 7 radioactive metabolites were detected (figure 3.3). Of these, 

R1-R3 and R5 were identified by co-chromatography as DCA, G-DCA, DCA-minor 

and M-DCA, with Rf values of 0. 78, 0.56, 0.41 and 0.34, respectively. R4, R6 and 

R 7 were not identified. Bockers and co-workers (1994) suggested the presence of 6'-

0-malonyl-N-(~-D-glucopyranosyl)-3,4-dicloroaniline (M-G-DCA) in soybean 

roots. This compound being more hydrophilic than any of the metabolites identified, 

R6 or R7 would be possible candidates. Therefore, root samples were separated by 
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Figure 3.3: Identification of [UL- 14C]-DCA metabolites by TLC. 

Soybean plants were treated hydroponically with 37 kBq [UL- 14C]-DCA for 72 h. 

After 4 h, radioactive compounds were extracted from the nutrient media and the 

roots, as described in sections 2.3.2 and 2.3.3. The samples were separated by TLC 

using ethyl acetate: formic acid: water (70/4/4; v/v/v) and visualised by 

autoradiography. Lane 1 comes from a different TLC plate. Lane 1: growth medium 

extract; lane 2: root extract. Radiolabelled reference compounds: G-DCA (Rf = 

0.56), M-DCA (Rf = 0.34) and DCA (Rf = 0.78). Radiolabelled metabolites were 

detected in the growth medium (M1-M3) and in soybean roots (R1-R7). 
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TLC using the solvent mix Beckers and co-workers utilised (chloroform: methanol: 

water, 65/25/4, v/v/v) to compare directly the Rf values of the different compounds. 

Surprisingly, the Rf values obtained for standard compounds were different from 

those published by Beckers et al. (data not shown), rendering a direct comparison of 

DCA metabolites impossible. As a consequence, an alternative method was tested: 

to determine whether any metabolites corresponded to M-G-DCA, the detection of 

0-malonylated compounds was attempted. Root extracts were treated with 0.2 M 

Tris to cleave the malonyl group from the G-DCA (Tiller et al., 1994) and re

analysed by HPLC. Unfortunately, the compounds remained unidentified (data not 

shown). Therefore, the presence or absence of M-G-DCA in our samples could not 

be determined. 

In the growth medium, M1-M3 were identified by co-chromatography as 

DCA, DCA-minor and M-DCA, respectively (figures 3.3 and 3.5). Therefore, apart 

from the parent [UL- 14C]-DCA, a single metabolite was found in the nutrient 

medium, which corresponded to the malonyl conjugate M-DCA. This observation 

was confirmed by HPLC (data not shown) and was consistent with published data 

(Winkler and Sandermann, 1989). 

3.2.3. Time-course study of DCA metabolism in soybean plants 

3. 2. 3.1. Partition of radio labelled DCA -metabolites 

To provide a more detailed understanding of DCA metabolism in soybean 

plants, a time course experiment was carried out in which replicate seedlings were 

grown in the presence of radiolabelled DCA. At various time-points over a 48 h 

period, metabolites were extracted from the plants and growth media. In the 

seedlings, soluble metabolites were extracted in methanol and metabolites from the 

growth media were extracted with ethyl acetate (section 2.3.3). Non-extractable 

radioactivity in the plant material was quantified after alkaline hydrolysis (section 

2.3.2) and LSC. As shown in figure 3.4, the amount of radioactivity in the media 

decreased rapidly with a simultaneous increase in the plants. At 30 min, 15-20 % 

radioactivity was found in the plants. This increased to approximately 30 % at 2 h 

and reached a plateau after 4 h. In the plants, the level of radioactivity found in the 

soluble fraction and the bound residues augmented in a similar fashion, with a slight 
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Figure 3.4: Time-course of [UL-14C]-DCA uptake and distribution in soybean. 

Soybean plants grown hydroponically were treated with 37 kBq [UL- 14C]-DCA 

(final concentration: 0.86 J.LM) for 48 h. At various time-points, the radioactive 

metabolites were extracted from the plants and the growth media (as described in 

sections 2.3.2 and 2.3.3) and quantified by LSC. Representative of four experiments. 
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preferential partition into the soluble fraction: approximately 20 % of the applied 

radioactivity was found in the soluble extract compared to 12 % in the bound 

residues. The total radioactivity recovered decreased with time. At 48 h, only 80 % 

radioactivity was recovered, probably due to the continuous aeration of the growth 

media during the experiment, which resulted in volatilisation of DCA. 

3.2.3.2. Variation ofradiolabelled DCA-metabolites with time 

The quantification of radiolabel in the plants and growth media gave an 

indication of metabolite partition during DCA metabolism but did not supply any 

information as to the identity of the metabolites. Although the main metabolites 

detected during [UL- 14C]-DCA metabolism were identified in the previous section, 

the transformation of DCA to its conjugates is a dynamic process that cannot be 

fully understood by the analysis of a single time-point. Therefore, a time-course 

study of [UL- 14C]-DCA metabolism in soybean seedlings was carried out, in which 

the qualitative analysis of radiolabelled compounds within soybean plants and the 

growth media was performed, using TLC. As stated above (section 3.2.1.1), 90% of 

the radioactivity within a seedling grown in the presence of [UL- 14C]-DCA was 

located within the roots. The quantity of radioactivity within the shoots being very 

low, it was technically impossible to perform a qualitative study of [UL-14C]-DCA 

metabolites present in this organ using TLC. Consequently, TLC analyses were 

performed only with samples from roots and growth media. TLC plates were then 

analysed using a phosphor-imager (with the assistance of M. Brazier, University of 

Durham) to quantify the radioactivity of each DCA metabolite at each time-point. 

In the growth media, 3 metabolites were detected and identified as the parent 

[UL-14C]-DCA, its malonyl conjugate and DCA-minor (figures 3.3 and 3.5). A 

visual inspection of the TLC plate, followed by the analysis of the radioactive 

content of each spot by phosphor-imager (table 3.1) demonstrated that: (1) DCA

minor represented approximately 6 % of the total radioactivity per lane at any time

point, suggesting that it was not metabolised during the time-course experiment. (2) 

As the parent [UL-14C]-DCA disappeared from the growth medium, M-DCA 

appeared. Thus, at 30 min, the proportion of [UL- 14C]-DCA and its malonyl 

conjugate were 93.5 %and 6.5 %, respectively. These figures changed rapidly to 

56 



DCA 

DCA-minor 

M-DCA 

0.5 2 4 8 12 24 48 References 

Time (h) 

Figure 3.5: Time-course analysis of [UL-14C]-DCA metabolites in the growth 

media. 

Soybean plants were grown hydroponically in the presence of [UL-14C]-DCA for 48 

h. At different time-points between 30 min and 48 h, radioactive compounds were 

extracted from the roots, as described in section 2.3.3, separated by TLC using ethyl 

acetate: formic acid: water (70: 4: 4; v: v: v) and visualised by autoradiography. 

Radiolabelled reference compounds: M-DCA (Rf= 0.34) and DCA (Rf= 0.78). 
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A. B. 

MI~C~ RI~C~ 

Time (h) 

0.5 

2 

4 

8 

12 

24 

48 

M2 (DCA-minor) 

M3 (M-DCA) 

Nutrient medium 

DCA M-DCA 

93.5 6.5 

77.0 23.0 

52.3 47.7 

26.8 73.2 

19.3 80.7 

18.8 81.2 

18.1 81.8 

DCA 

70.7 

63.3 

68.5 

83.3 

83.7 

79.1 

72.3 

R2 (G-DCA) 

R3 ~CA-minor) 

R4 
R5 (M-DCA) 
R6 

R7 

Soybean root 

R4 M-DCA 

3.6 25.7 

5.8 30.9 

6.2 25.3 

7.2 9.6 

6.8 9.4 

3.5 17.4 

3.2 24.5 

Table 3.1: Variation of DCA metabolites with time, in soybean. 

Soybean plants were grown hydroponically in Hoagland's nutrient medium, with 37 

kBq [UL-14C]-DCA, for 48 h. At different time-points between 30 min and 48 h, 

radioactive compounds were extracted from the nutrient media and soybean roots 

and were separated by TLC using ethyl acetate: formic acid: water (70/4/4; v/v/v). 

TLC plates were then analysed using a phosphor-imager to quantify the 

radiolabelled species. Radioactivity in each spot given as a percentage of the total 

radioactivity per track. A: Radiolabelled compounds extracted from the growth 

media. B: Radiolabelled compounds extracted from soybean roots. Only spots Ml

M3, Rl and R3-R5 were detected by phosphor-imaging. M2 and R3 (6 % 

radioactivity) were not included in the table because they did not vary with time. 
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19.3 % and 80.7 %, respectively, at 12 h and stabilised afterwards. These results 

suggested that [UL-14C]-DCA was taken up by soybean roots, conjugated to a 

malonyl residue and released into the medium within 30 min. 

In soybean roots, 7 metabolites were detected by autoradiography (figure 

3.3). Figure 3.6 shows the autoradiograph of the TLC plate on which root extracts 

were analysed, during the time-course experiment. Apart from R2 (G-DCA), which 

was present from 30 min to 4 hand disappeared afterwards, other metabolites were 

detected at all time-points, but in variable quantities. As observed in the growth 

media, the amount of DCA-minor did not vary during the time-course experiment 

(figure 3.5) and here, was found to represent 5.5% of the total radioactivity present 

in each lane. This is consistent with the 6 % detected in the medium, suggesting that 

DCA-minor was not metabolised within soybean roots either. Further analysis of 

root DCA metabolites by phosphor-imaging thus excluded DCA-minor. Phosphor

imager analysis of the same TLC plate only showed the presence of R1 (DCA), R4 

(unknown) and R5 (M-DCA) (data not shown), suggesting that the plate might not 

have been exposed long enough to detect the presence of lower amounts of 

radio label. The variation of R1, R4 and R5 with time is illustrated in table 3.1. The 

level of all three compounds varied with time, with no obvious trend. Most 

radiolabelled product present in the roots consisted of the parent [UL- 14C]-DCA 

(63.3-83.7 %). The second greatest metabolite was M-DCA (9.4-30.9 %) and the 

unidentified R4 was minor (3.2-7.2 %). Due to the low radioactive level in bound 

residues, combined with the high salt content of the samples, their qualitative 

analysis using TLC was technically difficult, hence not achieved. 

3.2.4. Comparison with DCA metabolism in Arabidopsis root cultures 

In a parallel study, Arabidopsis thaliana root cultures were treated with 37 

kBq [UL- 14C]-DCA (conducted by C. Loutre, University of Durham, using 

protocols developed for soybean). The data are summarised here for comparison 

with those from soybean. At various time-points over a 48 h period, metabolites 

were extracted from the roots and growth media as described for soybean (section 

3.2.3.1) and radioactivity quantified by LSC. Unlike soybean plants, which 

accumulated approximately 30 % radioactivity at 48 h (figure 3.4), nearly 60 % 

radioactivity was present in Arabidopsis root cultures at the same time-point (figure 
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Figure 3.6: Time-course analysis of (UL-14C]-DCA metabolites in soybean 

roots. 

Soybean plants were grown hydroponically with [UL- 14C]-DCA, for 48 h. At 

different time-points between 30 min and 48 h, radioactive compounds were 

extracted from the nutrient media, as described in section 2.3.2, separated by TLC 

using ethyl acetate: formic acid: water (70: 4: 4; v: v: v) and visualised by 

autoradiography. Radio labelled reference compounds: G-DCA (Rf = 0.56), M-DCA 

(Rf= 0.34) and DCA (Rf= 0.78). 
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3. 7). Another difference in DCA metabolism in Arabidopsis and soybean was that 

whilst up to 12% radioactivity was found in the bound residues of the latter, less 

than 3 % was present in Arabidopsis. 

In order to identify the radiolabelled metabolites present in the nutrient 

medium and in the plant, samples were analysed by TLC using the following solvent 

mixture: chloroform/methanoVwater; 60/3S/8; v/v/v. Figure 3.8 is an autoradiograph 

of the TLC plate. At 48 h, two main metabolites were detected in the growth 

medium in addition to the parent DCA (figure 3.8). The most abundant, A3, was 

identified as the glucosyl conjugate of DCA by co-chromatography with 

enzymatically synthesised G-DCA. A2, which migrated close to G-DCA, remained 

unidentified but is probably also a glucoside (C. Loutre, pers. comrn.). Phosphor

image analysis of the metabolites during a time-course experiment (table 3.2) 

demonstrated that, from 4 h to 48 h: (1) the proportion of DCA decreased from 29% 

to 10.3 %while the amount of A2 increased simultaneously (up to 24.3 %); (2) the 

major metabolite present was the glucosyl-conjugate of DCA, the amount of which 

was virtually stable over the course of the experiment (average of 6S %); (3) very 

little M-DCA was detected (less than S %). These observations suggested that DCA 

was taken up by Arabidopsis, metabolised to predominantly to G-DCA but also to 

A2 and M-DCA and released into the external medium. 

In the roots, six different metabolites were detected after 48 h. Of these, A 1, 

A3 and A4 were identified as the parent DCA, G-DCA and M-DCA, respectively 

(with Rfvalues of0.76, 0.49 and 0.44 respectively). The rest remained unidentified. 

The relative proportions of metabolites A1-A6 with time was analysed by phosphor

imaging. The results are summarised in table 3.2. In roots, the amount of DCA and 

A2 did not vary greatly from 4 h to 48 h. Conversely, while G-DCA decreased from 

70.6 % to 28.3 % of the total radioactivity, the proportion of M-DCA, AS and A6 

increased (up to 12-fold higher for A6) suggesting that although G-DCA is exported 

from the roots, some of it might be converted to M-DCA, AS and A6. In agreement 

with this, the transformation of G-DCA into M-DCA has been reported (Bockers et 

a/., 1994). 
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Figure 3.7: Time-course of [UL-14C]-DCA uptake and distribution of label in 

Arabidopsis thaliana. 

Data from C. Loutre (University of Durham), presented for comparison with 

soybean. Arabidopsis root cultures were treated with 37 kBq [UL- 14C]-DCA (final 

concentration: 0.86 ~)for 48 h. At various time-points, the radioactive metabolites 

were extracted from the plants and the growth media (as described in sections 2.3.2 

and 2.3.3) and quantified by LSC. 
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Figure 3.8: Analysis of [UL-14C]-DCA metabolites in Arabidopsis thaliana. 

Arabidopsis root cultures were treated with 37 k.Bq [UL- 14C]-DCA (final 

concentration: 0.86 J..LM), for 48 h. Radioactive compounds were extracted from the 

nutrient medium (AM) and the roots (AR), as described in section 2.3.2, separated 

by TLC using chloroform: methanol: water (60/35/8; v/v/v) and visualised by 

autoradiography. Radiolabelled reference compounds: DCA (Rf = 0.76), G-DCA 

(Rf = 0.49) and M-DCA (Rf = 0.44). Al-A6: radiolabelled DCA-metabolites 

detected (Arabidopsis samples were provided by C. Loutre, TLC analysis was 

performed by S. Lao). 
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Tirre(h) OCA A2. 

4 M 29.1 3.5 

8 e 20.1 15.1 

12 
d 

24.9 13.1 
i 

24 u 7.3 19.0 

48 m 10.3 24.3 

4 
R 

10.2 12.2 

8 0 13.7 15.7 

12 0 17.9 13.0 

24 t 15.3 13.9 

48 
s 

12.1 9.1 

AI (DCA) 

A2 
A3 (G-DCA) 

A4 (M-DCA) 

A5 
A6 

G-OCA M-OCA 

67.4 ND 

64.7 ND 

57.3 4.7 

72.3 1.4 

63.1 2.3 

70.6 1.6 

60.1 2.0 

56.5 2.2 

45.3 4.4 

28.3 7.1 

fl5 P6 

3.7 1.6 

5.9 2.6 

7.1 3.3 

11.7 9.5 

24.2 19.2 

Table 3.2: Variation of DCA metabolites with time, in Arabidopsis thalia.na. 

Arabidopsis root cultures were grown with 37 kBq [UL-14C]-DCA for 48 h. At 

different time-points between 4 h and 48 h, radioactive compounds were extracted 

from the nutrient media and the roots and were separated by TLC using chloroform: 

methanol: water (60/35/8; v/v/v). TLC plates were then analysed by phosphor

imager to quantify the radiolabelled species. Radioactivity in each spot given as a 

percentage of the total radioactivity per track. 
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3.2.5. Transferase activities 

In order to investigate the mechanisms underlying the differences in DCA 

conjugation in soybean and Arabidopsis, the activities of DCA-N-MT and 3,4-

dichloroaniline-N-glucosyltransferase (DCA-N-GT) were determined in crude root 

extracts from the two species (table 3.3). In both cases, product formation was 

monitored by quantifying the amount of radio labelled M-DCA or G-DCA formed by 

partitioning into ethyl acetate (sections 2.3.8 and 2.3.9). 

In soybean roots, DCA-N-MT activity was high (12,000 pkat g-1
), whereas 

DCA-N-GT was just detectable (0.5 pkat g-1
; table 3.3). In Arabidopsis root cultures, 

both DCA-N-GT and DCA-N-MT activities were readily detectable but DCA-N-GT 

activity was much higher. No DCA-N-MT or DCA-N-GT activity could be 

determined in the media immersing either the soybean or Arabidopsis roots, 

confirming that the synthesis of the respective conjugates occurred within the plant 

tissues. In soybean suspension-cultured cells, DCA-N-MT activity is nearly 20-fold 

higher than that in the roots, which is consistent with previously published data 

suggesting that cell suspension cultures catabolise xenobiotics in a qualitatively 

similar way to whole plants, although much more effectively (Hohl and Barz, 1995; 

Schmidt eta/., 1995). Thus, the relative activities ofDCA-N-GT and DCA-N-MT in 

soybean and Arabidopsis agree with the metabolic fate data presented above, in 

accordance with the proposition of Schmidt and co-workers (1995) that the 

metabolism of xenobiotics correlates strongly with the species- and organ-specific 

activities of transferase enzymes. 

3.2.6. Transport studies 

3.2.6.1. Cross-feeding 

In sections 3.2.3 and 3.2.4, it was demonstrated that DCA is exported from 

roots in a species-specific manner, predominantly as M-DCA in soybean and G

DCA in Arabidopsis. Consequently, a cross-feeding experiment (performed jointly 

with C. Loutre, University of Durham) was conducted to determine: 
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DCA-N-MT DCA-N-GT 

Plant source activity activity 

(pkat g-1
) (pkat g-1

) 

1 0 d-old soybean roots 12,000.0 0.5 

1 0 d-old soybean shoots 300.0 Negligible 

Suspension-cultured cells 230,000.0 6.0 

14 d-old Arabidopsis root culture 52.0 6,000.0 

Table 3.3: DCA-N-MT and DCA-N-GT activities in soybean and Arabidopsis 

tissues. 

DCA-N-MT and DCA-N-GT activities were determined as described in sections 

2.3.8.2 and 2.3.9, respectively. DCA-N-MT activity was measured in crude protein 

extracts (section 2.4.1). DCA-N-GT activity was measured in desalted ammonium 

sulphate precipitates, as described in section 2.4.2, step 2, except that the desalting 

buffer consisted of0.2 M Tris-HCl, pH= 8.0, 2 mM DTT. 
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(1) whether M-DCA could be re-absorbed by soybean plants; 

(2) whether M-DCA could be taken up by a plant species m which it IS not 

abundantly synthesised, i.e. Arabidopsis thaliana; 

(3) whether soybean plants were able to take up DCA metabolites originating from 

A. thaliana. 

Soybean seedlings and Arabidopsis root cultures were grown in the presence 

of 37 kBq [UL- 14C]-DCA. After 48 h, the metabolites released into the medium by 

each plant species were extracted with ethyl acetate, concentrated and quantified by 

LSC. After 48 h feeding, the radiolabelled metabolites present in the soybean 

nutrient medium consisted of approximately 80 % M-DCA, the rest being the parent 

DCA (table 3.1). The Arabidopsis medium contained approximately 63% G-DCA, 

10% DCA, 24% A2, 2% M-DCA, the rest being unidentified compounds (section 

2.3.4). Untreated plants from both species were then incubated for 24 h in 20 ml 

fresh medium containing 6.67 kBq radiolabelled metabolites from each species. 

Plants and media were analysed by LSC to determine the partition of 14C between 

the growth medium and plant material in the two species. 

Soybean seedlings took up approximately equal amounts of radiolabelled 

compounds whether they were derived from soybean or Arabidopsis growth 

medium. In each case, 12 % of the supplied radioactivity was recovered in the 

soluble fraction while 5 % became incorporated into bound residues, regardless of 

source of the metabolites (figure 3.9). At the beginning of the cross-feeding 

experiment, the metabolites present were: 80% M-DCA and 20% DCA. Assuming 

that only the parent DCA was metabolised, 94 % of the total radioactivity would be 

found in the growth medium and 6 % would be in the plants, which is not what was 

obtained in figure 3.9.A. Consequently, this suggested that a small proportion of the 

DCA-metabolites could be taken up by soybean. However, having no evidence that 

soybean behaves in a similar fashion when treated with DCA + M-DCA and with 

DCA only, no definitive explanation could be given. 

Arabidopsis root cultures showed a slight preference for the uptake of 

Arabidopsis DCA-metabolites, with 17 % of the radioactivity recovered from the 

roots, compared with only 6 % when the medium contained soybean DCA 

metabolites (figure 3.9.B). Almost no bound residues were formed in Arabidopsis (~ 

3 %). Assuming that only the 10% DCA present at the beginning of the cross-

67 



Plant Plant Plant 

100 Medium Total Soluble Bound 

A. 
80 ....... 

~ 
~ 60 
> n 
ctJ 40 0 
'6 
ctJ 

a::: 
20 

0 
A s A s A s A s 

Source of metabolites 

Plant Plant Plant 

100 Medium Total Soluble Bound 

B. 80 

~ 
?:- 60 ·:; 
~ 
ctJ 40 0 
'6 
ctJ 

a::: 
20 

0 
A s A s A s A s 

Source ofmetabolites 

Figure 3.9: Partition of radiolabelled compounds between Arabidopsis, soybean and 

nutrient medium, when grown with Arabidopsis and soybean DCA-metabolites. 

Soybean seedlings and Arabidopsis root cultures were grown in the presence of 3 7 kBq 

[UL-14C]-DCA as described in section 2.3.11. After 48 h, the metabolites released into the 

medium by each plant species were extracted, concentrated and quantified by LSC. 

Untreated plants were then incubated for 24 h in 20 ml fresh medium containing 6.67 kBq 

radiolabelled metabolites from each species. Plants and media were then analysed by LSC to 

determine the partition of radio label between the growth medium and the two plant species. 

Results are given as percentage of initial DCA metabolite dose. A: Radioactive content of 

soybean roots and medium after feeding with Arabidopsis metabolites (black bars) and 

soybean metabolites (open bars); B: Radioactive content of Arabidopsis roots and medium 

after feeding with Arabidopsis metabolites (black bars) and soybean metabolites (open 

bars). 
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feeding were metabolised, 93 % of the total radioactivity would be found in the 

growth medium and 6.5 % would be in the plants. This is not what was obtained 

when Arabidopsis was grown with its own metabolites but resembles the results 

obtained when soybean metabolites were used (figure 3.9.B), suggesting the possible 

re-uptake of Arabidopsis DCA-metabolites by Arabidopsis root cultures. Due to the 

low radioactive content of the extracts at the end of this experiment, analyses by 

TLC were impossible. They would have been very informative and would have 

helped to clarify whether M-DCA and G-DCA were metabolised further. 

3.2.6.2. Effect of transport inhibitors on the efflux of M-DCA 

In order to investigate the mechanism(s) whereby malonyl-conjugates of 

DCA are released into the nutrient medium, the effect of transport inhibitors on M

DCA efflux was studied. Hydroponically-grown soybean seedlings were treated 

with 37 kBq [UL- 14C]-DCA. After 30 min incubation, the seedlings were rinsed 

thoroughly with distilled water and transferred to fresh media containing various 

inhibitors. After 2 h efflux of DCA metabolites, radioactivity in the nutrient medium 

was measured using LSC. 

Figure 3.10 summarises the results of this study. Sodium azide, an inhibitor 

ofF 1/F0-type A TPases (present in mitochondria and thylakoids), reduced the efflux 

by 10 % compared to the control. This demonstrates a requirement for A TP, since 

azide treatment partially depletes the A TP pool in roots. In order to determine 

whether primary pumps were involved, three ATPase inhibitors were tested. At the 

concentrations used in this study, nifedipine and quinidine, inhibitors of P

glycoprotein-type ABC-transporters, did not affect the efflux of radiolabelled 

metabolites. Furthermore, sodium orthovanadate, an ABC-transporter and P-type 

A TPase inhibitor did not inhibit efflux, suggesting that a primary pump was not 

involved. Two anion-transporter inhibitors were utilised, namely probenecid and 

4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS). The latter, known to be a 

cr channel inhibitor, had a minor effect (less than 1 0 % decrease) on the efflux of 

radiolabelled compounds from soybean roots, whereas probenecid, which inhibits 

organic anion transport, diminished the efflux by approximately 25 %. Treatment 

with butyric acid at pH 5.6 also decreased M-DCA efflux by approximately 30 %. 

Since butyric acid decreases the pH of the cytoplasm (Ryan and Walker, 1994), 
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Figure 3.10: Effect of various inhibitors on M-DCA efflux from soybean roots. 

12 d-old soybean seedlings were grown in a flask containing 50 ml Hoagland' s (pH 

= 6.0) fresh medium and 37 kBq [UL- 14C]-DCA (3 plants/flask) . After 30 min 

incubation at room temperature, to allow the uptake of [UL- 14C]-DCA by the plants, 

the roots were thoroughly rinsed with distilled water, transferred to fresh media 

containing various inhibitors and left for 2 h. The amount of radioactivity present in 

the media at the beginning of the experiment, after 30 min and after 2 h incubation 

with inhibitors, was quantified by LSC (section 2.3.4). The following inhibitors 

were used: 1 mM sodium orthovanadate (V04), 1 mM sodium azide, 50 ~M 

nifedipine (Nifed.), 100 ~M quinidine (Quin.), 10 mM butyric acid (But.), 1 mM 

4,4' -diisothiocyanatostilbene-2,2' -disulfonic acid (DIDS) and 1 mM probenecid 

(Prob.). Control: water. Results given as the percentage of efflux in each treatment 

compared to that in the control. 
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transport systems driven by pH-gradients would be inhibited. The fact that azide 

affected M-DCA efflux and that both butyric acid and probenecid inhibited 25-30% 

of radio label efflux suggested that a secondary transport system, probably an organic 

anion-carrier, that is energised by the proton motive force, was involved in the efflux 

ofM-DCA from soybean roots. In view of this, it is perhaps surprising that no effect 

was seen with vanadate, which would be expected to inhibit the plasma membrane 

H+-ATPase and hence reduce the trans-plasma membrane proton gradient. 

3.3. Discussion 

The aim of this chapter was to determine the metabolic fate of DCA in intact 

soybean plants and to carry out preliminary transport studies. To do so, 

hydroponically-grown soybean plants were treated with [UL- 14C]-DCA and the 

identity and distribution of [UL- 14C]-DCA metabolites studied (figures 3.2 and 3.3). 

The results obtained here differed quantitatively and qualitatively from previously 

published data. After 48 h treatment, Beckers et al. (1994) reported 58.8 % 

radioactivity in the medium and 3 7.3 % in the soybean plants (Glycine max L. var. 

Harosoy 63); our results were lower (48.6% and 27.8 %, respectively), which may 

be due to the fact that the recovery of radioactivity in the experiment reported here 

was only 80 %. This loss of radio label may be due the volatilisation of DCA, either 

because of the continuous aeration of the medium or because of plant transpiration. 

The distribution of radioactivity translocated to the plants and the identity of the 

metabolites were also different. In the present study, after 3.5 d treatment with 

radiolabelled DCA (figure 3.2.C), about 90 % radioactivity present within the plant 

was located in the roots. Very little radiolabel was translocated to the shoots and 

most of this was located in the newly-formed leaves (figures 3.1 and 3.2.C). Bearing 

this in mind and the fact that the activity of neither DCA-N-MT nor DCA-N-GT is 

high within soybean shoots (table 3.3), it can be hypothesised that the translocation 

of DCA-metabolites to the shoots is not an important detoxification mechanism in 

soybean var. Chapman. Surprisingly, Beckers and co-workers (1994) obtained very 

different results. They grew soybean plants hydroponically and treated them with 

radiolabelled DCA. After 48 hand 120 h, the plants and media were analysed. At 48 

h, they found only 50 % radioactivity in the roots and 27 % in the shoots. After 5 d, 
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the radio label present in the roots had decreased to 25.7 % and 3 9 % had 

translocated to the shoots. Moreover, the proportion of bound residues reported 

(23.5 % and 35.2 % after 48 h and 5 d, respectively) was much higher than that 

obtained here (approximately 10 %, figure 3.4). This suggests that the translocation 

of DCA metabolites to the shoots and their partial integration into bound residues is 

an integral part of DCA detoxification mechanisms in soybean (var. Harosoy 63). 

Consequently, it appears that even within one plant species, DCA metabolism can 

take very different routes. 

Differences in the identity of DCA metabolites were also observed. 

Generally, Bockers and co-workers (1994) detected high proportions of glucosyl

conjugates in every organ studied whereas in this study, M-DCA was the major 

conjugate synthesised. According to their results, G-DCA and M-G-DCA 

represented 27.3 % and 10.5 % of the radioactivity in their plants, but the levels of 

these conjugates were very low if not absent in our system. Schmidt and co-workers 

(1995) have reported a strong correlation between the distribution and identity of 

DCA metabolites and the occurrence of the respective transferase enzymes. 

Accordingly, the absence of these glucosyl-conjugates could be explained by the 

very low DCA-N-OT activity in the roots of the soybean (var. Chapman) utilised for 

the current experiments (table 3.3). Consistent with the fact that M-DCA was the 

major metabolite found in both the nutrient medium and soybean roots during [UL-

14C]-DCA metabolism (table 1), DCA-N-MT activity was highest in the roots (table 

3.3), suggesting the importance of DCA-N-MT in the detoxification of DCA by 

soybean (var. Chapman). 

After DCA-treatment, two major metabolites were detected within soybean 

roots and were identified as the parent DCA and its malonyl-conjugate (table 3.1). 

Surprisingly, the quantity of these metabolites did not vary much from 30 min to 48 

h, suggesting a steady-state was reached between import, conjugation and export. At 

this stage, DCA and M-DCA represented approximately 70 % and 20 % of 

radioactivity in roots, respectively. As for the bound residues, their level reached a 

plateau after 8 h, which was consistent with previously published data (Schmidt, 

1999). 

Many conjugates of xenobiotics and natural products are stored in the 

vacuole or incorporated, possibly via a multi-step route, into the cell wall. For 

example, malonyl-conjugates of natural products, such as the ethylene precursor 1-
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aminocyclopropane-1-carboxylic acid, the isoflavone phytoalexin medicarpin, or 

degradation metabolites of chlorophyll, are known to be compartmentalised within 

the vacuole (Yang and Hoffman, 1984; Barz and Mackenbrock, 1994; Hortensteiner, 

1998). Other non-malonylated conjugates of xenobiotics are believed to be 

translocated either into the vacuole (soluble conjugate) or into the apoplast, and 

bound to pectin, hemicellulose or lignin intermediates (insoluble conjugates, also 

known as bound residues) (Sandermann et al., 1997). Here, it was shown that the 

malonylated conjugates of DCA were predominantly transported out of the root cell 

and only a small portion was present within the root cell (table 3.1). The export of 

M-DCA from the cell was also observed in studies utilising suspension-cultured 

cells of soybean and carrot (Winkler and Sandermann, 1989; Schmidt et al., 1994) 

but is in contrast with the general dogma that xenobiotics are compartmentalised 

either within the vacuole or the apoplast. However, the intracellular localisation of 

M-DCA was not studied and therefore, its partial transport into the vacuole cannot 

be excluded. 

The uptake and transport of compounds by plants depends on the 

lipophilicity (log Kow) and the acid strength (pKa) of the particular chemicals. A 

highly lipophilic molecule partitions more readily into biological membranes and the 

higher its acid strength, the less likely the molecule will be ionised (it is more 

difficult for an ionised molecule to partition through biological membranes). DCA 

has a pKa of about 4, which means that as a weak base, it is not greatly protonated at 

pH values above or equal to 6 and thus can be considered as unionised. With a log 

Kow = 2.69, DCA has a medium lipophilicity and thus would partition into 

membranes easily and be transported in xylem without difficulty. This data is in 

accordance with the results presented here. 

The results obtained from the study of DCA metabolism in soybean (figures 

3.5 and 3.6) suggested that within 30 min, DCA was taken up by the roots, 

conjugated to a malonyl-group and the conjugate released into the external medium. 

This requires: (1) a rapid uptake of [UL- 14C]-DCA by soybean roots. This is highly 

likely since log Kow for DCA is 2.69. (2) A highly active DCA-N-MT, which was 

indeed observed (12,000 pkat g-1
, table 3.3) and (3) a transport system for the export 

ofM-DCA. Since M-DCA is more hydrophilic than DCA, it is very unlikely that the 

conjugate could diffuse passively across the plasma membrane, back into the 

external medium. Furthermore, M-DCA is a weak acid (for its chemical structure, 
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see equation 1. 7). The pKa of M-DCA can be estimated as follows (Perrin et a/., 

1981 ): pKa of acetic acid is 4. 7; this must be adjusted due to the presence of a 

CONH2 group that increases the acid strength, hence 1.1 must be subtracted. 

Therefore, the pKa for M-DCA approximates 3.6. Since the resting pH of plant 

cytosol is around 7.4 (Ryan and Walker, 1994), according to equation 3.1, over 99% 

of the malonyl-conjugate would be dissociated to its anionic form, which in the 

absence of specific transporters would be retained within the cytoplasm due to ion 

trapping (figure 3.11 and Oparka, 1991; Sterling, 1994; Bromilow and Chamberlain, 

1995). 

pH = pKa + log[A] 

[HA] 

(Equation 3.1) 

Where HA is the undissociated acid and A- is the dissociated, anionic form. 

However, since the M-DCA concentration should be higher within the roots 

than in the medium (due to the large medium volume utilized in efflux experiments), 

one might argue that a very minor portion of unionised M-DCA could travel 

passively out across the plasma membrane, down its concentration gradient. The 

inhibitor experiment (figure 3.1 0) suggested that this is unlikely. Firstly, azide 

inhibited efflux by 10 %, suggesting a requirement for ATP. Azide does not 

completely deplete A TP in roots, since the alternative oxidase operates in anoxic 

conditions when the mitochondrial F 1-A TPase is inactive. A treatment of 

salicylhydroxamic acid (SHAM) and cyanide has been shown to deplete root A TP 

completely (Blatt et a/., 1990) and might be expected to have a greater effect on 

efflux. Secondly, butyrate inhibited efflux by 30 %. Since butyrate decreases the 

cytoplasmic pH, the proportion of unionised M-DCA should be greater than at 

normal physiological pH; as a consequence, one would expect M-DCA efflux to 

increase, had passive diffusion been occurring. Since this was not observed, the 

possibility of a passive release of M-DCA through the plasma membrane can 

probably be ruled out. However, this result is not conclusive since the effect of 

butyrate on DCA-N-MT was not investigated. Nevertheless, it seems very likely that 

an efficient transport system is required for the efflux ofM-DCA. 

74 



Apoplast 
pH = 5.5 

Plasma 
membrane 

Cytoplasm 
pH = 7.4 

HA 

Figure 3.11: Accumulation of weak acids within cells, by ion trapping. 

Weak acids cross the plasma membrane more readily in their unionised form AH, 

than in their anionic form A-. In high pH compartments, weak acids are ionised to 

their anionic form A". Because A- is more polar than its undissociated form AH, and 

because of its negative charge, it is unable to diffuse across the plasma membrane 

and therefore accumulates within the cytoplasm. Similarly, weak acids are exluded 

from the vacuole (pH < 5.5) by ion trapping in the cytoplasm. 
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In plants, several classes of transport systems can mediate the removal of 

toxic compounds from the cytoplasm, and detoxification can occur via at least two 

routes: export across the plasma membrane or sequestration in the vacuole. In recent 

years, vacuolar compartmentation has been most intensively studied and ABC

transporters were found to be involved in the vacuolar sequestration of negatively 

charged xenobiotic or natural metabolites whereas secondary transport systems are 

generally involved in the transport of both xenobiotic and endogenous glucosides. 

Plasma membrane efflux systems for endogenous metabolites and toxic compounds 

are much less well characterised but it is plausible that similar classes of transporters 

are involved. In fact, ABC-transporters of the MDR P-glycoprotein subfamily have 

been implicated in the effiux of both cytotoxic drugs (Thomas et al., 2000) and 

auxins (Gaedeke et al., 2001; Noh et al., 2001) and PDR5 subfamily members have 

been shown to mediate the secretion of antifungal terpenoids (Jasinski et al., 2001; 

van den Brule et al., 2002). Since M-DCA is an organic anion, it might have been 

expected to be transported by the systems that accept xenobiotics and natural 

glucuronides. However, the results obtained here (section 3.2.3.2) provide 

preliminary evidence that a secondary transport system energised by the proton 

motive force, probably an organic anion-carrier, was involved. Time constraints 

prevented this observation from being followed up. In order to investigate the efflux 

mechanisms further, future experiments could include: first, a greater range of 

inhibitors and secondly, dose-response to inhibitors, as the concentrations used for 

this study were those normally applied to cell cultures. In fact, although the 

metabolism of DCA was studied using whole plants, it appears that the utilisation of 

single cells, protoplasts or vacuoles would have been valuable in order to investigate 

more precisely the transport mechanisms of DCA metabolites. Protoplasts, plant 

cells whose cell wall was removed, represent particularly good systems for the study 

of transport across the plasma membrane and would allow a greater reproducibility 

than that obtained with whole plant systems, mainly due to plant-to-plant variations. 

However, in order to eliminate energy-driven transport systems in other membranes 

and organelles (e.g. tonoplast, mitochondria, chloroplasts), studies using plasma 

membrane vesicles would be more appropriate. This latter approach does 

nevertheless present one fundamental limitation: many xenobiotic metabolites are 

sequestered in the vacuole and it is possible that M-DCA may be transported into 

this compartment. Therefore, to obtain information about each of the step of DCA 
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metabolism, the utilisation of both plasma membrane and tonoplast vesicles would 

be necessary. 

The cross-feeding study presented in section 3.2.6.1 was designed to study 

the potential uptake of the DCA metabolites released by Arabidopsis and soybean 

roots. Figure 3.9 suggested that a small proportion of the DCA metabolites might be 

taken up by both plant species and possibly metabolised. However, both the uptake 

and re-export of conjugates synthesised in planta would require transporters and the 

input of energy, and would constitute a futile cycle for the plant. It seems more 

likely that M-DCA could diffuse from the growth medium into the apoplast, without 

re-entering the root symplast. Ideally, an uptake experiment using pure radiolabelled 

M-DCA and G-DCA would have been carried out but these were not readily 

available in sufficient quantities. 

3.4. Summary 

When the radiolabelled xenobiotic DCA was added to hydroponically-grown 

soybean plants, the toxic compound entered the roots passively and was rapidly and 

efficiently conjugated to a malonyl residue and released into the surrounding 

environment. The possible involvement of a pH-dependent organic anion-transporter 

was raised but a good deal of further work is necessary to support this. Some 

radiolabel was retained within the plant, mostly in the roots, both as soluble and 

non-extractable residues. The same general detoxification mechanism was observed 

in Arabidopsis thaliana, with a glucosyl-conjugate being the major exported 

compound although a small amount of M-DCA was also formed and exported. The 

detoxification routes for both soybean and Arabidopsis could be related to the 

relative activities ofDCA-N-MT and DCA-N-GT within these plants. 
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Chapter 4 

PuJrificatiolll of JDCA-N~MT from soybean roots 

4.1. Hntroduction 

In chapter 3, the formation and export of an N-malonyl conjugate was 

confirmed as the major metabolic fate of DCA in soybean. In order to learn more 

about DCA metabolism, it was decided to isolate and purify DCA-N-MT. Although 

there have been attempts to purify DCA-N-MT (Matern eta/., 1984; Sandermann et 

a!., 1991), the molecular identity of this enzyme is currently unknown. Moreover, it 

is not clear to which protein family DCA-N-MT belongs and, since a facile genetic 

screen for the identification ofDCA-N-MT was not available, a method based on its 

biochemical properties had to be adapted. 

A purification scheme for DCA-N-MT has been reported for soybean 

suspension culture cells (Sandermann et al., 1991). Therefore, it was decided to 

modify this protocol with the aim of purifying DCA-N-MT, in order to obtain 

peptide sequence data. As a first step, a robust and rapid assay was developed to 

monitor DCA-N-MT activity throughout the purification scheme. 

4.2. Results 

4.2.1. Development and optimisation ofDCA-N-MT assay 

Thin layer chromatography (TLC) and high performance liquid 

chromatography (HPLC) combined with the utilisation of radiolabelled substrates 
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are techniques commonly used to assay enzyme activities during the metabolism of 

xenobiotics, but they are time consuming and can be expensive. In contrast, 

spectrophotometric assays are often simple, fast and cheap. Therefore, a coupled 

spectrophotometric assay was devised. Since DCA-N-MT catalyses the transfer of a 

malonyl group from malonyl-CoA onto DCA with the release of a CoA molecule 

(equation 1. 7), the release of Co A could be determined using the reaction catalysed 

by a-ketoglutarate dehydrogenase (kDHase) which, in the presence of a

ketoglutarate and NAD leads to the production ofsuccinyl-CoA and ofNADH2. The 

production ofNADH2 can be detected at 340 nm. However, a preliminary attempt to 

devise a coupled spectrophotometric assay based on these two reactions was 

unsuccessful. Therefore, it was decided to develop a radiometric assay, based on that 

published by Sandermann eta!. (1991). 

~CI 
Cl 

+ 

0~ ,...OH 

;'c-CHr-C~:-coA D_C_A_-_N_-M___.T H ~C I C H,+-C ~~ASH 
Cl 

3,4-Dichloroaniline Malonyl-CoA M-DCA 

(Equation 1. 7) 

4.2.1.1. Basis for DCA-N-MT assay 

Sandermann and co-workers (1991) used the incorporation of radio labelled 

DCA to assess DCA-N-MT activity in plant extracts. The reaction was performed in 

100 mM potassium phosphate buffer, pH 6.5, containing 205 J...LM [UL- 14C]-DCA, 1 

mM cold M-CoA and enzyme extract, in a final volume of 200 J...Ll. The reaction was 

incubated at 40 °C for 40 min, stopped with the addition of 5 J...Ll glacial acetic acid 

and the radioactive conjugate was extracted with 200 J...Ll ethyl acetate. The 

compounds present in the solvent were then separated by TLC and radioactivity was 

detected and quantified by a linear TLC analyser (a schematic diagram is shown in 

figure 4.1). 
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Figure 4.1: Principle of 3,4-Dichloroaniline- N-malonyltransferase assay. 
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3,4-Dichloroaniline (DCA) and [2-14C]-Malonyl-Coenzyme A (*M-CoA) were mixed with enzyme extract and incubated at 40°C, for 40 min. 

The reaction was stopped with glacial acetic acid and malonyl-3,4-dichloroaniline was extracted in ethyl acetate, which was either spotted on a 

thin layer chromatography (TLC) plate or added to liquid scintillation counting (LSC) cocktail. Radioactivity was then quantified. 



For this project, the assay was carried out with the following modifications: 

(a) Both [UL- 14C]-DCA and [2-14C]-M-CoA were tested as the source ofradiolabel, i.e. 

[2- 14C]-M-CoA was used (fmal concentration of 19 I..LM, 200 nCi) with unlabelled DCA 

(205 I..LM) and [UL- 14C]-DCA (55 I..LM, 0.25 !lCi) was used in conjunction with 150 I..LM 

unlabelled DCA and 100 I..LM unlabelled M-CoA (see reaction in equation 1.7). 

(b) A proportion of the radio label was replaced with unlabelled compound in order to 

reduce the cost of the assay, since many assays were required to monitor protein 

purification. 

(c) All the preliminary experiments were performed using TLC (section 4.1.2). 

Initially, the identity and purity of reaction products were studied using a TLC linear 

analyser. However, this had the limitation that counting efficiency is only 10 % of the 

actual counts. By comparison, liquid scintillation counting (LSC, section 4.1.3) is a 

more sensitive technique and is also easier to perform, less time-consuming and more 

reproducible, since the ethyl acetate fraction is directly mixed with the liquid 

scintillation cocktail and the radioactivity quantified. The assay was therefore modified 

in several stages, to permit the quantification ofM-DCA by LSC. 

4.2.1.2. Qualitative analysis of the reaction products by TLC 

In order to use LSC to measure DCA-N-MT, the reaction products must not be 

contaminated with radiolabelled substrate or by-product. Therefore, the ethyl acetate 

extracted reaction products were analysed by TLC and co-chromatographed with 

chemically synthesised M-DCA (section 2.1.3). Since this M-DCA standard was 

unlabelled, but absorbs UV light at 3 54 nm, the Rf values of radioactive peaks detected 

by the linear analyser were compared to those detected under UV light. In these 

experiments, the radiolabelled substrate employed was [2-14C]-M-CoA. Two solvent 

systems were tested to optimise resolution and sample identification. 
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4.2.1.2.1. Solvent system 1 

Solvent system 1 consisted of n-butanol/acetic acid/ water (8/1/1, v/v/v; Matern 

et al., 1984). Co-chromatography of the samples with chemically synthesised M-DCA 

demonstrated that the conjugate had an Rf value of 0.92. A typical chromatogram 

obtained with solvent 1 is presented in figure 4.2.A. When a single radioactive peak was 

expected, two overlapping peaks were detected, at around Rf = 0.92. This observation 

may be due to the presence of acetic acid in the solvent mix, which caused the partial 

hydrolysis of the malonylated conjugate during the TLC migration (Winkler and 

Sandermann, 1992). Since M-DCA absorbs UV light, a photograph of the TLC plate at 

354 nm was taken and clearly showed that solvent 1 gave a poor separation of the 

compounds throughout the plate (figure 4.2.B). Indeed, most molecules were taken all 

the way up to the front of the solvent. A second solvent system was therefore tested. 

4.2.1.2.2. Solvent system 2 

Solvent system 2 consisted of ethyl acetate/propan-2-ol/water (63/23/11, v/v/v; 

Sandermann et al., 1991). The chromatogram obtained (figure 4.2.C) revealed a single 

peak (Rf = 0.34) corresponding to M-DCA (figure 4.2.D). Because the conjugate 

migrated in the first third of the plate, it was properly separated from other compounds 

(figure 4.2.D). Solvent system 2 was consequently applied to future experiments. 

4.2.1.2.3. Choice of radio label 

It was necessary to ensure that the radioactivity detected by LSC originated 

solely from the product of interest, i.e. M-DCA. Both [2- 14C]-M-CoA and [UL- 14C]

DCA were tested as radioactive substrates for DCA-N-MT assay. The chromatograms 

obtained are shown in figure 4.3. A single radioactive peak, corresponding to M-DCA, 

was detected when [2-14C]-M-CoA was utilised (figure 4.3, panel A). When [UL-14C]

DCA was used, two peaks were detected: one at Rf = 0.34, the other at Rf = 0.76, 

corresponding to M-DCA and DCA respectively (figure 4.3, panel B), demonstrating 
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Figure 4.2: Assessment of two solvents for the separation of DCA-N-MT reaction 

products by TLC. 

DCA-N-MT assay was performed with cold DCA and radiolabelled M-CoA. The 

reaction products were extracted with ethyl acetate and separated by TLC. A and C: 

chromatograms obtained from a TLC plate linear analyser. B and D: photographs of 

TLC plates taken under UV light (354 run). A and B: Separation with solvent 1 (n

butanol:acetic acid:water; 8:1:1) led to the detection of 2 peaks, around Rf = 0.92. C 

and D: Separation with solvent 2 (ethyl acetate:propan-2-o1:water; 63:23:11) led to a 

single radioactive peak, at Rf= 0.34. 
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DCA-N-MT assay was performed with either [2-14C]-malonyl-CoA or [UL-14C]-3,4-

dichloroaniline as the source of radiolabel, as described in section 4.2.1.1. Reaction 

products were extracted with ethyl acetate and analysed by TLC, in solvent 2 (ethyl 

acetate:propan-2-ol:water; 63 :23: 11). Radioactivity was detected using a linear 

analyser. Note the different scale on the y-axes. Panel A: [2- 14C]-malonyl-CoA was 

utilised as the radiolabelled substrate. A single, significant radioactive peak was 

detected at Rf = 0.34, corresponding to N-malonyl-3,4-dichloroaniline. Panel 8: [UL-

14C]-3,4-dichloroaniline was utilised as the radiolabelled substrate. Two radioactive 

peaks were detected at Rf = 0.34 and Rf = 0.76, corresponding to N-malonyl-3,4-

dichloroaniline and [UL- 14C]-3,4-dichloroaniline respectively. 
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the concomitant extraction of the radiolabelled DCA and M-DCA by ethyl acetate. 

Therefore, [2- 14C]-M-CoA was used in all further experiments. 

4. 2.1. 3. Quantitative analysis of the reaction products by LSC 

In order to ensure that the radiometric assay was quantitatively accurate, a 

quench curve was generated to compensate the loss of counts due to the presence of 

ethyl acetate (section 2.3.4.1) and the background reaction was tested. The number of 

counts obtained from reactions with boiled enzyme or without enzyme extract was 

negligible (data not shown), indicating that the radioactivity detected by LSC originated 

solely from the enzymatic synthesis ofM-DCA. 

4.2.1.4. Optimisation of DCA-N-MT assay 

The standard reaction utilised to assay DCA-N-MT activity was performed at 40 

°C, for 40 min, in the presence of DCA and [2-14C]-M-CoA, in 100 mM potassium 

phosphate buffer, pH 6.5. However, preliminary experiments suggested that several 

assay parameters could be optimised. A comprehensive series of experiments was 

therefore conducted to determine the optimal pH, temperature, time, protein 

concentration and buffer conditions. Desalted ammonium sulphate precipitate extract 

from soybean roots was utilised for the optimisation of these assays. 

4.2.1.4.1. Effect oftemperature 

Sandermann et al. (1991) performed their DCA-N-MT assay at 40 oc for 40 

min, conditions under which the enzyme could be partially denatured. To determine 

whether these conditions were optimal, the standard reaction was carried out at 30 °C, 

35 oc and 40 °C, for 40 min, with approximately 50 J.tg protein. DCA-N-MT activity 

was found to be highest at 35 oc (figure 4.4.A). DCA-N-MT assay was thereafter 

performed at 35 °C. 
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Figure 4.4: Effects of temperature, pH and buffer on DCA-N-MT activity in 

soybean roots. 

After DCA-N-MT assay, radioactive compounds were extracted with ethyl acetate and 

quantified by LSC. A. Reaction carried out in the presence of 100 mM potassium 

phosphate buffer, pH = 6.5, with desalted root extract containing 50 11g protein. B. 

Reaction performed at 35 °C, for 2 min, with 0.1 % (w/v) BSA and either 100 mM 

potassium phosphate buffer (pH 6.5) or 100 mM Bis-Tris propane buffer (pH ranging 

from 6.0 to 8.0, with HCl). Desalted root extract containing 25 11g protein was utilised. 
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4.2.1.4.2. Effect of pH and buffer 

The activity of DCA-N-MT was measured in 100 mM potassium phosphate 

buffer at pH 6.5 in the standard reaction. To test the effect of pH and buffer on DCA-N

MT activity, 100 mM Bis-Tris propane (1,3-bis[tris(hydroxymethyl) methylamino] 

propane), within a pH range of pH 6.0-8.0, was used. Bis-Tris propane was chosen 

because of its pKa = 6.8 (at 25 °C), which is very close to the reported optimal pH for 

DCA-N-MT activity (Sandermann et al., 1991). The activity obtained with the 

phosphate buffer and with the Bis-Tris buffer was compared. Approximately 25 J.lg 

protein was utilised and the reaction was performed at 35 oc, for 2 min, in the presence 

of 0.1 % (w/v) BSA. Results showed that the optimal pH to measure DCA-N-MT 

activity in the presence of Bis-Tris Propane was pH 6.5 (figure 4.4.B). Moreover, at this 

pH, the DCA-N-MT activity determined was about 50 % higher than that obtained when 

potassium phosphate buffer was used. It is well known that structurally different buffers 

interact specifically with reaction components (Blanchard, 1984). For example, 

phosphate buffers inhibit many kinases and dehydrogenases as well as 

carboxypeptidase, fumarase and urease. Bis-Tris propane possesses a different structure 

from phosphate which was found to be favourable to the DCA-N-MT assay studied. 

4.2.1.4.3. Effect ofbovine serum albumin (BSA) 

It is generally believed that the presence of additional proteins in an enzyme 

extract will have a protective effect on enzymatic activity. The rationale behind this fact 

is that the additional proteins will buffer the effect of adverse conditions (e.g. protein 

inhibitors, oxidative agents) thus reducing the damage to the enzyme of interest. For this 

experiment, the effect of 0.1 % (w/v) BSA (fmal concentration) on DCA-N-MT activity 

was studied, using desalted root extract with and without BSA. The reaction was carried 

out in 0.1 M Bis-Tris Propane buffer, pH 6.5, at 35 °C, for 5 min. The presence of 0.1 % 

BSA increased the enzymatic activity measured by up to 3-fold (figure 4.5). 
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Figure 4.5: Effect of 0.1 % (w/v) bovine serum albumin (BSA) on DCA-N-MT 

activity in soybean roots. 

Assay was conducted at 35 oc for 5 min, with 100 mM potassium phosphate buffer, pH 

6.5. The radioactive compounds were extracted with ethyl acetate and quantified by 

LSC. 
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4.2.1.4.4. Linearity ofthe assay 

The protein and time dependence of the DCA-N-MT assay were studied, to 

determine the conditions necessary for the assay to be linear. Based on the results 

presented above, the basic assay was modified. The reaction was thereafter carried out 

at 35 °C, in 100 mM Bis-Tris propane, pH 6.5, with 0.1 % (w/v) BSA. Under these 

conditions, the assay was linear for 5 min, with ~ 0.2 mg protein mr1
, when soybean 

root extract was used (figure 4.6). In the case of soybean suspension-cultured cells, the 

assay was linear in the same conditions, but only up to 0.1 mg protein mr1 (figure 4.7). 

Since DCA-N-MT activity is much higher in cell cultures than in roots (section 5.2), 

this observation was expected. 

4.2.2. Purification procedure 

Since a partial purification procedure had been published, it was used as a 

starting point for the present study. Using suspension-cultured soybean cells as starting 

material, Sandermann and co-workers (1991) used a six-step scheme and obtained a 74-

fold purification of DCA-N-MT, with a 10 % yield. First, the cells were frozen in liquid 

nitrogen and ground to a powder using a mortar and pestle and 1.5 (v/w) buffer 1 (200 

mM Tris-HCl, pH= 7.5, 2 mM MgCh, 2 mM DTT, 1 mM PMSF) was added. The 

extract was then filtered through Miracloth and the filtrate was cleared by 

centrifugation. Step 2: proteins in the supernatant thus obtained were precipitated with 

finely powdered ammonium sulphate. Proteins precipitated between 35-80 % (w/v) 

were desalted on a Sephadex G-25 column, in buffer 2 (20 mM Tris-HCl, pH= 7.5, 2 

mM MgCh, 2 mM DTT, 1 mM PMSF). Step 3: the desalted solution was applied to a 

DEAE-Sepharose column and elution was with 2 linear gradients, one between 0 and 

400 mM NaCl in buffer 2 and the other with 400 mM to 2M NaCl in buffer 2. Active 

fractions eluted between 200 and 400 mM NaCl were concentrated with 80 % (w/v) 

ammonium sulphate and re-dissolved in a small volume of buffer 1. Step 4: protein 

extract was applied to a Sephadex G-100 column for a gel permeation chromatography. 

The active fractions were concentrated with 80 % (w/v) ammonium sulphate andre-
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Figure 4.6: Linearity of DCA-N-MT assay, with respect to protein concentration 

and time. 

DCA-N-MT assay was performed at 35 °C, in 100 mM Bis-Tris propane buffer, pH 6.5, 

with desalted soybean root extracts. The reaction was carried out for 5 min (A) while 

the protein concentration was varied and (B) with 0.2 mg mr1 protein, while the 

incubation time was varied. The radioactive compounds were extracted with ethyl 

acetate and quantified by LSC. 
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Figure 4.7: Linearity of DCA-N-MT assay with cultured cell extract, with respect 

to protein concentration and time. 

DCA-N-MT assay was performed at 35 °C, in 100 mM Bis-Tris propane buffer, pH 6.5, 

with desalted soybean suspension cultured cell extracts. The reaction was carried out 

for 5 min (A) while the protein concentration was varied and (B) with 0.1 mg ml-1 

protein, while the incubation time was varied. The radioactive compounds were 

extracted with ethyl acetate and quantified by LSC. 
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dissolved in a small volume ofbuffer l. Step 5: protein extract was applied to a phenyl

Sepharose CL-4B column and elution was with a linear gradient of 0-60 % ethylene 

glycol in buffer 1. Active fractions came through the column directly and proteins were 

concentrated by precipitation with 75 % (w/v) ammonium sulphate, re-dissolved in 

buffer 3 (100 mM potassium phosphate, pH= 6.5) and dialysed overnight against buffer 

3. Step 6: the protein solution was applied to a gel permeation Ultrogel AcA 54 column 

in buffer 3 and DCA-N-MT eluted with an apparent molecular weight of 48,000. 

Based loosely on this protocol, two 6-step purification schemes were developed 

(figure 2.3) which led to an overall 400-fold purification and 1.7 % yield. In order to 

reduce the possibility of protein degradation and inactivation, Sephadex G-25 columns 

were used to desalt protein extracts, in place of the overnight dialysis favoured by 

Sandermann and co-workers. 

4.2.2.1. Choice of starting material 

A range of plant material was tested to determine the best source of soybean 

DCA-N-MT for purification. However, this was performed before the DCA-N-MT 

assay was completely optimised. Thus the reaction mixture consisted of crude root and 

cell extracts (5 ~g and 3 ~g protein, respectively), with 205 ~M DCA, 19 ~M [2-14C]

malonyl-coA and 0.1 % BSA in 100 mM potassium phosphate, pH 6.5, to a final 

volume of200 ~1. The reaction was performed at 35 °C for 2 min. 

DCA-N-MT activity in crude cell extracts was measured in 7 to 22 d-old cells. 

During the exponential growth phase (figure 2.1), from 7 d to 16 d, the average DCA-N

MT activity was 235.7 ± 11.7 nkat g-1
, which was 2 to 11-fold higher than that in roots 

of the same age. This value decreased to 163 ± 19 nkat g-1 at 22 d at the end of the 

stationary phase, probably due to the increase in cell death. 

The roots and shoots were analysed separately. DCA-N-MT activity in soybean 

shoots was found, in previous experiments, to be approximately 40-fold lower than that 

in the roots (table 3.3). In the roots, DCA-N-MT activity increased with the age of the 

plant, from 19.9 ± 3.7 nkat g·1 at 7 d to 119.1 ± 15.1 nkat g-1 at 17 d (table 4.1). 

Therefore, it seemed logical to use 17 d-old roots for DCA-N-MT purification. 
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Root age Specific Activity 

(d) (nkat g-1 protein) 

7 19.9 ± 3.7 

11 34.7 ± 3.9 

14 61.7 ± 16.8 

17 119.1±15.1 

Table 4.1: Developmental profile of DCA-N-MT activity in soybean roots. 

Soybean seedlings were grown in vermiculite at 20 oc ( 16 h photoperiod) for up to 17 d. 

At different ages, proteins were extracted from the roots, as described in section 2.4.1. 

DCA-N-MT activity was determined as described in section 2.3.8.1, except that the 

assay was performed at 35 °C, for 2 min. Values represent means± standard deviation 

ofthree replicates. 
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However, it proved very difficult to rinse vermiculite from older roots, as 

opposed to younger ones. A compromise between the age of the roots utilised, and thus 

their level of DCA-N-MT activity, and the contamination of the starting material with 

vermiculite had to be reached. Eventually, it was decided to attempt DCA-N-MT 

purification using 14 d-old soybean roots. Although suspension cultures were the richest 

source ofDCA-N-MT activity, it proved difficult to grow sufficiently large quantities of 

cells. 

In order to assess the future possibility of using the wide range of Arabidopsis 

genomic resources to identify and isolate the gene(s) encoding DCA-N-MT, crude 

protein extracts from Arabidopsis plants and tissue cultures were tested for DCA-N-MT 

activity. No DCA-N-MT activity was detected in extracts from mature, whole plants 

and roots. Very low activity was detected in suspension cultured cells (98 pkat g-1
) and 

in root cultures (52 pkat g-1
). The hope that Arabidopsis could represent an alternative 

and easier way of cloning our enzyme of interest, DCA-N-MT, was therefore 

abandoned. 

4.2.2.2. Purification procedure 1 

4.2.2.2.1. Crude extracts 

Crude protein extracts were obtained from soybean tissue following the protocol 

published by Sandermann eta/., 1991 (described in section 2.4.1). This crude extract 

being very dilute, the proteins were concentrated by ammonium sulphate precipitation. 

A flow chart of the purification steps is given in figure 2.3. To determine the optimal 

range of ammonium sulphate to use, i.e. that which yields the highest DCA-N-MT 

activity with the smallest amount of contaminating protein, proteins were precipitated 

with 10-80 % saturation ammonium sulphate ( 10 % stepwise increase). After each 

precipitation, the protein concentration and DCA-N-MT activity were assessed and 

expressed as the percentage of total protein and DCA-N-MT activity recovered. As 

shown in figure 4.8, approximately 96 % DCA-N-MT activity and 84 % protein were 

recovered between 40-70 % ammonium sulphate saturation. Below 40 %, approximate-
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- DCA-N-MT activity 
c:=::J Protein 

Figure 4.8: Recovery of DCA-N-MT during ammonium sulphate precipitation. 

Proteins in crude root extracts were precipitated with increasing amounts of finely

powdered ammonium sulphate (10 % saturation, stepwise gradient). At each step, the 

precipitated protein was analysed for protein content and DCA-N-MT activity as 

described in sections 2.4.4 and 2.3.8.1, respectively. The protein content and DCA-N

MT activity at each step were expressed as the percentage ofthe total protein and DCA

N-MT activity recovered during the experiment. 
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ly 3% DCA-N-MT activity was recovered, with 10% protein. Above 70% ammonium 

sulphate, these figures changed to 1 % and 6 %, respectively. Following these 

observations, ammonium sulphate precipitation was carried out between 40 % and 70 

%. The resulting pellet was desalted using a Sephadex G-25 column (PD10 column, 

Amersham Biosciences). At this stage, a 1.2-fold purification of the enzyme of interest 

was observed. This value was consistent with data published by Sandermann and co

workers (1991), who used 35-80% (w/v) ammonium sulphate. 

4.2.2.2.2. Centricon filters 

Centricon filters were used to concentrate protein extracts after desalting the 

ammonium sulphate precipitate and in order to achieve crude size exclusion. In practice, 

desalted extract was filtered through the Centricon filter with the higher cut-off point 

(100 or 50 kDa) and the filtrate was filtered a second time on a filter with a lower cut

offpoint (50 or 30 kDa). Combinations offilters with various cut-off points (30, 50 and 

100 kDa) were tested. Unfortunately, the results obtained were not reproducible 

therefore, proteins retained between 30 and 100 kDa were used to ensure that most of 

the DCA-N-MT was recovered. Although this step allowed a three-fold enzyme 

purification, it retained only 6% of the initial DCA-N-MT activity (see below). 

4.2.2.2.3. Ion exchange chromatography 

Following the protocol of Sandermann and co-workers (1991), an ion exchange 

step employing a diethylaminoethyl (DEAE) anion-exchanger was tested. Protein 

extracts were loaded onto this DEAE-Sepharose column in a low salt buffer (pH 7 .5) 

and were eluted with a NaCl step gradient in the same buffer, containing from 0 to 450 

mM NaCl (figure 4.9.A). The peak ofDCA-N-MT activity was eluted between 150 and 

200 mM NaCl. Consequently, in subsequent experiments, the elution range was 

narrowed to 100-300 mM NaCl, with the gradient incrementing by 50 mM NaCl with 

each step. Most DCA-N-MT activity was eluted with 200 mM NaCl (figure 4.9.B). This 
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Figure 4.9: Elution profile of DCA-N-MT from a DEAE-Sepharose column. 

Soybean root protein extract concentrated on Centricon filters was applied to a DEAE

Sepharose column, in 20 mM Tris-HCl, pH 7.5, 2 mM MgCh, and eluted with a 

stepwise NaCl gradient in the same buffer, at 4 ml min-1
. One ml fractions were 

collected. The protein content of each fraction was assessed by spectrophotometry at 

280 nm and DCA-N-MT assay was as described in section 2.3.8.1. A. In initial 

experiments, an elution gradient of 0-450 mM NaCl in buffer was applied. B. In later 

experiments, a more narrow elution gradient of 100-300 mM NaCl in buffer was 

applied. 
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ion exchange chromatograph allowed a six-fold purification of DCA-N-MT and an 

overall 20-fold purification was achieved, which was surprisingly high compared to the 

2.6-fold purification reported by Sandermann and co-workers (1991). The difference 

between these values could possibly be explained by the broad activity peak (between 

200 and 400 mM NaCI) that they pooled, compared to the relatively sharp elution peak 

obtained here, at 200 mM NaCl (figure 4.9.B). 

4.2.2.2.4. Hydrophobic interaction chromatography 

After DEAE-Sepharose, Sandermann and co-workers (1991) used a gel filtration 

step in the form of a Sephadex G-1 00 column. Since a crude size exclusion step had 

already been introduced early on in this purification scheme, with the Centricon filters, 

a gel filtration step was omitted and active fractions obtained from the DEAE

Sepharose column were directly loaded onto a Phenyl-Sepharose column. Sandermann 

and co-workers (1991) applied their protein extract in a buffer containing no salts, 

which is probably why the enzyme of interest did not bind to the phenyl-Sepharose 

column and was rinsed off directly. Consequently, to promote the binding of DCA-N

MT by hydrophobic interaction, a buffer containing 15 % (w/v) ammonium sulphate 

was used as starting buffer. Proteins were subsequently eluted with buffer containing 

decreasing amounts of salts. The peak of DCA-N-MT activity was eluted with buffer 

without salt (figure 4.10). This hydrophobic interaction chromatography allowed a six

fold purification and an overall 100-fold purification ofDCA-N-MT was achieved (see 

below), which was more than two-fold better than the published data (Sandermann et 

al., 1991). 

4.2.2.2.5. Dye-ligand chromatography 

A dye-ligand chromatography step was added after the hydrophobic interaction 

chromatography in order to increase the purification of DCA-N-MT. Assuming that a 

dye specific for our enzyme of interest could be found, dye-ligand chromatographies 

could theoretically achieve as good a purification as a conventional affmity column 
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Figure 4.10: Elution profile of DCA-N-MT from a phenyl-Sepharose column. 

Active fractions eluted from DEAE-Sepharose chromatography were applied in 15 % 

(w/v) ammonium sulphate, in start buffer (20 mM Tris-HCl, pH= 7.5, 2 mM MgCh). 

Proteins were eluted with buffer containing decreasing amounts of ammonium sulphate 

and then with double-distilled water. Flow rate: 1 ml min- 1
• One ml fractions were 

collected. The protein content of each fraction was assessed by spectrophotometry at 

280 nm and DCA-N-MT assay was as described in section 2.3.8.1. dpm: disintegration 

per minute. 
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(Stellwagen, 1990). Initially, a series of different dye-columns were screened using 

desalted ammonium sulphate precipitate. Protein extracts were loaded onto each 

column, unbound protein was rinsed off with 5 ml buffer, and protein was eluted with 

7.5 ml buffer containing 1 M NaCl. 2.5 ml fractions were collected. According to the 

elution profiles of DCA-N-MT, the dye-columns were separated in two groups (table 

4.2): (1) columns that did not bind DCA-N-MT (known as negative columns) and (2) 

columns that bound DCA-N-MT (known as positive columns). With the exception of 

Blue 4 dye matrix, from which only 35 % DCA-N-MT was recovered, the total DCA-N

MT activity obtained from all the dye-ligand columns was 1.5 to 3.7-fold higher than 

that loaded, suggesting the possible removal of molecules inhibiting DCA-N-MT 

activity. Although most protein was recovered from the negative columns, less than 60 

% protein was recovered from the positive columns, suggesting a strong binding 

between the protein applied and the dye-matrix, and thus a potentially difficult 

regeneration of the columns. The negative column that retained most unwanted proteins 

contained Blue 72 dye whereas the best two positive dye matrices were Cibacron blue 

F3G-A and Green 19. 

The best negative dye, Blue 72, and one of the best positive dyes, Cibacron Blue 

F3G-A, were studied further. Cibacron Blue F3G-A was chosen over Green 19 because 

it had been used for the successful purification of 1-aminocyclopropane-1-carboxylate

N-MT from etiolated mung bean hypocotyls (Guo et al., 1992; Guo et al., 1993) and 

from tomato fruit (Martin and Saftner, 1995), and for the partial purification of D

tryptophan-N-MT from tomato leaves (Wu et al., 1995). Three ml desalted ammonium 

sulphate extract of soybean roots was loaded on both columns, unbound protein was 

rinsed off with 7 m1 buffer and elution was with 8 ml buffer containing 1 M NaCl. One 

ml fractions were collected and assessed for their protein content and DCA-N-MT 

activity. 73.9 % DCA-N-MT activity and 46.6 % of protein was eluted with the 

Cibacron Blue F3G-A column (figure 4.11). With Blue 72, the corresponding values 

were of 89 % and 73 %, respectively. Therefore, Cibacron Blue F3G-A column was 

chosen as the dye-ligand chromatography step. Note that first, more than 60% DCA-N

MT activity and 28 % protein were eluted simultaneously from the Cibacron Blue F3G

A column (figure 4.11). This dye-ligand step could therefore allow at least a two-fold 
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Positive dye-columns Blue4 Yellow 3 Blue F3G~A Green 19 

Unbound 17.6 17.8 20.1 19.7 

%protein Eluted 27.4 40.7 34.0 27.2 

Total 45.0 58.5 54.1 47.0 

Unbound 9.2 15.3 20.1 9.1 

%activity Eluted 25.4 135.4 166.1 154.4 

Total 34.6 150.7 186.2 163.5 

Negative dye-columns Red 120 Brown 10 Yellow86 Blue72 Green 5 

Unbound 54.6 75.9 76.0 51.1 52.1 

%protein Buted 24.2 18.1 17.1 47.1 33.6 

Total 78.7 94.0 93.0 98.2 85.7 

Unbound 132.3 292.8 268.9 323.8 334.5 

%actMty Buted 104.3 20.9 17.2 38.2 38.1 

Total 236.6 313.7 286.1 362.1 372.6 

Table 4.2: Comparison of dye-ligand chromatography columns for DCA-N-MT 

purification. 

Desalted root extract (2 mg protein, 0.13 nkat) was loaded onto each column. The 

columns were rinsed with 2 x 2.5 ml buffer (20 mM Tris-HCl, pH 7.5, 2 mM MgCh, 5 

mM DTT) to eliminate unbound proteins ("rinsed off''). Proteins bound to the column 

were then eluted with 3 x 2.5 ml of 1 M NaCl in the same buffer. 2.5 ml fractions were 

collected and assessed for protein content and DCA-N-MT activity. Positive columns 

are defmed as those which bind DCA-N-MT and negative ones as those which do not. 

Figures are given as percentages of the initial protein dose and DCA-N-MT activity 

loaded. 
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Figure 4.11: Elution of DCA-N-MT from dye-ligand columns. 

Desalted root extract (7 .5 mg protein, 0.38 nkat, in 3 ml) was loaded onto a Cibacron 

Blue F3G-A (A) or a Blue 72 column (B). The columns were rinsed with 7 ml buffer 

(20 mM Tris-HCl, pH 7.5, 2 mM MgCh, 5 mM DTT). Proteins were eluted with 1 M 

NaCl in the same buffer. One ml fractions were collected and assessed for their protein 

content and DCA-N-MT activity. Figures are given as percentages of the protein dose 

and DCA-N-MT activity loaded. 
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purification. Secondly, the results obtained here differ from those presented in table 4.2. 

Previously DCA-N-MT activity was up to three-fold higher after its passage through the 

dye-columns. However, when this was repeated, the total DCA-N-MT activity 

recovered from the Cibacron Blue F3G-A and the Blue 72 columns was 103% and 90.4 

%, respectively (figure 4.11). Later experiments showed that it was difficult to 

regenerate these columns, suggesting that had there been a removal of inhibitory 

molecules, this was possibly lost upon the re-utilisation of the columns. Thirdly, as 

mentioned above, the positive dye columns studied bound proteins very strongly, which 

rendered the regeneration of the column very difficult. In fact, when first used, only 54 

% of the protein loaded was recovered from the Cibacron Blue F3G-A. This figure 

increased to 70% in later experiments (figure 4.11) but very rapidly, the column had to 

be replaced with a new one because it had lost its specificity for DCA-N-MT. This was 

likely due to the incomplete regeneration of the matrix, even though the manufacturer's 

protocol was scrupulously followed. 

When the Cibacron Blue F3G-A chromatography was added to the purification 

scheme, Coenzyme A was tested as specific counter-ligand to effect elution of DCA-N

MT but without success (data not shown). A stepwise gradient of NaCl was therefore 

applied for the elution ofDCA-N-MT. The enzyme was eluted between 0.2-0.4 M NaCl 

(figure 4.12). Unfortunately, the protein concentration of the active fraction was too low 

to be detected with the Bradford assay; as a consequence, the specific activity of the 

enzyme could not be determined. The degree of purification at this stage was thus 

estimated on the basis of the preliminary experiments described above. This showed 

that DCA-N-MT could be purified at least two-fold when a loaded on a Cibacron Blue 

column, after a phenyl-Sepharose column, but according to DCA-N-MT elution profile 

of the larger scale Cibacron Blue F3G-A (figure 4.12), the purification of the enzyme 

during this chromatography step should be higher. 
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Figure 4.12: Elution profile of DCA-N-MT from a Cibacron Blue F3G-A column. 

Active fractions obtained from the phenyl-Sepharose column were applied to a 

Cibacron Blue F3G-A column in 20 mM Tris-HCl, pH= 7.5, 2 mM MgCh, and eluted 

with a stepwise gradient of NaCl in the same buffer, at 4 ml min-1
• One ml fractions 

were collected. The protein content of each fraction was assessed by spectrophotometry 

at 280 nm and DCA-N-MT assay was as described in section 2.3.8.3. Dpm: 

disintegrations per minute. 
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4.2.2.2.6. Assessment of purification procedure 1 

A balance sheet for the purification of 17 d-old soybean roots (approximately 

100 g) is given in table 4.3. The utilisation of Centricon filters caused the loss of most 

DCA-N-MT activity (more than 90% of the starting activity). It was therefore crucial to 

eliminate their utilisation. Despite the low loading, there was an overall 20-fold 

purification of the enzyme after the DEAE-Sepharose step. The subsequent hydrophobic 

interaction step led to a further five-fold purification, giving an overall 100-fold 

purification. Unfortunately, there was not enough protein left after the Cibacron blue 

F3G-A chromatography to determine the specific activity of the fraction. Although this 

purification was repeated several times with more starting material, it was not possible 

to obtain enough protein for analysis, probably due to the earlier loss caused by the 

Centricon filters. A final DCA-N-MT purification of at least 200-fold was nevertheless 

estimated, based on preliminary experiments with the Cibacron blue F3G-A column. 

To assess this purification scheme further, the active fractions from the crude extract 

and from the phenyl-Sepharose chromatography were analysed by SDS-PAGE (figure 

4.13). After the phenyl-Sepharose column, 5 bands with apparent molecular weights of 

110, 57, 53, 45, 27 and 20 kDa, appeared to be enriched by the purification. 

Sandermann et a/. (1991) extracted a DCA-N-MT from suspension-cultured soybean 

cells and reported the enzyme to be monomeric, with a molecular weight of 48 ± 3 kDa, 

as determined by gel permeation chromatography and under denaturing conditions 

using SDS-PAGE. Another DCA-N-MT from peanut leaves and hypocotyls was found 

to be 45 kDa, as determined by gel permeation chromatography (Matern eta/., 1984). If 

our DCA-N-MT was similar to these enzymes, the 53 kDa and the 45 kDa proteins 

would be good candidates. Since purification procedure 1 led to a very low recovery of 

DCA-N-MT and did not allow the purification of DCA-N-MT to homogeneity, an 

alternative protocol that would give better yield and purification was tested. 
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Total protein SA Purification Yield 

(mg) (nkat.g-1
) 

(fold) (%) 

Crude 50.0 136.6 1.0 100.0 

(NH4)2S04 17.8 160.1 1.2 41.7 

Desalted 28.0 150.2 1.1 61.6 

Centric on 1.1 396.6 2.9 6.4 

DEAE-Sepharose 0.1 2709.8 19.8 4.0 

Phenyl-Sepharose 0.006 13820.0 101.2 1.2 

Table 4.3: Balance sheet for the purification of DCA-N-MT following procedure 1. 

Crude extract from 17 d-old soybean roots (100 g) was treated with 40-70% saturation 

ammonium sulphate. The precipitate was desalted using a Sephadex G-25 (PDlO) 

column and filtered through Centricon filters. Proteins retained between 30 and 100 kDa 

cut-off filters were applied to a DEAE-Sepharose column. Active fractions were then 

loaded onto a phenyl-Sepharose column. SA: specific activity. 
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Figure 4.13: SDS-PAGE of DCA-N-MT during purification procedure 1. 

Samples (4 j..tg) from active fractions were separated in a 13.5 % SDS-polyacrylamide 

slab gel and stained with Coomassie blue. 1, crude extract; 2, phenyl-Sepharose; M, 

molecular weight marker. The arrows indicate the bands that were enriched during the 

purification. Their apparent size was: 110, 57, 53, 45, 27 and 20 kDa. 
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4.2.2.3. Purification procedure 2 

Based on the previous purification scheme, a second procedure was tested with 

several modifications. Firstly, the Centricon filter step was eliminated as it caused high 

losses of DCA-N-MT. Secondly, linear elution gradients were applied to all the 

columns. Step gradients cause proteins to be eluted with a rapid increase of salts, which 

usually leads to a sharp elution of the enzyme of interest but may result in the 

concomitant elution of unwanted proteins. In contrast, linear gradients allow a slower 

elution of proteins. Although this potentially leads to broader enzyme activity peaks, the 

levels of contaminating proteins can be reduced. These modifications were applied to 

purification procedure 1 as described below and additional steps were tested. 

4.2.2.3.1. Protamine sulphate precipitation 

As mentioned in section 4.2.2.6, the utilisation of Centricon filters had to be 

eliminated. However when this concentration step was omitted, the protein extract could 

not be filtered through a 0.42 f.Lm pore size filter, which is a routine step to prevent the 

clogging-up of chromatography columns. The texture of the protein extract was viscous, 

suggesting the possible presence of DNA. Therefore, protamine sulphate (0.14 %, w/v) 

was added to crude tissue extracts to precipitate nucleic acids, prior to ammonium 

sulphate precipitation (figure 2.3). This process enabled the retention of most of the 

DCA-N-MT activity present in crude root extract, thus allowing seven times more 

DCA-N-MT to be loaded onto the DEAE-Sepharose column than in procedure 1 

(compare tables 4.3 and 4.4). 

The extract obtained was applied to the chromatographic column sequence 

described in procedure 1, using linear elution gradients. As illustrated by figure 4.14, 

this modification improved the purification of DCA-N-MT on DEAE-Sepharose with a 

20-fold purification in this step alone, as opposed to the six-fold purification obtained 

for this step in procedure 1 (compare tables 4.3 and 4.4). When applied to the phenyl-
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Total protein SA Purification Yield 

(mg) (nkat.g-1
) 

(fold) (%) 

Crude 406.0 11.2 1.0 100.0 

Protamine sulphate 469.0 3.2 0.3 33.0 

(NH4)2S04 153.0 9.8 0.9 32.9 

Desalted 126.3 15.7 1.4 43.6 

DEAE-Sepharose 1.2 333.8 29.8 8.8 

Resource Q 0.02 4486.4 400.6 1.7 

Table 4.4: Balance sheet for the purification of DCA-N-MT following procedure 2. 

Crude extract from 12 day-old soybean roots (570 g) was treated with 0.14 % (w/v) 

protamine sulphate and centrifuged to remove nucleic acids. The supernatant was then 

treated with 40-70 % saturation ammonium sulphate. The precipitated protein was 

subsequently desalted using a Sephadex G-25 (PD 1 0) column and was applied to a 

DEAE-Sepharose column. Active fractions were then loaded onto a Resource Q 

column. SA: specific activity. 
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Figure 4.14: Elution profile of DCA-N-MT from a DEAE-Sepharose column, using 

a linear N aCl gradient. 

Desalted protein extract was applied to the column in start buffer (20 mM Tris-HCl, pH 

= 7.5, 2 mM MgCh). Using the same buffer, a linear elution gradient between 0-300 

mM NaCl was applied at 1.5 ml min-1 and 1 ml fractions were collected. The protein 

content in each fraction was determined using Bradford assay (section 2.4.4) and DCA

N-MT assay was performed as described in section 2.3.8.3. 
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Sepharose and to the Cibacron blue F3G-A columns, linear elution gradients did not 

give reproducible results (data not shown), their use was therefore discontinued. 

Considering the efficiency of a linear elution gradient combined with the DEAE

Sepharose chromatography in purifying DCA-N-MT, this step was retained and 

additional columns were tested, in order to achieve higher levels of purification. 

4.2.2.3.2. Additional steps 

A second ion exchange chromatography, consisting of a quaternary ammonium 

functional group covalently bound to a polystyrene and divinylbenzene cross-linked 

matrix was tested, following the DEAE-Sepharose step. As opposed to DEAE

Sepharose, which is a weak anion exchanger, Resource Q is a strong anion exchanger 

(i.e. permanently ionised) and as such, may retain proteins in a different manner to 

DEAE and thus help to purify DCA-N-MT further. Using a linear NaCl gradient, the 

peak of DCA-N-MT activity was eluted with 200 mM NaCl (figure 4.15). This second 

ion exchanger afforded a ten-fold purification of DCA-N-MT in this step but with a 

lower enzyme recovery. This was nevertheless utilised as starting material for a size 

exclusion step using an FPLC Sephadex 75 column. Unfortunately, most proteins eluted 

as a major broad peak, which did not allow any further purification of DCA-N-MT (data 

not shown). 

In order to obtain native DCA-N-MT size information without excessive loss of protein, 

an alternative strategy was employed: active fractions from the DEAE-Sepharose 

column were directly applied to a Sephacryl S-1 00 gel filtration column. This modified 

purification protocol was designated procedure 2.2 and showed that DCA-N-MT was 

eluted with an apparent native molecular weight of 52± 2 kDa (figure 4.16). 
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Figure 4.15: Elution profile of DCA-N-MT from a Resource Q column. 
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Proteins were loaded in buffer A (20 mM Tris-HCl, pH = 7.5, 2 mM MgCh) and 

eluted with buffer B (1 M NaCI in buffer A). Flow rate: 3 ml min-1
• 1.5 m1 fractions 

were collected. DCA-N-MT activity was assayed as described in section 2.3 .8.3. 

Dotted line: elution gradient; continuous line: protein; A : DCA-N-MT activity. AU: 

arbitrary unit of protein eluted. 
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Figure 4.16: Elution profile of DCA-N-MT from a Sephacryl S-100 column. 

A. Calibration curve for Sephacryl S-1 00 column, as described in section 2.4.3, step 5 ". 

For DCA-N-MT, VeNO :::::: 1.37, which corresponds to a protein with an apparent 

molecular weight of approximately 52,000. B. Active fractions from the DEAE

Sepharose chromatography were applied to a Sephacryl S-100 column in 10 mM Tris

HCl, pH= 8.1, 2 mM MgCh. Elution rate was 0.5 ml min-1 and 1 ml fractions were 

collected. The protein content in each fraction was determined using Bradford assay 

(section 2.4.4) and DCA-N-MT assay was performed as described in section 2.3.8.3, for 

30 min. 
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4.2.2.3.3. Assessment of purification procedure 2 

The balance sheets for the purification of DCA-N-MT from 12 d-old soybean 

roots following procedures 2 and 2.2 (570 g and 160 g of roots respectively) are given 

in tables 4.4 and 4.5. In both cases, the protein concentration of the protamine sulphate

treated extract was found to be consistently higher than that expected, suggesting the 

interaction of protamine sulphate with the Bradford assay. The specific activity of 

DCA-N-MT determined in the same extract was repeatedly found to be lower than that 

in the crude extract, possibly due to the effect of the lower pH of the extract on the 

enzyme assay (protamine sulphate is dissolved in concentrated HCl before further 

dilution). Despite this, the utilisation of protamine sulphate in place of Centricon filters 

allowed a much higher overall yield than that obtained previously. After the ammonium 

sulphate precipitation, the desalted extract was applied to a DEAE-Sepharose column, 

from which an overall 30-fold purification was achieved. 

In procedure 2, this was followed with a Resource Q column, which added a 

further 10-fold purification. Consequently, this second scheme led to an overall 400-

fold purification of DCA-N-MT. To assess this purification visually, active fractions 

from each step were analysed by SDS-PAGE (figure 4.17). After the Resource Q 

column, 5 major bands were detected, of 78, 59, 52, 45 and 25 kDa, and were possible 

candidates for DCA-N-MT. 

In procedure 2.2, active fractions from the DEAE-Sepharose chromatography 

were applied directly to a gel filtration column. This step gave a further three-fold 

purification of DCA-N-MT (table 4.5). The purification was also visualised by SDS

PAGE, as illustrated by figure 4.18. Four bands were enriched relative to the ion

exchange column with the 53 kDa band being the most abundant. Since the native size 

for DCA-N-MT was found to be 52 ± 2 kDa on Sephacryl S-1 00, it is very likely that 

the 53 kDa band detected by SDS-PAGE corresponded to the enzyme of interest. 
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Figure 4.17: SDS-PAGE of DCA-N-MT during purification procedure 2. 

Samples ( 4 J.Lg) from active fractions were separated in a 10 % SDS-polyacrylamide 

slab gel and stained with Coomassie blue. 1, crude extract; 2, desalted precipitate; 3, 

DEAE-Sepharose; 4, Resource Q; M: molecular weight marker. The arrows indicate the 

bands that were enriched during the purification. Their apparent size is: 78, 59, 52, 45 

and25 kDa. 
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Total protein SA Purification Yield 

(mg) (nkat.g-1
) 

(fold) (%) 

Crude 111.7 14.8 1.0 100.0 

(NH4)2S04 133.0 34.9 2.4 281.2 

Desalted 49.0 26.0 1.8 77.0 

DEAE-Sepharose 1.2 476.9 32.2 34.6 

Sephacryl S-1 00 0.04 1382.0 93.4 3.3 

Table 4.5: Balance sheet for the purification of DCA-N-MT following procedure 

2.2. 

Crude extract from 12 day-old soybean roots (160 g) was treated with 0.14 % (w/v) 

protamine sulphate and centrifuged to remove nucleic acids. The supernatant was then 

treated with 40-70 % saturation ammonium sulphate. The precipitated protein was 

subsequently desalted using a Sephadex G-25 (PD 10) column and was applied to a 

DEAE-Sepharose column. Active fractions were then applied to a Sephacryl S-1 00 

column. SA: specific activity. 
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Figure 4.18: SDS-PAGE of DCA-N-MT during purification procedure 2.2. 

Samples (2 j.tg) from active fractions were separated in a 10 % SDS-polyacrylamide 

slab gel and stained with Coomassie blue. Lane 1: crude extract; lane 2: desalted 

precipitate; lane 3: DEAE-Sepharose; lane 4: Sephacryl S-100; lane M: molecular 

weight marker. The arrows indicate the bands that were enriched during the 

purification. Their apparent size is: 92, 73, 66 and 53 kDa. 
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4.3. Discussion 

The aim of this chapter was to purify DCA-N-MT from soybean roots. To do so, 

a specific and sensitive assay for DCA-N-MT was developed. Assays for the study of 

DCA-N-MT activity in soybean suspension cultured cells (Sandermann et al., 1991; 

Schmidt et al., 1995) and in peanut hypocotyls (Matern et al., 1984) were reported. All 

three assays involved the separation of the reaction products by TLC. The detection and 

quantification of radiolabelled compounds were rather insensitive, either employing a 

linear TLC analyser or by scraping off the appropriate regions and quantifying 

radioactivity by LSC. Here, a simple and sensitive assay, specific for DCA-N-MT, was 

developed. Assay parameters such as time, temperature, pH and buffer were optimised. 

Moreover, in order to eliminate the need for a TLC analysis followed by the scanning of 

the plate with a linear analyser, which is a time-consuming and an insensitive detection 

technique, experiments were carried out to ensure that the reaction products could be 

directly quantified by LSC (section 4.1 ). DCA-N-MT specific activity in soybean 

suspension-cultured cells was previously reported to be 32 nkat g-1 and from 34.3 to 

80.1 nkat g- 1 (Sandermann eta!., 1991 and Schmidt eta!., 1995, respectively), whereas 

a specific activity of 230 nkat g-1 was found using the assay presented here (table 3.3). 

When measured in 13 d-old soybean roots, Schmidt and co-workers ( 1995) found a 

DCA-N-MT specific activity of 9.6 nkat g-1
, as opposed to 73.6 nkat g-1 using the 

present assay (data not shown). These differences could be due to the different soybean 

variety utilised, which was not indicated by the authors, but it was more likely because 

ofthe optimisation ofthe assay utilised in the present study. 

This assay was applied to the purification of DCA-N-MT from soybean roots. 

Although two different strategies were employed, the purification of DCA-N-MT to 

homogeneity was not achieved. When the active fractions were analysed by SDS

PAGE, several protein bands were detected for each purification procedure but only one 

of them, the 52-53 kDa band, was consistently present (figures 4.13, 4.17 and 4.18). 

Under native conditions, when active fractions were analysed by gel filtration on a 

HiPrep Sephacryl S-100 high resolution column, DCA-N-MT activity was assigned to a 
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52± 2 kDa molecule (figure 4.16). Therefore, assuming that the enzyme of interest is a 

monomer, the 52-53 kDa band observed after SDS-PAGE may indeed correspond to 

DCA-N-MT. According to the literature, only two DCA-N-MT have been purified but 

neither to homogeneity. DCA-N-MT was purified 74-fold from soybean cultured cells 

(Sandermann et al., 1991) and partially from peanut seedlings (the authors did not 

report the fold purification, Matern et al., 1984). These enzymes were reported to be 48 

± 3 kDa and 45 kDa, respectively, as determined by gel filtration. 1n the case of the 

DCA-N-MT from soybean, a protein band at 48 kDa was also detected after SDS

p AGE, suggesting that the enzyme is a monomer (Sandermann et a/., 1991 ). Since it is 

not clear to which family DCA-N-MT belongs and some N-MT have been found to 

accept several substrates (Guo et al., 1993; Wu et al., 1995), it is appropriate to consider 

published data regarding other N-MTs. 1-aminocyclopropane-1-carboxylate N

malonyltransferases (ACC-N-MT) were purified from mung bean and tomato fruit (Guo 

et al., 1992; Martin and Saftner, 1995) and D-amino acid N-MTs from peanut, mung 

bean and tomato leaves (Matern et al., 1984; Guo et al., 1993 and Wu et al., 1995). The 

size of the purified N-MTs ranged from 38 kDa to 55 kDa, as determined by gel 

filtration. But most importantly, these proteins had a similar apparent size when 

analysed by SDS-PAGE, suggesting that N-MTs are all monomers. 

4.4. Summary 

Although attempts to purify DCA-N-MT have been previously reported, the 

enzyme was purified only 70-fold from soybean suspension-cultured cells (Sandermann 

et a/., 1991 ). Moreover, the reaction assays employed were tedious and lacked 

precision. Here a simple, robust and sensitive radiometric assay specific for DCA-N-MT 

was developed. Using this assay, DCA-N-MT was purified 400-fold from soybean roots 

following protamine sulphate and ammonium sulphate precipitations and two ion 

exchange chromatographies, namely DEAE-Sepharose and Resource Q columns. DCA

N-MT activity was assigned to a 52± 2 kDa protein based on results obtained from gel 

filtration and SDS-PAGE. DCA-N-MT was investigated further in chapter 5, not only to 
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confirm that the 52 ± 2 kDa protein corresponds to DCA-N-MT but also to fmd an 

alternative means of obtaining peptide sequence information. 
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Chapter 5 

Further characterisation of DCA-N-MT: towards a molecular 

identification 

5.1. Introduction 

Following the identification of N-malonylation as a maJor route of DCA 

detoxification in soybean, a major aim of this thesis was to identify and clone a eDNA 

encoding DCA-N-MT. Since no N-malonyltransferases have been cloned to date, the 

original strategy adopted was a classical approach to protein sequence identification via 

protein purification, which was described in Chapter 4. Purification to near

homogeneity proved difficult during the time-scale of the project, therefore alternative 

methods to identify the DCA-N-MT protein and eDNA were sought. 

The first alternative strategy considered was a candidate gene approach, i.e. to 

identify and isolate DCA-N-MT sequences using sequence information from genes 

encoding enzymes of detoxification and secondary metabolism. To date, no sequence 

information regarding xenobiotic-specific or other N-malonyltransferases has been 

published, but the cloning of three 0-malonyltransferases involved in the biosynthesis 

of anthocyanins has been reported recently (Suzuki et al., 2001; 2002). These 

malonyltransferases were found to belong to the acyltransferase superfamily (St Pierre 

eta!., 1998), which previously did not include transferase enzymes capable of utilising 

malonyl-CoA as a co-substrate. Although all the family members identified to date 
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catalyse transfer from CoA esters to hydroxyl and not amine groups, the recent cloning 

of DCA-N-GT from Arabidopsis and its identification as a member of the 0-GT 

superfamily (Loutre et al., 2003) suggest that it is conceivable that DCA-N-MT is a 

member of the 0-acyltransferase superfamily. When the protein sequences of 0-MTs 

were aligned with those of other members of the acyltransferase family, it was deemed 

possible to design PCR primers to motifs conserved in anthocyanin-metabolising 0-

MTs which could be used to amplify homologous 0-MTs from soybean (data not 

shown). However, this would most likely result in the isolation of partial clones 

representing anthocyanin-metabolising 0-MTs and not DCA-N-MT. Since it is not 

possible to predict either the substrate or the type of acyl donor based on the primary 

sequences of 0-acetyltransferase proteins, it was concluded that isolation of soybean 0-

MT cDNAs as a potential route to identifying DCA-N-MT was too risky a strategy to 

adopt. 

Since a specific and sensitive assay was available to detect DCA-N-MT activity, 

methods of identifying DCA-N-MT proteins and/or cDNAs based on the function and 

the induction of the enzyme were considered. The induction of xenobiotic detoxifying 

enzymes by herbicides and safeners has been reported widely (Hoagland and 

Zablotowicz, 2001 ). Whilst enzymes and transporters of the first three phases of 

xenobiotic detoxification have been shown to be induced by xenobiotic treatments, the 

induction of conjugating enzymes has perhaps been best studied (Gaillard et al., 1994; 

Fraissinet-Tachet et al., 1998; Robineau et al., 1998; Lee and Raskin, 1999). For 

example, the levels of glutathione S-transferase (GST) activity (and also of the co

substrate, glutathione) were shown to be induced by various herbicides and safeners 

(Hunaiti and Ali, 1991; Alia, 1995; Uotila eta/., 1995; Alia and Hassan, 1998). In many 

cases, the increase in enzyme activity was shown by Northern analysis to be via the 

induction of GST transcripts (Riechers et a!., 1998). The possible induction of DCA-N

MT by DCA treatments is interesting since it would lead to potential routes for gene 

identification. If DCA induces DCA-N-MT activity by increasing the level of protein 

synthesis, the comparison of the protein profiles of treated and untreated samples would 

potentially identify bands representing differentially expressed proteins. The parallel 

purification of DCA-treated and control soybean roots would therefore be a means to 
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identify the bands corresponding to DCA-N-MT. Methods based on the induction of 

mRNA synthesis, such as subtractive cloning (Sagerstrom et a/., 1997), differential 

screening or differential display (Liang and Pardee, 1992), are also potential routes to 

identify the gene of interest. However, since the induction of protein synthesis can occur 

via the activation of either transcriptional or translational mechanisms, a method for 

obtaining gene information based solely on enzymatic function was desirable. The 

feasibility of in vitro expression cloning (IVEC) was therefore assessed. The principle 

of this method is to express proteins from a population of cDNAs and to assay for 

specific biological activities. The eDNA pools are then subdivided in order to identify 

clone( s) encoding the enzyme of interest (King et al., 1997). 

In this chapter, the effect of the model xenobiotic DCA on DCA-N-MT 

extracted from soybean roots and cell cultures was investigated and kinetic studies were 

performed. From the results obtained, two approaches to identify DCA-N-MT proteins 

and/or cDNAs were taken: the differential enzymatic activity between DCA-treated and 

control samples were applied firstly to assist expression cloning and secondly to assist 

conventional purification. 

5.2. Effect of DCA on DCAmN-MT activity 

5.2.1. Suspension-cultured cells 

Since DCA is phytotoxic, the effects of DCA pre-treatment on cell viability 

were tested, to ensure that the dose applied would not be damaging or lethal. Therefore, 

suspension-cultured soybean cells were grown in the presence of 6.2, 31, 62 and 310 

JlM DCA and analysed for viability using phenosafranin, which is excluded by viable 

cells (Li et a/., 1999). This experiment demonstrated that cell growth was not affected 

by 62 jlM DCA, but at 310 jlM, DCA treatment was lethal (also characterised by the 

browning of the cells; data not shown). Therefore, a time-course study of DCA-N-MT 

activity after treatment with 50 jlM DCA was performed. Since the comparison of the 

effects of DCA-treatments on soybean suspension-cultured cells and soybean roots 

would be interesting and because whole organs are generally more robust than cells in 
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culture, 100 11M DCA treatments were also included. DCA-N-MT activity was assayed 

every 12 h during 36 h, using crude protein extracts. As illustrated by figure 5.1, DCA

N-MT activity was found to be constitutively high in suspension-cultured cells, with an 

average activity of 332.9 ± 38.9 nkat.g-1
, and no statistically significant increase was 

observed in response to DCA pre-treatment. 

5.2.2. Plants 

Hydroponically-grown soybean seedlings were treated with 100 11M DCA and 

DCA-N-MT was assayed using crude protein extracts. The DCA-N-MT activity 

obtained was compared to that of controls, which were treated with methanol only. 

Preliminary experiments showed that an increase in DCA-N-MT activity in the roots 

was detectable after 8 h and augmented further after 24 h (results not shown). Following 

these observations, a more detailed experiment was performed, in which soybean plants 

were treated with 100 11M and 200 J..lM DCA. DCA-N-MT activity in crude root extracts 

was assessed every 12 h, over a 48 h period (Figure 5.2.A). Compared to the controls, 

DCA-N-MT activity in DCA-treated plants increased up to three-fold and no further 

increase was detected after 24 h. The effects of 100 J..lM and 200 J..LM DCA were not 

significantly different. Consequently, 100 11M DCA-treatments were applied thereafter. 

A shorter time-course experiment (figure 5.2.B) confirmed that a significant increase in 

activity was only detectable after 6-12 h of DCA pre-treatment. 

5.3. Kinetic studies 

Earlier experiments on untreated tissue (see section 3 .2.5) revealed that the 

constitutive activity of DCA-N-MT was higher in soybean suspension-cultured cells 

than in roots, suggesting important differences between these tissues. Moreover, DCA 

treatments of soybean tissues was found to increase the activity of the detoxification 

enzyme, DCA-N-MT, in roots but not in suspension-cultured cells (see above). Kinetic 

studies of the effect of DCA treatments on both soybean roots and cell cultures might 

shed some light on the properties of DCA-N-MT isoenzymes in the two tissues and also 
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Figure 5.1: Time-course study of DCA-N-MT activity in suspension-cultured 

soybean cells, following DCA treatments. 

8 d-old cells were treated with 50 and 100 J.1M DCA prior to the determination ofDCA

N-MT activity. Methanol was used as a control. After different treatment times, DCA

N-MT activity was assessed in the 10 d-old cell crude extracts. Values given are the 

mean ± standard deviation oftwo replicates. Results representative of two experiments. 
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Figure 5.2: Time-course study of DCA-N-MT activity in soybean roots, following DCA 

treatments. 

Soybean seedlings were grown hydroponically and treated with various concentrations of DCA 

prior to the determination of DCA-N-MT activity. Methanol was used as a negative control. 

After different treatment times, DCA-N-MT activity was assessed in 10 d-old plant crude 

extracts, as described in section 2.3.8.3 . Values given are the mean± standard deviation of two 

replicates. A: 100 ~and 200 ~DCA treatments. Results representative of two experiments. 

B: 100 ~ DCA treatment. DCA-N-MT activity after DCA treatment was significantly 

different from the control after 4 h (*: p<0.05; **: p<0.005) . Each time-point was done in 

quadruplicate. Results representative of two experiments. 
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on the mechanism of induction, for example: whether DCA induction of DCA-N-MT 

activity is due to a change in the enzyme affinity for its substrate(s), to a higher amount 

of the enzyme itself, or to other factors, such as the induction of additional isoforms. 

Moreover, Km values for DCA and malonyl-CoA (M-CoA) would be useful for the 

optimisation ofDCA-N-MT assay. 

For these studies, protein extracts of soybean tissues were prepared by 

ammonium sulphate precipitation followed by desalting on a PDlO column. To 

determine the kinetic constant for DCA-N-MT activity towards DCA, a mixture of 

radiolabelled and cold M-CoA was used and kept at a constant concentration of 1 mM 

and DCA concentration was varied from 0 to 600 ~M. To determine the Km value for 

M-CoA, DCA concentration was kept constant at 300 ~M (10-fold Km value for DCA, 

see below) and the concentration ofM-CoA (cold and radiolabelled mixture) was varied 

from 0 to 1.2 mM. Unfortunately, attempts to determine the Km value for M-CoA were 

unsuccessful (data not shown), possibly suggesting that an ammonium sulphate cut is 

too crude an extract for kinetic studies of a compound such as malonyl-CoA, which is 

the substrate of many enzymes. Consequently, only the results regarding KmocA are 

presented below. 

According to Henderson (1992), "there is only one statistically sound method 

for the determination of the best fit Km, V max values by visual inspection of a graph. 

This is the direct linear plot". More traditional plots such as the Lineweaver-Burke plot 

(1/V against liS), the Eadie-Hofstee plot (V against V/S) or the Hanes plot (SN against 

S) should not be used for any other purpose than display. Here, these plots were used to 

ensure that the scatter of data was linear. A direct linear plot was then obtained, in 

which the coordinates of each intersection provided estimates of Km and V max with the 

median values being the best-fit values Km and Ymax (Cornish-Bowden and Eisenthal, 

1974). The intersection points were ranked from left to right to obtain the Km value and 

from bottom to top for v max· 

The affmity of DCA-N-MT for DCA was determined using enzyme extracts 

obtained from soybean roots (control and DCA-treated prior to protein extraction). A 

plot of DCA-N-MT activity as a function of DCA concentration is shown in figure 

5.3.A. The results demonstrated that (1) the enzyme activity was induced in DCA-
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Figure 5.3: Kinetic studies of DCA-N-MT activity in soybean tissues. 

DCA-N-MT activity in various soybean tissues was assessed as described in section 

2.3.8.3. except that here, the concentration of DCA was varied. Crude protein extracts 

were utilised. A: 10 d-old soybean roots treated with 100 j..LM DCA, or methanol 

(control) for 24 h, prior to protein extraction. B: 11 d-old suspension-cultured soybean 

cells (middle of exponential growth phase). Curves were generated by a least-square fit 

to a Michaelis and Menten hyperbola (calculated by SigmaPlot 2000). Values given are 

the mean ± standard deviation of two replicates. Results representative of two 

experiments. 
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treated roots, which is consistent with the data obtained previously (figure 5.2) and (2) 

DCA-N-MT obeys Michaelis-Menten kinetics (figure 5.3.A). Using the various plots 

described above, values ofKm and Ymax for control roots were found to be KmocA = 19.5 

± 0.7 ~M and Ymax = 238.8 ± 256.3 nk:at.g-1 (n = 2). After 100 ~M DCA-treatment for 

24 h, KmocA in the roots was 32.0 ± 2.8 ~M and Ymax = 1430.0 ± 565.7 nk:at.g-1 (n = 2). 

The Km value for DCA in suspension-cultured cells was determined as described above, 

using cells in the middle of the exponential growth phase. From a direct linear plot, 

values for Km and Ymax were found to be 15!..tM and 840 nk:at.g-1, respectively. 

5.4. Mechanism of induction of DCA-N-MT activity 

The time-course experiments and the kinetic studies shown above suggested that 

the induction of DCA-N-MT activity in soybean roots might be due to de novo protein 

synthesis, since V max should be proportional to the number of active sites. Investigation 

of the mechanism by which this induction occurred would be important to determine 

which strategy to pursue for the identification of DCA-N-MT. Inhibitors of transcription 

and translation were therefore employed to determine whether either or both of these 

processes were required for the induction ofDCA-N-MT activity. 

5 .4.1. Effects of inhibitors 

To determine the stage at which DCA-N-MT activity was induced, the effects of 

common RNA and protein synthesis inhibitors on enzyme activity were assayed 

following DCA pre-treatment of tissue. Actinomycin D (actD), an antibiotic from 

Streptomyces, binds tightly to double-stranded DNA, thereby preventing its association 

with the transcription machinery and inhibiting transcription. Cycloheximide (CH) 

inhibits the peptidyl transferase activity of the 60S ribosomal sub-unit, thus blocking 

polypeptide chain formation, and consequently inhibiting translation. As shown in 

figure 5.2.A, DCA treatments for periods longer than 24 h did not result in a further, 

significant increase in DCA-N-MT activity. Therefore, fresh soybean plants were 

treated for 24 h with DCA (100 ~M), actD (100 ~g ml-1
) and CH (10 ~g mr\ either 
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alone or as combinations of DCA with inhibitor. Even though three plants were used for 

each treatment (each in duplicate), the results of three independent experiments were 

inconclusive (data not shown). After 24 h incubation with either actD or CH, treated 

plants did not look as healthy as the control plants, suggesting that exposure to the 

inhibitors was toxic. It was thus necessary to shorten the length of the treatment. 

Unfortunately, since a 12 h DCA pre-treatment was necessary to ensure the significant 

induction of DCA (figure 5.2), the utilisation of RNA and protein synthesis inhibitors 

was abandoned and an alternative method to determine the stage at which DCA induces 

DCA-N-MT activity was applied. 

5.4.2. In vitro translation 

Since the mechanism by which DCA was inducing DCA-N-MT activity was not 

determined unequivocally, the use of differential cloning techniques to clone DCA-N

MT was not attempted. The availability of a simple and specific assay for DCA-N-MT 

suggested that in vitro expression cloning (IVEC) would be a possible method to isolate 

cDNAs encoding DCA-N-MT. IVEC exploits the biological activity of an enzyme to 

identify the eDNA from which the polypeptide originated. Basically, the method 

consists of constructing a eDNA library in a plasmid containing a T7 or T3 RNA 

polymerase promoter, which is subdivided into pools and subsequently transcribed and 

translated in vitro (e.g. using the TNT® Coupled Reticulocyte Lysate System 

manufactured by Promega; King et a!., 1997). The resulting proteins are then screened 

for enzymatic activity to determine the clone(s) containing the gene of interest. An 

alternative method is to express protein from a conventional eDNA library but this 

method has the disadvantage that fewer clones will yield functional protein (Thomas et 

a!., 1999). 

To test whether the application of IVEC to this project was feasible, total RNAs 

extracted from soybean tissues were translated in vitro using a Rabbit Reticulocyte 

Lysate System (RRL, see section 2.5.4.2), and the translation products were assayed for 

DCA-N-MT activity. Total RNAs extracted from soybean roots(± DCA treatment) and 

cell cultures were used as starting material for in vitro translation using RRL. The DCA-
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N-MT assay was performed as described in section 2.3.8.3, except that approximately 

0.9 mg protein was used per assay, with 31 j..tM M-CoA (consisting of a mixture of9 

j..tM radiolabelled and 22 j..tM cold M-CoA) and an incubation time of 1 h 30 min was 

employed. A significant difference in DCA-N-MT activity between the water control 

and the samples containing RNA was observed, suggesting that the in vitro translation 

of DCA-N-MT from background of other RNA species was successful (figure 5.4). 

However, the apparent background DCA-N-MT activity in the control was very high 

and no significant difference was detected between DCA-treated and untreated root 

samples, nor between root and cell samples, even though DCA-treated roots and 

suspension-cultured cells possess more than twice the DCA-N-MT activity in roots 

(section 5.2). Due to time constraints, this approach was not investigated further. 

5.5. Identification of proteins induced by DCA pre-treatment 

According to the results reported above, DCA-N-MT activity increased with pre

treatment of soybean plants with 100 j..tM DCA. Subsequently, kinetic studies showed 

that KmocA did not vary greatly following DCA treatment while V max increased more 

than three-fold, suggesting possible de novo protein synthesis (section 5.3) of either 

DCA-N-MT or of other proteins which could influence its activity, such as enzymes 

leading to the formation of co-substrates or as yet unknown activation factors. Since a 

partial purification of DCA-N-MT had been established in Chapter 4, it was decided to 

test whether the two to three-fold increase in DCA-N-MT activity following DCA pre

treatment was reflected in the increased abundance of specific proteins in the partially

purified preparation, using either one-dimensional (lD) SDS-PAGE or two-dimensional 

(2D) differential gel electrophoresis (DiGE). It was hoped that this would permit the 

confident identification of protein bands or spots corresponding to DCA-N-MT, which 

would be a starting point for the molecular characterisation of the enzyme. 

Consequently, the purification of DCA-N-MT from DCA-treated and control soybean 

roots was carried out. 
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Figure 5.4: DCA-N-MT activity in in vitro translation samples. 

6 J.Lg total RNA, extracted from various soybean tissues, was translated in vitro using 

rabbit reticulocyte lysate (see section 2.5.4). Translation products were then assayed for 

DCA-N-MT activity (as described in section 2.3.8.3 except that the incubation was at 35 

°C for 90 min). Values represent the means ± standard deviation of duplicate 

measurements. Control: water. Roots: RNA extracted from 10 d-old roots. DCA: RNA 

extracted from 10 d-old roots treated with 100 J.LM DCA for 24 h. Cells: RNA extracted 

from 11 d-old suspension-cultured cells. 
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5.5.1. Purification ofDCA-N-MT from control and DCA-treated soybean roots 

In Chapter 4, purification procedure 2 was found to be a better scheme for DCA

N-MT purification than purification procedure 1. However, the FPLC Sephadex 75 

column did not purify the enzyme further, therefore it was replaced with a conventional 

gel filtration column and the second ion-exchange column (Resource Q) was omitted to 

limit enzyme degradation and to shorten the purification procedure (see section 

4.2.2.3.2). Briefly, (1) nucleic acids in crude protein extracts were precipitated with 

protamine sulphate, (2) proteins in the supernatant were precipitated with ammonium 

sulphate, (3) the precipitate was re-dissolved and desalted using a PD10 column, (4) 

protein extract was applied to a DEAE-Sepharose column and (5) a fmal separation was 

conducted using a Sephacryl S-100 column. In contrast to the protocol developed in 

Chapter 4, 5 mM DTT was included in buffers for the later chromatography steps in 

order to prevent oxidative inhibition of DCA-N-MT. Several studies have suggested the 

presence of sulfhydryl group(s) in the active site of N-MT: for example, mersalic acid 

strongly inhibited ACC-N-MT purified from tomato and chickpea (Martin and Saftner, 

1995; Marinez-Reina et a/., 1996). Also 0.1 mM p-chloromercuribenzoate inhibited 

soybean DCA-N-MT but activity could be restored following incubation with DTT 

(Sandermarm et al., 1991). Since loss of activity with time was observed during the 

purification and assay ofDCA-N-MT in this study, it was decided to supplement buffers 

with DTT in order to preserve activity and thus obtain a more realistic estimation of 

purification. 

Following ion exchange chromatography, the peak of DCA-N-MT activity in 

both DCA-treated and control plants was eluted with approximately 200 mM NaC1 

(figure 5.5), which is consistent with the results obtained in Chapter 4. Note here that 

DCA-N-MT activity in DCA-treated roots was more than two-fold higher than that in 

the control roots. After the DEAE-Sepharose column, the active fractions were pooled 

and loaded onto a Sephacryl S-1 00 column for a size exclusion step. The elution volume 

for both samples was similar (figure 5.6), and corresponded to that of a 52 ± 2 kDa size 

protein in both cases. A balance sheet for the purification described above is given in 

table 5.1. Overall, DCA-N-MT was purified approximately 93-fold and 75-fold from the 
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Figure 5.5: Elution profile of DCA-N-MT from control and DCA-treated soybean 

roots, after a DEAE-Sepharose column. 

10 d-old soybean seedlings were treated with 100 !J.M DCA or methanol (control) for 24 

h prior to protein extraction. Desalted protein extract was applied to the column in start 

buffer (20 mM Tris-HCl, pH 7.5, 2 mM MgCh). Using the same buffer, a linear elution 

gradient between 0-300 mM NaCl was applied at 1.5 ml min-1 and 1 m1 fractions were 

collected. The protein content in each fraction was determined using a Bradford assay 

and DCA-N-MT assay was performed as described in section 2.3.8.3. A: Control. B: 

DCA-treated seedlings. 
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Figure 5.6: Elution profile of DCA-N-MT from control and DCA-treated soybean 

roots, after a Sephacryl S-100 column. 

10 d-old soybean seedlings were treated with 100 J..l.M DCA or methanol (control) for 24 

h prior to protein extraction. Active fractions from the DEAE-Sepharose column were 

applied to the column in 10 mM Tris-HCl, pH 8.1 , 2 mM MgCb. Elution rate was 0.5 

ml min-1 and 1 ml fractions were collected. The protein content in each fraction was 

determined using the Bradford assay and DCA-N-MT assay was performed as described 

in section 2.3.8.3, for 30 min. A: Control. B: DCA-treated seedlings. 
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Total protein SA Purification Yield 

(mg) (nkat g-1) (fold) (%) 

Control-crude 111.7 14.8 1.0 100.0 

(NH4)2S04 133.0 34.9 2.4 281.2 

Desalted 49.0 26.0 1.8 77.0 

DEAE-Sepharose 1.2 476.9 32.2 34.6 

Sephacryl S-1 00 0.04 1382.0 93.4 3.3 

DC A-crude 156.9 31.6 1.0 100.0 

(NH4)2S04 141.6 35.4 1.1 101.2 

Desalted 59.9 45.7 1.4 57.1 

DEAE-Sepharose 1.0 760.9 24.1 15.3 

Sephacryl S-1 00 0.07 2360.6 74.7 3.3 

Table 5.1: Balance sheet for the purification of DCA-N-MT, from control and 

DCA-treated soybean roots. 

10 d-old soybean plants were treated for 24 h with 100 )..lM DCA or methanol (control) 

prior to protein extraction. The extracts from control plants (160 g roots) and DCA

treated plants (170 g roots) were mixed with 0.14 % (w/v) protamine sulphate and 

centrifuged to remove nucleic acids. The supernatant was then treated with 40-70 % 

saturation ammonium sulphate. The precipitated protein was subsequently desalted 

using a Sephadex G-25 (PD 1 0) column and was applied to DEAE-Sepharose column. 

Active fractions were then loaded onto a Sephacryl S-100 column. Data for the 

methanol control are from table 4.5 in chapter 4. SA: specific activity. 
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control and DCA-treated roots, respectively, and throughout the purification, DCA-N

MT activity in DCA-treated roots was nearly double that in the control roots, reflecting 

the effect of DCA pre-treatment. 

In order to compare the purification of DCA-N-MT from control and DCA

treated roots, the active fractions from the crude extract, the desalted precipitate, the ion 

exchange column and the gel filtration column were analysed by lD SDS-PAGE (figure 

5.7, panels A and B). As shown in figure 5.7, panel C, the intensity of a 53 kDa band 

was higher in the DCA-treated sample than in the control. Given that this band was 

identified as a candidate for DCA-N-MT in Chapter 4, this observation strongly 

suggested that DCA-treatment of soybean prior to protein extraction augmented DCA

N-MT activity because of de novo synthesis of the enzyme itself. However, since SDS

PAGE separates proteins based on their size only, it was very likely that the 53 kDa 

band corresponded to several different proteins. Therefore, a further step into the 

purification of DCA-N-MT was to use 2D gel electrophoresis, as it separates proteins 

not only according to their size but also according to their isoelectric point (pi). 

5.5.2. Differential gel electrophoresis (DiGE) 

An inherent problem regarding the comparison of proteins on different 2D gels 

is the poor reproducibility of the electrophoretic separation. To circumvent this 

problem, Unlii and co-workers (1997) described a method to reproducibly detect 

differences between two protein samples, by running them in a same gel. To enable the 

distinction between the two protein samples, equal amounts of each sample are tagged 

with fluorescent dyes (Cy3 and Cy5) and combined prior to their separation by 

isoelectric focussing (IE F) and SDS-PAGE. Subsequent fluorescence imaging of the gel 

at different wavelengths, with the superimposition of the two images thus permits the 

detection of proteins whose abundance differs in the two samples. This technology has 

been commercialised by Amersham and was carried out on a service basis by the 

BBSRC Cambridge Centre for Proteomics. 
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Figure 5.7: SDS-PAGE ofDCA-N-MT with and without DCA-treatment. 

Samples (2 J..Lg) from active fractions were separated in a 10 % SDS-polyacrylamide 

slab gel and stained with Coomassie blue. Lane 1: crude extract; lane 2: desalted 

ammonium sulphate precipitate; lane 3: DEAE-Sepharose; lane 4: Sephacryl S-100; 

lane M: molecular weight marker. Panel A: Control (plants exposed to methanol) . 

Reproduced from figure 4.18. Panel B: Soybean roots were treated with 100 J..LM DCA 

for 24 h prior to DCA-N-MT extraction. Panel C: Lanes 4 from panels A and B, for a 

direct comparison of protein profiles with and without DCA-treatment, after gel 

filtration on Sephacryl S-1 00. 
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According to Sandermann and co-workers (1991), DCA-N-MT extracted from 

soybean suspension-cultured cells has a molecular mass of 48 ± 3 kDa and a pi of 6.0. 

Here, a 52 ± 2 kDa protein was a candidate for DCA-N-MT but no information about its 

pi was available. Therefore, a DiGE analysis was performed using a pH gradient 

ranging from 4 to 7 in the first dimension and a 12 % acrylamide SDS-PAGE in the 

second dimension. For each gel, active fractions from the gel filtration step from control 

and DCA-treated material were labelled with Cy3 and Cy5 respectively, combined and 

subjected to 2D electrophoresis. Gels were then scanned with the appropriate excitation 

and emission wavelengths for Cy3 and Cy5 and the images superimposed (figure 5.8, 

panel A). Where the two dyes were superimposed and proteins were of equal abundance 

in the two samples, the red and green fluorescent signals corresponding to Cy3 and Cy5 

respectively gave rise to a yellow colouration. The green colour represented proteins of 

higher abundance in the control sample and the red colour corresponded to proteins 

induced by DCA-treatment. Since size markers are routinely omitted from DiGE 

experiments in order to prevent protein contamination (K. Lilley, pers. comm.), all spots 

of differential abundance in the two samples were picked, digested by trypsin and 

analysed by mass spectrometry. The 2D gel, after silver staining, is shown in figure 5.8 

(panel B). The proteins identified are indicated by an arrow. The calculated Mr and fold

induction/repression of hits are shown in table 5.2 and the full results of the MASCOT 

search are presented in Appendix 2. 37 spots were analysed in total. Of these, 10 

corresponded to annotated proteins in the public sequence databases. Several hits 

corresponded to more than one spot, suggesting the presence of post-translational 

modifications. Of the identified DCA-induced proteins, disappointingly, none was an 

obvious candidate for DCA-N-MT. Only one protein identified had a calculated 

molecular weight close to that of DCA-N-MT: this was UDP-glucose 

pyrophosphorylase (52 kDa), which was represented by three spots. The only identified 

protein with a known role in herbicide metabolism was a glutathione S-transferase 

(GmGST8; two spots), which together with ascorbate peroxidase (one spot) and 

superoxide dismutase (three spots) is also associated with oxidative stress responses in 

plants. Interestingly, one protein down-regulated by DCA treatment was identified as 

phosphoglucomutase. 
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Partially purified DCA-N-MT from control and DCA-treated material (see section 5.5.2) were labelled with Cy3 and Cy5 respectively, 
combined and subjected to DiGE analysis (pH 4 to 7 in the first dimension and 12 % acrylamide SDS-PAGE in the second 
dimension). Panel A: Fluorescent image of the gel. Proteins from the control are green, those from the DCA-treated sample are red. 
Where the two dyes were superimposed, a yellow colour appeared. Panel B: Silver stained gel. The spots indicated by the arrows 
represent proteins whose abundance was regulated by DCA treatment The identity of these proteins is given in table 5.2. 
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Spot Identity of hit Accession Mass Peptides Total Fold change in 
number number (calc.) matched score DC A-treated 

samples 
7 Glutathione-S-transferase 8, Glycine max AAG34798 25,893 9 229 + 2.05 and 1.52 
8 Glutathione-S-transferase 8, Glycine max AAG34798 25,893 3 95 + 1.98 
9 Superoxide dismutase [Cu-Zn], chloroplast precursor, P14831 22,238 1 65 +4.45 

Lycopersicon esculentum 
11 Superoxide dismutase [Cu-Zn], chloroplast precursor, Pl4831 22,328 1 70 + 2.61 

Lycopersicon esculentum 
17 Superoxide dismutase [Cu-Zn], chloroplast precursor, P14831 22,328 2 59 +2.95 

Lycopersicon esculentum 
23 Phosphoglucomutase, Tetrahymena thermophila AAB97159 65,720 1 53 -2.23 
26 Putative UDP-glucose pyrophosphorylase, Arabidopsis AAK32772 51,847 1 44 +2.86 

thaliana At3g03250 
28 Putative UDP-glucose pyrophosphorylase, Arabidopsis AAK32772 51,847 3 69 + 4.31 and 3.84 

thaliana At3g03250 
29 UDP-glucose pyrophosphorylase, Amorpha fruticosa AAL33919 51,666 6 158 +3.08 
37 L-ascorbate peroxidase, cytosolic isozyme, Zea mays S49914 27,409 2 92 + 2.60 and 1.96 

Table 5.2: Summary of DiGE analysis of soybean proteins whose abundance is regulated. by DCA treatment 

Partially purified proteins extracted from untreated and DCA-treated soybean roots (see section 5.5.2) were separated on a two 

dimensional DiGE system. Differentially expressed proteins were prepared and analysed by mass spectrometry as described in section 

2.6.3. +and- indicate an increase and a decrease, respectively, in the intensity of a spot. Scores above 51 indicate identity or extensive 

homology (p < 0.05) . 



5.6. :Discussion 

The combined aims of this chapter were to characterise DCA-N-MT further 

and to find a means to identify the gene(s) encoding this enzyme. To do so, a time

course study of the effect of DCA on DCA-N-MT activity in soybean plants and cell 

suspension cultures was performed, followed by kinetic studies of the enzyme. The 

feasibility of in vitro expression cloning was examined and since DCA-treatments 

increased DCA-N-MT activity up to three-fold, comparative purification from 

treated and untreated material was tested and DCA-inducible proteins were 

identified using DiGE. 

Suspension-cultured cells have been used extensively for xenobiotic 

metabolism studies because they are generally believed to degrade toxic compounds 

in a qualitatively similar manner to whole plants (Schneider et al., 1984) but at a 

more rapid rate. This is partly due to the fact that they often exhibit higher activities 

of xenobiotic-degrading and secondary metabolic enzymes (J. Little, pers. comm.), 

and also since suspension cultures lack some of the structural components of whole 

plants, xenobiotic molecules reach the sites of metabolism more rapidly than in 

whole plants. Other advantages for the utilisation of cell cultures in pesticide 

metabolism studies include the ease of protein extraction, the increased purity of 

metabolite preparation and the fact that they are free from micro-organism 

contamination. Consequently, protocols to evaluate the metabolic fate of xenobiotics 

using suspension-cultured cells have been published (Ebing et al., 1984; Harms and 

Langebartels, 1986). The determination of DCA-N-MT activity in soybean plants 

and cell cultures showed that the enzyme was expressed constitutively and that the 

specific activity was up to 20-fold higher in extracts from cell cultures compared to 

those from roots (table 3.3 and section 5.2). In the two tissues, KrnncA was of the 

same order of magnitude (15 J.tM in cells and 19.5 J.lM in untreated roots) but Vmax 

was much higher in cell cultures than in untreated roots, thus it seems probable that 

suspension-cultured cells contain greater amounts of DCA-N-MT protein than root 

cells, but it is also possible that suspension-cultured cells contain a different isoform 

which is more active. These observations are in agreement with the general belief 

that suspension-cultured cells metabolise xenobiotics more efficiently than whole 
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plants (Schneider et a!., 1984; Hohl and Barz, 1995; Schmidt et al., 1995) and 

contain higher levels of the appropriate enzymes. 

Since xenobiotic-inducing enzymes have frequently been found to be 

inducible, the effect of DCA treatment on DCA-N-MT activity was investigated. In 

DCA-treated plants, KmDCA increased less than two-fold (from a mean value of 19.5 

to 32 ~; two experiments), suggesting that treatment of plants resulted in a slight 

decrease in the affinity of DCA-N-MT for DCA. However, more experiments are 

required to determine whether the increase in KmDcA is statistically significant. An 

increase in KmDcA could be due to the induction of additional isoforms of lower 

affinity following DCA pre-treatment. V maxDCA was also somewhat variable between 

experiments but increased significantly in each case. This strongly suggests that 

DCA induced de novo synthesis either of the enzyme itself or of some factors that 

enhance activity. 

In order to assess the possibility of applying in vitro expression cloning to 

this project, in vitro translation of RNAs extracted from soybean cells and roots was 

performed and the protein products assayed for DCA-N-MT activity. However, this 

did not permit the detection of a significant difference in DCA-N-MT activity 

between untreated and DCA-treated root samples or between untreated root and 

suspension-cultured cell samples. This may indicate that the level of translatable 

DCA-N-MT mRNA is not the only factor determining enzyme activity, especially in 

induction experiments, but this could not be verified since the experiments with 

actinomycin D were inconclusive. The lack of significant differences between 

different samples may also be due to the fact that the protein concentration in RRL 

was very high (36.9 ± 3.9 mg mr1
) and, by comparison, the amount ofDCA-N-MT 

protein translated would be negligible. Since the control consisted of Rabbit 

Reticulocyte Lysate only, it would be interesting to repeat this experiment using an 

RNA sample from a tissue virtually devoid ofDCA-N-MT activity (e.g. Arabidopsis 

leaves) to ensure that a significant difference with soybean RNA samples would 

indeed be detectable. The utilisation of a radiolabelled amino acid (usually 35S

methionine) during the in vitro translation would also improve the determination of 

DCA-N-MT specific activity, as it would give an approximation of the quantity of 

protein synthesised during the process, hence a more precise calculation of the 

specific activity. 
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It was then decided to pursue the induction of DCA-N-MT activity as a 

possible means of obtaining protein sequence and ultimately cloning the 

corresponding eDNA. DCA induction of DCA-N-MT activity was applied to the 

protein purification scheme developed in Chapter 4 and the comparison of DCA

treated and control samples by 1D-PAGE, together with kinetic data, suggested that 

the increased enzyme activity was due to de novo protein synthesis of DCA-N-MT 

(figure 5.7). The 53 kDa band tentatively identified in Chapter 4 as DCA-N-MT was 

increased in intensity in proteins purified from DCA-treated soybean roots. 

Following DCA treatment, no additional proteins were detected by 1D PAGE, but 

given the limited resolution of this technique, a more detailed quantitative and 

qualitative analysis was performed using 2D-DiGE. 

Several soybean proteins were identified as being induced by DCA 

treatment. These include three enzymes which are associated with oxidative stress 

responses: ascorbate peroxidase, superoxide dismutase and GST, suggesting that 

DCA could have imposed a mild oxidative stress on the soybean plants. This is not 

surprising, since herbicide-induced oxidative stress has been reported previously 

(e.g. Cummins et a/., 1999). The only induced protein identified of ca. 52 kDa was 

UDP-glucose pyrophosphorylase (see below). Unless this represents a 

"moonlighting protein" (Jeffery, 1999; Copley, 2003), no obvious candidate for 

DCA-N-MT was identified. It should be noted however, that several protein spots 

were not of sufficient abundance or similarity to proteins in sequence databases to be 

identifiable in the first experiments. Further 1D and 2D analysis of differentially

regulated proteins and of proteins in the 53 kDa size range from active, partially

purified fractions is currently being undertaken and it is hoped that DCA-N-MT 

might yet be identified by these means. 

Interestingly, phosphoglucomutase was somewhat down-regulated by DCA 

treatment. Combined with the DCA induction of UDP-glucose pyrophosphorylase, 

this could lead to the increased formation of UDP glucose (UDPG) in soybean roots, 

as outlined in figure 5.9. In future studies, this could be tested by enzyme-linked 

spectrophotometric measurement of UDPG, glucose-1-phosphate and glucose-6-

phosphate in perchloric acid extracts of treated and untreated tissue (Schluepmann et 

a/., 2003). A potential increase in UPDG availability is notable since UDPG is the 

co-substrate for DCA-N-GT and DCA treatment could therefore increase 

detoxification of DCA by the minor glucosylation route in soybean identified in 
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phosphoglucomutase 

G-1-P G-6-P 

+ 

UDP-glucose pyrophosphorylase 

UDPG + 

Figure 5.9: Hypothetical scheme showing the effect of DCA pre-treatment on 

enzymes involved in the synthesis of UDP-glucose. 

Phosphoglucomutase catalyses the reversible conversion of glucose-1-phosphate (G-

1-P) into glucose-6-phosphate (G-6-P) and uridine diphosphate glucose (UDP

glucose or UDPG) is synthesised from G-1-P and UTP in a reversible reaction 

catalysed by UDP-glucose pyrophosphorylase. DiGE analysis of soybean roots 

treated with 100 ~M DCA indicated that the abundance of UDP glucose 

pyrophosphorylase is increased in response to treatment and the abundance of 

phosphoglucomutase is decreased. If the changes in protein abundance are reflected 

in enzyme activity, flux would be directed towards the formation of UDPG, as 

shown by the block arrows. 
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Chapter 3. Unfortunately, owing to time constraints, the induction of DCA-N-GT 

activity was not studied in this project, but this would be an important route to 

pursue in future. It also seems plausible that UDP-glucose pyrophosphorylase co

purifies with DCA-N-MT in both purification schemes developed and although gel 

filtration demonstrated that the native molecular weight of DCA-N-MT is 52 ± 2 

kDa, UDP glucose pyrophosphorylase probably accounts for a significant proportion 

ofthe 52 kDa band observed in lD-PAGE. 

The potential for DCA to increase carbon flux in favour of UDPG formation 

raises the question of whether the synthesis of M-CoA, the co-substrate of DCA-N

MT, is also induced by DCA pre-treatment. In dicotyledonous plants, M-CoA is 

synthesised by a malonyl-CoA synthetase in mitochondria (Gueguen eta!., 2000), 

and by prokaryotic and eukaryotic forms of acetyl-coenzyme A carboxylase 

(ACCase) in plastids and cytosol, respectively (reviewed by Sasaki et al., 1995). 

Cytosolic M-CoA is most likely to contribute to co-substrate production for DCA-N

MT which appears to be a soluble cytosolic enzyme. Unfortunately, as a protein of> 

200 kDa, cytosolic ACCase is too large to be resolved readily in 2D gels and it 

would by unlikely to be detected by DiGE. Although no simple method is available 

for the measurement of malonyl-CoA in plant extracts, ACCase can be measured 

relatively easily in desalted ammonium sulphate extracts using a radiometric assay 

(Shukla et al., 1997) and this would be an interesting topic for further study. 

5.7. Summary 

Pre-treatment of soybean roots with the xenobiotic DCA prior to enzyme 

extraction increased DCA-N-MT activity, a finding that has not been reported 

previously. Kinetic comparisons of DCA-N-MT in crude extracts from DCA-treated 

and control tissues and the parallel purification of proteins from the same material 

strongly suggested that this augmentation in activity was due to de novo protein 

synthesis. DCA induction of activity was maintained throughout the purification 

procedure and analysis of partially-purified proteins from DCA-treated and control 

tissues using 1D gel electrophoresis suggested that a protein of approximately 53 

kDa was a candidate for DCA-N-MT. 2D DiGE analysis revealed that a number of 

proteins increased in abundance in response to DCA pre-treatment but these did not 

include a protein which could be confidently identified as DCA-N-MT. At present, it 
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cannot be excluded that the DCA-N-MT protein is not induced and that the increase 

in activity observed following DCA pre-treatment of roots is due to other factors. 

These are nevertheless interesting and novel findings, providing the basis for a 

wealth of future studies which will shed light on the effects of DCA treatment on 

plant metabolism and through further proteomic analysis could ultimately lead to 

molecular characterisation of this detoxification enzyme. 
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The overall aim of this project was to study soybean DCA-N-MT in order to 

obtain information which would lead to its molecular identification and to 

understand better the role of this enzyme in the detoxification of the reference 

xenobiotic DCA. Together with GSTs and GTs, MTs are involved in Phase II of 

xenobiotic conjugation in plants but remarkably little is known about the relative 

importance and identity of malonyltransferases. 

6.1. The metabolic fate of DCA in soybean 

The first task undertaken was to study the fate of DCA in intact soybean 

plants in order to make comparisons with DCA metabolism in other plant systems. 

In chapter 3, it was shown that DCA was mainly metabolised within the roots with 

very little translocation to aerial parts of plants (section 3.2.1). Consistent with the 

observation that DCA-N-MT activity was highest in the roots, the principal DCA 

metabolite formed was anN-malonyl-conjugate, although a very small amount of N

glucosyl DCA was also detected (figure 3.6). Interestingly, M-DCA was exported 

out of the cells, into the external growth medium (figure 3.5). This was largely 

consistent with previous studies using soybean cell cultures (Scheel et a!., 1984; 

Schmitt et a!., 1985; Winkler and Sandermann, 1989; Sandermann et al., 1991; 

Schmidt et al., 1994) and excised leaves (Gareis eta!., 1992) although the relative 

amounts of the different conjugates varied between cultivars: in the only other study 

where intact soybean plants were utilised, formation of a greater proportion of G-
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DCA was correlated with increased translocation to the shoot and increased bound 

residue formation (Backers et al., 1994). In a parallel study, DCA was found to be 

metabolised to both the N-glucosyl and N-malonyl conjugates in Arabidopsis, 

although the glucosyl conjugate predominated (Lao et a!., 2003; Appendix 1). 

Interestingly, both M-DCA and G-DCA were exported from Arabidopsis root 

cultures. Similarly, DCA has been shown previously to be metabolised by both 

glucosylation and malonylation in carrot cell cultures (Schmidt eta!., 1994), with 

export of the malonyl conjugate. In contrast however, DCA was metabolised 

predominantly to G-DCA in wheat, with a larger proportion of bound residues being 

formed (Backers eta!., 1994). 

There are several possible explanations for the system-, species-, and 

cultivar-specific differences in DCA metabolism. In the present study (section 3.2.5) 

and that of Schmidt eta!. (1995), the metabolic fate ofDCA correlated well with the 

endogenous complement of transferase enzymes. However, the predominant route 

for detoxification could also reflect the availability of the co-substrates M-CoA and 

UDPG: soybean might be expected to produce more M-CoA for lipid and flavonoid 

synthesis compared to Arabidopsis and wheat, which might favour a detoxification 

route involving glucosylation (see below). In agreement with this, peanut, a plant 

which produces large amounts of lipid, is a rich source of multiple 

malonyltransferases (Matern, 1984). Moreover, it might be expected that the 

structural complexity of intact plants offers more potential DCA sinks than 

suspension cultures, which do not possess a vascular system and extensive cell wall 

material which would facilitate the formation ofbound residues. 

6.2. Export of M-DCA and its implications for the environment 

The export of DCA conjugates in soybean, Arabidopsis and carrot is in 

marked contrast to the "classical" model of xenobiotic detoxification, in which 

xenobiotic conjugates are sequestered in the vacuole. However, it cannot be 

excluded that a small proportion of the M-DCA was stored in the vacuole in both 

species. At any time-point after being treated with radiolabelled DCA, the amount of 

M-DCA within the roots did not vary greatly (table 3.1). This observation suggests 

the possible existence of mechanisms capable of regulating the intracellular level of 

M-DCA. Since the malonyl-conjugate was only detected in the growth medium after 
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30 min and considering the high specific activity of DCA-N-MT in soybean roots, it 

is tempting to hypothesise that M-DCA accumulated rapidly within the vacuole up 

to a maximal level above which compartmentation was directed towards export 

across the plasma membrane. In many cases, the vacuole is only a temporary storage 

site for conjugated natural products and xenobiotics. For example, glutathione 

conjugates are rapidly metabolised following transport into the vacuole (Schroder, 

1997) and therefore do not accumulate over time. In contrast, plants apparently do 

not possess mechanisms for the degradation of M-DCA (Matern et al., 1984), 

suggesting that the vacuole cannot act as an infinite sink for this conjugate. In this 

context, it would be interesting to isolate whole vacuoles from soybean roots treated 

with radiolabelled DCA to determine what proportion (if any) of the malonyl

conjugate was stored in the vacuole and furthermore to use isolated vacuoles to 

investigate uptake of radiolabelled M-DCA and determine whether a transport 

system capable of sequestering M-DCA was present. 

According to its physico-chemical properties, the passive transport of M

DCA through biological membranes is very unlikely. In agreement with this, 

preliminary experiments involving the utilisation of transport inhibitors suggested 

the presence of an active transporter, the identity of which is currently unknown 

(section 3.2.6.2). It has been shown that ABC transporters and secondary transport 

systems mediate the compartmentation of both xenobiotic metabolites and 

endogenous substances (Klein et a!., 1996; Klein et al., 2000; Bartholomew et a!., 

2002), and both these classes of transporters are candidates for the plasma 

membrane and vacuolar transport of DCA conjugates. Experimental approaches to 

characterising M-DCA transport are discussed in more detail in Chapter 3. 

In the present study, DCA-treated soybean roots were shown to transport M

DCA out of the roots to the external growth medium. Once exported, cross-feeding 

studies demonstrated that M-DCA was not readily taken up and moreover did not 

appear to be metabolised further by extracellular enzymes. This raises the question 

of what happens in soil-grown plants. Unlike the semi-sterile growth medium used 

in hydroponics, soil contains a wide range of micro-organisms capable of 

metabolising complex organic molecules. This has important implications for the 

fate of M-DCA in soil. From a bioremediation viewpoint, it would be interesting to 

assess the toxicity and the persistence of the conjugate, relative to its parent 

xenobiotic DCA. One of the main reasons why DCA is a pollutant is that it binds 
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covalently to soil particles (Thorn et al., 1996) and is very difficult to degrade for 

micro-organisms (El-Fantroussi, 2000). Since soybean plants can readily detoxify 

DCA and excrete its malonylated conjugate (Lao et al., 2003), it would be 

interesting to determine whether M-DCA could be biodegraded in soil. The white

rot fungus Phanerochaete chrysosporium being capable of mineralising DCA (May 

et al., 1997), an obvious approach would be to test the capacity of this micro

organism to degrade M-DCA. If this was possible, the phytoremediation of DCA

contaminated soils with soybean plants associated with P. chrysosporium would be 

plausible. 

The export of a malonylated compound is interesting in the context of 

rhizosphere signalling by legumes (reviewed by Jain and Nainawatee, 2002). Firstly, 

the nod factors involved in nitrogen fixation have been well characterised and 

include an 0-malonylated flavonoid (Pueppke et al., 1998) which must be exported 

across the plasma membrane, either via a membrane-bound transporter or by 

secretion. The existence of a root plasma membrane transport system for 

endogenous malonylated compounds is interesting with respect to the export of M

DCA. Secondly, at concentrations as low as nanomolar to micromolar levels, 

flavonoids exuded by plants influence chemotaxis, regulate soil microbes and 

promote spore germination in mycorrhizal fungi. It is very tempting to propose that 

M-DCA is exported by a mechanism similar to that used by conjugated flavonoids. 

6.3. Towards the isolation of DCA-N-MT 

Having established t~at malonylation plays an important role in the 

detoxification of DCA in several plant species, classical approaches were undertaken 

to purify and characterise DCA-N-MT in Chapter 4. Two purification schemes were 

tested which resulted in the enrichment of DCA-N-MT activity, but neither was 

sufficient to achieve purification to homogeneity. Had more time been available, the 

development of an affinity chromatography step, for example, using a DCA-coupled 

matrix would have been attempted. This has the potential to afford higher purity, by 

removing a large proportion of proteins that have different binding properties to 

DCA-N-MT. This purification step would then have been incorporated in the 

purification protocol described in section 4.2.2.3. (procedure 2.2). 
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In common with other phase II detoxification enzymes, the activity of DCA

N-MT was increased by pre-treatment with its substrate (section 5.2). Kinetic studies 

suggested that this increase was possibly due to de novo protein synthesis. This was 

an important finding because it provided a potential route to the identification of 

DCA-N-MT. Firstly, regardless of the mechanism underlying increased DCA-N-MT 

activity, this phenomenon could be used to assist purification, as it would be easier 

to monitor activity during the different chromatographic steps. Secondly, the 

apparent induction of DCA-N-MT could be used to identify the protein. Following 

gel filtration, the native molecular weight of DCA-N-MT was found to be 52 ± 2 

kDa (section 4.2.2.3.2). In agreement with this, a strong band of this size was 

observed in lD denaturing gels of the partially-purified enzyme. The intensity of this 

band increased following DCA pre-treatment of the roots, suggesting that it did 

indeed represent DCA-N-MT. Since lD SDS-PAGE is limited in its ability to 

separate protein mixtures, a 2D approach to identify differentially-regulated proteins 

was adopted. 2D-DiGE analysis of partially-purified DCA-N-MT revealed several 

proteins whose abundance was altered by pre-treatment with DCA (table 5.2). 

Disappointingly, no obvious candidate for DCA-N-MT was identified, although 

several protein spots were not of sufficient abundance to be identified or did not 

have sufficient homology to proteins in the public databases, possibly because a full 

genome sequence for soybean is not yet available. One protein in the correct 

molecular weight range was differentially regulated, but this was identified as UDP

glucose pyrophosphorylase (51.8 kDa). Since the amount of this protein increased 

ca. three-fold in response to DCA pre-treatment, this could have accounted for the 

increased intensity of the 52 kDa band observed in lD gels and it is therefore 

unclear whether the amount of DCA-N-MT protein also increases. If the increase in 

DCA-N-MT activity is due to factors other than an increase in the amount of the 

enzyme itself, it would not be identified by DiGE. An important future experiment 

therefore, is to separate partially-purified DCA-N-MT in a preparative gel, cut the 

band corresponding to ca. 52 kDa proteins out, separate these proteins in a 

conventional 2D gel and analyse all the proteins of ca. 52 kDa. 
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6.4. Importance of the co-substrates 

The induction of UDP-glucose pyrophosphorylase by DCA is interesting for 

two reasons: firstly, there is the possibility that this enzyme has two different 

catalytic activities: the phenomenon of "moonlighting" proteins is well described 

and such proteins include enzymes of sugar metabolism (Jeffery, 1999). For 

example, phosphoglucose isomerase, a major enzyme involved in glycolysis that 

catalyses the interconversion of glucose 6-phosphate and fructose 6-phosphate, 

moonlights as neuroleukin, autocrine motility factor and differentiation and 

maturation mediator (Jeffery, 1999; Copley, 2003). Since UDP-glucose 

pyrophosphorylase is available commercially, it would be straightforward to test 

whether it possesses DCA-N-MT activity. However, the existence of different N-MT 

isoforms with differing substrate specificity towards endogenous compounds 

suggests that DCA-N-MT belongs to a distinct gene family of N

malonyltransferases, rather than arising from catalytic flexibility of an enzyme that 

has a central role in carbon metabolism. Secondly, as discussed in Chapter 5, the 

simultaneous up-regulation of UDP-glucose pyrophosphorylase, and down

regulation of phosphoglucomutase could result in increased synthesis of UDPG, thus 

favouring the formation of G-DCA. This begs the question of whether M-CoA 

synthesis is also increased by DCA pre-treatment. 

In the cytosol, where M-CoA is needed for fatty acid elongation and for the 

biosynthesis of phytoalexins and flavonoids (Sasaki et al., 1995; Reverdatto et a!., 

1999), M-CoA production is catalysed by the eukaryotic form of acetyl-CoA 

carboxylase (ACCase; Konishi and Sasaki, 1994). In addition to being indispensable 

for the biosynthesis of fatty acids, M-CoA is the precursor of tetrahydroxychalcone 

(THC), a central compound involved in the formation of flavonoids, including 

anthocyanins, flavones, flavonols and isoflavonoids. THC is synthesised when three 

molecules of M-CoA are condensed with 4-coumaroyl-CoA via the action of 

chalcone synthase. The treatment of alfalfa cell suspension cultures with fungal and 

yeast elicitors induced ACCase activity several-fold at the transcriptional level, 

suggesting that constitutive levels of M-CoA are insufficient when the synthesis of 

both fatty acids and additional secondary metabolites such as phyoalexins is 

necessary (Shorrosh et a!., 1994). It is thus conceivable that DCA-treatment of 

soybean roots would have induced the ACCase activity to compensate for the higher 
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M-CoA requirement for M-DCA synthesis. Attempts to assess M-CoA 

concentration would have been useful to find out whether M-CoA was present in 

sufficient quantities in control and DCA-treated soybean roots and if M-CoA 

limitation could have affected the fate of DCA. 

6.5. Xenobiotic detoxification and secondary metabolism, where does the 

boundary lie? 

The examples cited above highlight parallels in the pathways involved in 

secondary metabolism and in the detoxification of xenobiotics. Both pathways 

involve formation of conjugates and their transport into different subcellular 

compartments. This is not surprising since many secondary products can be toxic to 

the plant that produces them and thus require sequestration in the vacuole, a feature 

that is related to xenobiotic detoxification. These similarities raise a question that, to 

date, has not been fully answered, namely: are these pathways independent, identical 

or partially shared? Some important comparisons (similarities and differences) 

between the formation and transport of natural and xenobiotic malonosides can be 

made based on the work reported here and that in the literature. 

Since DCA is not naturally present in the environment, and herbicides have 

only been used systematically for the last 50 years, the mechanisms involved in its 

degradation must have other functions related to the metabolism and transport of 

endogenous compounds. In fact, several N-MTs have been reported to accept more 

than one substrate. For example, ACC-N-MT and D-amino acid N-MT seem to be 

correlated in mung bean (Liu et a/., 1983; Guo eta/., 1993) and in tomato leaves, a 

tryptophan-N-MT could accept both D- and L-tryptophan (Wu et a/., 1995). In 

soybean cell cultures, Sandermann and co-workers (1991) studied the substrate 

specificity of DCA-N-MT using various xenobiotics and secondary metabolites and 

showed that the enzyme had a preference for chlorinated anilines but could also 

accept 7-amino-4-methyl coumarin as a substrate, with a conversion rate of 70 % of 

that of DCA. However, when a range of other natural compounds, including certain 

D- and L-amino acids and ACC were tested, DCA-N-MT activity was less than 3% 

relative to the activity for DCA. This flexibility in substrate acceptance is 

reminiscent of the properties of GSTs and GTs: both families of enzymes possess 

two domains, one that is highly specific for glutathione and UDP-glucose 
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respectively and a second domain that can accept a wide range of substrates, 

including herbicides. This provides a structural explanation for the presence of 

xenobiotic-metabolising activities in plants. Moreover, as discussed above, 

transporters involved in the compartmentation of endogenous compounds can also 

transport xenobiotics, suggesting that identical transporters are possibly responsible 

for both xenobiotic and endogenous compound metabolisms. 

Had the enzyme been purified with higher yields or, had it been possible to 

obtain a recombinant protein, the sensitive and reproducible DCA-N-MT assay 

developed during this project would have allowed a reliable screening of DCA-N

MT activity with a range of endogenous compounds. The results would be highly 

informative and could point towards a possible secondary metabolism pathway 

shared by xenobiotics and endogenous molecules. 

6.6. Future work 

The mm of this thesis was to study soybean DCA-N-MT in order to 

understand better its role in the detoxification of the reference xenobiotic, DCA. In 

planta metabolism studies demonstrated that after DCA treatment, the major 

degradation metabolite synthesised in soybean was a malonyl-conjugate, M-DCA. In 

contrast to most xenobiotic detoxification routes which direct the compartmentation 

of xenobiotic metabolites to the vacuole, M-DCA was transported out of the roots. 

Preliminary studies presented in this thesis suggested the involvement of a 

secondary transporter but more work will be necessary to identify the protein 

responsible for this excretion. Since this has never been studied, one of the important 

points to investigate in the future would be to identify a plasma membrane 

transporter that allows the export, not only of M-DCA but maybe of other xenobiotic 

metabolites. The isolation of this transporter would lead to the unravelling of the 

mechanisms underlying this export. 

Since malonylation was demonstrated to be the main DCA detoxification 

route in soybean, the purification of DCA-N-MT was attempted in order to obtain 

sequence information. A reliable and sensitive assay for the detection of DCA-N

MT was developed and was employed to purify the enzyme up to 400-fold. 

However, no sequence information was obtained. Had the gene encoding DCA-N

MT been identified and cloned, the expression of the corresponding recombinant 
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protein would have opened the way to a wide range of studies and its sequence could 

have been used to identify the gene family to which DCA-N-MT belongs. For 

example, basic kinetics studies could have been performed, including the 

determination of the enzyme's substrate specificities for other xenobiotics and 

endogenous compounds such as ACC and D-amino acids. The results would be 

invaluable to determine whether DCA-N-MT is capable of catalysing the 

detoxification of both endogenous and xenobiotic compounds. For the first time, 

DCA-treatments of soybean roots was shown to increase DCA-N-MT activity. The 

availability of DCA-N-MT sequence would be useful to determine the level 

(transcriptional or the translational) at which DCA-N-MT activity was induced and 

would have been a means to find out whether this induction was due to de novo 

synthesis of the enzyme itself or due to other factors, an information of importance 

for the understanding of induction mechanisms following xenobiotic treatments. 

Since M-DCA was shown here to be exported from soybean roots, as opposed to the 

general belief that xenobiotic conjugates are compartmentalised within the vacuole, 

the availability of recombinant DCA-N-MT would permit the synthesis of high 

quantities of M-DCA, which would be required for transport studies (see section 

3.3). The results obtained would contribute towards the unravelling of the 

mechanisms involved in the export of xenobiotic conjugates, a detoxification route 

that has not been studied to date. 

The answers to these questions will only be resolved by the cloning and 

characterisation of DCA-N-MT and the eventual identification of M-DCA 

transporters. This study has been an important step forward in achieving this. 
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Abstract 

The metabolic fate of [UL- 14C]-3,4-dichloroaniline (DCA) was investigated in Arabidopsis root cultures and soybean plants over 
a 48 h period following treatment via the root media. DCA was rapidly taken up by both species and metabolised, predominantly 
to N-malonyl-DCA in soybean and N-glucosyl-DCA in Arabidopsis. Synthesis occurred in the roots and the respective conjugates 
were largely exported into the culture medium, a smaller proportion being retained within the plant tissue. Once conjugated, the 
DCA metabolites in the medium were not then readily taken up by roots of either species. The difference in the routes of DCA 
detoxification in the two plants could be explained partly by the relative activities of the respective conjugating enzymes, soybean 
containing high DCA-N-malonyltransferase activity, while in Arabidopsis DCA-N-glucosyltransferase activity predominated. A 
pre-treatment of plants with DCA increased DCA-N-malonyltransferase activity in soybean but not in Arabidopsis, indicating dif
ferential regulation of this enzyme in the two plant species. This study demonstrates that DCA can undergo two distinct detox
ification mechanisms which both lead to the export of conjugated metabolites from roots into the surrounding medium in contrast 
to the vacuolar deposition more commonly associated with the metabolism of xenobiotics in plants. 
© 2003 Elsevier Ltd. All rights reserved. 

Keywords: Glycine max (Fabaceae) soybean; Arabidopsis thaliana (Brassicaceae); Herbicide metabolism; Conjugation; Export; Detoxification; 
Dichloroaniline; Malonyltransferase; Glucosyltransferase; Roots 

1. Introduction 

The ability of plants to take up and chemically trans
form xenobiotics has important implications for envir
onmental and food science. Chlorinated anilines such as 
3,4-dichloroaniline (DCA) are intermediates in chemical 
synthesis as well as being metabolites of acylanilide, 
phenylurea, and carbamate pesticides (Parris, 1980; Van 
der Trenck et a!., 1981 ). DCA can persist in the envir
onment as insoluble residues in soil and plants and can 
also photodimerise to form carcinogens (Harvey et a!., 
2002). Consequently, DCA has been classified as a 
compound of environmental concern, with substantial 

• Corresponding author. Fax: +44-1582-763010. 
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(F.L. Theodoulou). 
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interest in its metabolic fate in plants (Bartha et a!., 
1983; Sandermann et a!., 1983; Harvey et al., 2002). 
DCA metabolism has been investigated in a small 
number of plants, with differences observed in the pro
portions and identities of biotransformation products. 
In soybean, N-malonylation was the major route of 
DCA metabolism in cell cultures (Winkler and Sander
mann, 1989; Harms and Langbartels, 1986; Gareis et 
al., 1992; Schmidt et a!., 1995), excised leaves (Gareis et 
a!., 1992) and whole plants (Bockers et a!., 1994). In 
wheat, both plants and suspension-cultured cells meta
bolised DCA mainly by N-glucosylation (Schmitt et a!., 
1985, 1995; Winkler and Sandermann, 1989, 1995; 
Backers et a!., 1994), while in carrot cultures, DCA 
underwent both malonylation and glucosylation 
(Schmidt eta!., 1994). The enzymes responsible for cat
alysing the conjugation of DCA to glucose and malonic 
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acid respectively have been described in plants (Frear, 
1968; Sandermann et al., 1991; Matern et al., 1984). In a 
number of studies, species-dependent differences in 
DCA metabolism have been attributed to differences in 
the activity of the respective DCA-N-glucosyltransfer
ase and DCA-N-malonyltransferase enzymes (Sander
mann et al., 1991; Schmidt et al., 1995). 

In this study, we have compared DCA metabolism in 
soybean, a species where the detoxification of this 
xenobiotic is relatively well characterised, with its 
metabolism in the model species, Arabidopsis thaliana. 
Ultimately, the intention here is to characterise the 
enzymes and transporters involved in DCA metabolism 
in these two species using a combination of biochemical 
and molecular approaches, with the potential aim of 
manipulating xenobiotic metabolism in plants. 

2. Results 

2.1. Time course of 14C DCA uptake 

Hydroponically-grown soybean seedlings and 
Arabidopsis root cultures were treated with identical, 
sub-toxic doses of [UL- 14C]-3,4-dichloroaniline (45.2 
nmol, 37 kBq) for 48 h to investigate the uptake and 
distribution of radioactivity over time. Plants were 
extracted with methanol to determine incorporation 
into soluble metabolites, with any non-extractable 
radioactivity defined as being a bound residue which 
was quantified after digestion with alkali. Radioactivity 
in the medium was quantified directly, with the aqueous 
medium partitioned with ethyl acetate to recover DCA 
and its metabolites (average recovery 86% in soybean 
and 96% in Arabidopsis). In each case, the radioactivity 
present was quantified by liquid scintillation counting 
(LSC; Fig. 1). In soybean plants, radioactivity in the 
medium declined rapidly over 0--4 h (Fig. lA). A major 
proportion of the loss in radioactivity was due to the 
uptake of [l 4C]-DCA into the soybean plants, where the 
radiolabel accumulated as both extractable and bound 
residues, predominantly in the roots. After 4 h, the dis
tribution of radiolabel between medium and root 
remained constant. There was a moderate net loss of 
radioactivity from the system after 48 h, which was 
attributed to the volatilisation of [1 4C]-DCA from the 
medium due to aeration. Fluorographs of the [1 4C]
DCA treated soybean plants showed that, at the end of 
the time course, the majority of the label had accumu
lated in the roots, with a small proportion in the mer
istem (Fig. 2). 

In Arabidopsis, the rate of net uptake of radioactivity 
into cultured roots was also rapid, with soluble residues 
in the roots comprising 65% of total label after 24 h of 
treatment (Fig. lB). Unlike soybean, only 3-4% of the 
administered label was incorporated into bound resi-

dues in Arabidopsis roots. The percentage of the dosed 
radiolabel in the Arabidopsis growth medium continued 
to decline during the course of the experiment, to a final 
value of 20% after 48 h treatment. 

2.2. Metabolic fate of DCA in soybean and Arabidopsis 

The radioactive metabolites present in the plant tis
sues and respective media were analysed by thin layer 
chromatography (TLC) and quantified, following 
Phosphorimaging. For reference, the profiles of meta
bolites seen in both soybean and Arabidopsis after a 48 
h incubation with [14C]-DCA are shown in Fig. 3. The 
identification of DCA metabolites was based on their 
co-chromatography in two TLC solvent systems and by 
HPLC (data not shown) with prepared standards of 
DCA-N-malonate (M-DCA) and [ 14C]-DCA-N-~-D
glucoside (G-DCA), which are both well characterised 
metabolites of DCA in plants (Winkler and Sander
mann, 1989, 1992; Gareis et al., 1992). 
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Fig. I. Distribution of radioactivity following addition of [14C]-DCA 
to the root medium of soybean and Arabidopsis. Hydroponically
grown soybean seedlings (A), and Arabidopsis root cultures (B) were 
treated with 45.2 nmol (37 kBq) [UL-14C)-3,4-dichloroaniline for 48 h. 
At various time points, the radioactive metabolites were extracted 
from the plants and medium and quantified by LSC as: soluble resi
dues in the plant (closed circles), bound residues in the plant (open 
circles), radioactivity in the growth medium (closed triangles). Data 
points represent the means of 2-4 replicates, with error bars showing 
standard deviations. Representative of four experiments. 
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Fig. 2. Distribution of radiolabel in soybean plant fed [14C]-DCA 
through the root medium. Hydroponically-grown, 10 day-old soybean 
seedlings were treated with 45.2 nmol (37 kBq) [UL-14C]-3,4-
dichloroaniline. After 3.5 days, plants were analysed by phosphor
imaging (A). Radioactivity in the dissected plant parts was quantified 
by LSC and the results expressed as % of the original dose (A) and 
nmol of [14C]-DCA equivalents g- 1 FW (B), with results showing the 
means of duplicated experiments±S.E. 

In all chromatograms, the parent [14C]-DCA ran as 
two radioactive entities, with the proportion of radio
activity in each band determined by the solvent system. 
In the chloroforrn:methanol:water system, 92% of the 
radioactivity in the [14C]-DCA dosing solution co-chro
matographed with authentic unlabelled DCA, while the 

1 2 3 4 5 6 7 
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S1 A2 

M-DCA 
A3 

S2 

A4 S3 
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Fig. 3. Identification of DCA metabolites by TLC. Radioactive DCA 
metabolites were extracted from plants and culture medium and ana
lysed by TLC using chloroform/methanol/water (60:35:8; vjvfv) . 
Lanes: (I) [14C]-3,4-d.ichloroaniline, (2) N-14C-o-glucopyranosyl)-3,4-
dichloroaniline, (3) N-14C-malonyl-3,4-dichloroaniline, ( 4) Arabidopsis 
plant soluble extract, (5) Arabidopsis growth medium, (6) soybean 
plant soluble extract, (7) soybean growth medium. 

other 8% ran as a diffuse spot near the solvent front. 
When the "authentic" [14C]-DCA was scraped off and 
re-run in the same chromatography system, the radio
activity again partitioned into the two moieties in a 
similar ratio (9: 1). It was concluded that the minor, 
more hydrophobic radioactive entity was an artefact of 
chromatography, rather than an impurity and in all 
subsequent analyses, these two radioactive bands were 
collectively quantified as parent [14C]-DCA. When ana
lysed by HPLC, [14C]-DCA ran as a single radioactive 
entity (data not shown). 

Previous studies have demonstrated that DCA can 
spontaneously form the respective N-~-o-glucopyr

anosyl conjugates when incubated with o-glucose 
(Winkler and Sandermann, 1992). It was important, 
therefore, to demonstrate that DCA metabolism in the 
root cultures was due to reactions mediated in planta, 
rather than due to non-enzymic reactions. When [14C]
DCA was incubated with Arabidopsis growth medium 
containing 1% (wfv) o-glucose in place of sucrose, G
DCA was seen to accumulate at a rate of 0.15 nmol h- 1 

tmder the dosing conditions used in the plant feeding 
studies. When sucrose, the sugar used routinely in the 
plant studies was tested, [14C]-DCA was not converted 
to polar conjugates. Similarly, the rate of DCA con
jugate synthesis in conditioned media taken from the 
Arabidopsis root cultures or soybean plants was also 
below the limit of detection. These experiments con
firmed that any metabolism of DCA observed in the 
feeding studies was due to metabolism in planta. 



656 S.-H. Lao eta/./ Phytochemistry 63 (2003) 653~61 

After a 48 h incubation with [14C]-DCA, distinct pro
files of radioactive metabolites were seen in soybean and 
Arabidopsis (Fig. 3). Extracts from soybean plants con
tained three major metabolites of DCA which were 
designated Sl, S2 and S3, respectively. Based on co
chromatography, Sl was identified as G-DCA and S2 as 
M-DCA. Compound S3 did not co-chromatograph with 
any available standards. In the soybean root medium, 
only S2 (M-DCA) was observed in addition to [14C]
DCA. Extracts from Arabidopsis plants contained five 
major metabolites of DCA, designated Al-A5. Com
pound Al was not identified but migrated very closely 
to A2, which in turn co-chromatographed with G-DCA. 
Metabolite A3 appeared to be M-DCA while A4 was 
identical to the unknown soybean DCA metabolite S3. 
The polar compound A5 was also not characterised. 
Although metabolites Al, A4 and A5 were not identi
fied, their lability to acid hydrolysis and associated 
release of DCA suggested that they were all N-con
jugates of the parent compound. In the Arabidopsis root 
medium, only Al and G-DCA were observed as DCA 
metabolites. 

The metabolism of [14C]-DCA in soybean plants and 
Arabidopsis root cultures was studied over a 48 h feed
ing period and the major recovered metabolites (Fig. 3) 
quantified in both media and plant tissue (Table 1). 
With soybean, parent [14C]-DCA steadily declined from 
the medium, to be replaced with M-DCA. In contrast, 
the M-DCA content in the soybean plant remained vir
tually constant throughout this period. By comparison 
with the proportion of DCA metabolised by malonyla
tion, the amounts of G-DCA and metabolite S3 formed 
were modest, with G-DCA accumulating transiently at 
2 h and then declining. 

In Arabidopsis, G-DCA was the dominant metabolite 
at all time points in both the roots and the media. In 
contrast, M-DCA remained a minor metabolite, con
firming that glucosylation was the major route of DCA 
conjugation in Arabidopsis. In the roots, the accumula
tion of G-DCA was particularly marked over the first 4 
h, after which time its relative abundance steadily 
declined. During this loss of G-DCA, the amounts of 
DCA and M-DCA remained constant, A4 and A5 
slowly accumulated and Al slowly declined. The selec
tive disappearance of G-DCA from the roots was asso
ciated with an increase in the glucoside in the medium, 
suggesting that the conjugate was being exported. Simi
larly, the slower decline in A 1 in the roots was mirrored 
by its steady accumulation in the medium. 

2.3. Transferase activities 

In order to account for the differences in DCA con
jugation in soybean and Arabidopsis, the activities of 3,4-
dichloroaniline-N-malony !transferase (DCA-N-MT) 
and 3,4-dichloroaniline-N-glucosyltransferase (DCA-N-

Table I 
Quantification of major DCA metabolites formed over 48 h in soy-
bean plants and Arabidopsis root cultures dosed with 45.2 nmol [14C]-
DCA• 

Time (h) Extracted metabolites (nmol) 

DCA AI G-DCA M-DCA A4/S3 A5 

Soybean root extract 
0.5 1.5 ND 0.6 0.1 
2 4.4 0.4 2.2 0.4 
4 4.2 0.3 1.5 0.4 
8 5.5 NO 0.6 0.5 
12 5.0 NO 0.6 0.2 
24 4.2 NO 0.9 0.2 
48 3.8 NO 1.3 0.2 
Soybean medium 
0.5 29.5 2.0 
2 15.8 4.7 
4 7.8 7.0 
8 4.1 11.3 
12 4.4 11.7 
24 3.3 15.1 
48 3.2 12.0 
Arabidopsis root extract 
4 2.7 3.1 18.2 0.5 0.9 0.5 
8 2.2 2.5 9.7 0.3 0.9 0.5 
12 3.4 2.5 10.9 0.5 1.4 0.6 
24 2.2 2.0 6.5 0.6 1.7 1.4 
48 1.3 0.9 3.0 0.8 2.5 2.0 
Arabidopsis medium 
4 2.7 0.3 6.1 NO 
8 3.0 2.2 9.5 NO 
12 5.6 3.0 12.8 1.1 
24 2.2 5.8 22.0 0.5 
48 2.8 6.7 17.5 0.6 

• Results represent the means of duplicated studies with the varia
tion in the plants being < 10% of the mean. NO= not detected. 

GT) were determined in crude root extracts from the two 
species. In both cases, product formation was monitored 
by quantifying the amount of radiolabelled M-DCA or 
G-DCA formed which partitioned into ethyl acetate 
(Brazier et al., 2002). With both assays, the activities 
reported significantly underestimate the true catalytic 
efficiencies of the respective enzymes, as in both cases 
they were incubated with low concentrations of the radi
olabelled co-substrate, either UDP-[14C-glucose] or [14C
malonyl]-CoA. This was done to enhance the sensitivity 
of the assays by keeping the radioactive specific activities 
of the substrates high. However, with both DCA-N-MT 
and DCA-N-GT activities, it was demonstrated that 
product formation was strictly dependent on protein 
content for all comparative assays performed. In soy
bean roots, DCA-N-MT activity was high (12 nkat g- 1 

protein), whereas DCA-N-GT was barely detectable (0.5 
pkat g- 1 protein). In Arabidopsis root cultures, DCA-N
GT and DCA-N-MT activities were readily detectable 
although DCA-N-GT activity was two orders of magni
tude greater than DCA-N-MT (6.3 nkat g- 1 protein and 
52 pkat g- 1 protein, respectively). No DCA-N-MT or 
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DCA-N-GT activity could be determined in the media 
immersing either the soybean or Arabidopsis roots, con
firming that the synthesis of the respective conjugates 
occurred within the plant tissues. 

Since many xenobiotic-metabolising enzymes have 
been shown to be inducible (Marrs, 1996; Tommasini et 
al., 1997; Robineau et al., 1998), the effects of DCA pre
treatment on DCA-N-MT and DCA-N-GT activity 
(assayed at saturating DCA) were determined. Pre
treatment of Arabidopsis root cultures with 100 j.!M 
DCA for up to 48 h had no effect on DCA-N-MT or 
DCA-N-GT activity (data not shown). In soybean roots 
however, DCA-N-MT activity was increased by 2- to 6-
fold depending on the length of treatment with 100 j.!M 
DCA (Fig. 4A). Increasing the DCA concentration to 
200 j.!M gave no further enhancement in activity com
pared to 100 j.!M pre-treatment. Kinetic analysis of the 
effect of DCA pre-treatment indicated that although 
V maxDCA was somewhat variable between experiments 
(control: 248.83 ±272.40 nkat g- 1; DCA-treated: 
1376±474 nkat g- 1), this parameter was always 
increased by DCA pre-treatment (fig. 4B). In contrast, 
KmocA did not change substantially (control: 
23.09±3.171-!M; DCA-treated: 30.75±5.15 1-!M). 

2.4. Cross~feeding study 

Since metabolic fate studies indicated that DCA was 
exported from roots in a species-specific manner, pre
dominantly as M-DCA in soybean and G-DCA in 
Arabidopsis, a cross-feeding experiment was conducted 
to determine whether or not these metabolites could be 
reabsorbed by either plant. Soybean seedlings and Ara
bidopsis root cultures were grown in the presence of 37 
kBq [UL- 14C]-DCA (45.2 nmol). After 48 h, the meta
bolites released into the medium by each plant species 
were extracted with ethyl acetate, concentrated and 
quantified by LSC. Untreated plants from both species 
were then incubated for 24 h in 20 m1 fresh medium 
containing 6.67 kBq 14C-labelled metabolites from each 
species and plants and media analysed by LSC to 
determine the partitioning of 14C between the growth 
medium and plant material. 

Soybean seedlings took up approximately equal 
amounts of 14C-labelled compounds whether they were 
derived from soybean or Arabidopsis growth medium. In 
each case, 12% of the supplied radioactivity was recov
ered in the extractable fraction from the plants while 5% 
became incorporated into bound residues, regardless of 
source of the metabolites. Arabidopsis root cultures 
showed a slight preference for uptake of radiolabelled 
compounds derived from Arabidopsis culture medium: 
the soluble fraction recovered from plants corresponded 
to 13% of the dosed radioactivity when Arabidopsis 
metabolites were supplied, compared with only 5% for 
soybean. Almost no bound residues were formed in 

Arabidopsis, in agreement with the DCA feeding studies 
(Fig. 1). After 48 h of DCA treatment, about 5-10% of 
the 14C in the medium is unchanged DCA (see Table 1) 
and it is possible that the small amount of uptake and 
incorporation in the cross-feeding study was due to the 
presence of this parent compound. In both soybean and 
Arabidopsis, the majority of the radioactivity (76-93%) 
remained in the medium during the cross-feeding exper
iment, irrespective of the source of the labelled metabo
lites, suggesting that the export of M-DCA or G-DCA 
constitutes an effective mechanism of exclusion which 
extends across the species. 
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Fig. 4. Effect of DCA treatment on DCA-N-MT activity. (A) Hydro
ponically-grown soybean plants were treated with 100 J.lM DCA (light 
grey bars) or 200 11M DCA (black bars) for 12-48 h. Roots were har
vested at 10 days and DCA-N-MT assayed. Open bars represent con
trols (methanol treatment). (B). Soybean roots were treated with I 00 
J.LM DCA (circles) or an equal vol. of methanol (triangles) for 24 h, 
harvested at 10 days and DCA-N-MT activities were then determined 
for a range of concentrations of DCA with each replicated four times 
(means±S.E.). KmDcA and VmaxDCA were determined by calculating 
the least-squares fit to a Michaelis-Menten function. In this experi
ment, KmncA values were 20.84±4.04 J.tM and 34.39± 3.91 J.lM in 
control and DCA-treated plants, respectively. V maxDCA values were 
441.45±21.73 nkat g- 1 and 1040.75±35.1 nkat g-1 in control and 
DCA-treated plants, respectively. 
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3. Conclusions 

Our results demonstrate that N-malonylation of DCA 
is the major route of detoxification in soybean, while in 
Arabidopsis N-glucosylation predominates. In both 
cases, the respective conjugates were rapidly exported 
from their site of synthesis in the roots into the sur
rounding medium. The N-malonylation of DCA in 
soybean and carrot has been reported previously 
(Winkler and Sandermann, 1989; Gareis et al., 1992; 
Bockers et al., 1994; Schmidt et al., 1994, 1995). In 
contrast, N-glucosylation is a minor route of metabo
lism of DCA in soybean, but a major route in monocots 
such as wheat and rice (Still, 1968; Schmitt et al., 1985; 
Winkler and Sandermann, 1989; Schmidt et al., 1995; 
Bockers et al., 1994). Interestingly the N-malonylation 
of DCA in soybean was linked with insoluble residue 
formation (Gareis et al., 1992; Bockers et al., 1994). The 
N-malonylation of DCA in soybean can be readily 
explained by the presence of a highly active DCA-N
MT in the roots with the small proportion of G-DCA 
formed reflecting the very low activities of DCA-N-GT. 
In earlier studies, the 6"-0-malonate of G-DCA was 
reported to be a significant metabolite of DCA in soy
bean (Gareis et al., 1992; Bockers et al., 1994). Attempts 
to demonstrate the presence of this metabolite proved 
inconclusive, although its chromatographic properties 
resemble those of metabolite S3 ( = A4). 

In Arabidopsis, the major metabolite was identified as 
G-DCA. In addition to G-DCA and M-DCA, three 
other polar, radiolabelled metabolites could be detected, 
all of which appear to be N-conjugates. In terms of 
abundance, compound Al was the second most sig
nificant metabolite, accumulating along with G-DCA in 
the medium over time. The presence of a small amount 
of M-DCA in Arabidopsis was presumably due to the 
low, but measurable DCA-N-MT activity present, 
which was 100-fold less active than the DCA-N-GT. 

Induction experiments revealed that DCA-N-MT is 
differentially regulated in Arabidopsis and soybean. 
Arabidopsis root cultures exhibited a low, constitutive 
activity which was not elevated by DCA pre-treatment, 
whereas DCA-N-MT was increased in soybean roots 
following pre-incubation of roots in 100 J..tM DCA. The 
DCA pre-treatment of soybean roots resulted in an 
increase in v maxDCA for the DCA-N-MT, but only a 
modest change in KmncA, suggesting that pre-treatment 
increases the abundance of the enzyme present either by 
increasing synthesis or preventing protein turnover. 
This could provide a potential route to the molecular 
identification of DCA-N-MT. 

In both soybean and Arabidopsis, a major sink of 
DCA metabolism involved export of the M-DCA and 
G-DCA conjugates into the respective media. In soy
bean, the export of M-DCA into the media has pre
viously been reported to be a major route of DCA 

metabolism in both suspension cultured cells (Winkler 
and Sandermann, 1989) and the roots of whole plants 
(Bockers et al., 1994). Significantly, we have also 
demonstrated that once exported, the M-DCA was not 
readily re-imported into the roots of soybean or Arabi
dopsis. Since M-DCA is chemically stable, its export 
would therefore represent an effective route and long
term mechanism for detoxification (Winkler and 
Sandermann, 1989, 1992). Extracellular export of M
DCA may result from the inability of soybean to 
deacylate this metabolite (Matern et al., 1984). The 
insecticide, phoxim [0,0-diethyl a:-cyanobenzylide
neamino-oxyphosphononthioate; 2-( diethoxypho
sphinothioloxyimino )-2-phenylacetonitrile] is also 
exported from soybean suspension culture cells as its N
malonyl conjugate (Hohl and Barz, 1995), suggesting 
that plasma membrane transport of N-malonylated 
xenobiotics is a general detoxification mechanism for 
synthetic amines. This is in contrast to the N-malonates 
of natural products such as theN-malonyl-conjugate of 
the ethylene precursor 1-aminocyclopropane-1-car
boxylic acid (ACC), which is selectively transported into 
the vacuole (Yang and Hoffman, 1984). In Arabidopsis, 
the small amount of M-DCA formed was also exported, 
though this was negligible compared to the efflux of G
DCA (Table 1). This was in con.trast to wheat, with 
neither G-DCA nor other related glycosides being 
exported from the root (Harms and Langbartels, 1986; 
Bockers et al., 1994). Neither soybean nor Arabidopsis 
roots supported an appreciable net uptake of the 
N-glucosyl conjugate when it was supplied to hydro
ponic growth medium. However, unlike the N-mal
onate, G-DCA is labile to both non-enzymic and 
microbial hydrolysis (Winkler and Sandermann, 1992), 
suggesting that under field conditions the DCA would 
be released in the rhizosphere and become available for 
uptake by plants. 

Malonylation and glucosylation of natural products 
are well known to influence the transport and storage of 
natural products. Thus 0-malonylated glucosides of 
natural products such as anthocyanins and the iso
flavone phytoalexin medicarpin, as well as 0-malonates 
of chlorophyll degradation products, are compartmen
talised within the vacuole (Harborne and Self, 1987; 
Mackenbrock et al., 1993; Barz and Mackenbrock, 
1994; Hinder et al., 1996; Tommasini et al., 1998; Lu et 
al., 1998). It has been proposed that the malonyl group 
not only protects the p-glucosyl group from attack by 
P-glucosidases but also acts as a signal for vacuolar 
sequestration (Matern et al., 1983; Koster et al., 1984; 
Schmitt et a!., 1985; Sandermann, 1994). In all these 
examples, 0-malonylation can be considered to be a 
freely reversible modification through the action of 
malonylesterases located in the cytoplasm or the tono
plast (Matern, 1983; Mackenbrock et al., 1992). In 
contrast, N-malonates of xenobiotics are recalcitrant to 
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hydrolysis and appear to be more effectively detoxified 
by extracellular deposition. It also appears that N-gly
cosides of DCA are readily exported from the roots of 
Arabidopsis plants, but not from other species such as 
wheat. These observations raise some interesting ques
tions about the specificity and regulation of N-conjugate 
transporters in plants and understanding these processes 
could be an important tool in manipulating xenobiotic 
metabolism in plants in the future. To that end, future 
work will concentrate on identifying the genes encoding 
the proteins responsible for the conjugation and trans
port of xenobiotics in Arabidopsis and other plants. 

4. Experimental 

4 .1. Chemicals 

3,4-Dichloroaniline (DCA) was obtained from Riedel
de-Haen (Germany) and unlabelled malonic acid from 
Fluka. [UL- 14C]-3,4-Dichloroaniline (817. 7 MBq/ 
mmol) was purchased from Sigma-Aldrich (UK) and 
[2- 14C-Malonyl]-Coenzyme A (2.035 GBq/mmol) and 
Uridine diphospho-D-[UL-14C]-glucose (11.84 GBq/ 
mmol) from Amersham Pharmacia Biotech (UK). 
N-malonyl-3,4-dichloroaniline (M-DCA) was prepared 
by chemical synthesis (Matern et al., 1984). 

4.2. Feeding studies with [14C]-DCA 

A. thaliana, ecotype Col 0 seeds (Lehle Seeds, TX 
USA) were sterilised in 70% (v/v) ethanol for 1 min 
followed by sodium hypochlorite (20% vjv) for 10 min. 
After rinsing with sterile distilled water, 10 seeds were 
transferred to 50 rnl Gamborg B5 liquid medium 
(Sigma-Aldrich, UK), pH 5.8, supplemented with 1% 
(w/v) sucrose. After growing for 17 days in the dark 
with constant shaking, 37 kBq (45.2 nmol) [14C]-DCA 
was added in 50 Jll methanol to each flask. At timed 
intervals, the root cultures and medium were separated 
by vacuum filtration and frozen in liquid nitrogen prior 
to storage at -80 oc. 

Soybean seeds (Glycine max L. var. Chapman) were 
sown in vermiculite and grown at 24 oc, with 110 JlE 
m- 1 s- 1 light intensity (16 h photoperiod), for 10 days. 
For DCA metabolism studies, the seedlings were trans
ferred to Erlenmeyer flasks, each containing 50 ml 
Hoagland's No. 2 basal salt mixture (Sigma-Aldrich, 
UK), pH 6.0 and incubated for 24 h with constant 
aeration. [UL- 14C]-3,4-dichloroaniline (37 kBq; 45.2 
nmol) was added to the media (50 ml), and the seedlings 
incubated with constant aeration and illumination. 
Duplicate batches, each of three seedlings, were har
vested at timed intervals, the roots were rinsed with 
distilled water, blotted dry and plants separated into 
roots, cotyledons, primary leaves, secondary leaves, and 

stem. Samples were weighed, frozen in liquid nitrogen 
and stored at -80 oc. 

4.3. Extraction of radioactive metabolites 

Frozen plant tissue was ground in a pestle and mortar 
with acid-washed sand in the presence of ice-cold 
methanol (10 v/w). After centrifugation (3000 g, 5 min), 
the supernatant was decanted and the pellet frozen at 
-20 oc. The volume of the supernatant was noted and a 
sample assayed by liquid scintillation counting (LSC). 
The extract was then concentrated under reduced pres
sure at 50 oc and the residue resuspended in methanol 
(l rnl) and re-assayed by LSC. Non-extractable radio
activity in the plant material was determined after 
extensively washing the pellet from the initial extraction 
with methanol. The pellet was then incubated in 2 rnl 2 
M NaOH, at 37 oc for 20 h prior to the addition of 320 
Jll concentrated HCl. Samples (100 Ill) were then ana
lysed by LSC. Growth medium was made up to a 
known volume with water and 200 Jll analysed by 
J.!LSC. The medium was then partitioned two times 
against one v/v ethyl acetate and the organic phases 
combined and concentrated to 1 ml under vacuum, at 
40 °C. The residue was redissolved in 1 ml methanol and 
re-assayed by LSC. 

4.4. Cross feeding study 

Four soybean seedlings and four A. thaliana root cul
tures were transferred into 50 rnl Hoagland's medium 
and Gamborg B5 basal salt medium respectively, each 
containing 37 kBq [UL- 14C]-DCA. After 48 h, plants 
were removed and the radiolabelled metabolites present 
in the growth media were assayed by LSC and then 
extracted by partitioning with 1 vjv ethyl acetate. The 
organic phase was evaporated under vacuum and the 
residue redissolved in 1 ml of methanol and assayed by 
LSC. After concentrating the methanolic extract to 50 
Jll under a stream of N2, the equivalent of 6.67 kBq of 
14C-labelled metabolites was added to 20 ml of fresh 
media in the following combinations: (l) fresh soybean 
plants treated with DCA metabolites from soybean (2) 
fresh Arabidopsis root cultures treated with DCA meta
bolites from soybean (3) fresh soybean plants treated 
with DCA metabolites from Arabidopsis (4) fresh Ara
bidopsis root cultures treated with DCA metabolites 
from Arabidopsis. After 24 h, the plant material and 
growth media were radioassayed as described above. 

4.5. Identification of metabolites 

Samples were applied onto silica gel TLC plates pre
coated with fluorescent indicator (UV254, Sigma
Aldrich, UK). The compounds were separated in 
chloroform/methanol/water (60:35:8; v/v/v) or ethyl 
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acetatejpropan-2-olfwater (63:23: 11; v fv fv). UV
absorbing spots were detected under UV light at 254 nm 
and 366 nm, respectively. Radioactive metabolites were 
detected by autoradiography using BioMax MR Film in 
combination with BioMax TranScreen LE intensifying 
screens (Kodak Scientific Imaging System, Cambridge) 
and individual metabolites quantified using a Bio-Rad 
GS-525 Phosphor-imager which had been calibrated 
with known amounts of 14C metabolites. The identity of 
metabolites was confirmed by their co-chromatography 
in both TLC systems with authentic unlabelled or 14C
labelled standards. In addition, radioactive metabolites 
were co-chromatographed with authentic standards 
using a reverse-phase HPLC column (Symmetry Cl8, 
3.5 J.lm, 4.6x30 mm). The initial solvent system of ace
tonitrile/1% (v/v) phosphoric acid (5:95; vfv) was 
changed after 2 ml to give a linear gradient to 100% 
acetonitrile at 7.6 mi. The flow rate was 0.8 ml.min- 1• 

4.6. Enzyme extraction and assay 

Frozen soybean tissue was ground to a fine powder 
using a pestle and mortar and suspended in 1.5 vol. 
homogenising buffer [200 mM Tris-HCl, pH 7.5, 2 mM 
MgC12, 5% (wfv) PVPP, 5 mM OTT, 1 ~tg/mlleupeptin, 
1 J.lg/ml pepstatin A, 1 mM PMSF]. The slurry was 
strained through four layers of muslin and the filtrate 
centrifuged (20,000g, 10 min at 4 aq. The resulting 
supernatant was employed for enzyme assays. 

For Arabidopsis, the frozen tissue was ground under 
liquid nitrogen using a pestle and mortar and the 
resulting powder was resuspended in 3 vol. extraction 
buffer [0.2 M Tris-HCl pH 8, 5% (wjv) PVPP, 1 mM 
OTT]. The preparation was filtered and centrifuged as 
above and proteins in the supernatant precipitated after 
adjusting to 70% (wfv) with respect to ammonium sul
phate and collected by centrifugation (lO,OOOg, 40 min). 
Protein pellets were resuspended in extraction buffer 
and desalted on a G25 column. In all cases, the protein 
concentration was determined using Coomassie dye 
Reagent (BioRad) andy-globulin as reference protein. 

4.7. Enzyme assays 

For DCA-N-MT assays, the mixture consisted of 100 
mM Bis-Tris Propane-HCl, pH 6.5, 300 11M DCA, 9 
11M [2-14C]-malonyl-CoA (3.7 kBq), 22 11M cold mal
onyl-CoA, 0.1% (wfv) BSA and 20 Jlg crude protein, in 
a final vol. of 100 11!. After incubation at 35 oc for 5 
min, the reaction was stopped with of 3 111 glacial acetic 
acid and the malonylated conjugates partitioned into 
200 Jll ethyl acetate and 100 fll of the organic phase 
quantified by LSC. 

The DCA-N-GT assay mixture consisted of 200 mM 
Tris-HCl, pH 8.0, 5 111 of 1 mM DCA, 10 111 of 
[UL- 14C]-UDP-glucose (962 Bq) and 100 Jlg protein, in 

a final vol. of 75 11!. After incubation at 30 oc for 20 
min, 125 fll Tris-HCl, pH 8.0 was added and the gluco
sylated conjugates were partitioned into 200 111 ethyl 
acetate and 100 111 quantified by LSC. Controls con
sisted of incubating the protein extract under identical 
conditions except that DCA was substituted with 
methanol. 

To prepare radioactive reference metabolites of M
DCA and G-DCA, the respective organic phases from 
the reactions were pooled and then concentrated under 
a stream of N2 prior to analysis by TLC. 
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Mascot search results of differentially expressed spots after DiGE analysis 
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