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UNIVERSITY OF SOUTHAMPTON 
ABSTRACT 

FACULTY OF SCIENCE 
SCHOOL OF BIOLOGICAL SCIENCES 

DOCTOR OF PHILOSOPHY 
TITLE: CHARACTERISATION OF A LIGHT STIMULATED froMf-cw 

ISOMERASE INVOLVED IN COUMARIN BIOSYNTHESIS. 

BY: JAMIL BABAN 

The thesis is concerned with the possibility of a novel trans-cis 2,4-dihydroxycinnamic 
acid isomerase being involved in the biosynthesis of the benzopyrone nucleus of 
coumarins. The data are consistent with the presence of a light stimulated trans-cis 
isomerase located in the aerial parts of pea plants. The levels of umbelliferone in pea 
tissues were assessed by normal and reverse phase HPLC following extraction by 
lactone separation. The highest level of umbelliferone was found in aerial tissues 
(600 ng g FW"'). Prior autoclaving of the tissues reduced this value to (54 ng g FW"') 
suggesting that most is present as the glycosylated precursor. Umbelliferone synthesis 
in the absence of light was demonstrated by comparison of the total levels of 
umbelliferone in pea seeds (46 ng g FW"') and etiolated seedlings (184 ng g FW'). 
The increase in umbelliferone cannot be accounted for by photoisomerisation and 
suggests an alternative mechanism oi trans-cis isomerisation operates. The possibility 
of a trans-cis 2,4-dihydroxycinnamic acid isomerase was further investigated. An 
enzyme assay for trans-cis isomerase was developed. Substrate was prepared by a 
two-step procedure, which resulted in a yield equivalent to 1 Img of pure 2,4-
dihydroxycinnamic acid its structure was confirmed by nuclear magnetic resonance 
and mass spectroscopy. Comparison of the absorption spectra of substrate (2,4-
dihydroxycinnamic acid) and product (umbelliferone) revealed that a wavelength of 
376 nm was suitable for the detection of umbelliferone formation. The pH optimum 
for trans-cis isomerase was pH 7.0. The activity of the trans-cis isomerase was 
inhibited by Cu"^, A g \ Hg% Pb"^ ions and boiling, but stimulated by Mn"^, Co% 
Fe^ ions, ATP and light. The molecular weight of the trans-cis was estimated to be in 
the range of 7-10 kDa by gel filtration. Overall, the data strongly suggest that 
umbelliferone biosynthesis in pea is facilitated by a low molecular weight, Mn"^ and 
light stimulated trans-cis isomerase. 
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CHAPTER ONE 



Introduction 

1 Historical development of Coumarins 

Coumarins are naturally occurring compounds found in a wide range of plants, 

several micro-organisms and a few animal species. Structurally, they are a type of 

phenylpropanoid derived from benzopyrone (Brown, 1979). The majority of 

naturally occurring coumarins have been isolated from higher plants, especially 

those of the Umbellifereae and Rutaceae. Where plants contain coumarins they 

are often distributed in different organs, from roots to leaves, flowers and fruits 

(Murray et al., 1982). Since 1812 when the first coumarin was isolated, many 

coumarins have been characterised. However, the rate at which new members 

have been added to the group has not been uniform through the years. For 

example, 23 coumarins were identified between 1812 and 1898, but this number 

only increased to 66 in the following 50 years. By 1959, the total number of 

coumarins had reached 101 and in the period between 1960 and 1969 another 162 

were discovered (Brown e? a/., 1982). The number of coumarins recognised to 

date is over 900, and the number of higher plant species known to contain at least 

one coumarin is in the thousands (Murray et ah, 1982). The name coumarin 

originates from a Caribbean word Coumarou for the tonka tree, which was known 

botanically at one time as Comarouna odorata (Albu, 1969 and Guillemette, 

1835). As a result, coumarin has become the accepted trivial name for this 

compound and is also the parent name for the group of naturally occurring 

lactones that possesses its skeleton as a fundamental structural unit (Abdel-Hay et 

al., 1967). Coumarins are volatile compounds and can often be detected by their 

characteristic odour. The isolation of coumarin was first reported by Vogel, 

(1820). He associated the pleasant odour of the tonka bean from Guiana with that 
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of clover, which gives rise to the characteristic aroma of new-mown sweetclover 

hay. Coumarin has a bitter flavour and this may well confer an advantage to 

sweetclover, which may be less acceptable to herbivores. Vogel concluded that 

the long colourless crystals, which he discovered on slicing open tonka beans, 

were the same as the crystals obtained by extracting fresh clover blossoms. 

Coumarins are known to occur in the free, glycosylated or wall bound forms. 

Most natural coumarins have a physical property of UV fluorescence, allowing 

their detection on thin layer chromatograms (Nielsen, 1971). Physically most 

coumarins are solid, normally crystalline, apart from some that are oils or gases 

(Murray et ah, 1982). The first synthesis of coumarin was obtained by the 

treatment of the sodium salt of ort/zo-hydroxybenzaldehyde with acetic anhydride 

(Perkin, 1877). The product of this reaction was identical with that of the 

compound isolated from the tonka bean by Perkin, 1877 and Perkin, 1868. 

Although coumarin (Abdel-Hay etal, 1967) was the first coumarin to have its 

structure elucidated, it was not the earliest to be isolated. Vauguelin (1812) 

extracted a glycoside from Daphne alina. This compound was later named 

daphnin (Gmelin and Baer, 1822), but its structure remained unknown until 1930 

when Wessely and Sturm 1930 showed it to be 8-hydroxy-7-P-D-

glucosyloxycoumarin (Bulter, 1966). As Nielsen, 1971 remarks in his excellent 

review of coumarins of the Umbelliferae in 1970, progress with respect to 

coumarins was slow from the middle of the nineteenth century up to the 

pioneering studies of Spath and his co-workers in the 1930s. 



2 Occurrence in nature 

2.1 Introduction 

Coumarins form a chemically distinct group of compounds that are closely related to 

the hydroxycinnamic acids but are rather less widely distributed in higher plants 

(Haslam, 1993). The four coumarins most commonly found in nature are coumarin, 

umbelliferone, aesculetin and scopoletin (Dean, 1963) and there is good evidence to 

support the proposal that they are formed from cinnamic acid and its derivatives (Conn, 

1964). The majority of coumarins have been isolated from higher plants, especially 

from the Umbellifereae, Rutaceae and Leguminoseae. The family Umhellifereae is a 

large one with 240-300 genera and over 3000 species of which coumarins have been 

found in 410 species belonging to 87 genera (Nielsen, 1971; Gonzalez et ah, 1976). 

The Rutaceae make up a family with 150 genera and around 1600 species of which 

coumarins have been characterized in 178 species from 50 genera. In both families, the 

distribution of the coumarins within the particular family is far from being 

homogeneous (Murray et ah, 1982), (Table 1). The Leguminosae make up a family 

with 600 genera and around 12,000 - 17,000 species of which coumarins have been 

reported in 155 species. All the natural coumarins except two have been isolated from 

botanical sources. The exceptions are the Castroium pigments which were isolated 

from the yellow secretion of beaver scent glands although both might be formed there 

by anabolism of plant constituents (Dean, 1963; Bennett and Bonner, 1953; Beyrich, 

1965^ 



Table 1. Percentage distribution of Coumarins in the families Umbellifereae (410 spp.) 

and Rutaceae (178 spp.). Reproduced from "The Natural Coumarins" Murray 

ef a/,. (1982). 



Coumarins Umbeliifereae (%) Rutaceae (%) 

Bergapten 39 21 

Umbelliferone 34 9 

Imperatorin 29 10 

Isopimpinellin 25 17 

Oxypeucedanin Hydrate 10 3 

Isoimperatorin 19 8 

Sphondin 16 1 

Xanthotoxin 16 14 

Oxypeucedanin 16 2 

Isobergapten 15 0 

Pimpinellin 13 0.5 

Angelicin 12 0.5 

Psoralen 10 10 

Scopoletin 9 8 

Phellopterin 9 5 

Umbelliprenin 8 0.5 

Aesculetin 3 0 

Aurapten 3 9 

Coumarin 2 4 

Scoparone 2 11 

Seselin 1 12 

Xanthyletin 0 21 



2.2 Occurrence in higher plants 

In lower plants coumarins have been tentatively identified in two species of liverwort, 

but have not been reported in algae or in mosses (Murray et al, 1982). In higher plants 

coumarins are found in most tissues although roots, seeds and fruits often have the 

highest concentration (Murray et al., 1982). It is well established that fruits are often 

the organs richest in coumarins followed by roots and then by stems and leaves 

(Gerasimenko and Nikonov, 1964; Carbonnier and Molho; 1979, Hopp etal.', 1978). 

Fruits may contain extremely high levels of coumarins, reaching levels of 2.6 % in 

Archangelica officinalis (Zotikov and Rozentsveig, 1971). The environment plays an 

important role in regulating the levels of coumarins in plants. The duration of daylight 

gives rise to different content of coumarin in some plants. The content of coumarin in 

Melilotus albus leaves was lower in short days than in long days (Schlosser-Szigat, 

1964). Latitude can also effect coumarin accumulation. The highest levels of psoralen 

accumulating in the roots of several species occurs at latitudes of 45-55° north 

compared to more northerly latitudes (Komissarenko and Zoz, 1976). Coumarin levels 

are also affected by soil factors. A higher concentration of scopolin was found in the 

leaves of tobacco Nicotiana tabacum, (Watanabe et al., 1961) and sunflower 

(Watanabe et al., 1964) in soil enriched with boron. Similarly high levels of total 

coumarins were isolated from Mammea africana obtained from areas with very poor 

soils (Crichton and Waterman, 1978). Seasonal changes also effect coumarin 

accumulation. The level of furanocoumarins in Apium graveolem and Petroselinum 

sativum decreased during summer and increased during the other seasons (Innocenti et 

al., 1976). 

The role of coumarins in plants is not fully understood. Many are likely to be 

involved in protecting plants from herbivores and microbial pathogens. Under 



field conditions many umbelliferous seeds remain in the soil for several months 

before germination; accumulation of furanocoumarins in these seeds is thought to 

be related to their possible role as antimicrobial agents and regulators of seed 

dormancy (Carbonnier and Molho, 1978, 1979). 

2.3 Occurrence in micro-organisms 

Relatively few coumarins have been reported in micro-organisms. The known 

coumarins include: alfatoxins in Aspergillus spp. (Murray et al., 1982), 

umbelliferone and scopoletin in Plagiochasma tenue (Schier, 1974) and various 

antibiotics including chartreusin and novobiocin from Streptomyces spp. The 

formation of 4-hydroxycoumarin and dicoumarol has been shown by work on two 

fungi, Penicillium jenseni and Penicillium nigricans (Bellis, 1958). The 

biosynthesis of coumarins in micro-organisms is probably by a different 

mechanism from that in higher plants, involving oxidative cyclisation directly 

from tyrosine. Novobiocin is a complex coumarin produced by Streptomyces 

niveus with some unique features including as sugar noviose containing a 

carbamyl group and 3-amino-4-hydroxy fragment (Hinman et al, 1957; Stammer 

et al., 1958). The synthesis of novobiocin takes place by an oxidative cyclisation 

reaction (Bunton et al, 1963), (Figure 1). 

2.4 Occurrence in animals 

In animals the biosynthesis of aromatic compounds is restricted to one or two 

authenticated examples, such as oestrogens formation from non-aromatic steroidal 

precursors (Haslam, 1993). Two natural coumarins have been isolated from the 

yellow secretions of beaver scent glands that are known as Castoreum pigments. 



Figure 1. Suggested pathway of biosynthesis of novobiocine. Reproduced from 

"Shikimic Acid", E. Haslam, (1993). 
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The formation of these two coumarins is assumed to be related to the anabolism of 

plant constituents, in particular ellagic acid (Dean, 1963). 

3 Structure of coumarins 

3.1 Introduction 

Coumarins are phenylpropanoid molecules as they have a Cg benzene ring linked to a 

C3 aliphatic side chain. About a thousand or more coumarin derivatives have been 

isolated, ranging from simple coumarins containing alkyl and hydroxyl side chains to 

complex coumarins with benzoyl, furanoyl, pyranoyl, or alkylphosphorothionyl 

substituents. Coumarins are widespread in products such as cosmetics, perfumes, and 

fragrances and as flavour-enhancing agents for foods. Apart from coumarin (Abdel-

Hay et al, 1967) and 4-methylthio-5 methylcoumarin (Cho and Pemarowski, 1971) all 

natural coumarins bear oxygen atoms at one or more of the six available nuclear 

positions, as phenolic, or glycosidic groups. 

Most natural coumarins have been assigned trivial names, principally to make reference 

to them easier while structural studies were in progress. Most trivial names were 

derived from the family or species name, or combination of both. Some coumarins can 

be closely related structurally but have markedly different trivial names. All but 35 

coumarins are oxygenated at C-7 and consequently 7-hydroxycoumarin, commonly 

known as umbelliferone (Furukawa et al., 1973), is often regarded as the parent, both 

structurally and biogenetically, of the more complex coumarins (Figure 2). Coumarins 

may be classified according to their substitution patterns into one of four types: 



Figure 2. Basic structure of coumarins showing the potential substitution sites R and 

numbering system. Reproduced from "The Biochemistry of plants" 1981. 



AIIR s = H coumarin 

r 1 = r 3 = H , r 2 = OH umbell i ferone 
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3.2 Simple coumarins 

This group contains coumarin and its hydroxylated, alkoxylated, and alkylated 

derivatives and their glycosides (Abdel-Hay et al, 1967), (Figure 3). Most simple 

coumarins occur in plants predominantly or exclusively as glucosides and a unique 

feature of the biosynthesis of coumarins in higher plants is the involvement of such 

glycosylation in the biosynthetic sequence (Conn, 1964). The most common simple 

coumarins are coumarin itself, umbelliferone, scopoletin and herniarin. Simple 

coumarins possess a phenylpropanoid skeleton, are derived from shikimate via 

L-phenylalanine (Brown et al., 1982). 

3.3 Furanocoumarins 

Nuclear prenylation of umbelliferone occurs at C-6, this leads to demethylsuberosin, 

marmesin and finally to the linear furanocoumarin angelicin, via osthenol and 

columbianetin. Hydroxydihydropyrans formed from prevail through oxidative 

cyclisation, which, on dehydration produce the linear, and angular pyranocoumarins 

xanthyletin and seselin respectively. This group includes linear (psoralen) or angular 

(angelicin) types with substituents at one or both of the remaining benzenoid positions, 

and includes the dihydrofuranocoumarins. Umbelliferone is the parent compound of 

the furanocoumarins biosynthetically and as well as structurally. Furanocoumarins are 

synthesized from both 4'- and 2'-hydroxycinnamic acid in Pimpinella magna (Floss 

and Paikert, 1969), (Figure 3). 

3.4 Pyranocoumarins 

This group contains six-membered ring analogues of 2-xanthyletin (linear 

pyranocoumarin) and seselin (angular pyranocoumarin) respectively sharing with 



Figure 3. Classification of coumarins according to their substitution patterns. 

Reproduced from "The Natural Coumarins", Murray et al,. (1982). 
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psoralen and angelicin to have a common biosynthetic pathway excluding the 

final cyclisation step (Murray et al, 1982), (Figure 3). 

3.5 Coumarins substituted in thepyrone ring 

This group includes coumarins such as dicoumarol and 4-hydroxycoumarins of which 

the later have been identified to have anticoagulant properties (Figure 3). 

4 Biological effects of coumarins 

4.1 Introduction 

The role of coumarins in plant is often unclear. However, coumarins are known 

to have a wide range of biological effects on other organisms. 

4.2 Effects on plants 

Many roles for coumarins have been postulated. Most are thought to be involved in the 

control of plant development especially in the regulation of seed germination. 

Coumarins can have effects on plants ranging from chromosomal changes causing 

mutation to flowering and leaf elongation (Stumf and Conn, 1981). 

4.2.1 Toxicity and growth 

The toxicity of coumarin to the alga Conferva minor was first noted in 1896 by 

Klebs (Schreiner and Reed, 1908). Later investigators described growth 

inhibition (Schreiner and Reed, 1908; Schreiner and Skinner, 1912; Sigmund 

1914; Kuhn et al., 1943), antagonism to the action of a growth promoter (Veldstra 

and Havinga, 1943) and growth stimulation (Grace, 1938 and Nutile, 1945). 

Coumarin has been reported to inhibit the uptake of water (Blaim, 1960), 

potassium ions (Swenson and Burstr'm, 1960), sucrose (Ochs and Pohl, 1959) and 



phenylalanine (Van Sumere et al., 1972). It seems clear that these negative 

effects on uptake are due to the action of coumarin in reducing the permeability of 

the protoplasm to water (Guttenberg and Beythien 1951; Guttenberg and Meinl, 

1954). However, it should be noted that exosmosis of pigments from discs of 

Beta vulgaris var. Rubra is enhanced by coumarin (Andraud et al., 1966) and that 

stimulation of water uptake in mung bean cells by coumarin has also been 

observed (Hara et al, 1973). 

4.2.2 Effect on Enzymes 

Enzymes are proteins that perform specific functions by catalyzing chemical 

reactions by increasing the rate at which reactions approach equilibrium (Devlin, 

1993). Many reports have demonstrated the effects of coumarins on enzymes and 

many different classes of enzymes are known to be affected by coumarins. Ho, 

Saville and Wanwimolru, 2001, studied the inhibition of CYP3A4 activity in 

human liver microsomes by furanocoumarins in grapefruit juice. 

They showed the effect of coumarin derivatives and their inhibition of quinine 3-

hydroxylation (CYP3A4) in two human liver microsomes, HLl and HL2. 

As is the case for many of the effects on growth, there is a tendency towards 

stimulation at low concentrations and an inhibition at higher concentrations. It 

also appears that both activity and de novo synthesis of some enzymes can be 

affected both positively and negatively by coumarins. This is true for the effect of 

coumarin on a-amylase formation and scopoletin on indolyl acetic acid (lAA) 

oxidase activity, (Kajinami et al, 1971). In contrast, the reverse effect is noted 

for scopoletin on peroxidase activity (Schaffer et al., 1971). 



4.2.3 Pigment formation 

Several workers have reported influences of coumarins on pigment formation. 

Morgan and Powell, 1970 found that coumarin markedly inhibited anthocyanin 

synthesis in etiolated hypocotyls of Phaseolus vulgaris following exposure to 

light. Coumarins, like alfatoxins, have well defined effects on chlorophyll levels. 

In leaf tissue of maize kept in the dark, coumarin prevented loss of chlorophyll 

and subsequent yellowing (Knypl, 1967a,b, Knypl and Kulaeva, 1970a). In light, 

however, it accelerated loss of chlorophyll and protein (Knypl and Kulaeva, 

]970aX 

4.2.4 Respiration and oxidative pliospliorylation 

A number of reports have appeared dealing with the effects of simple coumarins 

on respiration. In plant tissues it has generally been established that coumarin is 

able to stimulate respiration {AVouet al, 1969; Knypl 1961; Oshio etal., 1972; 

Poljakoff-Mayber 1955; Ron and Mayer, 1959). There is however one report of 

depression of respiration in maize seedlings (Yakushkina and Starikova, 1977). 

4.2.5 Pliotosynthesis and photophospliorylation 

There are a few reports of coumarins affecting the process of photosynthesis. 

Reduced plant growth rates in the presence of scopoletin (Brink et al, 1966), have 

been attributed in part to a reduced net rate of photosynthesis (Einhellig et ah, 

1970). Photophosphorylation in various species has been inhibited (Yakushkina 

et al, 1975; Pushkina and Starikova, 1976; Yakushkina and Starikova, 1977; and 

stimulated Yakushkina and Glinina, 1973; Glinina, 1975; Prokhorchik and 

Vlynets, 1974/1976) by coumarin, without any evident pattern arising. Coumarin 
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decreases the formation of plastoquinones and ubiquinones in winter wheat 

(Kraszner-Bemdorfer and Telegdy Kovats, 1974), which also affects the uptake 

and metabolism of phosphorus compounds (Gesundheit and Poljakoff-mayber, 

1962; Knobloch and Ma'cha, 1952; Knypl and Antoszewski, 1960). It has also 

been reported that the coumarin coumestrol inhibits ATP formation in cucumber 

hypocotyls (Stenlid, 1970, Stenlid and Saddik, 1962). 

4.2.6 Carbohydrate metabolism 

The content of carbohydrate and its metabolism in plants can be affected by 

coumarins. Hence, coumarin markedly reduced starch synthesis from glucose-1-

phosphate (Profumo etal., 1953). In addition, coumarin has been recognized as a 

specific inhibitor of cellulose formation in some higher plants (Hopp et al., 1978). 

4.2.7 Nucleic acid metabolism 

A number of investigations suggested that coumarins have effect on nucleic acid 

metabolism. Smith et al., 1956 noted that novobiocin inhibited cell division. 

According to Easier, 1963 loss of RNA in the soluble protein and microsome 

fraction of cotton cotyledons is diminished by coumarin. DeGreef (1964) 

established that pea roots treated with coumarin showed a general increase in 

DNA content, an effect reversible with time after removal of the coumarin. 

Hadwiger, 1972 observed a decreased rate incorporation of ['"'C] orotic acid into 

RNA of excised pea pods after irradiation in the presence of 4, 5, 8 -

trimethylpsoralen, a potent photosensitizing furanocoumarin. Baishev, 1973 

found that scopoletin and caffeic acid inhibited the synthesis of tRNA, rRNA, 

mRNA and especially DNA in potato tuber buds. 
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4.2.8 Protein metabolism 

There is no clear pattern with respect to the action of simple coumarins on the 

formation of proteins. However, Truelove et al. (1970) and Ulitzur and Poljakoff-

Mayber, (1963) found that alfatoxin Bi inhibited the incorporation of ['"'C] leucine 

into protein by Cucumis sativa cotyledon discs in a time-dependent manner. 

4.3 Effects on animals 

Attention has focused on the effects of various coumarins on animals. 

4-hydroxycoumarin has anticoagulant properties (Schofield, 1924) and a 

haemorrhagic disease affects cattle, which ingest mouldy sweet clover. 

Haemorrhage occurs through a loss of clotting power of the blood, which leads to 

death through excessive bleeding. Coumarins also have a wide range of toxic 

effects including arcotic, sedative, hypnotic, vasodialatory, diuretic, hepatoxicity 

and respiratory effects. Researchers have recently found that certain of 

furanocoumarins act to delay the onset of cancer (Murry et al, 1982). 

Coumarins have been found in many investigations to exert a number of 

biological effects on insect. Furanocoumarins that accumulate in plants such as 

celery, parsnip, and parsley are thought to be distasteful or toxic to insects. The 

coumarins, scopoletin and ayapin have been observed to accumulate in sunflower 

tissues following mechanical wounding, or following insect feeding damage 

(Browned a/., 1960; Brown, 1963). Coumarin itself affects housefly development 

by inhibiting larval development (Konecky and Mitlin, 1955). Other coumarins 

have been shown to have activities as insecticides and feeding deterrents (Utiemez 

etal., 1995). 
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Many plant species of Rutaceae and Umbellifereae have been used by man in 

ethnic medicine (Gary and Waterman, 1978). Coumarins are of some value in 

medicine due to their anticoagulant, protein binding and ultraviolet blocking 

properties. Many natural coumarins show anticoagulant effects on blood such as 

4-hydroxycoumarin. The rodenticide warfarin is a competitive inhibitor of 

vitamin K, which is required for the final stages of synthesis of clotting factors 

VII, IX, X and protein S and C in the liver. Warfarin is well-known coumarin, 

which is used as an oral anticoagulant. Coumarin has been used to prevent 

recurrences of cold sores caused by HSV-1 in humans. Medically coumarin have 

been shown to have blood-thinning, anti-fungicidal and anti-tumor activities. 

Para-coumaric acid one of the phenolic coumarin derivatives showed to inhibit 

the development of stomach cancer by interfering with the development of cancer-

causing nitrosamines in the stomach. 

Furanocoumarins are toxic compounds and some of them are photoactive and the 

toxicity is enhanced in the presence of UV light. A dramatic symptoms of skin 

syndrome caused by furanocoumarins when humans come into contact with them 

particularly with celery plants and the oil of lime peels which might cause skin 

blisters or the skin become hyper pigmented. Etoposide as a natural products is 

used to treat forms of lung cancer, testicular cancer, and acute lymphocytic 

leukaemia. 

4.4 Effects on micro-organisms 

Considerable effort has been expended toward elucidation of the mechanism of 

action of some coumarins on microbes. Antimicrobial action has been reported 

for 4-hydroxycoumarin against a variety of bacteria (Broderson and Kjaer, 1946; 
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Buckelew etal, 1972; Groze andHaskins, 1960; Hodbke?a/., 1967; Lacerda, 

1945; Lev, 1958; Maruzzella et al, 1960; Smyk and Le Van Tho, 1976). The 

synthesis of cytochrome a was inhibited by 4-hydroxycoumarin in Staphylococcus 

aureus (Plakunov and Kozyreva, 1971). In cells of Streptococcus faecalis treated 

with 4-hydroxycoumarin, levels of total DNA and lipid phosphorus per cell were 

consistently lower than in untreated cells and RNA was also lower (Santos Mota, 

1971). Several coumarins associated with plant defence have been reported to 

possess anti-microbial activity. An example is the inducible coumarin scopoletin 

(Brink et al., 1966) from tomato and potato plants infected with viral pathogens. 

Phytoalexins has played a role in plant protection to resist pathogens. Of the 

induced defence, phytoalexin synthesis. Researchers have tried to develop 

resistant against Fusarium species, as Fusarium graminearum which cause ear 

rots in maize, by identification and genetic characterisation of maize flavonoides 

to act as anti-fungal compounds. Plants can synthesis phytoalexin as a respond to 

pathogenic invation. The first phytoalexin isolated and characterised was pisatin 

(XXI), a pterocarpan from pisum sativum (Cruickshank and perrin, 1960). 

The antibiotic novobiocin which inhibits the oxidation of glucose, succinic acid, 

and malic acid in Bacillus idosus by 70-90 % (Murray et al., 1982). The newer 

coumarin antibiotic coumermycin A; (Dadak, 1967) proved to be very similar to 

novobiocin. Michaeli et al., 1970, demonstrated a rapid and marked inhibition by 

this drug of nucleic acid synthesis in Staphylococcus aureus. A number of 

instances of enzyme inhibition by novobiocin have been noted in both microbial 

and other cells (Murray et al., 1982). 
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5 Biosynthesis of coumarins 

5.1 Introduction 

Studies on the pathways of coumarin formation began in the late 1950s in 

Germany, the United States, and Canada, and within a few years had been 

extended in a number of laboratories to cover several categories of coumarins. 

Although the weight of evidence supports the idea that the synthesis of coumarin 

normally occurs in leaves, for the most part, there seems no doubt that both roots 

and aerial organs of Melilotus alba can form coumarin (Murray et al, 1982). In 

higher plants the shikimate pathway provides a synthetic route to the three 

aromatic amino acids: L-phenylalanine, L-tyrosine and L-tryptophan. Haslam, 

1993 described the principal features, enzymes and intermediates of the shikimate 

pathway, as shown in (Figure 4). The formation of coumarins can occur via both 

the shikimate-chorismate pathways with carbon dioxide being the ultimate source 

of carbon (Stocker and Bellis, 1962; Crichton and Waterman, 1978; Brown et al., 

1960; Weygand and Wendt, 1959) and the polyketide pathway from acetate. 

Some coumarins are formed from both pathways, although most are generated via 

the shikimate-chorismate pathway. Phenylcoumarins (coumestans) are unique in 

that they have a benzopyrone nucleus derived in part via the shikimate-chorismate 

pathway and in part via the polyketide pathway. The shikimate-chorismate 

pathway leads to the general phenylpropanoid pathway of which trans cinnamic 

acid is the starting intermediate (Figure 5). Evidence that the shikimate-

chorismate pathway is involved in the formation of plant coumarins was shown by 

the work of Weygand and Wend, 1959 who used tracer techniques in root tissue 

cultures of Melilotus officinalis. 
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Figure 4. Outline of the shikimate pathway. Reproduced from "The Shikimate 

Pathway", E. Haslam, (1974). 
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Figure 5. The shikimate pathway in higher plants, phenylpropanoid compounds and some of 

their derivatives. Reproduced from "The Shikimate Pathway", E. Haslam, (1974). 
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5.2 Polyketide pathway 

Microbial coumarins are much less widespread, and in one important instance, the 

biosynthesis of fungal alfatoxins, the coumarin nucleus has been found to be 

entirely derived from acetate via polyketide intermediates (Figure 6). Coumarins 

formed from this route are derived from three acetate units. In 1973 Hsieh and his 

co-workers, Lin et al., 1973 proposed a new working hypothesis, that alfatoxins 

originate through the condensation of one acetyl coenzyme A and nine malonyl 

coenzyme A molecules to form an unstable C20 polyketide. The unstable C20 

polyketide is modified either during or after its formation and cyclisation into a 

coumarin. However, not all-microbial coumarins are formed via the acetate route. 

Some microbial coumarins, such as novobiocin, which has antibiotic properties, is 

derived from phenylpropanoid intermediates (Cole, 1971), (Figure 7). 

5.3 Shikimate-chorismate pathway 

Shikimic acid (3,4,5-trihydroxy-cyclohex-l-carboxylic acid) was first described 

as a natural product from the plant Illicium religiosum Sieb. by Eykmann, 1885 

and it was from the Japanese name of this plant, shikimi-no-ki, that the name 

shikimic acid was derived. Enzymes which catalyse the step from shikimate to 

the aromatic amino acids have been less widely studied in plants (Haslam, 1974). 

Deamination of L- phenylalanine gives rise to trans-chmamic acid. Plant 

coumarins are derived from trans-cimiamic acid intermediates of the general 

phenylpropanoid pathway as in the formation of 7-hydroxycoumarin 

(umbelliferone) from trans 4-hydroxycinnamic acid (p-coumaric acid). Before 

the lactone ring can form two structural modifications are required. There must 

be a free ort/zo-hydroxyl in the aromatic ring and the a-P double bond of the 
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Figure 6. The biosynthesis of chorismate; the common pathway in micro-organisms. 

Reproduced from "The Shikimate Pathway" E. Halsam, (1974). 
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Figure 7. The biosynthesis of L- phenylalanine and L- tyrosine from chorismate in 

Escherichia coli. In bacteria and other micro-organisms, it is unlike higher 

organisms, L-phenylalanine is not normaly a precursor of L-tyrosine. 

Reproduced from "The Shikimate Pathway" E. Haslam, (1974). 
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aliphatic side chain must be in the cis configuration which bring the carboxyl 

group closer to the ort/zo-hydroxyl. The resultant cis-o- hydroxycinnamic acids 

are unstable and spontaneously lactonize into coumarins. If the o-hydroxyl 

becomes glycosylated prior to the trans-cis isomerisation step, spontaneous 

lactonisation is prevented. Accumulating coumarin precursors, in the form of cis 

glycosides, rather than free coumarins is a common strategy adopted by many 

plants. The formation of coumarin from these precursors is usually associated 

with physiological and environmental factors; such as senescence; disease and 

wounding that promote deglycosylation. 

Whilst the hydroxylation, glycosylation and deglycosylation steps of coumarin 

biosynthesis are enzymic (Yamaha and Cardini, 1960a,b, Trivelloni etal., 1962) 

the trans-cis isomerisation step is generally regarded to occur via photoisomerism. 

The acceptance of photoisomerisation as the sole mechanism of trans-cis 

isomerisation is largely historical. The existence of a trans-cis isomerase has 

never been addressed directly, but its presence has been ruled out through indirect 

observations. Much credence is placed on the inability of treatments, such as 

steaming or maintenance at low temperatures, to alter trans-cis conversion 

(Haskins et al, 1964, Edwards and Stoker, 1967). In addition, the ability of hght 

to cause trans-cis isomerisation, (Brown, 1981) effectively excluded enzymic 

conversion. This led (Brown, 1981), to conclude, "It is now agreed that the trans-

cis isomerisation constituting the final step in the formation of bound coumarin is 

light rather than enzyme catalysed". Photoisomerisation has subsequently become 

the accepted mechanism for trans-cis isomerisation, yet the possibility of an 

enzymic conversion has never been experimentally tested. 
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6 Biosynthesis of coumarins in diseased plants 

It is evident from that data that have been recorded from the researches in this 

field that the synthesis of coumarins can be induced or increased by a wide range 

of pathogens, including bacteria, viruses, fungi, nematodes and insects. In 1944 

the appearance of scopoletin was recorded by Best (1944, 1945) from tomato 

plants infected with the virus of spotted tomato wilt. A few years later Andreae 

(1948) and Andreae and Andreae (1949) also found scopoletin in tubers of potato 

plants infected with leaf roll virus. Umbelliferone and scopoletin were also 

isolated by Uritani and Hoshiya (1953) from sweet potato tubers infected with the 

black root organism Ceratostomella fimbriata. The mechanisms of induction of 

phenolic compounds including coumarins biosynthesis in diseased plant tissues 

have been only partially clarified (Murray et al, 1982). 

7 Metabolism of simple coumarins 

Microbial metabolism of coumarins was addressed for the first time by Bellis 

(1958), failing to isolate any metabolic products from the growing medium of 

Penicillium jenseni and Penicillium nigricans using coumarin as the sole carbon 

source. Later on a number of investigators such as Levy and Weinstein (1964) 

identified tyrosine as a metabolite, among other aromatic products, using a soil 

bacterium of the genus Arthrobacter. Bocks (1967) found that the mould 

Aspergillus niger converts coumarin to mehlotic acid as the major product, with a 

formation of small amounts of 2'-hydroxycinnamic acid and traces of 4-

hydroxycoumarin. Smith and Rosazza (1974) mentioned that the hydroxylation 

of coumarin to umbelliferone occurs in microbial cells in Gliocladium 

deliquescens, Cunninghamella bainieri, Helicostylum piriforme, and a 
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Streptomyces. The metabolism of coumarins in animals was investigated by 

Sieburg (1921). When umbelliferone, daphenetin and aesculetin were injected 

into rabbits they were excreted in the urine in conjugated form. Feuer et al. 

(1966) fed rats and identified 3-, 4-, and 7-hydroxycoumarins in the liver, kidney, 

serum, and urine. 

8 Chemical investigations of coumarins 

Natural coumarins have been found to undergo different chemical 

transformations. Two major types of chemical reaction have been utilized in the 

structural elucidation of natural coumarins (Murray et al, 1982). 

8.1 Reactions with alkali 

Coumarins, being lactones, will react with alkali. The structure of the particular 

coumarin and the rigour of the reaction conditions will determine their activity 

towards base and the nature of the products formed. Coumarin that has been 

treated with hot dilute aqueous sodium hydroxide hydrolyses slowly and dissolves 

to give a yellow solution of the lactone ring-opened product, sodium coumarinate, 

in which the cis configuration is retained. Prolonged treatment of coumarin with 

hot dilute aqueous sodium hydroxide results in inversion of cis form to trans. 

Attention has been given to the conversion of coumarin to o-coumaric acid by 

boiling with aqueous potassium hydroxide which has been utilized in structural 

studies (King e/fl/., 1954, and Singh e? a/., 1954). 
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8.2 Reactions with acid 

Coumarin acidification often gives rise of conversion to new forms. Marmin 

( C 1 9 H 2 4 O 5 ) , for instance, gave 7-hydroxycoumarin (umbelliferone) on warming 

with 1 % ethanolic hydrogen chloride (Fisher etal. (1967). Treatment of 

oreojasmin (QoHMO?), with hot sulphuric acid in acetic acid gave 7-

hydroxycoumarin (umbelliferone) and 6,7-dimethoxycoumarin Gonzalez et al, 

(1976). Spath et al. (1939) noted the striking fission of the pyranocoumarin 

seselin to 7-hydroxycoumarin (umbelliferone) in sulphuric acid. 

8.3 Thin layer chromatography 

Thin layer chromatography is a powerful method for demonstrating the 

homogeneity of known coumarins and frequently serves for identification 

purposes (H'rhammer et al., 1966). The most obvious physical property of most 

natural coumarins is the fluorescence they display in ultraviolet (UV) light at 366 

nm. This feature has been employed widely for their detection on paper (Beyrich 

1964, Crosby 1952, Nielsen, 1971) and thin layer chromatograms (H'rhammer et 

al., 1966; Nielsen 1971; Seshadri and Vishwapul 1973; and Soine, 1964). In 

addition coumarins can be easily located and, if desired, recovered without the 

chromogenic reagent. It is also often possible to make tentative assignment of the 

structural class of coumarin from the colour it displays (Table 2). For instance, 7-

hydroxycoumarins (umbelliferone) typically fluoresce blue when it is exposed to 

UV light. 
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Table 2. The fluorescence of coumarins under UV light at 254 and 366 nm at neutral 

and alkali pH. Coumarins ISjil at concentration of Img ml"' were spotted onto 

silica TLC plates and where appropriate were sprayed with O.IM NaOH prior 

to inspection. 



Coumarins Fluorescence at 254 nm Fluorescence at 366 nm 

-NaOH +NaOH -NaOH +NaOH 

Coumarin Brown Green Brown Light yellow green 

Umbelliferone Purple Purple Bright blue Blue 

Aesculetin Brown Light green Blue Green 

Scopoletin Purple Dark Blue Purple Light blue 



9 Aims 

Historically, photoisomerism, as apposed to enzymic trans-cis isomerisation, is 

the accepted mechanism for the trans-cis isomerisation step (Haskins et al, 1964; 

Edwards and Stoker 1967). Enzymic trans-cis isomerisation was largely ruled out 

by early workers who placed much credence on the ability of UV light to bring 

about the trans-cis isomerisation step (Haskins et al., 1964). In addition, it was 

argued that treatments, such as steaming and maintenance of plants at low 

temperatures, likely to adversely affect enzymic processes, failed to alter trans-cis 

isomerisation rates (Haskins et al., 1964). Direct attempts to measure trans-cis 

isomerases involved in the biosynthesis of the benzopyrone nucleus initially met 

with success (Stoker, 1964), although latter work revealed the activity to be an 

artifactual (Edwards and Stoker, 1967). Thus the current consensus is that the 

trans-cis isomerisation step required for the formation of the benzopyrone nucleus 

is mediated solely by light (Keating and O'Kennedy, 1997). Despite being firmly 

established in the literature, there are a number of observations that are 

inconsistent with an entirely photochemical mechanism for trans-cis 

isomerisation. Reports of coumarin synthesis occurring under conditions of 

darkness are relatively common and suggest that the trans-cis isomerisation step 

may not be an entirely photochemical process. Intriguingly, there are several 

instances of plant cells accumulating high levels of coumarins after many 

generations of culture in the absence of light (Filippini et al., 1998). Whilst it is 

possible that the coumarins could have arisen from stores of glycosylated 

precursors, this seems highly unlikely given their prolonged culture in darkness. 

Similarly, there are numerous accounts of coumarin induction in dark grown plant 

cell cultures following treatment with microbial elicitors (Tietjen et al., 1983; 
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Kombrink andHahlbrock 1986; Conrath etal., 1989; Hamerski et al. 1990; 

Conrath et al., 1991; Kauss et al., 1993; Siegrist et al., 1998; Hagemeier et al., 

1999). Labeling studies have also provided evidence the involvement of trans-cis 

isomerases in the biosynthesis of the benzopyrone nucleus (Fritig et al., 1970). In 

these studies incorporation of radiolabel into coumarins from phenylalanine was 

unaffected by the exclusion of light. Despite the reports of coumarin synthesis in 

darkness and the inconsistencies in labelling studies, photoisomerisation has 

persisted in the literature as the sole mechanism of the trans-cis isomerisation. 

We hypothesise that in addition to photoisomerism plants are capable of enzymic 

trans-cis isomerisation of the a-P double bond of the propenoic acid side chain of 

2-hydroxycinnamic acids and their glycosylated derivatives. It is intended to test 

this hypothesis experimentally with the following aims: 

1. To investigate evidence for the enzymic isomerisation of trans 2,4-

dihydroxycinnamic acids in relation to umbelliferone biosynthesis in pea. 

2. To prepare and purify the substrate trans 2,4-dihydroxycinnamic acid. 

3. To develop an enzyme assay for the trans-cis isomerase. 

4. To characterise the enzyme and to understand some of its properties. 
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Materials and Methods 

1 Plants and growth medium 

Pea {Pissum sativum L.,) / Variety onward 

Broad beans, Runner beans. Rice, Carrot, Parsley, Coriander, Dill, and Wheat. 

F2 Professional Levington Compost. Fisons 

Vermiculite William Sinclaiir Horticulture 

2 Equipment 

Absorbance Detector 

Adsorbs silica gel TLC plates High Resolution 

AM 300 MHZ Nuclear Magnetic Resonance Spectrometer 

BuchiOll &RE 111 

Chart recorder 

Chill Centrifuge - Micromat lEC RF 

Centrifuge, Sorvall 

Deep freeze (-70 °C) Series 100 

Melting point device 

Fluorescence Detector / 420-C / 420-E 

U-2001 Spectrophotometer 

Micro -Ultrafiltration System SMC 

Water purification system / Jencous scientific limited 

Oven 

Pump, non corrosive vapour low-vacuum 

Spectrophotometer, UV / Visible 

Spectrophotometer, U-2001 

Applied Biosystem 

Alltech 

Bruker 

Rotavapor 

Linseis 

International Equipment Company 

Du Pont instruments 

Kelvinator 

Electrothermal 

Walters 

Hitachi 

Amicon 

Milli-Q plus 

Gallenkamp 

Whatman 

Varia 

Hitachi 
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UV Light illuminator Cammag 

HPLC equipment: 

C 18 Column (25 x 0.7 cm) 

C 18 guard column 

305 pumps (X 2) - Medical Electronics 

81 IB Dynamic Mixer 

micropipet (20 :1, 100 :1, 1000 :1,5 ml) 

Hamilton 710 syringe (100 : L Volume) 

Pharmacia PI peristaltic pump 

Pharmacia Fraction Collector Frac-100 

Pharmacia glass columns: 

Partisil 10 Carbohydrate M9/25 (250 X 9.0 mm) 

Zorbax G-F 250 (250 X 9.4 mm) 

Zorbax G-F 250 guard column GFC/PTH 

1000x25 mm (i.d.) 

180 X 16 mm (i.d.) 

Vydac 

Vydac 

Gilson 

Gilson 

Gilson 

Hamilton 

Pharmacia 

Pharmacia 

Pharmacia 

Whatman 

Du Pont 

Du Pont 

3 Chemicals 

Aluminium nitrate 

Adenosine 5'- triphosphate 

Apoferritin 

Alcohol dehydrogenase 

Acetic anhydride 

Acetone 

Sigma 

Sigma 

Sigma 

Sigma 

Sigma 

BDH 
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Ammonium sulphate Sigma 

Acetic acid BDH 

Acetonitrile BDH 

Ammonium molybdate Sigma 

Aluminium sulphate Sigma 

Ammonium sulphate Sigma 

Bovine serum albumin Sigma 

Chitin (Crab shell) Sigma 

Coenzyme A (Lithium salt) Sigma 

Conalbumin Sigma 

Cytochrome C Sigma 

Cesium chloride Sigma 

Cobalt bromide BDH 

Cadmium acetate BDH 

Chromium sulphate Sigma 

Calcium chloride Sigma 

Cupric chloride Sigma 

Diethyl ether BDH 

D-Glucose 6-phosphate Sigma 

di-Sodium hydrogen orthophosphate dihydrate BDH 

Ethyl acetate BDH 

Ethylenediaminetetraacetic acid, (EDTA) Sigma 

Egg albumin Sigma 

Ethanol BDH 

Ferrous sulphate Sigma 
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Hexane Sigma 

Hydrochloric acid BDH 

Immunoglobulin (gamma) Sigma 

Lithium chloride Sigma 

Magnesium chloride Sigma 

Manganous chloride Sigma 

Myoglobin Sigma 

Methanol BDH 

2-Mercaptoethanol Sigma 

Nickel sulphate Sigma 

Polyvinylpolypyrrolidone, insoluble Sigma 

Propan-l-ol Sigma 

Phosphoric acid BDH 

Potassium nitrate Sigma 

Rubidium bromide Sigma 

Sephadex G200 Pharmacia 

Sodium hydroxide Sigma 

Sodium dihydrogen orthophosphate dihydrate BDH 

Sulphuric acid BDH 

Silica gel (40 angstrom) BDH 

Sodium chloride Sigma 

Thyroglobulin Sigma 

Zinc nitrate Sigma 

a-D-Glucose 1-phosphate Sigma 

^-Nicotinamide adenosine dinucleotide phosphate (reduced form) Sigma 
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^-Nicotinamide adenine dinucleotide phosphate 

^-Nicotinamide adenine dinucleotide 

P-Amylase 

P-D-Glucose 1-phosphate 

Sigma 

Sigma 

Sigma 

Sigma 

4 Miscellaneous 

Agar M 

Dialysis tubing 

Domestic Blender 

Filter paper (Qualitative No. 1) 

Mercury high-pressure vapour visible light/400W lamp 

Polytron homogeniser 

Sandpaper Fine Consumer products 

Sep pak 

TLC plates Adsorbs silica-gel 

Ultrafiltration membranes (5 kDa - 10 kDa) 

DIFCO 

Medicell 

Kenwood 

Whatman 

Philips 

Polytron 

Group 3 M 

Analytichem 

Alltech 

Amicon 
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5 Preparation of chitin 

Chitin was prepared by dissolving 8 g of ground chitin in 80 ml of concentrated 

HCl at 0 °C for 12 h, (Skujins J.J. et ah, 1965). After centrifugation (500 x g for 

10 min) the supernatant was slowly added to (200 ml) of 50% (v / v) ethanol with 

rapid stirring. The precipitated chitin was washed extensively with distilled water 

to remove the acid, collecting the chitin by centrifugation (500 x g for 10 min). 

To fully disperse the chitin the suspension was homogenised using a polytron 

homogeniser (10 mm head) at speed 7 for 30s. The chitin was then reacetylated 

by cooling to 0 °C and treating with acetic anhydride to a final concentration of 2 

% (v / v) for 2 h. The chitin suspension was dialysed against two batches of 5 L 

of distilled water overnight at 4 °C. The concentration of the suspension was 

determined by dry weight analysis. Aliquots of the chitin suspension (1.0 ml) 

were dried to constant weight at 60 °C over a period of 16 h. After dilution to a 

final concentration of (5.0 mg ml"'), the suspension was autoclaved, dispensed 

into (10 ml) fractions and stored at-20 °C. The prepared chitin (5 ml"') was 

applied to the pea plants using a thin layer chromatography sprayer, (Figure 8). 

6 Synthesis qI trans 2,4-dihydroxycinnaniic acid 

^a«j'-2,4-Dimethoxycinnamic acid was prepared in advance from the reaction of 

2,4-dimethoxybenzaldehyde (5 g) with malonic acid (6 g) in the presence of 

pyridine (12 ml) in a 50 ml three necked Round Bottom Quick Fit Flask fitted 

with a reflux condenser and thermometer. The mixture was shaken, and warmed 

(oil bath) to dissolve the malonic acid. Piperidine (1 ml) was added and the 

mixture heated to 80 °C over 30 minutes and maintained at 80 °C for 1 h. After 

cooling, cold distilled water (120 ml) was added to the reaction mixture. The 

28 



rHAc 

Figure 8. The structure of chitin. 



solution was acidified with concentrated HCl (15 ml), which was added slowly, 

and with stirring. The crystals that formed were filtered off and washed with 

distilled water (4 ml x 4). The crystals were dissolved in 0.5 M NaOH, and 

insoluble material was removed by filtration using filter paper (Whatman No.l). 

Distilled water (36 ml) was added and O.IM HCl (18 ml) was added slowly and 

with stirring until the pH reached 1 - 1.5. The crystals that formed were filtered 

off and washed with distilled water (45 mix 3). The product was dried to 

constant weight and recrystallised from ethyl acetate and petroleum ether (1 : 1), 

and stored in desiccator at room temperature. 

To demethylate the compound (2 g) trans 2, 4-dimethoxycinnamic acid was 

reacted with 20 ml, of boron tribromide and 32 ml of dry distilled 

dichloromethane in a 50 ml dry three necked Round Bottom Quick fit Flask. The 

reaction was performed at (-78 °C), under a nitrogen atmosphere, with constant 

stirring for 60 - 90 min. After warming to room temperature, the mixture was 

stirred for 24 h. Distilled water (60 ml) and diethyl ether (40 ml) were added to 

the reaction mixture and the product was extracted into the organic phase. The 

organic layer was washed with distilled water (40 x 6 ml), and re-extracted into 

0.5 M NaOH (50 ml x 2). The lower aqueous layer was acidified using 

concentrated HCl (5 ml), and extracted back into ether (2 x 40 ml). The ether was 

evaporated by rotary evaporation to give the product, which was re-crystallized 

from diethyl ether and petroleum ether (1 : 1). Column chromatography on silica 

gel were used to the product using ( 1 : 1 ethyl acetate / petroleum ether), followed 

by (100 %) ethyl acetate to elute the product (Figure 9). 
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7 Maitainance of biological materials 

All materials plants and fungi were cultured in house, under controlled 

temperature and humidity. The plants were cultured in F2 Professional Compost, 

and vermiculite and the pea plants were grown under the influence of the light, 

dependent light grown plants and independent light grown plants, in the dark. All 

plant materials were grown in the controlled environment facilities of the School 

of Biological Sciences. 

7.1 Light grown pea 

Pea seeds {Pisum sativum, L. / cv Variety onward) were planted in compost 

(Levington F2) at uniform depth of 1cm below the soil and a density of 3 seeds 

per 11.5 cm diameter pot. Plants were cultured at 21 °C, 65 % relative humidity 

using 16 h photoperiod. The aerial parts and the roots harvested after 20 - 25 days 

from the date of primary leaf appearance. Fruits were normally harvested 50 days 

after the emergence of the primary leaf. 

7.2 Dark grown pea (Etiolated) 

Pea seeds {Pisum sativam, L. / cv Variety onward) were planted in vermiculite at 

uniform depth of 1cm and a density of 25 seeds per 38 x 23 cm tray. Plants were 

cultured at 21 °C and 65 % relative humidity under conditions of total darkness. 

The aerial parts and the roots were harvested after 12-14 days from the date of 

primary leaf appearance. 
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7.3 Other plants 

Broad beans, runner beans, rice, carrot, parsley, coriander, dill, and wheat were 

planted in compost Levington F2 at a uniform depth of 1cm below the soil. The 

density of seeds were 3 seeds for broad beans, 5 seeds of runner beans, 20 seeds 

of rice, 20 seeds of wheat and 25 seeds of parsley, coriander and dill per (11.5 cm) 

diameter pots. Plants were cultured at (21 °C, 65 %) relative humidity and a 16 h 

photoperiod. The aerial parts and the roots were harvested after 2 5 - 3 0 days from 

the date of primary leaf appearance. 

8 Fungi 

Malt extract media containing 1.5 g agar, 3.0 g malt extract, and 0.5 g of peptone 

per 100 ml of distilled water was dissolved completely by boiling and sterilisied 

by autoclaving for 20 min at 121 °C. The media were dispensed into sterile petri-

dishes and allowed to set. The plates were inoculated with spores oi Penicillium 

expansum taken from pure stock cultures and spread over the surface of the agar. 

The sterile petri dishes were incubated for two weeks at 25 °C in the dark. Spores 

were harvested by flooding the plates with distilled water and filtering through 

muslin. The spore suspensions was diluted to a final concentration 1x10^ spores 

per ml and 5 ml applied to the each plant using a thin layer chromatography 

sprayer. 

9 Isolation of coumarins from plants 

Two methods for coumarin isolation were assessed: solvent extraction and lactone 

separation. In some instances the plant material was autoclaved prior to 

extraction. Light grown pea, aerial parts (Ig fresh weight) was wrapped in foil 
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and autoclaved for 15 min. at 110- 115 °C. The tissues were chopped and 

homogenised in 1 ml of ethanol using a pestle and mortar at room temperature. 

The homogenate was filtered through muslin to remove the solids, centrifuged 

(13 000 X g for 5 min) and the pellet discarded. 

In solvent extraction tissues were chopped and homogenised in 1 ml of ethanol 

using a pestle and mortar at room temperature. The homogenate was filtered 

through muslin to remove the solids, centrifuged (13 000 x g for 5 min) and the 

pellet discarded. 

9.1 Acid extraction of umbelliferone 

Approximately 0.4 g pea seed was chopped and homogenised in 1 ml of 2 M HCl 

using a pestle and mortar at room temperature. The homogenate was filtered 

through muslin to remove the solids, centrifuged (13 000 x g for 5 min) and the 

pellet discarded. 

9.2 Lactone separation 

Plant tissue, aerial parts or roots (2 g) fresh weights, were chopped and 

homogenised in (10 ml) of ethanol using a pestle and mortar at 4 °C. The 

homogenate was filtered through muslin to remove the solids, centrifuged 

(13, 000 X g for 5 min) and the pellet discarded. 1 ml of 10 M NaOH was added 

to the supernatant and kept for two hours at room temperature. The solution was 

diluted with distilled water 10 ml, reduced in volume to 5 ml by rotary 

evaporation at 30 °C and extracted with 20 ml of ether. The aqueous phase was 

adjusted to pH 1.0 with 5 M HCl and partitioned into 20 ml of ether. After 

evaporating the ether in the fume cupboard, the sample was made up in 1 ml of 
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ethanol. The mixture was centrifuged (13, 000 x g for 5 min) and passed through 

a NH2 Sep-Pak column prior to analysis using normal phase HPLC. 

10 Chromatography 

TLC, normal and reverse phase HPLC were used to identify and estimate 

umbelliferone levels in plants. HPLC gel filtration also used to purify the 

trans-cis isomerase. 

10.1 Thin layer chromatography of coumarins 

Samples were applied to silica gel coated thin layer chromatography plates 

containing fluorescent indicator and developed in a 1:3 mixture of hexane:ethyl 

acetate. The components were normally detected by inspection of the plates under 

UV light at 366 nm or by spray treatment with 1 M sodium hydroxide. 

10.2 HPLC normal phase chromatography of coumarins 

Silica gel chromatography is the most commonly used purification technique for 

plant e x t r a c t s . The extracts prepared by lactone separation, were applied to HPLC 

silica column (Partisil -10, analytical column, 25 cm x 4.6 mm fitted with a guard 

column). The running solvent was degassed (25 : 75) ethyl acetate:ethanol at f l o w 

rate of 0.5 ml min"'. Aliquots of 10 (xl of sample were a p p l i e d t o the column by 

injection via a 100^1 injection loop, and the components were monitored by the 

UV absorbance at 376 nm using a full-scale deflection of 1.0, and a chart speed of 

1000 mm h ' \ 
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10.3 HPLC reverse phase of coumarins 

Reverse phase HPLC was used to purify umbelHferone and estimate its levels in 

plant extracts. 

Extract was dissolved in acetonitrile; 0.1 % (v / v) phosphoric acid (1 : 4) at a 

concentration of 1 mg ml'l. Aliquots of 500 |J,1 of the sample were applied to 

HPLC CI8 column (25 x 0.7 cm) fitted with column guard. The running solvent 

was acetonitrile: 0.1 % (v / v) phosphoric acid (1 : 4) at flow rate of 2 ml min\ 

The components were monitored by absorption at (254 nm), AUFS (1.0), output 

(5 mV) and a chart speed of (1cm min'^). Fractions (1.0 ml) were collected and 

assayed for the presence of umbelliferone using thin layer chromatography 

developed in hexane:ethyl acetate (1 : 3). Fractions containing umbelliferone 

were combined and partitioned into ether. 

10.4 HPLC reverse phase of trans 2,4-dihydroxycinnamic acid 

Reverse phase HPLC was used to purify trans 2,4-dihydroxycinnamic acid. Due 

to the light sensitive nature of trans 2,4-dihydroxycinnamic acid all steps were 

carried out in the dark room, trans 2,4-dihydroxycinnamic acid was dissolved in 

acetonitrile: 0.1 % (v/ v) phosphoric acid (1: 4) at a concentration of 1.68 mg 

ml"'. Aliquots of 500 jll of the sample were applied to HPLC, CI 8 column 

(25 x 0.7 cm) fitted with a guard column. The running solvent was acetonitrile: 

0.1 % (v / v) phosphoric acid (1 : 4) at flow rate of 2 ml min"'. The components 

were monitored by absorption at (254 nm), AUFS (1.0), and a chart speed of 

1 cm min"'. Fractions (1.0 ml) were collected and assayed for the presence of 

trans 2,4-dihydroxycinnamic acid using thin layer chromatography developed in 

hexane: ethyl acetate (1 : 3). Fractions containing trans 2,4-dihydroxycinnamic 
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acid were combined and partitioned into ether. The ether was removed by rotary 

evaporation at (30 °C) and the product re-crystallised from the ether three times. 

10.5 HPLC gel filtration of trans-cis isomerase 

Gel filtration was used to purify the trans-cis isomerase; an enzyme extract (6 ml) 

of the aerial parts of 25 day old pea was concentrated by ultra-filtration (nominal 

cut off 10 kDa) to 1 ml. After centrifugation to remove the solid material the 

sample was applied to a high performance liquid chromatography gel filtration 

column (GF-250) fitted with a guard column. The running solvent was degassed 

0.2 M sodium phosphate buffer pH 7.0 at a flow rate of 0.5 ml min"'. Aliquots of 

500 Hi of sample were applied to the column by injection, via a 500 |J.l loop and 

the components were monitored by the absorbance at 280 nm, using a full-scale 

deflection of 1.0, and a chart speed of 500 mm h"'. The column was initially 

calibrated under similar conditions with proteins of known molecular weight 

(50 |il o f2mgmr ' ) . 

Cytochrome C (12.384 kDa) 

Myoglobin (17.200 kDa) 

Carbonic anhydrase (29 kDa) 

BSA (6&2kD^ 

Con albumin (76 kDa) 

Alcohol dehydrogenase, yeast (150 kDa) 

Igf} (150 kDa) 

P"Amylase, sweet potato (200 kDa) 

Apoferritin (443 kDa) 

Thyroglobin (669 kDa) 
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11 trans-cis isomerase assay 

A colorimetric assay for the trans-cis isomerase was developed based on the 

absorption of umbelliferone at 376 nm (A376). At this wavelength the substrate 

{trans 2, 4-dihydroxycinnamic acid), has little absorbance and the product 

(umbelliferone) absorbs strongly. 

11.1 Preparation of enzyme 

Fresh plant tissues (10 g) was chopped and homogenised in a mortar and pestle at 

4 °C with 40 ml of 0.2 M phosphate buffer pH 7.0, containing 1 g of insoluble 

polyvinylpolypyrrolidone, and 21 |j,l of 2-mercaptoethanol. The extract was 

filtered through muslin to remove the solid material, centrifuged (40 000 x g for 

30 min) and the supernatant cut to 70 % ammonium sulphate saturation. After 

centrifugation (40 000 x g for 30 min) the pellet was resuspended in 5 ml of 0.2 M 

phosphate buffer pH 7.0 containing 2-mercaptoethanol and dialysed against 1000 

ml of resuspension buffer at 4 °C for 24 h under stirring. Insoluble material was 

removed by centrifugation (15 000 x g for 10 min) followed by filtration through 

filter paper (Whatman No.l). 

11.2 Light non-stimulated enzyme assay 

trans-cis isomerase activity was measured in UV quartz cuvettes at 376 nm 

wavelength, at 30 °C. The following enzyme test (ET), no substrate (NS), and no 

enzyme (NE), controls were prepared in triplicate for each sample assayed: 

ET = 450 |il enzyme + 450 p.1 substrate (ImM /raw 2,4-dihydroxycinnamic 

acid) 

NS = 450 |J,1 enzyme + 450 jxl distilled water 
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NE = 450 |J.l substrate + 450 |ll buffer 0.2 M, pH 7.0 

Readings were taken at 30 min intervals up to 90 min. The change in absorbancy 

was calculated according to the following formula: ET - (NS + NE). Enzyme 

activity was calculated by subtracting the 90-30 min values. Enzyme activity was 

expressed as pkat ml"' of the original extract, trans-cis isomerase activity was 

measured as for the light none stimulated assay, but in the presence of light at a 

fluence rate of 10 [xmol m"̂  s"' provided by a mercury vapour lamp. At this fluence rate 

the level of photoisomerisation of trans 2,4-dihydroxycinnamic acid was less than 

5 % after exposure for 90 min. 
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CHAPTER THREE 



The distribution of umbelliferone in pea tissues 

1 Introduction 

One of the aims of this project was to determine the distribution and levels of 

umbelliferone in pea plants to gain evidence of umbelliferone synthesis in the 

dark. In order to identify tissues likely to possess trans-cis isomerase. To 

establish the distribution of umbelliferone in pea, extracts of leaves, roots, and 

fruits were prepared, subjected to lactone separation, and the levels of 

umbelliferone assessed by reverse phase HPLC. Before the tissue levels of 

umbelliferone were determined it was essential to ascertain whether or not 

umbelliferone was stored in its free, glycosylated or bound forms. 

2 Extraction controls 

The effect of various factors on the extraction of the umbelliferone in different 

tissues of pea plants was investigated. The effect of acid treatment, autoclaving 

prior to extraction and various treatments to the pea plants such as growth at 

different light intensities was investigated. 

2.1 Effects of acid extraction 

Historically coumarins have been found in free form, glycosylated or bound to the 

cell wall. Acid extraction should release the glycosylated and cell wall bound 

forms, the aim was to determine whether coumarin exist in free form or 

glycosylated. Individual pea seeds were chopped and homogenised in 1 ml of 

2 M HCl and incubated at 60 °C for 2h. The homogenised tissue was filtered and 

the supernatant freeze dried to remove the acid and redissolved in 1.0 ml of 

ethanol. Aliquots (50 (xl) of sample were applied to a HPLC CIS reverse phase 
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column as described in material and methods. The concentration of the 

umbelliferone in the acid treated pea seed was 16.0 ± 12.4 ng g"' FW. This is 

lower than the value of 46.0 ± 14.3 ng g"' FW for pea seed extracted in the 

absence of acid and suggests that most of the umbelliferone in pea seed is in the 

free form (Figure 10). 

2.2 Effects of autoclaving 

The aim of this treatment to inactivate the enzyme responsible for deglycosilation. 

Light grown pea, aerial parts (Ig FW) was wrapped in foil and autoclaved for 15 

min at 110 - 115 °C in order to rapidly inactivate enzymic activity. The tissues 

were chopped and homogenised in 1 ml of ethanol. The homogenate was filtered, 

centrifuged and the pellet discarded. Aliquots of 50 fxl were applied to a HPLC 

C18 reverse phase column as described in material and methods. The 

concentration of umbelliferone in the autoclaved tissues was 54.0 ±12.1 

ng g"' FW. This compares to 600.0 ± 9.0 ng g"' FW which, was found in none 

autoclaved pea leaves (Figure 11). This result strongly suggests that the major 

fraction of umbelliferone is likely to be present in the glycosylated form. In 

contrast, analysis of the extracts by TLC indicated roughly equal levels of 

umbelliferone in untreated and autoclaved aerial tissues. These contradictory 

results cannot at present be explained. 

3 Umbelliferone levels in various tissue types 

The levels of umbelliferone were measured in the aerial parts, root, seeds and 

fruits of light grown peas using ethanol extracts and C18 reverse phase HPLC. 
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Figure 10. Umbelliferone concentration in various pea tissues. Extracts were prepared 

in ethanol and analysed using HPLC C 18 reverse phase chromatography as 

described in the material and method. The experiment was performed in 

triplicate and the data presented in the average of three independen 

experiments, bars indicate standard errors. 
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Figure 11. Umbelliferone concentration found in extracts of 20 days old from the 

germination in various pea tissues. Extracts were prepared in ethanol and 

analysed using HPLC CI8, reverse phase chromatography as described in the 

material and methods. The experiment was performed in triplicate and the 

data presented in the average of three independent experiments, bars indicate 

standard errors. 
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Tissues (1 g FW) of light grown plants were chopped and homogenized in 1 ml of 

ethanol. The homogenate was filtered, centrifuged and aliquots of 50 |_ll applied 

to CI8 reverse HPLC. Fractions (1.0 ml) were collected and assayed for the 

presence of umbelliferone by TLC. Numerous peaks eluted from the 

chromatography of the tissues. A strong peak was observed eluting after 16 min. 

was collected and subjected to TLC. A strong spot was observed (1^0.9), that 

fluoresced strongly blue with an identical IVto that of authentic umbelliferone. 

3.1 Umbelliferone levels in aerial tissues 

By determining the area under the peak it was possible to estimate the 

concentration of umbelliferone. Using this technique a value of 600.0 ± 9.0 

ng g F W ' was obtained for the aerial tissues of pea. The levels of umbelliferone 

in the aerial tissues of other plants known to produce umbelliferone were 

measured for comparison (Figure 11). Of the various plants tested pea contained 

the highest level of umbelliferone. 

3.2 Umbelliferone levels in roots 

By determining the area under the peak it was possible to estimate the 

concentration of umbelliferone. Using this technique a value of 398.0 ± 11.2 

ng g FW"' was obtained for roots, slightly lower than the value of 600.0 ± 9.0 

ng g FW' found in the aerial tissues (Figure 11). 

3.3 Umbelliferone levels in seeds 

By determining the area under the peak it was possible to estimate the 

concentration of umbelliferone. Using this technique a value of 46.0 ± 14.3 
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ng g FW"' was obtained for seed that suggests that significant biosynthesis of 

umbelliferone occurs after germination (Figure 11). 

3.4 Umbelliferone levels in fruits 

By determining the area under the peak it was possible to estimate the 

concentration of umbelliferone. Using this technique a value of 298.00 ±13.7 

ng g F W ' was obtained for fruits, which is much greater than the value obtained 

from dry seed 46.00 + 14.3 ng g F W l . This suggests that the levels of 

umbelliferone in seed may decline with storage (Figure 11). 

4 Umbelliferone levels in etiolated tissues 

By determining the area under the peak it was possible to estimate the 

concentration of umbelliferone. Using this technique a value of 97.00 ± 12.3 

ng g F W ' was obtained for etiolated tissues that is considerably lower than the 

value of 600.0 ± 9.0 ng g FW"' found in light grown pea. This suggests that 

umbelliferone biosynthesis occurs at a lower rate in the absence of light 

(Figure 11). 

5 Demonstration of umbelliferone synthesis in the absence of light 

Circumstantial evidence for trans-cis isomerases was obtained by comparison of 

the umbelliferone levels in non-germinated pea seeds and 18-day old etiolated 

seedlings (Figure 10). If photoisomerizm alone accounts for the trans-cis 

isomerisation step of umbelliferone biosynthesis, then the levels of umbelliferone 

in pea seeds and etiolated pea seedlings should be the same. However, the total 

level of umbelliferone in an etiolated pea seedling was four times higher than in a 
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single none germinated seed, suggesting an alternative mechanism to 

photoisomerism. One possible explanation is that the increase in umbelliferone in 

etiolated pea seedling arises from the deglycosylation of glycosylated cis 

2,4-dihydroxycinnamic acid, followed by spontaneous ring closure forming 

umbelliferone. However, treatment of non-germinated pea seed extracts with 

dilute acids, at levels that would be expected to cause deglycosylation failed to 

significantly increase the yield of umbelliferone to levels observed in etiolated pea 

seedling (Figure 10). Thus the evidence suggests that an alternative mechanism to 

photoisomerism operates for the trans-cis isomerisation step in the formation of 

umbelliferone in pea. 

6 Umbelliferone levels in other plants 

Aerial parts of broad beans, runner beans, rice, carrot, parsley, coriander, dill, and 

wheat, (1 g) fresh weight tissues aerial parts from each plant, were chopped and 

homogenised in (1 ml) of ethanol. The homogenised was filtered, centrifuged and 

aliquots of 50 |J.l applied to CI8 reverse HPLC. Fractions (1.0 ml) were collected 

and assayed for the presence of umbelliferone by TLC. Numerous peaks eluted 

from the chromatography of pea aerial parts. A strong peak was observed eluting 

after 16 min. was collected and subjected to TLC. A strong spot was observed 

(R/0.9), that fluoresced strongly blue with an identical l^ to that of authentic 

umbelliferone. By determining the area under the peak it was possible to estimate 

the concentration of umbelliferone. Umbelliferone was detected in all the plants 

examined with the highest concentration found in coriander 583.00 ±13.1 

nggFW' (Figure 12). 
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Figure 12. Umbelliferone distribution in various light grown plant species (20 days 

old). Umbelliferone was extracted in ethanol and analysed using HPLC 

CI8, reverse phase chromatography as described in the material and method. 

The experiment was performed in triplicate and the data presented 

in the average of three independent experiments, bars indicate standard error. 
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7 Discussion 

The distribution and concentration of umbelliferone in the different tissues of pea 

is variable, depending on the age of the plant and the lighting conditions. The 

experiments suggest that the plants accumulate the highest levels of umbelliferone 

between 20 and 25 days old. The data also provides good circumstantial evidence 

for the existence of trans-cis isomerase activity through comparison of the total 

umbelliferone levels in pea seeds and etiolated seedlings. The levels of 

umbelliferone in normal and acid extracted pea seed were roughly similar, 

suggesting that the majority of umbelliferone in the plant is present in free form, 

with only 2 % of coumarin be in the glycosylated or all wall bound form. This 

result is in contrast to previous findings in other plants where the majority of 

coumarins are formed in the bound form. For many years it has been recognised 

that coumarin exists in plants as a bound form hydrolysable to free coumarin 

(Robert and Link, 1937, Kosuge, 1961). Earlier work concluded that varying 

amounts of coumarin also exist as the free form, (Vogel, 1820). 
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CHAPTER FOUR 



Preparation of trans-cis isomerase substrates 

1 Introduction: 

In order to investigate the possibility of a trans-cis isomerase in the biosynthesis 

of coumarins in plants an enzyme assay was developed. The substrate trans 

2,4-dihydroxycinnamic acid was not commercially available and this has to be 

synthesised in the laboratory. This was achieved by a two-step procedure via 

malonic acid. 

2 Synthesis of trans 2,4-dihydroxycinnamic acid 

trans 2,4-dihydroxycinnamic acid had to be synthesised in the laboratory by a two 

step procedure: malonic acid, trans 2,4-dimethoxybenzaldehyde and pyridine 

were first converted to ^rara-2,4-dimethoxycinnamic acid, which was 

demethylated to trans 2,4-dihydroxycinnamic acid. 

2.1 Purification of trans 2,4-dihydroxycinnamic acid 

In order to ensure that the enzyme assay detects only trans-cis isomerase activity 

it is essential to remove any impurities in the substrate {trans 2,4-

dihydroxycinnamic acid). 

Solvent extraction, normal phase and reverse phase chromatography were 

employed to purify the trans 2,4-dihydroxycinnamic acid sample. 

2.1.1 Silica gel chromatography 

Column chromatography on silica gel was used to purify the product using 

( 1 : 1 ethyl acetate / petroleum ether), followed by 100 % ethyl acetate to elute the 

product. Using this method the substrate eluted in fraction number 12, which was 
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confirmed by TLC. 

2.1,2 HPLC reverse phase chromatography 

The crude sample of trans 2,4-dihydroxycinnamic acid was applied to a CI 8 

reverse phase HPLC column. Several components were visualized and analysis of 

the fractions by thin layer chromatography at 366 nm revealed that trans 2,4-

dihydroxycinnamic acid eluted as a single peak after 12 minutes (Figure 13). This 

fraction was collected and pooled with other identical fractions from the repeated 

injections of the original crude extract of trans 2,4-dihydroxycinnamic acid. The 

product was re-crystallized from the ether three times to give 11.5 mg as final 

yield of pure trans 2,4-dihydroxycinnamic acid. 

2.2 Characterisation of trans 2,4-dihydroxycinnamic acid 

Several independent methods were used to verify the purity of the trans 

2,4-dihydroxycinnamic acid. The three times-crystallized product was analyzed 

by nuclear magnetic resonance, mass spectrometry, melting point determination 

and high-resolution thin layer chromatography, for purity detection. 

2.2.1 Nuclear magnetic resonance (NMR) 

NMR techniques involve the use of radio frequency (rf) radiation to study the 

environment of atomic nuclei that are magnetic. The material under study is 

placed in a homogeneous magnetic field and subjected to a short pulse of a 

specific frequency (Devlin, 1993). 

In NMR the characteristic absorption of energy by certain spinning nuclei in a 

strong magnetic field, when irradiated by a second and weaker field perpendicular 
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Figure 13. HPLC reverse phase chromatography for crude sample of trans 2,4-

dihydroxycinnamic acid. 
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to it, permits identification of atomic configuration in molecules. NMR of the re-

crystallised product confirmed trans 2,4-dihydroxycinnamic acid to be the most 

likely component present in the sample and suggested that the sample was 

essentially free from umbelliferone and other contaminants (Figure 14). 

Following NMR of trans 2,4-dihydroxycinnamic acid it was possible to assign 

the following structural components: 6h (270 MHz, d6-acetone) 7.92 (IH, d, J = 

16 Hz, Ar-CH=C), 7.42 (IH, d, J = 8 Hz, H-6), 6.42 (IH, dd, J = 2, 8 Hz, H-5), 

6.40 (IH, d, J = 16 Hz, Ar-C=CH-COOH), 6.47 (IH, d, J = 2 Hz, H-3) ppm. 

Following NMR of umbelliferone it was possible to assign the following 

structural components: 5h (270 MHz, d6-acetone) 6.18 (IH, d, J = 8 Hz, H-3), 

7.86 (IH, d, J = 8 Hz, H-4), 7.45 (IH, d, J = 8 Hz, H-5), 6.79 (IH, dd, J = 2, 8 Hz, 

H-6), 6.71 (IH, d, J = 2 Hz, H-8) ppm. 

2.2.2 Mass spectroscopy 

Mass spectrometric analysis of umbelliferone and trans 2,4-dihydroxycinnamic 

acid was used to inspect the sample for purity. VG Platform Quadrepole 

Electrospray lonisation Mass Spectrometer was used in the Department of 

Chemistry. The components are separated on the basis of their mass, by passage 

through a magnetic field (Figure 15). The molecular masses of the synthesised 

trans-2,4-dihydroxycinnamic and a sample of commercially available 

umbelliferone were determined by matrix assisted laser desorption ionisation time 

of flight mass spectrometry (LD-TOF MS). Masses of 180.0 for the synthesised 

trans-2, 4-dihydroxycinnamic and 161.7 for umbelliferone were obtained. Both 

masses correspond closely to the expected molecular weights for trans 2, 4-

dihydroxycinnamic acid (180.0) and molecular weights for umbelliferone (162.1). 
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Figure 14. Nuclear magnetic resonance of (A) trans 2,4-dihydroxycinnamic acid 

and (B) Umbelliferone at 270 MHz using d6-acetone. 
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Figure 15. Mass Spectroscopy of (A) trans 2,4-dihydroxycinnamic acid 

and (B) Umbelliferone using VG platform Quadrepole Electrospray 

lonisation Mass Spectrometer. 
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2.2.3 Melting point determination 

The reason for determining the melting point was to give evidence of the purity of 

the umbelliferone and trans 2,4-dihydroxycinnamic acid. Impurities will lower 

the melting point. Melting points was determined using an Electrothermal device. 

The melting points of pure trans 2,4-dihydroxycinnamic acid and pure 

umbelliferone were determined in triplicate and an average value taken. The 

melting point of trans 2,4-dihydroxycinnamic acid was measured at 209 °C, 

although there is not a literature value to allow comparison. The melting point of 

pure re-crystallized umbelliferone was 225 °C in comparison with the melting 

point of standard umbelliferone which, is 230 °C. 

2.2.4 Tliin layer chromatography 

To confirm that the product was indeed trans 2,4-dihydoxycinnamic acid, two-

dimensional high-resolution thin layer chromatography was applied to the sample. 

After the first dimension performed in the absence of light to avoid any 

conversion to umbelliferone, the plates were subjected to UV illumination 

(254 nm for 20 min). This treatment with this range of wavelength should allow 

the conversion of any trans 2,4-dihydroxycinnamic acid to umbelliferone. The 

TLC plates were then run in the second dimension and then examined at the 

wavelength of 366 rnn. trans 2,4-dihydroxycinnamic acid should shift position in 

the second dimension and have an identical l^ to standard umbelliferone. 

Analysis of the sample by this method revealed that the major component in the 

first dimension R/0.2 shifts to an R/"of 0.9 identical to that of authentic 

umbelliferone (plate A&B). 
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3 Discussion 

Obtaining direct evidence for trans-cis isomerases requires developing a specific 

enzyme assay and demonstrating umbelliferone formation in cell free extracts. 

Thus it was necessary to synthesise a potential substrate for detecting trans-cis 

isomerase activity and confirm the authenticity of the synthesized substrate by 

several independent methods and to determine its purity, trans-cis isomerases 

assay development depend on the differential absorbance of the substrate and the 

product. 
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CHAPTER FIVE 



Development of the trans-cis isomerase assay 

We hypothesize that in addition to photoisomerism plants are capable of enzymic 

trans-cis isomerisation of the a-P double bond of the propenoic acid side chain of 

trans 2-hydroxycinnamic acids. The aim of the research is to investigate the 

possibility of trans-cis isomerase in cell free extracts of pea. Initially an enzyme 

assay was developed using the synthesised trans 2,4-dihydroxycinnamic acid as 

substrate. 

1 Assay development 

Using the substrate trans 2,4-dihydroxycinnamic acid a simple bioassay for trans-

cis isomerase was developed based on the differential absorbance of the 

(substrate) trans 2,4-dihydroxycinnamic acid and the (product) umbelliferone. 

2 Absorption spectra and Extinction Coefficients 

The absorption spectra of the product umbelliferone and the substrate trans 2,4-

dihydroxycinnamic acid were determined at different pH 4.0, 7.0 and 10.0 in 0.2 

M phosphate buffer. At a wavelength of 376 nm and pH 7.0 the substrate trans 

2,4-dihydroxycinnamic acid absorbs poorly and the product umbelliferone 

absorbs strongly. The extinction coefficient (e) of trans 2,4-dihydroxycinnamic 

acid and umbelliferone in 0.2 M phosphate buffer pH 7.0 at a concentration of (1 

mM) was determined in a scanning spectrophotometer. Subsequently, trans-cis 

isomerase activity was determined following the increase in absorbance at 376 nm 

wavelength and an optimum pH of 7.0. (Figure 16). 
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Figure 16. Absorbance spectra of umbelliferone and trans 2,4-dihydroxycinnamic 

acid at a concentration of ImM, in 0.1 M phosphate buffer pH 7.0. The 

substrate and the product were tested in triplicate and the data presented in 

the average of three independent experiments. 
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3 Light stimulated enzyme assay 

The light stimulated trans-cis isomerase assay was performed in the presence of 

light at a level insufficient to bring about significant photoisomerisation. 

Readings were taken at 30 min intervals up to 90 min. at a wavelength of 376 nm. 

The change in absorbance was calculated according to the following formula: 

ET - (NS + NE). Enzyme activity was calculated by subtracting the (90-30 min) 

values. 

4 Light non-stimulated enzyme assay 

The light none stimulated trans-cis isomerase assay was measured in the absence 

of light. Readings were taken at 30 min intervals up to 90 min. at a wavelength of 

376 nm. The change in absorbance was calculated according to the following 

formula: ET - (NS + NE). Enzyme activity was calculated by subtracting the 

(90-30 min) values. 

5 Demonstration of trans-cis isomerase in cell free extracts 

Initially cell free extracts were prepared from whole light grown pea plants 

harvested 20 days after sowing. Incubation of cell free extracts with trans 

2,4-dihydroxycinnamic acid in the absence/presence of light resulted in an initial 

time dependent increase absorbance at 376nm. Under the conditions of the assay 

a change in absorbance at 376nm was linear up to a change in absorbance of 

0.200. To confirm that the assay was indeed measuring umbelliferone formation 

as a result of trans-cis isomerisation of trans 2,4-dihydroxycinnamic acid the 

reaction products were subjected to further analysis. Initially, the reaction 

products were analysed by TLC and revealed the appearance of a light blue 
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fluorescent compound with an ^identical to that of umbelliferone present in the 

'enzyme test' solution, but absent in the 'no enzyme' and 'no substrate' controls. 

Similarly, CI8 reverse phase HPLC identified a component in the 'enzyme test' 

solution, with an identical retention time to umbelliferone, that was absent in the 

'no enzyme' and 'no substrate' controls. Thus the evidence is consistent with the 

formation of umbelliferone as the final reaction product and that peas contain 

detectable levels of trans-cis 2,4-dihydroxycinnamic acid isomerase activity. 

6 Tissue distribution of the light stimulated and non-stimulated trans-cis 

isomerase 

trans-cis 2,4-dihydroxycinnamic acid isomerase levels were determined over the 

course of seedling development in the fruits, roots and aerial parts of light grown 

peas. The richest source of trans-cis 2,4-dihydroxycinnamic acid isomerase was 

the aerial parts tissue of light grown plants harvested 20 days from sowing. 

Thereafter trans-cis 2,4-dihydroxycinnamic acid isomerase specific levels tended 

to decline with increasing age in all tissues and light conditions. When the total 

levels of trans-cis 2,4-dihydroxycinnamic acid isomerase were calculated it is 

clear that the major proportion of the trans-cis 2,4-dihydroxycinnamic acid 

isomerase activity resides in the aerial parts of the plant (Table 3). 

7 Effects of high light levels on trans-cis isomerase activity 

Experiments were set up to determine the effect of the irradiation density, on 

trans-cis isomerase activity in pea plants. Peas were grown under the same 

condition as before, but at different distances from the light source (15, 25, and 
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Treatments trans-cis isomerase activity (pkat ml'̂ ) 

Aerial parts &L0±9 

Roots 45.5 ±11.2 

Fruits 39.4 ±13.7 

Table 3. The level of trans-cis isomerase activity in crude extracts of 20 days 

old light grown peas. Each treatment was tested in triplicate and the 

data presented in the average of four independent experiments. 



35 inch). The measurement of the light stimulated trans-cis isomerase activity 

showed that there was no significant difference between the treatments (Table 4). 

8 trans-cis isomerase activity in etiolated plants 

It may be possible that the trans-cis isomerase is induced under conditions of low 

light. To test this idea the following experiment was undertaken. Plants were 

grown in total darkness and the aerial parts extracted and assayed for light 

stimulated trans-cis isomerase activity. The levels of isomerase activity in the 

etiolated tissues were slightly lower than those found in light grown peas 

(Table 4). This suggests that the trans-cis isomerase is not induced in the absence 

of light. 

9 Determination of the pH dependency of trans-cis isomerase 

It is well known that the activity of an enzyme depends on pH. Studies of the pH 

dependence of enzymes are useful for suggesting which amino acid(s) may be 

operative in the catalytic event in the active site (Devlin, 1993). To investigate the 

pH dependence two different kinds of buffers were prepared giving seven 

different levels of pH: (0.1 M) citrate / phosphate pH 3.0, 4.0, 5.0, 6.0, and 7.0 and 

0.1 M Tris/HCl pH 8.0 and 9.0. The pH dependency was established for the 

trans-cis isomerase using both the light stimulated and light none stimulated 

assays. The pH optimum occurred at pH 7.0 for both the light and dark activities 

with 50 % of the activity retained at pH 5 and pH 8.3 (Figure 17). 
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Treatments Percent activity (%) 

wounded plants (48 h) 9 8 ± 7 4 

Plants treated with Penicillium 
(48 h) 1 1 2 ± 5 j 

Plants treated with chitin (48 h) 1 2 0 6 4 ^ 

Plants grown in dark (Etiolated) 60 ± 6.2 

Plants grown 15 inch from the light 
source 56 ± 3.6 

Plants grown 25 inch from the light 
source 5 7 ± 4 j 

Plants grown 35 inch from the light 
source | 6 7 ± 5 a 

Table 4. The effect of various treatments on the level trans-cis isomerase 

activity in 20 days old pea plants. Experiments were performed 

in triplicate and the data presented in the average of three 

independent experiments. 



Figure 17. pH dependency of the trans-cis isomerase in both light and dark conditions, trans-

cis isomerase was extracted from pea (aerial parts) and activity measured in the 

standard enzyme assay using the buffers indicated as described in the material and 

method. The experiment was performed in triplicate and the data presented in the 

average of seven independent experiments, bars indicate standard errors. 
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10 C of actors requirement of trans-cis isomerase 

Cofactors are small organic or inorganic molecules that enzymes require for their 

activity as a non-protein component. Such cofactors are found unchanged at the 

end of the reaction and may be therefore being regarded as an essential part of the 

catalytic mechanism (Dixon and Webb, 1964). The cofactor requirement of the 

trans-cis isomerase in pea was investigated by incorporating known co-factors 

into the standard enzyme assays (Table 5). Of the ions tested Mn% Co% and 

Fe% have a stimulating effect on enzyme activity (light stimulated) whereas 

Cu"^ ions were inhibitory (Table 6). M n ^ ions had the greatest stimulatory effect 

increasing activity 5-fold in partially purified enzyme fractions (Figure 18). 

None of the other non-metal coenzymes had a significant effect on the trans-cis 

isomerase activity, whereas boiling the enzyme extract for 10 min totally 

inactivated the enzyme and stimulated by light (Table 5). 

11 Discussion 

The site of coumarin accumulation in plants is well documented (Murry et al, 

1982), but it is often less clear which tissues are responsible for their biosynthesis. 

The weight of evidence supports the aerial tissues as the primary site of 

biosynthesis, based on grafting studies between the shoots and roots of coumarin 

producing and non-producing plants (Schlosser-Szigat, 1961; Gorz and Haskins, 

1962). Similarly, labelling studies on isolated shoots have shown that in some 

species the aerial tissues are capable autonomous coumarin biosynthesis in the 

absence of their roots (Blaim, 1960; Kutney ez'a/., 1973). This location is 

consistent with the isolation of the enzymes responsible for the earlier 2-

hydroxylation step from chloroplasts (Kindl, 1971; Gestetner, and Conn, 1974) 
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Cofactors and other physical 
effects 

Concentration (mM) Percentage trans-cis 
isomerase activity 

NADH 1.0 1766&8 

NAD 1.0 2 9 ± 2 j 

ATP 1.0 204 ± 10.5 

CoA 1.0 

NADP 1.0 101 

NADPH 1.0 139 ±5.2 

EDTA 1.0 1 1 4 6 4 4 

D-Glucosamine 6-Phosphate 1.0 9 2 6 2 4 

a-D-Glucose 1 -Phosphate 1.0 140±7J 

a -D- Glucose 1,6-diPhosphate 1.0 118±&2 

Boiling 0 

Light 191 ± 8 ^ 

Table 5. The effect of cofactors on the activity of the trans-cis isomerase in crude 

extracts of 20 days old peas (aerial parts), trans-cis isomerase activity is 

expressed as a percentage of the control with no additives. Each cofactor was 

tested in triplicate and the data presented in the average of eighteen independent 

experiments. 



Metal ions additives 

ZN^ 164 c i T 0 CS+ 159 

Mn^ 509 NH4 ^ 86 ' 1.8 

53 36 Li + 113 

N i ^ 46 C r " ^ 88 Co^ 466 

Na+ 96 C d ^ 50 Rb+ 95 

Fe'^ 337 K+ 86 A l ^ 167 

Table 6. The effect of metal ions on the activity of the trans-cis isomerase in 

crude extracts of 20 days old peas (aerial parts), trans-cis isomerase 

activity is expressed as a percentage of the control with no additives. 

Each cofactor was tested in triplicate and the data presented in the 

average of eighteen independent experiments. 



Figure 18. The effects of metal ions (ImM final concentration) on the activity of the 

trans-cis isomerase. trans-cis isomerase was extracted from light grown pea 

(aerial parts), and purified by gel filtration as described in the material and 

methods. The experiment was performed in triplicate and the data presented 

in the average of eighteen independent experiments, bars indicate standard 
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and glycosylation step from leaves (Kleinhofs et al, 1967) and with the 

requirement of light for the photoisomerisation. Nevertheless, several 

observations suggest that other tissues, including roots, also play a role in 

coumarin biosynthesis. The exclusive occurrence of certain coumarins in root 

tissues suggests that these tissues are in part responsible for some of the 

derivatisation of the benzopyrone nucleus resulting in the formation of more 

complex coumarins (Steck and Bailey, 1969). Whether roots are capable of the 

autonomous formation of the basic benzopyrone nucleus or play a role in its 

formation in other tissues is unclear. Grafting studies have suggested that in some 

species the roots provided an essential precursor to the aerial tissues (Reppel and 

Wagenbreth, 1958; Favre-BonvineZ^a/., 1968). More directly there are claims 

that isolated root tissues can form coumarins directly (Mothes and Kala, 1955; 

Weygand and Wendt, 1959). In this context the localisation oitmns-cis 

2,4-dihydroxycinnamic acid isomerase activity to both roots and aerial parts 

suggests that biosynthesis of umbelliferone may be possible in both tissues. 
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CHAPTER SIX 



Purification of trans-cis isomerase 

Attempts were made to purify the trans-cis isomerase from the aerial parts of pea 

tissues. The isolation of the enzyme and its purification is of considerable value 

and would be useful in understanding the role of the enzyme, its specificity, its 

application, and its catalytic mechanisms. 

1 Possible induction of trans-cis isomerase activity 

Prior to attempting to purify the trans-cis isomerase the effect of various 

treatments in the levels of enzyme in pea was investigated. Three treatments were 

examined fungal challenge, elicitor-treatment and wounding. 

1.2 Fungal challenge, elicitor-treatment and wounding 

Pea plants were treated with fungus Penicillium expansum, whereas other pea 

plants were wounded or treated with chitin. Pea plants treated with fungus and 

those partially wounded showed a slight increase in enzyme activity by 12 %, 

whereas the plants were treated with chitin, showed more enzyme activity by 

20 %, (Table 4). However, none of the treatments gave rise to a statistically 

significant increase in trans-cis isomerase activity. 

1.3 Enzyme stability 

The ability to store the trans-cis isomerase without significant loss of enzyme 

activity is of great importance in any purification strategy. In order to determine 

whether the activity of the trans-cis isomerase would be lost due to freezing the 

following experiment was performed. Intact aerial tissues and a cell free extract 

of aerial tissues were stored at -70 °C and -20 °C for 14 days and the residual 
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enzyme activity determined. Most enzyme activity (94 %) was recovered from 

the cell free extract stored at -70 °C (Table 7). 

2 Development of purification protocols 

Before attempting to purify this enzyme a method for concentrating the activity 

was required. Ammonium sulphate cutting and ultra-filtration were investigated. 

2.1 Ammonium sulphate cutting 

Aliquots (20 ml) of a crude pea leaf extract were adjusted to varying degrees of 

(NH4)2S04 saturation (20 - 90 %) for 1 h at 4 °C. After centrifugation the pellet 

were resuspended for each different degree of ammonium sulphate saturation and 

assayed for trans-cis isomerase activity. Saturation levels of ammonium sulphate 

of 20 %, 30 %, 40 % and 50 % showed gradual precipitation, of enzyme activity. 

In contrast, saturations of 70 %, 80 % and 90 % gave rise to significant 

precipitation of the trans-cis isomerase activity (Figure 19). 

2.2 Ultrafiltration 

Ultrafiltration allows small molecules and ions to pass through a membrane under 

the influence of applied pressure from compressed gas or centrifugation. An 

Amicon 8 MC Micro Ultra-filtration system was used in conjunction with Amicon 

Diaflo Ultra-filtration membranes having nominal molecular weight cut-off 's of 

5 and 10 kDa. A cell free pea extract was concentrated on the membranes and the 

retentate and filtrate assayed for enzyme assay. Most of the enzyme remained in 

the retentate using the 5 kDa membrane. In contrast, the major fraction of enzyme 

activity was recovered in the filtrate of when a 10 kDa membrane was employed. 
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Treatments Percent trans-cis activity 

Homogenised tissues at -20 °C stored for 14 days 
33±2U 

Whole tissues stored at -20 °C for 14 days and then extracted 
0 

Homogenised tissues at -70 °C stored for 14 days 

9 4 ± 4 j 
Whole tissues stored at -70 °C stored for 14 days 

7 4 ± 3 ^ 

Table 7. Comparison of different extraction conditions/methods on the yield of trans-cis 

isomerase activity in crude extracts of 20 days old peas (aerial parts). Each 

treatment was tested in triplicate and the data presented in the average of four 

independent experiments. 



Figure 19. Ammonium sulphate precipitation of trans-cis isomerase. The level of trans- cis 

isomerase precipitated by ammonium sulphate was determined in crude extracts of 

20 day old pea leaves as described in the material and method. The experiment 

was performed in triplicate and the data presented in the average of five 

independent experiments, bars indicate standard errors. 
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This is suggests that the molecular weight of the isomerase has a molecular mass 

in the range of 5-10 kDa. 

2.3 HPLC gel filtration 

Gel filtration chromatography was used in an attempt to purify the enzyme and to 

obtain an approximate molecular mass. A cell free extract prepared from the 

aerial parts of pea was concentrated to 0.5ml by 70 % ammonium sulphate 

precipitation, followed by ultrafiltration (5 kDa membrane). Insoluble material 

was removed by centrifugation (13000 x g for 5 min) and 50 |ll was applied by 

injection to a GF 250 gel filtration column fitted with a guard column. Fractions 

were collected and assayed for light stimulated trans-cis isomerase activity. In 

order to determine the molecular mass of the trans-cis isomerase activity, the 

column was calibrated with standard proteins of know molecular mass. The trans-

cis isomerase activity eluted in fractions corresponding to a molecular mass of 

7-11 kDa (Figure 20). 

3 Discussion 

It was not possible to induce the levels of trans-cis isomerase in plant by various 

stressing treatments. Nevertheless, there is sufficient enzyme activity in the aerial 

tissues of pea to allow purification. In addition, the appropriate storage conditions 

for the enzyme were determined to allow purification to be attempted. Two 

independent techniques, gel filtration and ultrafiltration, suggest a relatively low 

molecular mass for the trans-cis isomerase. This information will be useful in 

devising an appropriate enzyme purification strategy for the trans-cis isomerase. 
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Figure 20. Estimation of the molecular weight of the trans-cis isomerase, found in the 

extraction of 20 days old from the germination in aerial parts of peas. 

HPLC/gel filtration (GF 250) was employed as described in the material and 

methods. The numbers in bracts represents the molecular weight of the 

calibrating standards. 
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These experiments will hopefully provide the foundation for the subsequent 

purification of the trans-cis isomerase leading to its characterisation. 
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CHAPTER SEVEN 



General Discussion 

1 Coumarin biosynthesis 

Coumarins constitute a major category of plant secondary metabolites that contain 

a benzopyrone nucleus as a fundamental structural unit (Keating and O'Kennedy, 

1997). Their role in plants appears to be mainly defence related due to their 

antimicrobial, anticoagulant, and photosensitizing properties, although other roles 

arising from their UV-absorbing and alleopathic properties are also documented 

{Mmvy, et al., 1982). Surprisingly, the biosynthetic pathway leading to the 

formation of the basic benzopyrone nucleus in plants has yet to be fully resolved 

(Figure 1). The benzopyrone nucleus is formed from the spontaneous ring closure 

of the cis forms of 2-hydroxycinnamic acids derived from L-phenylalanine. 

Following deamination of L-phenylalanine to trans cinnamic acid, 2-

hydroxylation (Gestetner and Conn, 1974) and trans-cis isomerisation of the a-P 

double bond of the propenoic acid side chain must occur prior to ring closure. If 

glycosylation (Kleinhofs etal, 1967) of the 2-hydroxyl occurs prior to trans-cis 

isomerisation step, ring closure is delayed until subsequent deglycosylation. Thus 

the trans-cis isomerisation step can occur on the trans forms of 2-

hydroxycimiamic acids and their glycosylated derivatives. Of the five steps 

leading to coumarin biosynthesis, three are known to be catalysed by enzymes 

(o-hydroxylation, glycosylation, and deglycosylation), one is spontaneous (final 

lactonisation) and one presumed to be a result of photoisomerisation {trans-cis 

isomerase). 

59 



2 0-hydroxylation 

The hydroxylation ofL-phenylalanine to L-tyrosine, which is important in some 

higher organisms, occurs to only a very limited extent in plants and dose not seem 

to provide a major route to L-tyrosine (Haslam, 1993). A hydroxylase has been 

isolated from spinach which catalyses the direct conversion of L-phenylalanine to 

L-tyrosine (Nair and Vining, 1965). There are three possible positions for single 

hydroxyl group in naturally occurring phenolic compound are: para to a carbon 

side chain, meta to a carbon side chain and ortho to a carbon side chain. (Nair and 

Vining, 1965). Conversion of 4'hydroxycinnamic acid to umbelliferone and its 

derivatives obviously implies a prior 2'-hydroxylation. Kindl, 1971 reported the 

identification of an enzyme mediating such an or^/zo-hydroxylation in chloroplast 

of Hydrangea macrophylla, a plant producing 7-oxygenated coumarins. 

Coumarin is synthesised by the lactonisation of cw-o-coumaric acid, which arises 

from trans-o-covmanc acid, by isomerisation (Kosuge and Conn 1961, Brown, 

1979). An enzyme catalysing the or//?o-hydroxylation of cinnamic acid has also 

been described. Active preparations from chloroplast membranes and 

microsomes that utilised NADPH and O2 were reported (Gestetner and Conn 

1974, Cizichi and Kindl, 1975). The enzyme is largely membrane bound and is 

most active at pH 7.0 (Gestetner and Conn, 1974). Another possible source of 

any free coumarin in a plant is cw-cinnamic acid, an exogenous supply of which 

was rapidly 2'-hydroxylated in Melilotus alba (Stocker and Bellis, 1962). In 

higher plants the question of the organ or organs in which coumarins are formed 

has received attention. There is good evidence that the o-hydroxylases of 

cinnamic acids (Kindl 1971, Gestenter and Conn, 1974, Ranjeva et ai, 1977) are 

chloroplast enzymes. 
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3 Glycosylation 

It appears to be common for the precursors of coumarins to be stored as glycosides 

of 2-hydroxycinnamic acids. The enzymes responsible for glycosylating 

secondary products are transferases that utilise nucleotide sugars. Kinetic studies 

after administration of '''CO2 to Hierochlo N odorata provided supporting 

evidence that /ra«5-2'-glucosyeoxycinnamic acid is an intermediate in the 

formation of coumarin (Brown, 1962). Glycosylation of/rara'-2'-

hydroxycinnamic acid has been demonstrated in an enzyme extract from Melilotus 

alba, in a reaction which is UDPG and sulphydryl-dependent (Kleinhofs et al., 

1967). The product of the reaction has been tentatively identified as trans-^-D-

glucosyl-o-hydroxycinnamic acid, a glucoside present in large amounts in this 

plant. In tracer studies with several phenylpropanoid precursors of coumarin, 

Haskins and Kosuge (1965), demonstrated extensive glycosylation of 2'-

hydroxycinnamic acid in shoots of Melilotus alba. The p-D-glucoside of 

o-coumaric acid and o-coumarinic acid are found for example in plants such as 

sweet clover {Melilotus alba) (Haskins and Groz, 1961), and lavender {Lavaddula 

officinalis) (Brown, 1962). Coumarin itself is only formed by hydrolysis of the 

glucoside and subsequent lactonisation of the cis-o -coumaric acid (Haskins and 

Goiz, 1961). 

4 Deglycosylation 

The enzyme responsible for deglycosylation of glycosides of 2-hydroxycinnamic 

acids are p-glycosidases. The recovery of free coumarin from plants worked up 

under less rigorous conditions is explained by the discovery of a |3-glucosidase in 

Melilotus, which specifically hydrolysed the cw-glucoside when the cells are 
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disrupted (Kosuge and Conn, 1961, Schon, 1966). In intact clover all the 

coumarin is presented in "Bound" form, as coumarinyl glucoside or cis-2-

glycosyloxycinnamic acid, and is hydrolysed by P-glycosidases in vitro to the 

unstable compound cM-2-hydroxycinnamic acid, (Roberts and link, 1937, Kosuge 

and Conn, 1961). Concerning the genetic control, the participation of two alleles, 

Cu / cu and B /b, has been recognised for many years, (Goplen et al., 1957, 

Gorup-Besanez, E. Von, 1876). There is good evidence that the 5 / 6 allele 

controls p-glucosidase, (Schaeffer et ah, 1960) since the activity of the enzyme in 

the BB, Bb, and bb genotypes is in the ratio (2.5 : 1 : 0) (Haskins and Gorz, 1965). 

Free coumarin can be formed only in the presence of the dominant B gene, 

provided only that cell disruption has first occurred. A protein has been identified 

in extracts of the Melilotus alba bb genotype which is serologically and 

electrophoretically similar to the p-glucosidase of the BB plants, but lacks 

P-glucosidase activity (Gilchrist et ah, 1970). 

5 trans-cis isomerisation 

Historically, photoisomerism, as apposed to enzymic trans-cis isomerisation, is 

the accepted mechanism for the trans-cis isomerisation step (Haskins et al, 1964; 

Edwards and Stoker 1967). Enzymic trans-cis isomerisation was largely ruled out 

by early workers who placed much credence on the ability of UV light to bring 

about the trans-cis isomerisation step (Haskins etal, 1964). In addition, it was 

argued that treatments, such as steaming and maintenance of plants at low 

temperatures, likely to adversely affect enzymic processes, failed to alter trans-cis 

isomerisation rates (Haskins et al., 1964). Direct attempts to measure trans-cis 

isomerases involved in the biosynthesis of the benzopyrone nucleus initially met 

62 



with success (Stoker, 1964), although latter work revealed the activity to be an 

artifactual (Edwards and Stoker, 1967). Thus the current consensus is that the 

trans-cis isomerisation step required for the formation of the benzopyrone nucleus 

is mediated solely by light (Keating and O'Kennedy, 1997). Despite being firmly 

established in the literature, there are a number of observations that are 

inconsistent with an entirely photochemical mechanism for trans-cis 

isomerisation. Reports of coumarin synthesis occurring under conditions of 

darkness are relatively common and suggest that the trans-cis isomerisation step 

may not be an entirely photochemical process. Intriguingly, there are several 

instances of plant cells accumulating high levels of coumarins after many 

generations of culture in the absence of light (Filippini et ah, 1998). Whilst it is 

possible that the coumarins could have arisen from stores of glycosylated 

precursors, this seems highly unlikely given their prolonged culture in darkness. 

Similarly, there are numerous accounts of coumarin induction in dark grown plant 

cell cultures following treatment with microbial elicitors (Tietjen et al, 1983; 

Kombrink and Hahlbrock 1986; Conrath et al., 1989; Hamerski et al. 1990; 

Comathetal., 1991; Kauss etal, 1993; Siegriste^a/., 1998; Hagemeier, 1999). 

Labeling studies have also provided evidence for the involvement of trans-cis 

isomerases in the biosynthesis of the benzopyrone nucleus (Fritig et al., 1970). In 

these studies incorporation of radiolabel into coumarins from phenylalanine was 

unaffected by the exclusion of light. Despite the reports of coumarin synthesis in 

darkness and the inconsistencies in labelling studies, photoisomerisation has 

persisted in the literature as the sole mechanism of the trans-cis isomerisation. 

We hypothesise that in addition to photoisomerism plants are capable of enzymic 

trans-cis isomerisation of the a-|3 double bond of the propenoic acid side chain of 
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2-hydroxycinnamic acids and their glycosylated derivatives. By studying the 

biosynthesis of 7-hydroxycoumarin (umbelliferone) in pea we have obtained 

compelling evidence to support this hypothesis. The existence of a trans-cis 

isomerase has never been addressed directly. The aim of the current work has 

been to obtain direct evidence for the involvement of a trans-cis isomerase in the 

biosynthesis of umbelliferone in pea. From the data obtained in this project, it 

appears that a trans-cis isomerase enzyme is likely to be involved in the 

biosynthesis of umbelliferone. This is the first report of an entirely novel plant 

enzyme activity involved in the biosynthesis of benzopyrone nucleus of 

coumarins. The demonstration of trans-cis isomerase activity in pea provides an 

alternative mechanism to photoisomerism for the trans-cis isomerisation of the a -

P double bond of the propenoic acid side chain of 2-hydroxycinnamic acids prior 

to their spontaneous ring closure to form the benzopyrone nucleus. The 

demonstration of this activity can also account for a number of discrepancies in 

the literature, notably the reports of coumarin synthesis occurring under 

conditions of darkness and inconsistencies in labelling studies, that could not be 

accounted for by a mechanism solely based on photoisomerism, (Figure 21). The 

pre-existence of a non-enzymic mechanism , firmly established in the literature, 

and the early dismissal of an enzymic mechanism are likely to have been the 

major factors in delaying the identification of this activity in plants. The results 

suggest that a trans-cis isomerase is primarily located in the aerial parts of the 

plant. Characterisation of the trans-cis isomerase revealed a requirement for 

Mn"^ ions and light. Several other enzymes with the ability to catalyse trans-cis 

or cis-trans isomerisation have been described. For example, the glutathione 

dependent cis-trans isomerisation of maleylacetoacetate (MAA) to 
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fumarylacetoacetate (FAA), the penultimate step in the catabolism of 

phenylalanine and tyrosine, is catalysed by maleylacetoacetate isomerase 

(Polekhina et al, 2001). It is thought that the first step of catalysis is the attack of 

glutathione on the a-carbon of maleylacetoacetate followed by the elimination of 

glutathione and the formation of fumarylacetoacetate. A similar glutathione 

dependent maleylpyruvate isomerase produced by Salmonella typhimurium, 

which was inhibited by A^-ethylmaleimide (NEM), has also been reported (Goetz 

and Harmuth, 1992). Hagedorn and Chapman, 1985 studied the synthesis of a 

glutathione-independent maleylacetoacetate isomerase by the gram-positive 

bacterium Nocardia globerula CLl. This glutathione independent 

maleylacetoacetate isomerase was also irreversibly inhibited by NEM. 

Hatakeyama et al., 1997 reported the characterisation of maleate cis-tram 

isomerase purified from the bacterium Alcaligenes faecalis IF013111 that 

catalyses geometric isomerisation of maleate to fumarate without bond migration. 

The native molecular weight of maleate isomerase was estimated as 60 kDa, 

consisting of a 28kDa dimer as shown by gel filtration chromatography and 

denaturing SDS-PAGE analysis. Pedrotta and Witholt, 1999 describe the 

isolation and characterisation of a cis-trans isomerase of unsaturated fatty acids 

produced by Pseudomonas oleovorans GP012. They showed that P. oleovorans 

contains an isomerase which catalyzes the cis-trans isomerisation of the 

unsaturated membrane fatty acids 9-cw-hexadecenoic acid (palmitoleic acid) and 

11-cw-octadecenoic acid (vaccenic acid). After purification of the isomerase the 

molecular mass of the enzyme was estimated to be 80 kDa under denaturing 

conditions and 70 kDa under native conditions, suggesting a monomeric structure. 

The purified cis-trans isomerase had a pH optimum of 7.0 and had no metal ion 
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requirement. Indeed, it maintained more than 99 % of its activity in the presence 

of 20 mM EDTA, suggesting that unlike the trans-cis 2,4-hydroxycinnamic acid 

isomerase it is independent metal ion cofactors. In terms of cofactor requirement 

and size there seems very little similarity between the isomerases literature and 

the trans-cis 2,4- hydroxycinnamic acid isomerase isolated from pea. This 

suggests that the trans-cis 2,4- hydroxycinnamic acid isomerase from pea is likely 

to be an entirely novel enzyme. Its increased activity in the presence of light hints 

that it might be a type of photoenzyme although this remains to be elucidated. To 

date only two light stimulated photoensymes have been identified (Begley, 1994): 

(i) DNA- photolyase, which plays a crucial role in protecting bacteria from the 

mutagenic effects of the UV light. 

(ii) protochlorophylhde reductase involved in the greening reaction of dark grown 

plants in light. Further experimentation is required in order to determine if the 

trans-cis isomerase is also a photoenzyme. 
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