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INTRODUCTION 

Spices are high-value, oxport-oriented crops, which play an important 

role in the agricultural econoniy of thc country. India is the leading producer 

of black pepper, large cardamom, gingcr and turmeric. They are 

indispensable in the culinary art. Spices arc well known as appetizers and 

large quantities of the spices are consumed for flavouring foods and their 

extracts are used in mcdicinc, pharmaceutical, perfumery, cosmetics and 

several other industries. Their functional properties as preservatives, 

antioxidants, antimicrobial, antibiotic and anticarcinogenic have been well 

recognized. 

India is the land of spices with a strong commercial operation of 25 

spices, even though we cultivate around 50 spices. The total area under spices 

is over 3.2 mega ha. with a production of 37.6 metric tonnes. The important 

spices and condiments under commercial large-scale cultivation are black 

pepper, cardamom, turmeric, ginger, chillies, coriander, fennel, fenugrcck, 

cumin and garlic. 

India is the largest producer and consumer of turmeric. Today, 

turmeric, turmeric extracts and olcorcsins arc commercial products produced 

in large quantities used as colouring matter in food processing around the 

world. Curcumin, whicli belongs to the family of natural diary1 heptanoids, is 

the major pigment ~ r c s c n t  in the rhizonic~s of Clrrrlliirn l o n p  L. and other 

Cilrcli/tzn species. The rhizomes contain three yellow pigments with a 

minimum structural variation - Curcumin I (Curcumin), Curcumin I1 (De 

Methoxy Curcumin) and Curt-111nin 111 (Bis De Methoxy Curcumin). These 

pigments are now termed as 'Curcuminoids', in place of curcumin. 



In the indigenous system of medicine. in the orient, turmcric has been 

used since time irnmc>morial. I t  enjoys tlic rc~putation as an anti inflammatory 

agent, carminative, diuretic ancl bloocl purifier as well as a remedy against 

jaundice. In fact, curcuminoids I, I I  '~nd I11 arc found to be the most potent 

anti carcinogens, inhibiting rr~utagencsis ancl carcinogcncsis. It has also been 

identified as the most recent anticancer drug in Chinese literature. The anti 

ulcerogenic and wound healing effect of curcumin is explained based on its 

inhibitory effect on tliromboxane-2-rclease. Recently it has been found to be 

effective against AIDS, by its cap,~city to prevent HIV- integrase. The blood 

sugar lowering effect of curci~min, and its anti rheumatic or RES activating 

property have also been reported. Curcuminoids also show promise for the 

prevention of Alzheimer's disease, where low doses could lower oxidized 

protein and interleukin l-beta ancl could reciuce the insoluble p-amyloid and 

plaque burden in the brain to 43-50'X,. In short, during the last ten years, new 

attention has bccn given to turmcric and tlic pharmacological studies on 

isolated curcumin. 

With the growing demand for natural dyes in the West and due to the 

ban on the use of synthetic dyes in f ~ o d  and drugs, there is an expansion in 

the market, for turmcric and turmeric products. In this context, it seems 

worthwhile to find out how the pigment is being synthesized in the plant, so 

that the information can provide valuable tools for further genetic and 

bioteclinological studies. Further, i f  the pathway, for the biosynthesis is 

established, it is possible to e1111ance thc. production of the pigment by 

biochemical manipulation of the rate - cletcbrmining steps. To achieve this 

end, the pathways arc to be very clearly spelt out. 

So far, not much work has bccn done on the biogenesis of curcumin 

except for the two schemes proposed by Geissman in 1969 and by Roughley 

and Whiting in 1973. The confirmation of these pathways has not been 



worked oitt. Thus the two biosynthetic schcmcs mcntioncd are not fully 

accepted and further c>xperimentnl evidcncc has not been carried out. Hence 

the major objective of this study is to cvolvc a clear picture as to the 

biogenesis of curcumin, which has been done with the hclp of biochemical 

and tracer studies. 

The immediate objectivcls of the study arc 

i) To study the naturca of precursors and intermediates in the 

pathway. 

ii) To assay and localizc the key enzymes involved in biogenesis. 

iii) To evolve a suitable pathway utilizing the data generated from 

the study. 

The identification of the pathway will ultimately give a lead in the 

following aspects: 

1. Locating the sitc of synthesis of curcumin 

2. The distribution of curcuminoids in rhizomes during plant growth 

3. In vitro production of curc:uminoids by biochemical manipulation of 

the rate-limiting enzyme 

4. To elucidate analogous pathways of biogenesis of secondary 

metabolites in other spice crops (Black pepper, Ginger, Chillies) 

Hencc the topic selectcd for the present study will provide valuable 

information on the biosynthcsis of the pigmcnts in turmeric, which is highly 

wortl~whilc in the present scenario, where the demand for natural colouring 

matter is on the increase and synthetic pigmcnts arc bcing banned as food 

colourants duc to their adverse effect on health. Moreover, the 

pharmacological and 'bioprotcctant' propcrtics of c~lrcuminoids, with its 

multifaced clinical uses add importance to the choice of the present 

investigations. 
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REVIEW OF LITERATURE 

PART A: Chemistry and I'harmacology of Turmeric 

1. Introduction 

Turmeric rhizomes, Grrc-rrtnrl lorlgn L. (Zirlgibernc-enc), commonly used as 

spice, are well known for its medicinal values in the Indian traditional system 

of meclicine and have been a recipe for several common ailments. It is an 

ancient spice, a native of South East Asia, useci from antiquity as a dye and a 

condiment. It is cultivated prininrily in India, China, Taiwan, Sri Lanka, Java, 

Peru, Australia and West Indios. 

Turmeric has a rich history i l l  India and has been used for centuries in 

various systems of medicine orz . ,  Ayurvecla, Unani and Siddha medicine 

(Dymock, 1972; Anon 1950; Cliopra, 1994; Krithikar & Basu, 1935; Ammom 

and Wahl, 1991; Eigner and Scholz, 1999). Inclian woman traditionally used 

the golden yellow pit;nicnt curcuniin on many occasions (Shankaracharya & 

Natarajan, 1973). Later on, curcurnin touncl its way to commercial use as a 

coloring agent for various items like cotton, silk, paper, wood, food stuffs and 

cosrnctics ,Ind. dlso '1s fooci presc~rvdtive to i~nprovc the storage conditions, 

palatability and presentation of food. 

Turmeric, which belongs to a group of aromatic spices, was highly 

esteemed by tlic ancitlnt Indo-European pc*oplc, for its golden yellow dye 

resembling sunlight. 'l'his culture known as 'Arya', worshipped the solar 

system anti attributecl special pr.otc.ctivc propcbrties to those plants, which, like 

turmeric, contained sun-cc)lor vc*llow dycxs. 7'urmeric continues to bc 

extensively used as a versatile bpicc throughout Inclia, the middle- east and 

the far east, with the ~liscovery t11,it its yowclcrecl rhizome when added to 



food preparations, both vegetarian and non- vegetarian, preserved their 

freshness and nutritive value. 

As with other syiccbs, turmeric, 'the yellow root' made its journey into 

the West through the Meditcrr,~nc,i~i regions. 'The Arabic root Krrrkrcii~ seems 

to be the origin of the Latin word C'lrrc.iltr~ir by which the genus to which 

turmeric belongs is known. It is listcc1 as an Assyrian herbal, dating from 

about 600 R.C and is mcntiorred in the celebrated Mntcriir Meiiic-n completed by 

Diocorides, the Greek physician in the Roman army (ca. A.D.40-90) as an 

Indian plant, which yielded n yellow color and bitter taste when chewed. 

Turmeric is noted as a 'vegetable growing in the Fokien region of China- 

which has all the proycbrtics smell, and color of saffron and yet is not really 

saffron (Parry, 1969). 

Curcunzn longn I,. (syn. C. riorrrtatiin Valet.), which yields the turmeric of 

commerce, and to n small extent, (_.nrorrrntil-i~ Salisb., c.i7rr~nrin Roxb., and 

C.ztpdcolzrin Rosc. are prcdominatitly grown in lndia anci to a small extent in 

other countries (and probably in China) ancl C. xnr~tllorrizlrn Roxb. in 

Indonesia (CRC Critical reviews 1080). 

Tunlicric is ty pica1 herb,rccous plant with thick fleshy rhizomes and 

leaves in the sheaths that charactctrize the family Zir~gibrri~c-enc.. (Plate 1,2, & 3). 

The plants reach a height of up to 11n. Leaves are alternate, obliquely erect 

ancl clark green, where the surmounting leaf sheaths taper near the leaf and 

broacicn near the base, thus enveloping the succeeding shoot. Flowers are 

seen occasionally on cylindric spikes bearing numerous greenish white bracts, 

are narrow, and yellowish (Naclkarni & Naclkarni, 1976; Parry, 1969). 

The undergrouncl rhizo~nc!' which is yroccssed into the spice, consists 

of two distinct parts; the egg-sliL~pecl primary or mother rhizome, an 
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Plate 1. A view of turmeric field 
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Plate 2. Turmeric seedling with rhizomes 
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Plate 3. Rhizomes from released turmeric varieties 



extension of the stem, and several long cylindrical multi-branched secondary 

rhizomes growing downwarci from the prirn'iry rhizome. Both forms have 

transverse rings of leaf scars a1111 de~i t s  of root scars. Based on their shape, the 

two forms usecl to be differentiated in thcb western trade, the bulbs as C. 

rotundn and the finger-likc, cylinclric,il forms '1s C. lorrg[grr though both arc from 

the same plant (Melchicr (L Kastncr, 1974). 

In India, turmcric is cultivCitc~ci in many states, but the bulk of the 

commercial product comes frorn Atidlira Pradesh ancl Maliarastra and small 

but notable amounts from Orissa, l ' c ~ ~ ~ ~ i l  Nadu and Kerala (Sholto Douglas, 

1973, Spices export promotion council 1977). Sowing is done during June to 

mid July (Anjaneyulu and Krishnamurthy, 1968; Rao 1.t d., 1975) and 

harvesting during February to April. Drying up of the plant including the 

base of the stem indicates maturity. This takes 8-9 months after planting and 

depends 011 the variety. 

The farmer retains ,ibout 15 to 20% of the harvested rhizomes. Well- 

formcd bulbs and finl;clr portion with heal thy bucls are ~cIected ancl carefully 

stored in the shade and covered with turnicric leaves. Thc matured seccl is 

given fungicidal dip for safe stor,ll;c3 ,incl it is also cione before planting (Singh, 

1 976). 

There is no publislicd information on 'I systc~niatic analysis of changes 

in composition with maturity. Such an ancilysis will help in deciding the 

maturity at harvest for optimal yield, curcuniinoicls, anci volatile oil. During 

the study on the yroccssing ancl color c o ~ i l i ~ ~ ~ l  of turmcric varicties, it was 

founcl that the maximum color c o ~ i t ~ n t  varies with 11~irvcst maturity, which in 

turn varies with varicties c~nci falls to nearly h'ilf its valuc if the harvest is 

delayed (Krishnamurthy (d., 1975). Co~nposition~il difference, particularly, 

total colored compounds ancl volatilcls betwc~c~n bulbs 'incl fingers are also 



unavailable. These variations, '1s is known from recent studies, are due to 

varietal differences, and to ~ l i t f c r c ~ ~ i ~ ~ ' ~  in fertilizer inputs and agricultural 

practices. 

2. Chemistry of Turmeric 

2.1. Chemical Composition 

Turmeric contains protein (6.3%), fat (5.1 %), minerals (3.5%), 

carbohydrates (69.4%) and moisturc (13.1 X). The essential oil (5.8%) obtainecl 

by steam clistillation of rhizonics has 11-phellandrene (1 %), sabinene (0.6%), 

cineol (l%), borncol (0.5%), zingibercnc (25%) and sesquiterpenes (53%) 

(Kapoor, 1990). Curcumin (diferuloylmcthanc) (3-4%) is responsible for the 

yellow colour, and col~ipriscs Curcumin I  (Curcumin), Curcumin I1 

(Demethoxycurcumin) ancl Curcumin 1 1  1  (Bisclcmethoxycurcumin) (Ruby et 

d., 1994). (lurcumin w,ls first isolatccl in 1818 by Vogcl & Pelletier, and its 

chemical structure was dctern~ineci by Roughlcy anci Whiting in 1973. It had a 

melting point at 176-177°C; formecl a rcddisli-brown salt with alkali and is 

soluble in ethanol, alkali, kctonc., acetic acid anci chloroform. 

Besides curcuminoi~is ancl oils, turmeric contains some yolysaccharides 

as well. Gonda et d., (1990) isol,~tcd three aciclic polysaccharides from "Ukon" 

by hot water extraction followod bv prcci pi ta tion with cthanol, and showed 

that they have remarkable activity on the reticuloendothelial system (RES). 

The components were purified 0 1 1  'I column of DEAE Scphadcx A-25. They 

named the three polysaccharidcs LIS Ukon A, Ukon B and Ukon C. Another 

neutral polysaccharidc, Ukon I), was isolateci by the same group having 

activity on the reticulocndothelid systcm (RES), which was composed of L- 

arabinose, D-galactose, D-glucosp, I)-mannose in the molar ratio 1:1:12:2 

(Gonda et al., 1992). 



Srinivas et it/., (1992) isolatcci a novel w'lter-soluble pcptide 'turmerin' 

from turmeric with antioxidant 'ictivity. 'The amino acid composition of this 

aqueous turmeric peptide was aspartic acid/aspargine, glutamic 

acicl/glutamine, serine, glycinc, arginine, proline, alaninc, tyrosine, valine, 

methionine, lcucine, isoleucinc and phcnylalanine in thc ratio: 1: 2: 3: 8: 1: 1: 1: 

3: 2: 6: 3: 4: 5: 3. 

2.2. Oleoresin 

Oleoresin, as the name itnplic-S, arc generally mixtures of compounds, 

volatile oils, and other active ingredients, non-volatile fatty and resinous 

materials, extractable by solvents, used singly, in sequence, or in combination 

(Adamson, 1971). Turmeric olcorcsin chiefly functions as a food color, and 

secondarily, in some of the products, to impart a characteristic mild spicy 

aroma. 

Hexane, hcptanc, acetone, alcohol ,incl cthylcnc dichloriclc have 

generally been used in the extraction of olcorcsin of spiccs of which alcohol 

and acetone are good cxtractants. Accktone appcJars to bc the choice solvcnt for 

extraction of good quality turmeric oleoresin allcl slightly superior to alcohol 

and ethylene dichloride (Krislinamurthy ct  i l l . ,  1976). Soxhlet extraction of 

turmeric powder with acctoncb for 4 to 51irs gave a vield of about 5.0% 

containing 42% curcuminoids. 1'rolont;c~l extrc~ction up  to 24hrs gave only 

fractionally higher yield of curc.uriiinoids. Extraction by batch ancl counter 

current colcl percolation in columlis gcivc a slightly higher yield of 5.7 to 5.9% 

with 42.2% to 46.0% curcuminoid.s ' ~nd  extraction efficiencies varying from 

72.9 to 81.7%. 

An earlier study on cxtrciction of tur~ncric with alcohol on a pilot plant 

scale has shown a higher yielci, h to H'%,, whcrc mild heat hacl been employed 

during extraction (Kapur cl d., 1963). 'fhc yiclcl of olcorcsin and efficic~~cy of 



extraction of curcumin are higher with the fincar ground than with the coarse 

ground, in both Soxhlet and cold percolation rnc.tliods (Krishnamurthy et nl., 

1 976). 

The product from industrial practice using good, clean turmeric, with 

curcuminoids content of 4.5 to 5% is ,I Iiighly viscous, deep brownish- orange 

product, and has a yield of about 12'%). 'This analyzes 30 to 40% as curcumin, 

15 to 20% volatile oil and has ,I characteristic fresh, clean, mildly pungent, 

woody pungent, woody-spicy aroma of turmeric. 

2.3. Volatile Oils 

Turmeric owes its aromatic taste and sinell to the oil present in the 

rhizome. Analysis of the oil by Kclkar and I<ao (1933) obtained by steam 

distillation of the powdered rhi~oniia followed by fractional distillation and 

derivatisation showed that the c-o~nponibnts were a mixture of predominantly 

sesquiterpene kctoncs and alcohols. 7'hc resiciuc on steam distillation yielded 

mainly sesquiterpene alcohols. Thesc were shown to be tertiary in nature by 

the absence of the reaction with yhthalic ,~nhydriiie. These alcohols gave 

curcumone (1) on boiling with ,l1 kali. 'The kctoncs on alkaline degradation 

gave also 70% yield of curcurnolie, thus indicating that the ketones ancl 

alcohols should have '1 related sescpi tcrpcncb structure. A carbonyl value of, 

150 for the oil indicatcct around 57 - 58% of thc kctoncs. l'he major fraction 

distilling at 158-165°C (60%) was treated with scmicarbazicic to fix the kctoncs 

as semi carbazones. 

Bcsicles these major components, a mixture of low boiling terpenes, a- 

sabinenc, a-yhellandrene, cineol~h, borncol anil the higher boiling 

sesquiteryene and zingeberc!nil i t )  substantial amounts (25%) were also 

identified. 



Rcuic~o of Litern turc 

(1) Curcumone 

Rupe et al., (1934) simultaneously recognised two major ketonic 

sesquiterpenes (C15H200 & C15H220) responsible for the aroma of turmeric. 

They were named ar-turmeronc and turmerone. The structure of the former 

was shown to be (2). The structure of the latter was determined later by Mima 

(1959) as shown in (3). 

(3) Tu rmerone (4) Curlone 

Kiso et al., (1984) isolated, from the crude drug "Ukon" prepared from 

the rhizomes of Curcurna longrl, a related sesquiterpenoid and named it 

'curlon'. It had a molecular formula of ClsH220 and on dehydrogenation with 

Pd-C, yielded ar-turmerone indicating that curlone had bisbolane skeleton. 

On the basis of UV, IR and 'H NMR spectral data, they assigned structure (4) 

for curlone. 



2.4. Curcuminoids 

Curcuminoids belong to the dicinnamoyl methane group and are 

present to the extent of 3-5%. I t  is an important active ingredient responsible 

for the biological activity of C'ir rc-rirrrtl lorign. curcumin, C21 H 2 0 0 h ,  m p 184- 

185°C was isolated as early as 1818 (Vogcl & Pelletier) as mentioned earlier. It 

is insoluble ir! water but soluble in ethanol 'Incl acetone. Daube in 1910 

obtained it in crystalline form. The structure of curcumin as a 

diferuloylmethane was confirmed by thc degradative work (Lampe, 1910) and 

synthesis by Lampe and Godlcwsh'i in 1918. 

'The main colored substance in the rhizomes is curcumin, [l,  7-bis (4- 

hydroxy-3-methoxy preny1)-l, 6-heytadiene-3, 5-ciione] and two related 

demethoxy compounds, demcthoxy curcumin and bis demethoxycurcumin, 

which belong to the group of cii,trylhcptanoi~is (Plate 4). 

(5) Isolner of curcurnin with ciiketonc structure 

Heller (1914) had isolatcx-l a n  isomer of curcumin, with a diketone 

structure (5), while the che~nic.~~l synthesis of bisdcmethoxy curcumin and 

demethoxy curcumin were carried out by Srinivasan (1952) and Lampe and 

Melobedzka (1913). Besides thescl major constituents, three minor constituents 

were also isolated by Srinivasan (1952), which were supposed to be the 

geometrical isomers of curcumin. Onc of these (6) was assumed to be cis-trans 

geometrical isomer of curcumin basecl on its UV spectrum, lower m.p. and 



Plate 4. Curcuminoids 



lower stability when coml~,lrc.cf to curcumin, which has cis-trans 

configuration. 

(6)  cis-trans geometrical isomer of curcumin 

A new curcuminoid, cycl(xurcuinin was isolated from the 

nematocidally active fraction of turmeric, together with the other three known 

curcuminoids, which did not show any ncn~atocidal activity. Interestingly, 

cyclocurcumin did not show tlic expcctcd ncmatocidal activity but when the 

four curcuminoids were mixcd, a strong nematcxidal activity appeared; so it 

was concluded that the strong nc~mi~ttricial activity of turmeric is due to a 

synergistic action of the curcurninoids. Cyclocurcumin has the same 

molecular formula of curcumin, which is formed by an intramolecular 

addition of the enol-oxygen to tile cnone group. 

The content of curcuminoic~s in turmeric ranges from approximately 

2.5% to 6%, (Krishnamurthy et id . ,  1976) of which curcumin accounts for about 

49% of the total pigments, p-hyciroxv-cinnanioyl-fer~iloyl-nietan (DMC) for 

about 29% and 11, ~1'-diliydroxy-dicinnanwyl-1n~t1i~111c~ (BDMC) for about 22%. 

The absorption spectra of thcsc) thrcac components vary slightly, with their 

maxima at 429nm, curcumin; 4 24n111, dcmcthoxy curcumin and 419nm, 

bisdemethoxy curcumin. (Roughly and Whiting, 1973). 

The three curcuminoids also exhibit fluorescence under ultraviolet and 

after separation on tliin-layer plates, can bc directly estimated by 

fluorescence-densitometer W hen irradiated at 350nm (Jentzsch et nl., 1959). 



The fluorescence spectra of curcu~ninoids show distinct excitation at 435nm, 

and emission at 520 nm (Karasz, 1973). E~tini~itioii of the total curcuminoids is 

done on the alcoholic extract of the> powditred rhizon~c by measurement of 

optical density at their absorption niaxima, 420 to 425nm (Otficial Analytical 

Methods, 1958). The three con>po~ic*nts, curcumin, demcthoxy curcumin, and 

bisdemethoxy curcumin h a w  13ex111 variously estimated by thin-layer 

chromatography and found to bc prcsclit in the ratio 60:30:10 (Perotti, 1975), 

47:24:29 (Jentzscl~ et nl., 1959), 49:39:22 (Krishnamurthy ct id., 1976) and 

42:24:34 (Govindarajan and Rat:liuvc~er, 1980; Govindarajan, 1980). 

The effect of maturity on curcuminoids and the ratio in Sri Lankan 

Curcur~in longn was studied by Cooray ~t r r l . ,  (1988), using TLC-UV 

spectrometry and TLC-UV-clcnsitonictry tcchniclues. Similar results were 

obtained by both methods. 

2.4.1. Structure Elucidation 

The constitution of the curcunia color as difcruloyl methane was first 

suggested by Ciamicii~n ancl Silbcr in 1897, and collfirmecl by the later 

degradative work of von Kostanecki and Lampe, and its synthesis by Lampe 

in 1910 (quoted by Mayer). On boiling with alkali, curcumin gave vanillic and 

ferulic acid whose constitu tio~i haci c~lreacl y been established. Fusion with 

alkali yic?lded protocatechuic ,ic-id, 'tnd oxiclation with permanganate gave 

vanillin. Reaction with hyc~rc~~yl,~minc.c yicblclcd '1 characteristic isoxazole 

derivative. Curcumin was easily ,icctylatt.cl with acetic anhydride giving 

diacetyl-curcumin, with met111 y liod idc i t  gave tetramethyl curcumin, and on 

hydrogenation a mixture of tetrahydro- ancl hexahydro-curcumins. Along 

with molecular formula the structure was thus established as clifcruloyl 

methane. 



Lampe and Milobcclzka (1 C) l?), starting from carbomethoxy feruloyl 

chloride, synthesized curcumin, which on condensation with ethyl 

acetoacetate gave the cstcr. 'The estcr on hycirolysis and loss of carbomethoxy 

feruloyl chloricle gave the difi~rulopl compound. The hydrolysis of this 

compound released the carboxytnc~thvl 'Ind acctyl groups and gave curcumin 

identical wit11 the natural curcumin (quoted by Mayer, 1943). 

Another synthesis of curcumin from acetyl acetone and vanillin had 

been reported early by Pavolir~i and had been further improved by Pabon, 

(1964) to get 80% yield of curcumi~l. Starting with other related aldehydes, 

curcumin derivatives and related cort~pounds wcrc also obtained. The 

synthesis by this method has rccc~itly bccn uscci in biosynthetic studies 

(Roughly and Whiting, 1973). 

2.4.2. Chemical Properties 

Curcumin obtained co~nmcrciallp is usually a mixture of the three 

curcuminoids, 7?iz., curcumin, d~~til(~t1ioxycurcuniin (p-hydroxy-cinnamoyl- 

feruloyl-methane) and 1,is-di~n~cthoxycurcuini~~ (p, 17'-dihydroxy- 

dicinnamoyl-methane). It is a yollow crvstalline, odorless powcier (my 184- 

186"C), poorly soluble in watchr, petroleum ether, ancl benzene, soluble in 

methyl and ethyl alcohols, glacial ,IC-etic acici, ancl in propylene glycol and 

very soluble in acetone and ethyl ether. In a finely powdered form, curcumin 

can be dispersed in oil. 

The most characteristic rctclction of turmeric (and curcumin) is the 

formation of a characteristic rcct color when rcbactcd with boric acicl, due to the 

formation of the compounds named rubrocu rcumin and rosocyanin. This 



reaction is usecl as a test of identity of tur~iieric (and curcumin) and is 

believecl to have structures isomclric with curcuniiii (Mayer, 1943). 

2.4.3. Pharmacology and Biosynthesis of Curcumin 

2.4.3.1. Medicinal and Pharmacological properties 

Turmeric exemplifies a herb, for which clinical applications have 

evolved over time. Although tllc chc~mical structure of curcumin in turmeric 

was determined by Lainpe in 1010, i t  was only in the seventies and eighties 

that the potential uses of cure-uminoids in medicine have been studied. The 

ongoing clinical studies incjic,~tc th'lt curcuminoids have unique anti 

inflammatory and anti oxidant ~)ropcrties and is potentially useful in the 

prevention of cancer and in the treatment of infection with human immuno 

deficiency virus (HIV) and also show promise in the prevention of 

Alzlieimcr's disease. 

Anti oxidant properties 

Curcuminoicls dre natural phcmolic compounds with potent anti 

oxidant properties. Both t u r n ~ c ~ i c  c i l l ~ l  c~~rcuminoicis inhibitecl generation of 

potent free radicals like supcrc>kidt* arici liydroxyl radials (Iieddy and Lokesh, 

1992) ancl prevented lipid peroxidation, which also generates free raclicals 

(Sreejayan ancl Rao, 1904). A potciiti,il use of this antioxidant effect is in the 

prevention of carcliovascular ciisc,isc~. Aclmini~tr~ition of 500mg curcuminoids 

daily to healthy humans for ~ c > \ ~ t ~ ~ i  ciLiys coulei lower the lipicl peroxicles by 

33% ancl bloocl cholcstcrol bv 29'%, (Soni ,~nci Kuttan, 1992). Among the 

various curcuminoids, tctrahycirocurcumin l~acl the strongest antioxidant 

activity (Osaka, 1995; Sugiyania, 19')6), wtierc~ both plicnolic hydroxyl ancl P- 
diketone ~noiety arc involved. As biological oxiclation is a free raclical 

mediated chain reaction, the cfficic~ticy of an , ~ n t i  oxidant is linked to this role 



in preventing formation of free. rLiclic,~ls and quenching the already existing 

free radic-als. 'l'he <?-complex, "Curcuminoicis" hLis L1ec.n shown to be morc 

effective as an anti oxidant than cL~ch of thcb components -cliz., curcumin, 

demetlioxycurcumin and bisciemethoxycurci~niin used alone (Majid c,t d., 

1995). Demethylated forms of curc-un~in ancl trans- forms of fcrulic acid and 

caffeic acid were found to be morc potent, wherccis complete methylation 

abolished anti oxidant activity. 

In effect, curcumin acts '1s LI se-~ivcngcr for oxygen frcc radicals (Arora 

et d., 1971). In vitro, curcuniin can significantly inhibit the generation of 

Reactive Oxygen Species (Rm) like superoxide anions, hydrogen peroxide 

and nitrite radical generation, which plav an important role in inflammation. 

Chernopreventive Property 

Curcuminoids possess anti carcino~;enic property due to their oxygen 

radical scavenging ability (Soucian~ini anci K11 t tan, 1989). Among the various 

rne~h~~nisnis ,  induction of apoptosis and inhibition of ccll cycle progression 

plays an iniportant role in its cl~ntic,~rcinogenic effect (Clien & Huang, 1998). 

Curcumin is a promising chemoprc~\~c~ntive agent, by blocking the process of 

chemically induced toxicity due to the inhibition of the enzyme cyttxhrome 

P450 A1 (Commandcur and Vermculen, 1996). Curcumin also stimulates the 

activity of caspase-8, which initiates signal ing pathway of apoptosis and 

hence appears to excrt its anti carcinogenic properties by inhibiting 

proliferation in gastric ancl colon c,lnc.c>r cells, '1s reporttd by Moragoda t.t nl., 

(2001). C)r,ll aclministr,~tion o f  turmeric c)xtrcict or curcuniin coulcl inhibit 

stomcich tumors in nlice ( N ~ t ; L ~ l > h ~ ~ h a ~ i  c ~ ~ ~ c l  Bhicle, 1992), skin tunior 

(Conimandeur and Vcr~neulen, 1996). 

Most carcinogens undergo metCibolic changes in the body to 'activated' 

carcinogens, which biticis to the ccll IINA to form DNA adducts. During the 



repair of daniagcci DNA, mutations 111,iy occur, which eventually give rise to 

cancer. The efficacy of curculnin i l i  inliihiting thc ctevclopmcnt of adenomas 

in the intestinal tract (Perkins, 2002) , ~ n d  in enhancing the cvtotoxicity of 

chcmothc~rapeutic agents in prostrate canccr (Hour et nl., 2002) is well 

establisl~cd. Curcumin is also effective ancl works as an anti oxidant to inhibit 

the UV B radiation induced damcigc~s in cases of non-mclanoma skin cancer 

(Afaq ct (d., 2002). Shao (2002) rc:portCci the ability of curcumin to inhibit the 

proliferation of human breast c~inc-er cells iil vifro. The possible conversion of 

curcumin to tctraliyclrtxurcuniin it1 zlillo to act as a more promising 

chemopreventive agent was reported by Kawarnori (1999) and Osawa (1995). 

Anti microbial Property 

Curcuminoicts have also been shown to cxhibit antimicrobial 

properties. Extracts from turnic~ric ,incl the active principles were found to 

inhibit the growth of numerous gr,lm positive and gram negative bacteria, 

fungi and the intestinal parasitcl l:rr!rrr~roc~l~n Ilistolytic-n (Ammon & Wahl, 1991). 

Curcumin also inhibits thc it1 zlrtro proctuction of aflatoxins - toxins produced 

by the niold Asy7crgilllrs /~nr~lsrtrc.rrs, which may grow and contaminate the 

poorly preserved foods (Soni iJt r r l . ,  1992). Aflatoxin is a potent biological agent 

causing injury to liver, often resulting in liver cancer. 

Curcuminoids are rcspo~isiblc~ for thc iintimicrobial activity against M. 

pygelzous var.nurctis, Stnpll~/lac-occ.rrs 1111 rilrrs and M~/(-ol~nc-tc~riir~t~ trrb~rc-ulosis. One 

of the constituents of c~sscntial oil in turmeric- p-tolyl methyl carbcnol - acts 

against Bncillus col;, ~ I I I I I I I  I I ~ ,  S. r~~rrc~~rs and S. nlblrs 

(Apisariyakul et nl . ,  1995; Jav,~t~r,th,isli,l t J t  rrl., 2001; Wuthi- Uclomler ct nl., 

2000. ancl Koidc rt nl., 2002). An interesting property of curcuminoicls is their 

anti-HIV effect, which has bccw clc~rnonstratccl during irl zlitro and it1 zllrlo 

experiments, includix~g a few I~uman studies (I,i, 1993; Copeland et nl., 1994). 



Curcumin specifically inhibits f IIV-protease and can be effectively uscd 

against AIDS. 

Turrneric is one of the' olclcst anti-inflammatory drugs uscd in 

ayurvcdic medicines. Turmeric extract, volatile oil from turmeric anci 

curcuminoids were reported to possess this property (Arora 1.t ( I / . ,  1971; 

Ghatak and Rasu, 1972; Chanclra ancl Guyta, 1972). The inflammation 

associated with various forms of arthritis could be brought down by the 

administration of these compounds. Curcumin at close of 1200 mg per day for 

5-6 weeks could improve the rhcun~atoid arthritis in patients and the effect 

was comparable with phenyl butaxone (Deocihar cpt d., 1980). Curcumin is 

also effective against chronic reaspiratory diseases and the presence of olefinic 

with double bonds and hvclroxj~l groups are important for its anti- 

inflammatory activity. Curcun~iti cxcrts its action by inhibiting cyclo 

oxygenase and lipoxygcnase cnqmchs, resulting in ciin~inishccl procluction of 

inflammatory compounds -c,iz., ,~r~~chidonine,  prostaglandin ancl Icukotrienes 

(Ammon et d., 1993). Most of the anti i~lflammatory mechanisms of curcumin 

arc comparable with the NSAIIJ clrugs phenyl butazone, which structurally 

resembles curcumin with two a r o ~ i i ~ ~ t i c  and two ketonic groups. 

Anti diabetic property 

Dictary curcumin is be~ncfic.i,~l in ameliorating the diabetic 

nephropathy, which is probabiv 1n1)ciiatc~i through its hyper lipidacmic effects 

(Surcsh Babu and Srinivasan, Ie)9X). Curcumin prevents galactose- inclucecl 

cataract formation at  very low closes (S~ry~~narayanan  r t  id. ,  2003). Both 

turmeric and curcumin decrc~,isc bloocl sug,lr lcvel in alloxan-induced 

diabetes in rats (Arun and Nalini, 2002). Curcumin also decreases aclvancccl 



glycation end products, which induced complication in diabetes mellitus 

(Sajith lal et al., 1998). 

Thus curcumin is a non-toxic, highly promising natural antioxidant 

compound with a wide range of biological functions. 

Other Pharmacological properties 

Curcumin is reported to be useful in preventing the development of 

radio resistance following radiotherapy (Varadkar et al., 2001; Inano Onada, 

2002). Dietary curcuminoids have liyid-lowering effect in z~iz~o (Asai and 

Miyasawa, 2001). The anti hepatotoxic property as well as the anti HIV effect 

of curcuminoids has been investigated by several workers (Kiso et d., 1983; Li 

1993; Copeland et al., 1994; Reddy, 1996). 

Curcuminoids thus represents a class of valuable phytonutrients with 

unique bio-protective properticas. I f  regularly administered as nutritional 

supplement, these natural compounds would potentially help in maintaining 

good health and in slowing down the progression of various disease 

conditions. Topical application will help in neutralizing damaging free 

radicals at the surface of the skin, thcrcby retarding aging and damage due to 

UV radiation. 

2.4.3.2. Biosynthesis 

Two distinct pathways for the biosynthesis of curcumin had been 

suggested as early as in 1969 (Geissman) and in 1973 (Roughley and Whiting). 

Biosynthesis of flavour compounds of spices had been studied earlier, such as 

incorporation of phenylalanine into the aromatic ring in capsaicin (Bennet and 

Kirhy, 1968) and ginger01 (Denniff and Whiting, 1976), the pungent 

compounds of capsaicin and ginger respectively. I t  was suggested that this 



mechanism also would be active in the biosynthesis of curcumin, in the 

formation of the 3-methoxy-4 - hydroxy phenyl moiety of curcuminoids. The 

structure established for curcumin suggested the reasonable biosynthetic 

mechanism involving two cinnamoy l units completely a control unit for 

malonate (Geissman and Crout, 1969). The proposed scheme was tested 

(Roughly and Whiting, 1971; 1973) by incorporation of labeled precursors. 

They concluded that an alternate scheme might exist for curcumin 

biosynthesis, which involves a cinnamatc~ starter extending by five acetate or 

malonate units' and cyclization of' the chain would give the second aromatic 

ring. Biosynthesis would be completed by hydroxylation and methylation. 

The effective symmetry of the tautomeric curcumin molecule and the degree 

of isotopic scrambling however prevents clear-cut interpretation in favour of 

either of the two alternate schcmcs discussed. 

Using labelled phenolic acids and phenylalanine, the role of cinnamic 

acids in curcumin biosynthesis was investigated by Roughly and Whiting, 

(1973). They found that none of the cinnamic acids was quite as well 

incorporated, as phenylalanine into curcumin and caffeic acid was relatively 

unacceptable as a precursor. 

Apart from these two postulations, no recent information has been 

cited in literature, except for a study on the chemical synthesis of curcumin 

(Sastry, 1970). According to Sastry, synthetic curcumin on analysis contained 

all the three naturally occurring curcuminoids, which indicated the origin of 

these products from natural sources. Hence it is obvious that further work on 

the biosynthesis of curcumin is essential to draw conclusions. 



PART B: Phenylalanine Ammonia Lyase 

1. Phenyl propanoid pathway 

Three different biogenetic routcs namely shikkimate/ arogenate, 

acetate/ malonate, and acetate/ mcvalonate pathway lead to plant phenolics. 

Of this shikkimate/ arogenate pathway leads, through phenylalanine, to the 

majority of plant phenolics, the phenyl propane (G - ~ 3 )  derivatives 

(phenylpropanoids). It is the most important one in biosyntheses of plant 

phenolics. 

Phenylalanine, as well as t11c other two aromatic amino acids, tyrosine 

and tryptophan, is synthesized by the shikimate pathway. The first seven 

steps of the shikimate pathway (the prcchorismate pathway) are common for 

the biosynthesis of all three aromatic amino acids (Dey and Harborne, 1997). 



Erythrose-4-yhosphi~te + Phosphoenolpyruvate  

5-enolpyruv y lshikimate 3-y hosphate  

1 El -7 

Prephcnatc Anthranilate 

2-Dehydro-3-deoxyarabi1ioI1t~ptt1loso11ate aldolase 
3-Dehydroquinatc synthasc 
3-Dehydroquinatc dehydr,\t,\sc 
Shikimate 3-dehydrogenascl 
Shikimate kinase 
3-Phosphoshikimate l - c a r b o ~ v v i ~ \ y l t r ~ ~ ~ ~ s f e r ~ ~ s e  
Chorismate synthase 
Chorismate mutase 
Prephenate aminotransfer,tsc3 
Arogenate dehydrogenast. 
Arogenate dehy dratase 



The bifurcation of arot;c\n,~tc t o  phenylalanine and tyrosine is an 

important point of regulation (tccd b~ck) .  Here the partition of the carbon 

flow between the two amino '~cids is controllecl by two enzymes namely 

deliydratase which is inhibited by phe~iylalanine and the dehydrogenase by 

tyrosine. Both enzymes also inhibit thc chorismatc mutase activity (enzyme 

involved in the conversion of chorismate to prephenate). Further control 

possibly results from the fact that phonylalanine fluxes into protein and 

phenyl propanoid pathway, which is c.oordinated by parallel pathways that 

are located in different comp,~rtlnl~nts '~nd  include several isozymes. One of 

the shikkimate pathway is thought t o  bca located in chloroplasts, in which the 

aromatic amino acids are produced mainly for protein biosynthesis, whereas 

the second is probably rnombranc associated in cytosol, in which 

phenyalanine is also produced for the formation of phenylpropanoids. 

The phenylalanine/ hycl rouycin~~~~mate pathway is defined as 'general 

phenylpropanoid metabolisni'. I t  includcs reaction leading from L- 

phenylalanine to the hyclroxycinnn~n~~tes anci their activated forms, the 

coenzyme A (CoA) tliioesters ,Incl the l-0-acylglucosides. The latter 

accumulates in most plants as  t\~pic,~l hyclroxycinnamate conjugates. The 

enzyme Phenyalanine Aminoni,~ I ,y,~sc> (PAL) controls the interphase between 

the phenylalanine and secondarv plic.nylpropanoid metabolism. PAL belongs 

to the class of carbon- nitrogen Ivascls (C-N cleavage) that forms a double 

bond. The active site of the cnz\llncb cont,~ins a dehydroalanine residue whose 

methylene group binds to the ;1111ino group of phenylalanine W- addition). 

The product elimination proccbss ot I'Al, '~ctivity generates, after a prototropic 

shift, E-cinnamic acid ancl the. 'cilnino enzyme'. The enzyme is finally 

regenerated by release of ammoni,~. 

Phenylalaninc> ci~i~n~otlia lyase 

Phenyialanine E- Cinnamatc 



A series of hydroxylation and methylation reactions, catalyzed by the 

enzymes cinnamic acid h y d r ~ x y l ~ ~ s c ,  4- coumarate- 3- hydroxylase, ferulate-5- 

hydroxylast and caffeate/ 5-hyciroxvferulate methyltransferase, respectively 

lead to the sequential formatio~~ of the common hydroxycinnamates, viz., 4- 

coumarate, caffeate, ferulate and sinapa te. All these phenolic acids exist as 

activated CoA form. The hydroxvc-innam'~tes are utilized in various patl~wavs 

leading to flavonoids, stilbc~nc~s, coumarins and hydroxycinnamate 

compounds. 

F'- Cinnamate 

4 li2-2 

4-Coumarate 

4 E2-3 

E2-2 : Cinnamate 4-hvtiroxy Iasc 
E2-3 : 4-Coumdratc 3-liyilroxyldsc 
E2-4 : I;prulatc 5-hy~i rouy1,lsc 
Ii2-5 : C~lfh~dtc/5-hyt~rOx~ft'riiI1lt~ rncthy Itr'~nsfcrasc~ 

2. Phenylalanine ammonia Lyase 

PAL (E.C.4.3.1.5) catalyscbs thc first reaction in tke biosynthesis from 

phenylalanine of wide variety of phenyl propanoid compounds and 

fluctuations in the PAL levels arc thought to be a key element in the control of 



phenylpropanoid biosynthesis. It is currently the most studied enzyme 

concerned with secondary mctabolism in plants. The enzyme was cliscovered 

in 1961 by Koukol and Conn. ]'AI, h,is bcen found in all green plants 

including the higher cryptogrnnrs (Younl;, 1.t nl., 1966) ancl the basidiomycetcs 

(Bandoni, et d . ,  1968). In algae, the> only reported occurrence of the enzyme 

has been in Porphyridium, which h,is been confirmed (Landymore, & Towers, 

unpublishecl document). Phc~nyl,il,ininc ammonia lyase forms trans- 

cinnamate from L-phenylalanine, with P- elimination of ammonia and thus 

stands as a gateway to secondary metabolism in higher plants (Alunni ct 01, 

2003; da Cunha, 1988). 

This part of the review summarizes the chemistry, active site, 

localization, purification, regul'ltion ,~nd  kinetics of the PAL in various crops. 

2.1. Mechanism of action of I'AI, 

In the first step of thc p h c ~ r ~ y l ~ r o o i c  metabolic pathway, L- 

phenylalanine (L-Phe) is deaminatcci t o  form l~-cin~iarn~lte, in a conversion 

catalyzed by phenylalanine a~iu~ioni~l  lyase. 'l'he metabolic fate of the 

ammonium ion (NH4') prociuccct in this reaction was investigated in sweet 

potato (lpolrroen hntntns) tuber discs. ['iN]-labcleci substrates inclu~iing L-Phc, 

in the presence or absence of syc~if ic c.nL\.rne inhibitors, wcre aclministereci to 

sweet potato discs in light untii\l. ,~scbplic conditions. 1j-N --Nuclear magnetic 

resonance spectroscopic analysrbs ~-c~\~c>~ilc~d that the 15NH4' liberatecl during 

the PAL reaction is first incorporate-d into the amide nitrogen of L-glutanline 



(L-Gln) and then into L-glu tama te (L-Glu). PAL-generated NH4+ after 

assimilation by the glutamine synthetase (GS; EC 6.3.1.2)/glutamate synthase 

(GOGAT; EC 1.4.1.13) pathway, recycled back to L-Phe via L-Glu as amino 

receptor and donor (Singh ct  nl., 1998). 

Several fluoro and chlorophenylalanines werc found to be good 

substrates of PAL from parsley. The kinetic constants for nine different fluoro- 

and chlorophenylalanines do not provide a rigorous proof for but are 

consistent with the proposed mechanism comprising an electrophilic attack of 

the methylidene-imidazolone cofactor of PAL at the aromatic nucleus as a 

first chemical step. Subsequent elimination of ammonia, concomitant with 

restoration of both the aromatic ring and the prosthetic group, completes the 

catalytic cycle (Schuster & Retcy, 1995). A chemical model for the PAL 

reaction is described by Retey in 2003, based on the proposed mechanism of 

action of phenylalanine ammonia lyasc (Skolaut & Retey, 2001). 

Phenylalanine spectrospecificall y labeled with isotopic hydrogen at C7 

has been used to establish the clin~in~ition of the pro-S proton from C? of L- 

phenylalanine, together with alnmonia, in an antiperiplanar fashion from 

trans- cinnamic acid (Hanson ancl Havir, 1972, Ife and Haslam, 1971). 

Reversibility of the enzyme rc'action has been demonstrated and the 

equilibrium constant for potato PAL has been estimated as 4.7 at 30UC, pH 6.8 

and zero ionic states by Havir and Hanson, in 1968. There are no indications 

from tracer studies, however, of the i l l  rlirlo synthesis of phenyalanine from 

cinnamate. 

2.2. Active Site 

Histidine Ammonia Lyasc. (ind Phcnylalanine ammonia lyases (HAL 

and PAL) possess a catalytically essential clectrophilic group, which has been 



found to be methylidene imiclazolonc. Speculations on the active site of PAL 

through inhibition studies using cyanide and sodium borohydride showed 

dehydroalanyl residue at the activc sitc (Hanson and Havir, 1970), resembling 

HAL. They are the only enzymes to have modified amino acid 

dehydroalanine (DHA) in thcir active sitc, for which the precursor has shown 

to be a serine residue. The region around this active sitc is highly conserved. 

Langer e t  d., 1994, in his studies, replaced serine (202) residue by alanine, 

with a loss in the enzyme activity, inciic'lting the importance of serine for the 

formation of the active enzytncb. In acidition to the active site, it was shown 

that the enzyme contained an allosteric binding site, based on the kinetic 

studies of PAL from potato and corn (Marsh et d., 1968). 

2.3. Localization 

Differential centrifugation studies have indicated that the enzyme is 

localized in the soluble fraction (Kalghatgi c7t ul., 1976). In earlier studies, 

(Hrazdina et  d., 1984), evidence was obtaincd suggesting that the 

endoplasmic reticulurn was n site for phenylpropanoid and flavonoid 

metabolism in petal tissue, anci that ('3) multienzymc complex (es) might be 

involved in this metabolism. Now, the possible role of membrane-bound 

multienzyme complexes in phenylpropanoid ancl flavonoid metabolism in 

three tissues has been investigated by (1) correlating enzyme induction 

kinetics and rates, (2) examining the molecular weight of putative complexes, 

(3) channeling of substrates, (4) determining the susceptibility of bound 

activities to trypsin digestion, and (5) investigating the structurally linked 

latency of bound activities. Results suggest that atleast a part and possibly 

the entire pathway--from phenylalanine to flavonoids is membrane 

(endoplasmic reticulum) asstxiatccl, and that a multienzyme complex 

facilitates this metabolism. Phenylalaninc ammonia lyase, the first enzyme of 

the biosynthetic sequence, and a flavonoid glucosyltransferase, the last, 

appear to be located in the lumen of the membranes. Cinnamate 4- 



hydroxylase is membrane embrcidcci, while other enzyme activities appear to 

be weakly associated with the cytoplasmic face of endoplasmic reticulum 

membranes (Hrazdina & Wagncr, 1984). p-Hydroxycinnamic acid was found 

to be located within the plastids of the green alga Dunnlielln r~lnriizn. Thylakoid 

fractions disintegrated by ultrasonic treatment were capable of converting L- 

phenylalanine into o- and /I-hydroxycinnamic acids; the hydroxylation 

reaction was increased by adclition of NADPH. Hyclroxycinnamic acids 

produced when [3-lJC] cinnan~atc was incubatecl with varying amounts of [4'- 

3H] L-phenylalanine exhibited '1 31 I /  lJC ratio 10-150 times higher than that of 

the cinnamic acid reisolatecl from the incubation mixture. The lack of 

equilibration between cinnamate formed from L-phenylalanine and 

cinnamate added to the solution supports the hypothesis that cinnamate, as 

an intermediate in hydroxycinnaniate formation remains bound to the 

membrane enzyme complex. Protein gcl blot analysis showed that tobacco 

PAL1 and bean PAL were localized in both soluble and microsomal fractions, 

whereas tobacco PAL2 was founcl only in the soluble fraction. Rasmussen & 

Dixon (1999) proposed that metabolic channeling of trans-cinnamic acid 

requires the close association of specific forms of PAL with C4H on 

microsomal membranes. 

2.4. Purification of PAL 

PAL has been purified from scvcral different crops for the past 30-40 

years. Dubery and Smith (1994) purified PAL from cotton hypocotyls 

(Gossypiunl Izirsutunl) by differential ,..mmonium sulfatc fractionation and 

hydrophobic interaction chron~ntography, with a yield of 52%. The enzyme 

was a tetramer with a molecular weight of 3,32,000 to 3,37,000. The isoelectric 

point was 4.6 and no isoforms were observed. The subunits of enzyme are 

unstable and break down to fragments with a molecular weight of 69,000 and 

49,500 and the optimum p13 of thc reaction catalyzcd by PAL was 8.9. 



Negative cooperative interactions occurred between the substrate binding 

sites with a Hill coefficient of 0.87. 

L-Phenylalanine ammonia l y a s ~  was purified from cotyledons of 

etiolated and far-red illuminated seedlings of radish by Fourcroy (1980) using 

absorption of the enzyme on L-l'hcnylalaninc - Sepharose 4B and found that 

molecular weight of enzyme fluctuated ,~ccorciing to pH and ionic strength. A 

mean value of 2,90,000 was dctermincd for native form. By purifying L- 

phenylalanine through ammonium sulfatc fractionation, DEAE-cellulose 

chromatography, Sephadex G-200 chromatography, and Q-Sepharose 

chromatography from the cytosolic fraction of leaf mustard (Brnssicn juncen 

var.integrifolin), it was found to consist of 4 subunits, each having an estimated 

molecular weight of about 40,000 on SCIS-polyacrylamide gel electrophoresis 

(SDS-PAGE) with an optimill p1 l and temperature of 9.0 and 450C, 

respectively (Lim et al., 1997). PAL purified from far-red light-irradiated 

mustard cotyledons by Gupta ancl Acton (1979) consisted of a single protein 

and showed molecular weight ctt 2,40,000 +/- 9000. The enzyme constituted 

0.01% of total cellular protein, did not catalyse the deamination of L-tyrosine, 

had a pH optimum of pf1 8.6 ancl an isoelectric point of pH 5.6. 

Electrophoresis on denaturing yolyacrylamide gels gave a single stained 

protein band corresponding to n subunit molecular weight of 55,000 

indicating a tetramcric structure of cqual (or near equal) size subunits and 

maximum activity at tcmpcraturc 25tC. 

Another purification study conducted by Lim ef d . ,  (1998) in mustard 

leaf identified a second form of PAL (PAL 11) by a combination of ion 

exchange chromatography and gel filtration. They found that PAL I and PAL 

I1 migrate at a different rate in native polyacrylamide gcl electrophoresis and 

consists of 4 subunits, each having the molecular mass of about 37,000 Da 

with optimum pH and temperature of 8 and 4 5 S  respectively. 



Da Cunha (1988) purified PAL from leaves of Pllnseolzls 7~111g(lris by 

Sephacryl S-200 gel filtration and Scpharose-4-B- succinyl- aminoethy1-L- 

Phenylalanine affinity chromatc~t;raphy possessing a molecular weight of 

3,20,000 + /- 9000 and 3,30,000 + /-4000 respectively. After SDS 

electrophoresis only one band of ~nolc~cular weight 83,000 + /-4000 was 

detected, indicating that the enzyme is an oligomer containing 4 subunits 

with an optimum pH between 8.8-9.2. The enzyme showed Km 1.25 mM for 

L-phenylalanine. By purification of differentially induced isoforms of PAL by 

elicitor - treated cell suspension, Bolwcll et d., (1985) observed four forms of 

the enzyme with identical molecular weight but differing apparent PI values 

of 5.4, 5.2, 5.05 + 4.85. This newly synthesized PAL (both in -c~i-r)o and in  vitro) 

gave a subunit with molecular weight of 77,000; a 70,000 molecular weight 

form is readily generated ,IS a partial degradation product during 

purification. A preparation (purificci 43-fold by ammonium sulphate 

precipitation, gel-filtration and ion-cxchange chromatography) containing all 

four forms exhibited apparent negiitive rate cooperativity with respect to 

substrates. However, the individual forms displayed normal Michaelis- 

Menten kinetics, with Km values of 0.077 mM, 0.122 mM, 0.256 mM and 0.302 

mM in order of decreasing apparent p1 value. Microbial L-PAL, from 

Rl~izobnctcrirr solrrni a pathogenic fungus, was purified from the acetone dried 

powders and molecular weight was determined to be around 3,30,000 by 

A Sephadex G-200 chromatography followed by density-gradient 

centrifugation. Enzyme was obscrvcci to be made up of two pairs of 

unidentified subunits, with a molecular weight of 70,000 (alpha) and 9000 

(beta) respectively (Kalghatgi & Subba Rao, 1975). In Pllnseolzrs -c~ulgnris, 

purified enzyme preparations cxhibiteci subunit molecular values of 77,000, 

70,000 and 53,000 (Bolwell et r r l . ,  1985). In tomato leaves, excision and light 

treatments increased PAL activity, which is contributed by three PAL 

isoforms, with similar native and subunit MW, but differing in PI, Km for 

Phenylalanine and optimal pH for activity . 



2.5. Isozymes 

The Molecular weights rcportcci for PAL, are 306 000 for maize (Havir 

and Hanson, 1968), 300 000 for ~nust'lrci (Acton and Schoyfer, 1975), 37,000 for 

mustard leaf (Lim et al., 1998), 226 000 for Strcptonlyces z~erticillnt~is (Emes and 

Vining, 1970) and 330 000 for potato (Havir, and Hanson, 1968). The enzyme 

from mustard is unstable in dilute Tris Buffer and aggregates to a form with a 

MW greater than 600 000 (Acton and Schopfcr, 1975). The potato enzyme has 

been reported to exist in two forms, onc species being twice the MW of the 

other, but these forms are not intcrconvcrtible (Havir and Hanson, 1968). 

On the other hand, two forms of PAL with different catalytic properties 

have been found in a number of tissues. In sweet potato the two forms are 

separable from TAL (Tyrosine ammonia lyase) and show, moreover, differing 

sensitivities to phenolic inhibitors (Minamikawa and Uritani, 1965). The two 

forms of PAL from Qziercus yc~rl~~r~c-~i lr~fr~,  separable on DEAE- cellulose, also 

differ in their sensitivities to phenolic compounds (Boudet et al., 1971). 

2.6. Regulation 

There is a considerable intcrcst in the regulation of phenylpropanoid 

biosynthesis, which is initiated by thc dcamination of phenylalanine by PAL. 

PAL, as the bridge between primary metabolism and natural product 

biosynthesis is a potential site for pathway regulation (Jones and Northcote, 

1984). Mechanisms of regulation of PAL, in response to a wide range of 

external stimuli have been studicd in many S ~ S ~ C I I I S .  Inactivation (irreversible 

loss of enzyme activity) as a regulatory mechanism has been reported 

previously for many systems, wliilc inhibition (reversible loss of enzyme 

activity) has been reported for sonw systems (French and Smith, 1975; Billette 

et al., 1978). The PAL inactivating system described in sweet potato tubers 



(Tanaka and Uritani, 1977) is very similar to that in sunflower leaf plastids. 

Trans- cinnamic acid, the prociuct of I'AI. reaction, had been shown to play an 

important role in the modulation of PAL turnover (Shields, ct d., 1982; 

Bolwell et d., 1986), by acting as an ill 7liz~o modulator of the synthesis of 

phenyl propanoid pathway enzynics. 

Increased activity of PAI, following excision of hypocotyls segments of 

dark-grown gherkin seedlings was yrevented by the reaction product 

cinnamic acid. Density-labeling expc~riments show that cinnamic acid affects 

the rate of enzyme synthesis. Ry contrast, the regulation of phenylalanine 

ammonia-lyase activity by light has been shown to involve activation of 

existing inactive enzyme. It is proposed that regulation of synthesis by 

reaction products represents a mechanism for controlling the size of the pool 

of phenylalanine ammonia lyasc, and that the activity of this pool is regulated 

by light (Johnson et nl., 1975). PAL is regulated through phosphorylation by a 

calcium dependent protein kiriasc (Allwood c.t rrl., 2002). 

The role of PAL in p'lthway regulation was investigated by 

measurement of product accumulation as a function of enzyme activity in a 

collection of near-isogenic transgenic tobacco plants exhibiting a range of PAL 

levels from wild type to 0.2%. The data indicated that PAL is a key step in the 

regulation of overall flux into the pathway and, hence, accumulation of major 

phenylpropanoid products, with the regulatory architecture of the pathway 

poised so that downstream steps control partitioning into different branch 

pathways (Bate et nl., 1994). The induction of L-phcnylalanine ammonia-lyase 

activity during phaseollin biosy n thesis in the Plrnsrolrrs -c~~~lgnris--Colletotric-Il~i~~l 

linciL.nrritIrianl41rr interaction was regulated by an increase in cnzyme 

concentration resulting from an incrclase in r k p  11o77o synthesis of L- 

phenylalanine ammonia-lyase protein (da Cu nha, 1988). 



(Tanaka and Uritani, 1977) is very similar to that in sunflower leaf plastids. 

Trans- cinnamic acid, the product of I'Al. reaction, had been shown to play an 

important role in the modulation of PAL turnover (Shields, 1.1 nl., 1982; 

Bolwell et nl., 1986), by acting as an iii 7lir~1 modulator of the synthesis of 

phenyl propanoid pathway enjr.ym1.s. 

Increased activity of PAL following excision of hypocotyls segments of 

dark-grown gherkin seedlings was prevented by the reaction product 

cinnamic acid. Density-labeling expcv-iments show that cinnamic acid affects 

the rate of enzyme synthesis. Hy contrast, the regulation of phenylalanine 

ammonia-lyase activity by light has been shown to involve activation of 

existing inactive enzyme. It is proposcd that regulation of synthesis by 

reaction products represents a mechanism for controlling the size of the pool 

of phenylalanine ammonia lyasc, and that the activity of this pool is regulated 

by light (Johnson et nl., 1975). PAL is regulated through phosphorylation by a 

calcium dependent protein kinasc (Allwood cf trl. ,  2002). 

The role of PAIL in p'~thway regulation was investigated by 

measurement of product accumul,~tion as a function of enzyme activity in a 

collection of near-isogenic transgenic tobacco plants exhibiting a range of PAL 

levels from wild type to 0.2%. The data indicated that PAL is a key step in the 

regulation of overall flux into the pathway and, hence, accumulation of major 

phenylpropanoid products, with the regulatory architecture of the pathway 

poised so that downstream steps control partitioning into different branch 

pathways (Bate et al., 1994). The incluction of L-phenylalanine ammonia-lyase 

activity during phaseollin biosynthcsis in the Pllnseolrrs ~~ulgnris--Colli~totri~~I~~iti~ 

lindenrrl t~~inrruiiz interaction was rcgula ted by an increase in enzyme 

concentration resulting from ;In incrcasc in d. 110710 synthesis of L- 

phenylalanine ammonia-lyase protein (del Cunlia, 1988). 



A family of three genes cncodcs PAL. Liang et d(1989) had shown that 

the RNase protection with genc-specific probes that these genes are expressed 

differentially during development and in response to different environmental 

cues. While all three genes arc expressed at high levels in roots, only PALl 

and PAL2 are expressed in shoots and only PALl is expressed in leaves. 

Mechanical wounding of hypcxotyls induces all three genes, but fungal 

infection only activates PALl ancl PA1-3. Illumination of etiolated hypocotyls 

activates PALl and PAL2 but not PAL3. l'hus selective expression of PAL 

genes encoding functional variants is governed by a complex set of regulatory 

networks for developmental ancl c*tlvironrnental control of phenylpropanoid 

biosynthesis (Liang et d., 1989). 

To understand the regulation of yhcnylalanine ammonia-lyase (PAL) 

activity in the corn smut fungus, Llstilr~go rrinydis, Kim et nl examined the 

effects of different media, mcbtabolic effectors (including aromatic amino 

acids), and environmental factors on induction and repression of PAL 

activity. PAL was detected only in cell extracts and not in the culture 

medium. U. rrznydis PAL is constitutively procluced at a low level in all media 

tested but its regulation can be il~flucnccd by aromatic amino acids. L- 

Tryptophan (0.3 mM) induccs PAL activity 3- to 5-fold but tryptophan 

analogs and tryptophan-related mctabolites do not. The enzyme is most 

readily induced during the early stntiot~~~ry phase of growth and the induced 

activity remains relatively constant during stationary stage. PAL induction 

was repressed by glucose but not by its reaction product, t-cinnamic acid. 

Induction did not require ric rroiw protein synthesis, suggesting that some 

form of post-translational protein modification or a metabolic effect may be 

involved. This study shows that the regulation of U. t~znydis PAL is very 

different from the patterns known for plants and other fungi (Kim et (I!., 2001). 



According to Berglunci (1906), vnr~adylsulfate increased PAL activity. 

PAL and phenolic compounds wcrc studied in five potato cultivars (Agria, 

Cara, Liseta, Monalisa, and Spuntn). PAL showed an induction pattern 

characterized by the presence of '1 niaxilnum peak of activity after 4 days of 

minimal processing for all of tlic cultivnrs (Cantos et al., 2002). Total phenolic 

content of soybean leaves incrc3ascd following chitosan and chitin oligomer 

treatments, showing a positive corrcln tion between enzyme activity and total 

phenolic content (Khan et nl., 2003). The effects of exogenously added L- 

phenylalanine (L-Phe) on the activities of PAL and 3, 4-dimethoxybenzyl 

alcohol (veratryl alcohol, VA) biosynthesis in ligninolytic cultures of 

Plznneroclzaete clznjsosporiuni were investigated. Increasing PAL activity was 

detected in low nitrogen (LN) culture but not in high nitrogen (HN) culture. 

The addition of L-Phe into thc 1.N culture caused a 25-fold increase in enzyme 

activity, which clearly shows tli'it I .-i'hc, a substrate of the enzyme, served as 

an inducer of PAL. The incrcasc in activity of PAL triggered by nitrogen 

starvation was correlated with biosynthesis of VA. However, PAL induced by 

the added L-Phe did not pro111otc VA biosynthesis but suppressed the 

biosynthesis probably due to NH (4) (+) released from L-Phe (Hattori et d., 

1999). 

Phenylalanine formed bv two metabolic origins is subjected to phenolic 

biosynthesis, initiated by PAL, via the Shikkimate pathway. Primary origin, 

which refer to phenylalaninc riioleoulcs, which remains unused in proteins, 

and secondary origin, which refctrs to those molecules of amino acid, released 

from protein in course of thcir catabolisln. Margna et a1 (1989) attempted to 

differentiate between the L- plienylalanine of primary and secondary origin, 

by a combined treatment of I,-AOPP, a potent inhibitor of PAL and 

glyphospha te, which specifically blocks the synthesis of aromatic amino acids. 

It was concluded that precursor pool available for phenolic synthesis 

consisted mainly of phenylalaninc of primary origin in buckwheat 



-& hypocotyls, while majority of phcnolirs were synthesized from phcnylalanine 

of secondary origin. 

2.7. Kinetics 

Studies on initial velt~it): V C ~ S ~ U S  substrate concentration of PAL 

purified to homogeneity from the accto11~-dried powder of the mycelial felts 

of the plant pathogenic fungus Rlrizoc-toirin solrrili have shown significant 

deviations from Michaelis-Menten kinetics. The apparent Km value increases 

from 0.18 mM to as high as 5.0 mM with the increase in the concentration of 

the substrate and during this process the Vmdx, increases by 2-2.5-fold 

(Kalghatgi & Subba Rao, 1975). Margna (1977) had proved that substrate 

supply (Phe) rather than enzymic activity (PAL) is the most likely limiting 

factor in controlling pl~cnylproyanoici accumulation. Thus administration of 

phenylalanine into seedling tissuc~s can bring about a considerable increase in 

the accumulation of anthocyanins, with a low PAL activity (Ahmcd & Swain, 

1970). Mustard leaf PAL showed a K,,, of 0.18 mM (Lim et d., 1998), whcre as 

in PIlnseolus r~ulgnris four values ranging from 0.07-0.302 mM which are 

indicative of isoforms of PAL wtrc rcyorteci (Bolwcll 1.t nl., 1985) reportecl. 

Negative cooperativity (Hill cocfficic~nt, n = 1.08) was not detected over the 

substrate concentration range tcsted (Gu pta & Acton, 1979). Most reported K,, 

fall midway in the range 0.3 X 10.4 to 1.5 X 10-2 M (Ncish, 1961; Havir, ancl 

Hanson, 1968; Attridge clt 111 1971; I lavir, P I  nl., 1971). In a detailed study of the 

kinetics of highly purified PAL, f r o t ~ ~  potato, Havir anci Hanson (1968) have 

shown that the anomalous kinetics is reylacccl by Michaclis-Menton Kinetics 

in the presence of D- phenyalanine, a competitive inhibitor. Since Vmax is not 

reduced under these conditions, thc behavior of PAL is best explained in 

terms of allosteric interactions. While thcb enzyme may exist in two or more 

conformations with characteristic hinctic properties, the binding of D- 

phenylalanine causes a single i'orl-ri to prcclominate which displays simplified 

kinetics. 



2.8. Inhibitors 

The strongest inhibitors founci so far for PAL are either cinnamic acid 

itself or hydroxy cinnamic acids (C6~mm & Towers, 1973). The hydroxylamine 

analogue of phcnyalanine, I .-,ilpha-Amino-oxy-R-phcnylpropionic acid, 

(AOPP) was found to be an extrcmclv powerful inhibitor of PAL of higher 

plant and fungal origin (Amerhein & Cocloke, 1977). 

L (-) -, and D (+)-enantiomers of l-amino-2-phenylethylphosphonic 

acid (PheP), a phosphoric analogue of phcnylalanine, also inhibit the activity 

of potato tuber tissue i i l  vitro. The apparent type of inhibition depends on 

concentration of PheP; as thc concentration of D-PheP is raised from 10(-5) M 

to 2.5 X 10(-3) M, the type of inhibition shifts from competitive through mixed 

and non-competitive to uncorn p t i  tivc. It specifically blocked light-induced 

phenylpropanoid synthesis in excisecl buckwheat hypocotyls and produced 

an up to 40-fold increase in thc endogenous phenylalanine concentration, 

while the level of all other amino acicis WCIS hardly affected (Hollander et d., 

1979). Treatment of intact hypocotvls of etiolated gherkin seedlings with the 

PAL inhibitors alpha-aminoox\lac-ctic- acid and L-alpha-aminooxy-beta- 

phenylpropionic acid during illuniination caused enhanced formation of PAL 

and reduced the accumulation of Iiydroxycinnamic acids. PAL formation in 

the segments is inhibited by cinn'lmic acid and, to a lesser extent, p-coumaric 

acid, while it is slightly enhanced by caffeic acid and is not affected by ferulic 

acid (Amrhein & Gerhardt, 1979). 

The conformationally restrictcc1 phcnylalanine analogue 2-aminoindan- 

2-phosphonic acid (AIP) inhibits PA1, from parsley competitively in a time- 

dependent manner. A non-dialysablc inhibitor of PAL has been partially 

purified from dark-grown gh~*rkin hypocotyls (MW less than 20 000), 

thermolabile, sensitive to proteolysis ~ligestion, ancl apparently hydrophobic. 



Kinetic experiments show that the inhibitor is competitive with phcnylalanine 

for the lyase and that its association with the lyase is reversible. The activities 

of phcnylalanine ammonia-lyase and cint~amic acid 4-hydroxylasc are often 

concurrently regulated and both have regulatory roles in phenol metabolism; 

it is suggested that the inhibitor m,ly bc specifically involved in controlling 

their activities in 7)iz)o (Billett, tPf  d., 1978). I'AL activity in radish seedlings was 

inhibited by the competitive inhibitor AIP (Chen & Clure, 2000). 

The influence of the allcltn.hc.n~icals, ferulic and vanillic acids, on PAL, 

activity and their relationships with phenolic acid content and root growth of 

soybean (Glycine nlrlx (L.) Mcrr.) were cxamined by Herrig and coworkers 

(2002). Both compounds (at 0.5 and l n1M) decreased root length, fresh weight 

and dry weight and increased phenolic acid contents. At ImM, fcrulic acid 

increased (82%) while VA reduced (32%) PAL activities. 

2.9. Light 

The normal development of higher plants occurs only in light 

(photomorphogenesis). The effect of light is due to intracellular development 

of a morphogenetically active cttcctc.r n~oleculc (Pfr, a chromoprotein). The 

photomorphogenesis (= deveIoymc*nt through the presence of Pfr of the 

pattern due to the primary differentiation) is to be attributed to differential 

enzymatic induction and repression. This opinion is confirmed by examples. 

The correlation between the enzyma tic activity and the structure (form, 

shape) still remains an unsolvccl problem. However, the elimination of other 

control mechanisms leads us to the conclusion that phytochrome most 

probably clocs control synthesis of this enzyme in mustard, which agrees with 

the previous findings for parsley cells (Acton & Schopfer, 1975). 

Blue light and UVB light induction experiments using red light and 

dark grown seedlings showed that the flavonoid biosynthetic genes are 



induced most effectively by UVR light and that blue light induction is 

mediated by a specific blue light rc~cc.ptor (Kubasck rt d., 1992). Kubasek et nl 

show that seedlings exhibit a transient potential for induction of four genes 

namely PAL, chalcone synthasc, chalcone isomcrase and dihydroxyflavanol 

reductase which is distinct from that observed for chlorophyll a/b-binding 

protein (CAB). The potential for flnvonoid gene induction was similar in 

seedlings grown in darkness anct rccl light, indicating that induction potential 

is not linked to cotyledon expansion o r  the development of photosynthetic 

capacity. Evicience for metabolic regulation of these enzymes was also 

proposed by them (Kubasek et (d., 7998). 

In dark-grown Rfipl~nnlrs satir~rrs seedlings the level of PAL was higher 

in cotyledons than in root and hvptxotyls (An~rhein & Gerhardt, 1979). Only 

PAL was significantly increased by light (Tome et d., 1975). Enzyme activity 

in excised hypocotyl segments floating on buffer increased in the dark as well 

as in the light, while hydro~ycinn~iniic acids accumulated only in the light. 

The extractable activity of PAL, and the concentration of sugar esters of p- 

coumaric and ferulic acids in the* hyptxotyls of etiolated gherkin seedlings 

increase upon irradiation with white light. L-alpha-Aminooxy-beta- 

phenylpropionic acid (AOPP), a potcnt compctitivc inhibitor of phenylalanine 

ammonia-lyase (PAL), blocked light-incluced phcnylpropanoid synthesis in 

excised buckwheat hypocotyls. 111 the presence of AOPP, illuminated 

hypocotyls accumulated nearly 3 timcbs niore phenylalanine than hypocotyls 

kept in the dark, indicating an enhancing cffect of light on the flow of carbon 

through the shikimate pathway (Elol1,~nder et al., 1979). The activity of PAL 

during the life cycle of barley pl'lnts (Hnrtit~tri~r disticlrolz L.) exposed to UV-A 

radiation (355nm) during 15, 30 ancl (A) min day-l was studied. In comparison 

with the control plants, a stimulatory effect on PAL activity was observed. 

This effect was directly related to thc exposure time to UV-A radiation 

(Baztan, and Torres, 1988). 
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.W A / l r l f t s r - ~ r ~ l s  t i  h;lc*tl~c~rl> 

MATERIALS AND METHODS 

3.1. General 

3.1.1. Propagation of experin~ental plants 

For the major experili~c~nt.s, thc~ releasecl varieties, viz., Allcppcy, 

Prabha, Prathibha, Suguna 'incl Si~d,~rs,ina from Indian lnstitu te of Spices 

Research, Calicut werc usecl. In ,~dilition, fifteen more accessions wcrc also 

taken for further experiments o n  Phc~n~l~ilanine Ammonia Lyase (PAL). 

Rhizomes from the abovc. varic.tics /accessions were plantecl in 3m X 

l m  beds O lkg per bed during June. - July of cach year. The plants were 

grown under normal culturcil cl l l i l  tii,inagctncnt practices. For racliotracer 

studies, which were carricci out , ~ t  C'WIII)M, Calicu t, potted plants were usecl. 

For light stuclies on 1'A1,, rhizomcls wl(.rib sown in polybags ancl wcrc kept in 

dark for germination. 

3.1.2. Selection and mode of sampling 

Plant tissues wcre sampled spc~cifically for cach experiment. For 

primary and seconclary metaboliti~\, '111 tissues except psue~losten~ werc usecl, 

whilc for PAL assay, localiz'~tion, pilritication ancl for RNA isolation, onlv 

turmeric leaves were samplc~ii. I~ic-orporation stuclics using lahellcd 

compounds were donc~ using '111 lhi* \~i~gc~tl~tivc~ pclrts of thC yla~it. 

For primary ancl sec~)nci,~r\~ ~iic~t,~hoIitc~s, sa~iiples wcrc collectcci at 120 

Days after sowing (DAS). As tor I'Al. assay, 1caf samples wcre taken at 

monthly intervals starting from 3OI)AS upto 18ODAS. Since PAL, activit\r was 

found to be maximum in the cvr l j .  ~:i~r~~iiriation phase, leaves werc samplecl at 



60DAS for localization and puri t iz'i tion stucties. In all tlie three tracer 

experiments, two months old plants werc. taken. 

Driccl and yowderecl s;ln~plos wi.rcb uscct for tlie analysis of oleoresin 

and curcuminoids. Data were c~o~iipilc*cl from tlircc consecutive planting 

seasons, for the majority of thC cxlx-rinients. 

3.2. Primary metabolites 

For the estimation, 100nig sample was Iioniogcnized in hot 80% 

ethanol to remove sugars nrld cc*ntrifugeci. Tlie residue was washecl 

repeatedly with hot 80% eth'inol t i l l  thc washings ciicl not give colour with 

anthrone reagent. 'To tlie clricci ~.c*siclui~, 5.0ml of water ancl 6.51111 of 52% 

yerchloric acid were acldect and hcpt 'lt 0°C for 20nii1i to complete Iiyclrolysis. 

Centrifuged and the superna tall t W,IS c.ollectc~ct. 'Tlie extraction was repeated 

using fresh yerchloric acicl and the s u ~ ~ ~ r ~ i ; l t ~ i ~ i t s  were pooleel ancl made up to 

100ml. O.lml aliquots were uscbcl tor stcircli cstimation using anthrone reagent 

by the method of Hodgc and flotrcitc*r (1962). 

Accurately weighed saniplcs froni five varieties of tur~ncric rhizomes 

during develoy~nental stages wcll-c driild to constant weight in hot air oven at 

5 0 C  (ASTA, 1978). Tlie pcxrccv~ tagc. cl ry recovery was calcula tee1 

gravinictrically. 



3.3. Secondary metabolites 

3.3.1. Extraction, TLC and HPLC of phenolic acids 

3.3.1.1. Extraction 

5g of turmeric samplt!s (Ic>'il, psc*:~clostcm, rhizome ancl root) was 

extracted with 20ml of 2N I iydrt~c.hloric 'it-id ; ~ n d  cligcstc~cl in a boiling water 

bath for 20 min. The filtrate was c*xtr;lc-tcbd thricc with 101111 clicthyl ctlic)r in a 

separating funnel. The ether extract5 wore pooled ancl cxtractccl twice with 

10ml 5% sodium carbonate. Sodiu~n ccirbonate fractions were poolecl ancl 

acidified to pH 3 with 5% sulpliuric ,iCid, which was then extracted thrice 

with 10ml diethyl ether. The ethtbr 1,lyi.r was cvriporated to elryness ancl then 

dissolved in 0.51111 alcohol (R,rtc. 81 Sniith, 1954) ancl stored for further 

analysis, by TLC dnd HPLC. 

3.3.1.2. Separation and identification using TLC 

TLC plates of thickness l tiim ulcbrcb castcci with Silica gel G. Phcnolic 

acici samples were spotted o n  thi* pl,lk*s cllong with standarcis viz., coumaric 

acid, caffeic acid and ferulic acid. r o l i ~ ~ n c ~ :  Accttic acid in the ratio 4: 1, s~rvec1 

as the lnobilc phasc. anci thC pl,itc)\ ~ ~ c ~ r c  sprayed with a niixturc of 20'% 

sodium carbonate ancl I;olin'\ 1.t\,11;t'11t in thc ratio 1:2 rcspectivcI~. Blue 

coloureel spots appearcci inclic-,ltin): 1 1 1 ~ ~  presence of phenolic aciiis, which 

were compared with values of c~utlic~ntic stclnclarcls. 

3.3.1.3. Separation of phenolic acids using HPLC 

Sta~id~~rc is  of each of thc~ yhc~nolic ai-itls (lnig/ml) (Sigma), viz. p- 

coumaric LiciclI ferulic acid, c'itfiii. ,lcici, sin,ipic acid and clilorogc~nic '~cicl 

were prepc~red. 20 p1 of each s ta~idi~rd cv,ls injcbctcd. 



Shi~nadzu LC- 1 OAt vp 1 l il;h I't~riormancc. 1,iquicl Chrornatogra yh was 

used. The UV cletector was Shin~actzu SI'D-SAV. The stationarv phase was 

Octa Di Silanc (ODS), prc-pac-k1.d in LI 25Ox45mm ID column. The mobile 

phase was 0.1% phosphoric cicicl (A) ,111cl 100% acetonitrile (B). With a 

concentration gradient as given below. Iilow rate was 1 ml/min. 

Time (min) Mobilc pliasc~ 

2 0 ~ 1  of the saniylc prc>parcd <is abovc was injectccl into HPLC 

(Shiykova et d., 1998). 

3.3.2. Oleoresin 

Dried a11cl powdered sarnp1t.s 01 rhizomc ' I I I ~  root wcrc usecl. About 

10g sample was wciglicd ancf tr,~n.;tl*rri~d to the column. The column was 

filled with 3 times the weight ot ~ o M ~ c ~ c ~ ~ L ' c ~  s , i~ i ip l~  of c i c ~ t ~ ~ ~ ~ e  anci kiyt  for 

overnight percolation. Acetoncl rvas drL~inccl into '1 pre weighed beaker and 

column was washed twice with 151111 ,~cc~tonc~. '1'11~ extr'~cts wcrc pooled ancl 

eva yorateci at 800C over '1 MI,I tc l r  bath. Oleoresin wcls cleterrninclcl 

gravimetrically (ASTA, 1 978). 



3.3.3. Essential oil (Modified Clevenger Method) 

To cietcrniinc tlie ,tmo~lnt oi mr,1ti\r insoluble stec~ni volatilc oil, 30g 

sample was wciglied and transterrc~~1 1 0  a short neck, l-litcr rouncl-bottom 

flask with 500ml water. The. ,\pp,\r,\tus was assemblccl using the propcr 

Clevenger tray (ASTA, 1978) and w,ts lic*,ttc.cl witli stirring for 3hrs. Oil was 

collected in the trap until two c-onsc~cutivc reaclings taken at one-hour 

intervals showed 110 changc of oil \,olumC in thc trap. The oil collectcci was 

noted estimating to the nearest 0.021111. 

3.3.4. Extraction and estimation of curcumin 

3.3.4.1. Separation by thin layer chromatography 

Weighed amount of olc.orc.sin traction vxtracted as above was 

dissolved in 0.5ml of alcohol and  WCIS spottecl on silica gel G plate ( lmm 

thickness), along with standard curc.ulnin. ThC solvent svstcm was methanol: 

water in the ratio 95: 5. Tlirclc \*(~IIoi\~ Iluorcscent spots were iclentificcl on  

drying. The Rf values of ecic.l~ s p ) t  t ro~n  tlie origin was calculated ancl 

compared witli those of standards (5rini\r,1san, 1953). 

3.3.4.2. Quantification by HPLC 

l m g  of pure curcu~nin - (Si~;liiri, USA) WCIS dissolvecl i r i  50mI alcoliol. 

Curcumin, detn~tlioxycurcunii~i 'lnd I~i~mc~thoxycurcumin wc3rc3 a~ialyzecl L~c '  

HPLC. Standarcl grclphs wcbrcb c l l . , l \ \ ~ r i  tor thC thrcc curcuniinoicls with 

concentrations ranging fro111 10, 20, 40, 80, 100, 200, :300, ancl -COOng/nil. 



To 1OOmg each of dried powder from Icaf, psucclostem, root ancl 

rhizome. 30ml of alcohol was ,icidc~ci ;tncf subjcctc~cl to stcdm clistillation for 

2I/zhrs. This was made up to 10Or~i1 with ;~lcohol ancl lml of this was dilutecl 

12.5 times with alcohol. 20p1 sarnp1c.s of standard curcumin ancl above test 

sample were injected into the colt111111 for 'ltialysis. 

Shimadzu LC- 10 AT v1' high performance liquid chromatograph was 

used. The fluorescence detector w~ i s  IiF- 10A-XI>. The stationary phase was 

Nucleosil NH2 (Sliimpak -CLC), pcirticlc size 5p111, pre-packed in a 250 X 

4.6mm. I.D. column. The mobile pll,lsc. was cthanol, with a flow-rate of 0.6 

ml/min. A rlieodyne injector witli ,l 20111 loop was usecl. The clnalyses were 

carried out at ambient tcmpc~rciturc.. Detection conditions: Fluorimetric, 

excitation wavelength ~2(~1111l, 'ind cwiission wIlvclcngth 470nni ('T'onncsscn & 

Karlsen, 1'383). 

3.4. Tracer Studies 

3.4.1'. Exposure of turmeric plants to '4C- labelled carbon dioxide 

Turmeric rhizomes (v'lr. I 'r~~tliil~lic~) wcre sown in polybags. Two 

months old turmeric plants ot uiiitorln size (30 Nos.) were selectcc1 for the 

exposure studies. Sc~ctllings wclrc. pl,~ccd in ,l pcrsplex glass chamber ( Im x 

0.5111 x 0.51n) clesigncci for tht$ p~rt>oso. "C- labelleel soeliu111 carbonatcl 

(Na;?lTO?), 0.5mCi, purchased tro~ii 131<1'13 (l3oClrcl of Iiacliation ancl Isotope 

Technology), BARC, Muml3'ii W,\\ pl,lCc.cl in '1 \ r i , l l  in thc ccbntcr of thc clicimbcr 

and conce~~trated hyclrochloric I~citi ~ ~ ' 1 s  ciclcied drop by clroy through '1 slit 

provided at  the top. Adclition of I lnl ot c-ol~c. hyclrochloric acicl can release 967 



X l 0  17, I T -  atoms as carbon dioxidc, whic.h will bc. available for incorporation 

(Dixit & Srivastava, 2000). 

The plants were allowed to .issimil,~te thc 1.C labclled carbon dioxide 

for 24hrs. At the end of this pcricjcl, '1 s,~turatccl solution of KOH was aclded 

into the central vial containing thc radio labclled isotope and left for 15min. to 

absorb excess 1 4 C 0 2 .  The chamber w,is thcn opened. 

Leaf, pseudo stem, rhizome and root samples were collected at Ohr, 

24hrs, 48 hrs, 96hrs, lweek and then every one month interval, till 6"' month 

for phenolic acid and curcumin analvsis. Fresh samples were used for 

phenolic acid extraction while dry ancl powclered samples were used for 

curcumin analysis. 

3.4.2. Exposure of turmeric plants to l-14C-phenylalanine 

Two months old turmeric plants as ,ibove were selected for the studies. 

The roots were immersed for 38 hrs in a trough containing L- (l-'-'C) labelled 

phenylalanine (50pCi) (Amersham 13h,~rmacia) dissolved in 10OmI-distilled 

water for absorption. Leaf, yscudostem, rhizome and root samples were 

collected at Ohr, 48hrs, lweek and t11c.n every one-month interval till 5th month 

for detecting the incorporation of thc 1'1bcl in phenolic acicls. Only rhizomes 

and roots wcre sampled for detecting the incorporation in curcumin. 

3.4.3. Exposure of turmeric plants to 2-W-malonyl CoA 

Two months old turmeric pl,~nts r,~isecl in yoly bags as above were 

selected for the studies. The roots wcw immersecl for 48hrs in a trough 

containing (2-11C) labelled ni,llol~vl coenzylne A (5pCi) (Amersham 



Pharmacia) dissolved in 100ml cvatcr for absorption. Incorporation was 

detected in curcumin, extracted from the rhizome and root at specific 

intervals. 

3.4.4. Measurement of incorporation using Liquid Scintillation 

Counter-Wallac Model-1410 

Plzellolic acids 

0.2ml of the phenolic acid extract was made up to 4ml with clistilled 

water and to this 6ml of scintillation cocktail consisting of naphthalene and 

primary and secondary flours narnclv 2,5-diphenyloxazole and 2,2'-p- 

phenylene-bis-5-phenyloxazole in 1)irxxanc were added (Michael, 1979). The 

activity was measured using liquid scintillation counter (Wallac, Finland 

Model- 1410). 

4ml of the curcumin extr,~c t anci hml o f  scintillation cocktail of the same 

composition described above was nclclccl and the activity was measured. 

3.5. Phenylalanine Ammonia Lyase in turmeric leaves 

3.5.1. Assay of phenylalanine ammonia lyase activity 

Leaf tissue (2g) was hon1ot;cnizcd with 5ml of 0.01 M borate buffer pH 

8.8 in a chilled mortar at 4°C ,111d ccbntrifuged at 10,000g for 20min. 'The 

superna tant served as the enzyme) sou rcc. 



The reaction mixture consistc~tl ot Iml enzyme, Iml boratc buffer and 

lml of 0.15M -L- phenylalaninc. 'l'hc mixture was incubated at 38oC for 60 

min. The reaction was stoppecl by thc aclding 0.5ml of 1M- trichloro acetic 

acid and incubated at 37" for 5min. 'T'he amount of trans-cinnamic acid 

produced was determined in an UV-160A Shimadzu spectropl~otometer at 

27011m (Brueske, 1980). in control, phctiylalanine was adcied after arresting 

the enzyme activity by adcling I'CA '3rd  kept for l-hour incubation along 

with test. A standard graph of ciiffcrcnt concentrations ranging from 10 - 

60pmoles of trans-cinnamic acid was prepared from the working standard 

with a concentration of (100ptnolt~~/ml). The specific activity of PAL was 

expressed as pg of trans-cinnamic xicl rclc,ised per minutc per mg protein. 

3.5.1.1. Estimation of protein 

During the studies on PAL,, thc) cietermination of protein formed a 

routine procedure. This was neccbss,lrv for calculating the specific activity of 

the enzyme at every stage of the study ancl for calculating the fold enrichment 

during enzyme purification. In all studies, total protein was estimated in the 

tissue by the colorirnetric method ot I .()wry r t  rrl . ,  (1951). 

Bovine serum albumin (13SA) was used as standarci. A working 

standard containing 100pg/ml HSA was used for this purpose. 



3.5.2. Localization of phenylalanine ammonia lyase 

3.5.2.1. Isolation of microsottial fractions 

Turmeric leaves (30g) wcbrc honiogcnized using an ultra turra blencler 

(4 X 15 S) and grincling medium ~ o n t ~ ~ i n i n g  100n1M tris-hydrochloric acicl (pH 

7.6) in the cold room (4"). Honiogc~natc was centrifuged at 12,000g for 15min. 

From the above-prepared saniplc., suycrnatant (approx. 15ml per tube) was 

immediately layered onto a 30':i', (w/w) sucrose solution (10ml) in a 38nil 

centrifuge tube. After centrifugation in a Beckman rotor (SW-27) for 35min at 

27,000 rpm, microsomes were rc.niovcc1 trom the 6-30% interphase and were 

carefully brought to a final conccwtration of 18% sucrose. This suspension was 

then placed at the 15-20% sucrose interpliasc. of a gradient consisting of 39% 

sucrose (4ml), 37.5% sucrose (4nil), 20% sucrose (6ml) and 15% sucrose (12ml). 

Centrifugation was performed at 5000 rpm (lomin), then at 10, 000 rpm 

(15min), and at 27,000 rpm (551nin) (Czichi and Kindl, 1977). Subsequently, 

microsomes were recovered from the 20-37.574 sucrose interphase. 

Phenylalanine ammonia lyasc. activity in the microsomal fraction was 

estimated along with the microsomal ni'lrker enzymes viz.; fumarase, catalase 

and glucose-6- phosphatase. 

3.5.2.2. Sub fractionation of microsomes 

Turmeric leaves (25g) wcre homogenized in a grinding medium 

containing 50mM tris-hydrochloric acid (pH-7.9) and centrifuged at 12,000g 

for 15min. Extract was layerecl on  a gradicnt consisting of 28ml 15-45% (w/w) 

linear sucrose gradient and a 51nl top layer of 8% sucrose. All sucrose 

solutions were contained in lOri~h/l tris -hydrochloric acid, pH - 7.5, ImM 

potassium chloride, ImM EDTA, 0.1 mM magnesium chloride. Gradients were 

centrifuged at 27,000 rpm for 4 hrs (Czichi and Kindl, 1977). All gradients 

used for the isolation of microsomal subfractions were fractionated by 



collecting successive 1.2ml samplchs using micropipette. PAL activity was 

measured in each fraction and also thC presence/ absence of activity of the 

marker enzymes, namely fumarLiscb, c-atCilc~se anci glucose-h-phosphatase was 

also measured. 

3.5.2.3. Assay of fwmarase (Mitochondrial marker) 

Reaction mixture contained ?t.(>~iil buffer pH 8.4, 10pl extract and 10pl 

1M malate (15mM final molarity). Reaction started with the addition of 

malate and activity was measurcd as the increase of OD at 240nm, based on 

fumaratc formation (Beeckmans ancl Kanarek 1982). 

3.5.2.4. Assay of catalase (Cy tosolic marker) 

Reaction mixture contai~ieci 21111 of buffer (phosphate buffer pH 7.2), 

lrnl of distilled water, 0.5ml of 0.1 % 1-1202 and 25111 of sample (enzyme 

extract). The rate of reaction wris ~ n ~ ~ ~ s u r c c l  at 15scc. intervals for 90 sec., with 

a lag time of 10 sec. at 230nm (I .uck, 1974). 

3.5.2.5. Assay of glucose- 6-Phosphatase activity (Microsomal marker) 

Reaction mixture containccl 0.61~11 0.1M tri acetate of sodium 

cacodylate, pH 6.5, 0.2ml 0.15M glucose-6-phosphate pH 6.5, 0.6ml distilled 

water and O.lml of the fraction, whii.11 was incubateci at room temperature for 

30 minutes. Reaction was stopped by '~clding Iml of 10% TCA (w/v). All 

tubes were centrifuged at 8000g for 5111in. Inorganic phosphate liberateci in 

the reaction was measured using f;iskc Rr Subbrao method (1925). 



3.5.3. Purification of phenylalanine ammonia lyase 

In order to study the properties and kinetics of PAL, an enzyme 

fraction, which was relatively pure, was necessary. Attempts wcre maclc to 

purify the enzyme as detailed below. 

Leaf homogena tc was fi l  tc:rcci t hrougli a muslin cloth, followeel by 

centrifugal clarification at 20,000j; tor 201nin. and was subjected to 

purification procedures 77iz. am ~no~iiir ni hul pha te fractionation, clialysis, ion 

exchange chromatography and sephacry l S300 gel filtration chromatography. 

The enrichment achieved, together with the quantitative recovery of the 

enzyme activity in these steps was ~ ~ ~ l c u l a t e d .  All steps wcre carried out at 

4 C  (Whetten and Sederoff, 1992). 

All purification steps were carried out in a cold room at 4°C. 

Approximately 5013 of froxen Icnaf was ground to a powder in a waring 

blender cooled with liquid nitrogen. 'l'hc powder was then transferred to a 

glass beaker and a two - fold (v/w) cxccss of buffer containing 0.1M 

potassium phosphate (pH 7.5) with 51nM dithiothreitol was added. The 

frozen mixture was stirred gentl)? with ,I spatula until thc buffer thawed, then 

squeezed through 10 layers ot c het~sccloth (premoistened with the same 

buffer) and filtered through one layer of miraclotli. The filtrate was 

centrifuged at 20,000g for 30min. 

3.5.3.1. Ammonium sulphate fractionation 

Onc of the most versatilcl steps in the purification of enzymes is the 

salting out using ammonium sulphatc~. Ammonium sulphate is a particularly 

useful salt for the fractional pr~cipitdtion of proteins. From the above 

supernatant, a small portion (2nd) was set asicie for the estimation of protein 



for basal enzyme activity nie,~surcmcnts, and the bulk (981111) of the 

supernatant was taken in a beakcbr. Solici ,immonium sulphate (enzyme grade) 

for 20% ammonium sulphate s,~tur,~tion was weighed ancl added to the 

supernatant slowly with continuous mixing by means of a magnetic stirrer. 

The suspension was kept in tlic cold to c~llow flocculation of proteins. It was 

then centrifuged at 15,000 g for 15 min in a rcfrigcrated centrifuge. The 

supernatant was collected anci prc.cipitatc ( F I )  was suspended in a mecliuni, 

which contained 20mM tris-hydi-oc-iiloric ,icici (pH 7.5) buffer with 5mM DTT 

and 10% (v/v) ethylene glycol dissolvecl in it (Buffer B). The supernatant was 

brought to 30% ammonium sulyliatc saturation by further addition of solid 

ammonium sulphate followcd by  centrifugation and collection of the 

supernatant. The precipitate F2 WLIS clissolved in the same buffer as F,. Same 

steps were repeated for 40%, 5O1:!,, 00:':1, 70% ancl 90% saturation conducted as 

above and the precipitates (I:\, FJ, F:5, Ft, and F7 respectively) were 

resuspended as earlier, after each step. 'l'he final supernatant was discarded. 

All the suspensions were dialyzcd against two changes of buffer B, 

centrifuged and the supernatants were collected and used for enzyme studies. 

The enzyme activity in the six rc.sidual fractions and in the original 

supernatant was determined after appropriate dilutions. 

From the preliminary cxpcriments on a~nmonium sulphate 

fractionation, seven saturation 1 ~ ~ ~ ~ 1 s  were tested for enzyme activities, 

namely from 0-20%. 20-30%. 30-10'Xl, 40-50%, 50-60%, 60-70% and 70-90%. Of 

these, 4 fractions precipitating bctwccli 40 ancl 70% of saturation was taken 

for further purification, as these fractions possessed PAL activity. In order to 

recover most of the enzyme in a single fraction, but at the same time to 

exclude unwanted proteins, tlw following proceclure was adopted. The 

ammonium sulphate saturation M~CIS brought initially to 30% and the 

precipitate was cliscarcied. ThC sc~turr~tion was thcn raise11 to 40, 50, 60 and 

70% and precipitate was collectibti in cb,~cli stcbp. Precipitclte from 40% to 70% 



l fraction was resuspended in a niinimum volume of buffer B and dialyzecl 

against two changes of buffer B '111d w,ls usc~cl in the subsequent experiments. 

3.5.3.2. DEAE-Sephacel column chromatography 

200g of the preswollen DEAF Scphacel (Sigma) was suspended in 

500ml water in a beaker and washcd with 500ml water in a funnel to remove 

the methanol. This was suspencicd in 500ml water, sonicated for 2min. and 

allowed the slurry to settle for 30min. Thc sediment was again resuspencled in 

500ml of 0.4M sodium chloricle in 20mM tris-hydrochloric acicl (pH 7.5), 

(strongest eluent used during chrotna togra phy), sonicated for 2min. and kept 

aside for 30min. Decanted off thc fines and washed with 500ml 20mM tris- 

hydrochloric acicl (pH 7.5) buffer c.o~-r t,~ining 10 (v/v) ethylene glycol and 

5mM dithiothreitol which is the starting buffer and a slurry (10% w/v) was 

made. The slurry was poured into the column using blunt end of the glass rot1 

by opening the stopcock upto a total hibight of 20cm. The liquid level was 

decreased to just above the aclsorbi-n t .  

Insoluble material after dialysis was rcmoveci by centrifugation at 

14,000g for 20min. The supernatmt w ~ s  ciilutc>cl to a protein concentration of 

less than 15mg/ml and loaded onto a 2.5 X 20cm column of DEAE-Sepl~acel. 

The column was washed with buffer i-cmtaining 20mM tris-hydrochloric acid 

(pH 7.5) until the protein contellt of the ctffluont returned to baseline level, 

determined by an on-line UV monitor. A linear gradient elution with sodium 

chloride concentration ranging fl.c,n~ 0.1 to 0.4M in 250ml each of buffer 

containing 20mM Tris-Hydrochloric acid (pH 7.5) was performed and finally 

by buffer containing 400mM tris-hvdrtx-hloric acid (pH 7.5). Both buffers 



contained 10v/v ethylene glycol ;tnd 5mM DTT and 5ml fractions wcrc 

collected. Fractions containing I'Al, activity wcrc pooled anci concentrated to 

lml using centrifugal ultra fi1tr;i t ion ticviccs (Centriprep 30; Amicon). 

3.5.3.3. Gel filtration usilig Sephacryl S-300 

This step was rendcrecl to purify the PAL fractions obtainecl after 

DEAE-Cellulose colurn11 chroniL~togrL~phv, as the SDS-PAGE showed few 

light bands, which might be due to other proteins present in the fraction apart 

from PAL. 

Sephacryl S-300 (pre swollen) i l l  20% ethanol was diluted with buffer D 

containing 20mM tris-hydrochloric acid, 5mM sodium bisulfate (pH 7.5) and 

5mM DTT and was mixed to utiiform suspension. The gel was packed into 

glass column, 50cm in length and 1.5cm in diameter, to a height of 40cm (total 

bed volume was about t30ml) usin!; a blunt end glass rod, by continuously 

pouring without gap. The co1urn1.r w,ls fixed vertically and the top layer of the 

gel was made perfectly horizontal. A filtcr paper disc was placed above the 

gel surface. All the steps were perfornted in the cold room at 4°C. The 

stopcock was opened to drain off the cquilibration medium above the filter 

paper. The column was washed with five times the colun~n volume with the 

elution buffcr. 

1.0 m1 of the sample was carcfullv layered above the filter paper using 

a pipette and an equal volume ot t i~c  ecluilibration medium was drained off. 

The toy of the column was c,lrc~fullv rinsed with a small quantity of 

equilibration medium and thc s~inie was drained off as before. Protein was 

elutcd from the column using cxccss cquilibration medium. A total efflucnt 



volume equal to the void volumc. WCIS clrained off at a flow rate of 

0.5ml/minute. Proteins were c o l l c ~ t ~ d  ns single fraction of 5ml following the 

exclusion of the void volume with one -fold di lut io~~.  The fractions thus 

obtained which is almost colourless, sc.rvc~cj as thc source of enzyme for 

preliminary studies. Fractions containing PAL activity were pooled and 

concentrated as before, and the purified cnzyme preparation was stored at - 

700C. 

3.5.3.4. SDS-polyacrylamide gel electrophoresis of proteins 

Electrophoresis was carricci out to determine the molecular weight of 

the purified PAL protein (Laemmli, 1970) 

* Acrylanzide arzd N, N'-rrrt>llr ~/l(~rrc~hisncryl~~ti~i~f~~: A stock solution 

containing 30g of acrvlamiclc and 0.8g N, N'- 

methylenebisacrylan~idc* WLIS prepared in deionized, warm water 

(to assist the dissolutio~~ of the bisacrylarnide) and rnadc upto 

100ml. 

* Sodiun~ rfodecyl srr/jol(* (S11.S): A 10% (w/v) stock solution was 

prepared in deionimd watcr ' ~ n d  stored at room temperature. 

* Tris bl4fft.rfor tlrc yrc~l~r~rrrliorr of resolz)it~g gels: 3M tris Hydrochloric 

acid, pH 8.8 

* Tris bufcr for stm-kills S U I -  0.5M Tris hydrcxhloric acid, pH 6.8 

* TEME D (N, N, N', NI-let r~iii~t~t/~~/l~~tli~/l~~tl~*di~~i~~iti~~): 
* Aiirnroirirrt~l pcrsuIfnto: 1.5'X (w/v) stock solution was preparccl in 

deionized water and storcci at 4(C. 

* SDS Rescn~oir hlrflr: 0.25M 'Tris, 1.92M Gly, 1 % SDS, pH 8.3 



--p 

Stock Solution - Scp.ir.iting Gel -10% Stacking Gel -2.5% 
Acrylamide: bisacrylamide l0ml 2.5 m1 
Separating Gel Buffer Stock 3.75ml - 
stack in^ Gel Buffer Stock - 5.0ml -~ - - -  - ~ - - - -  

10% SDS 0.3 m1 0.2ml 

Water 
Derras Mixturc. in Vacuum Purnr? 

TEMED (N, N, N', N'- 0.015mI 0.01 5ml 
tc~trniircfl1yletl1y1ei~din~iiii~r) 

Total 30ml 20ml 
Reservoir Buffer S t t ~ k -  T>ilutecl 20ml to 2001n1 before use -- - .- 

Prepnrnfio~z of SDS-Polyn l*r .~ l l~~i~~i~I t~  (;cl~ 

In an Erlenmeyer flask, appropria te volume of solution containing the 

desired concentration of acrylamidc. for the resolving gel, using the values 

given in the above table was prcparcd. 'I'he mixture was swirled rapidly and 

poured into the gap between the) ~;lnss plc] tes, leaving sufficient space for the 

stacking gel. Using a pasteur piyc*ttc., 0.1 % SDS (for gels containing 5 8% 

acrylamide) was carefully layerell on tlic top. The gel was placed in a vertical 

position at room temperature. l'lie overlay prevents oxygen from diffusing 

into the gel and inhibiting polymc~rization. After polymerization was 

complete (30 min), the overlay was poured off and the top of the gel was 

washed several times with denionized water to remove any unpolymerized 

acrylamide. 

The stacking gel was prcbparcd using the values given in table. The 

stacking gel solution was poured directly onto the surface of the polymerized 

resolving gel, without delay. Immcdia tcly insert clean Teflon comb was 

inserted into the stacking gel solution, care being taken to avoid trapping air 

bubbles. More stacking gel solution was aclded to fill the spaces of the comb 

completely. Place the gel in a vctrtical position at room temperature. 



The samples were preparctci by hcating them to 100C for 3 min. in 1 X 

SDS gel-loading buffer to denatu re t hc proteins. 

1 X SDS gel-loading buffclr containing 

50mM Tris.HC1 (p1 l 6.8) 

100mM Dithiothrcitol 

2% SDS (clectrophoresis gr'ide) 

0.1 % Bromophenol bluc 

10% Glycerol 

(1 X SDS gel-loading buffer lacking dithiothereitol can be stored at 

room temperature. Dithiothrcitol shoulcl then be added, just before the buffer 

is used, from a 1M stock.) 

Sample containing marker protcins (Biogene, USA) of known 

molecular weights (Phosphprylase B- MW 97,400, Bovine serum albumin- 

MW 66,200, Glutamate dehydr~gcn~~sc-  MW 55,000, Ovalbumin- MW 42,700, 

Aldolase- MW 40,000, Carbonic c~nl~vdrase MW 31,000, Soyabean trypsin 

inhibitor- MW 21,500 and Lysozymc- MW 14,400) also were denatured as 

above. 

After polyn~erization was complete (3Omin.), the samples (15~1) were 

loaded in a predetermined order into the bottom of the wells. An equal 

volume of l X SDS gel-loading buffcr was loacied into any wells that are 

unused. Electrophoresis was run with a voltage of 8 V/cm to the gel. After 

the dye front had moved into tllc rc.solving gel, the voltage was increased to 

15 V/cm and the gel was run until thC bromophcnol blue reachecl the bottom 

of the resolving gel (about 4 hours) ( l  lames, ancl Rickwood, 1994). 



The glass plates were rcmovtd from the elcctrophoresis apparatus and 

one set of gels was stained with Coolnassie Brilliant Blue and another set 

using silver staining. 

Staining 

0.25g of Coomassie Brilliant Rluc R250 was dissolved in 90ml of 

methanol: H20 (1:l v/v) and 10m1 of glacial acetic acid. The solution was 

filtered through a Whatrnan No. 1 filter to remove any particulate matter. 

The gel was immersed in at lcast 5 volumes of staining solution and 

placed on a slowly rotating platform for a minimum of 4 hours at room 

temperature. Destaining of thc gel was done by soaking it in the 

methanol/acetic acid solution. 

After destaining, gels wcrc stored indefinitely in water containing 20% 

glycerol in a sealed plastic bag without any diminution in the intensity of 

staining. 

50% methanol was addcd to gel @ lOOml/gel. Staining solution 

[Solution A - 0.4g AgNO3 in 8ml water, Solution B - 42 m1 0.36 % NaOH and 

2.8ml NHJOH (1.8ml NHJOH + l rnl t I?<)] was added after keeping for one hr 

to fix the proteins (Solution A (81111) and H (44.8m1) was mixed well and made 

upto 200ml) and shaken for 15mi11. Ccl was washed twice with DDW for 

5min. Developing solution (1.251111 I ',X, citric acid plus 0.125ml 37% HCHO 

250ml) was then added and kept for l-2min. or until bands appeared. Gel 



was removed and washed with DIIW and storecl in 10% methanol (Hames, 

and Rickwood, (1994). 

3.5.4. Kinetics and effect of external factors on PAL activity from 

turmeric leaves 

For all studies on the propcrtic.~ of the purified phenylalanine 

ammonia lyase, the Sephacryl S-300 filtr'lte was uscd as the source of enzyme. 

Detcprnlirmtion of Miclzrrelis-Mr~rlt~~~~ c.o~zstn~lt (K,,, Vizlic~~) 

The actibity of purificd PAL at varying concentrations of 

phenylalanine in the assay systcn~ r'lnging from 5mM to lO0mM (0.1, 0.15,0. 

25, 0.50, 0.75 & 1.00mM) was measured. The standardized assay system was 

used. The K, value for phenylalanine was determined using the double - 

reciprocal method of Line Weaver-Hurk (Dixon and Webb, 1979). 

Effect of tenlperrzture 

This was tested over a tcmptbr,~ture range of 2 0 ~ 5  to 5@C, while 

keeping the other assay conditions const'lnt. The pooled active fractions of 

sephacryl S-300 gel filtrate werc uscd as the source of enzyme. The system 

was incubated for 60 minutes at varying temperatures viz; 20, 25, 30, 35, 38, 

40, 45 and 5 0 ~ C  and PAL activity was assayed using thc method of Bruske, 

(1 980). 

Effect of pH 

The reaction was conductc~d o\lcBr ,I range of pH 2- 10 while keeping the 

other assay conditions constant. The pooled active fractions of Sephacryl S- 

300 gel filtrate were used as the sourcc ot enzyme. The system was incubated 



for 60 minutes at different PI-I rliz. 2, 4, 6, 7, 8, 8.8, and 10. PAL activity was 

assayed as above 

Effiect of inhibitors 

PAL assay was conducted with the above purified sample with 

inhibitors at different concentrations rliz. Cinnamic acid at concentration 

0.03mM, O.OlmM, 0.3mM anci I m M  ancl ferulic acid, coumaric acid and 

chlorogenic acid concentrations of 0.01 M, 0.5M and 1 M. These inhibitors were 

added along with the assay system bcforc incubation 

Eflect ofliglrt orr PAL Acti~lity 

Turmeric rhizomes var. Allcppcly was germinated in dark (etiolated) 

for 21 days in polybags. From these, thrc~c sets were taken and were exposed 

to three sources of light viz. red, blue anci white for 72hrs. Thc samples from 

each set were collected and PAL, ,~ctivit\~ was estimatecl at intervals of Ghrs. A 

control was kept in dark and a control gcmninated in daylight was used as the 

dark and light control. 

3.6. Amplification of PAL specific gene from turmeric plants 

Turmeric plants were rn;liritc~inc~ci in a green house at 26°C. Before 

RNA isolation, the leaves wcrc thoroughly washed with diethyl pyro 

carbonate (DEPC) treated water, and wcrc transferred to sterile plastic bags, 

immediately freezed using liquid nitrogcw and stored at -80°C. 



R N A  isolntiotl 

2g of the frozen leaves wr>rc pulverized in the presence of liquicl 

nitrogen in a pre-cooled mortar and pc.stlc with 250mg PVPP (polyvinyl poly 

pyrollidone), transferred to a yol\,propylene tube containing 5ml of 

denaturing buffer. Added 0.51~11, 2M Sodium acetate (pH4.0) and mixed by 

inverting the tube. 5ml of watrar-saturL~tc.ci phenol was added and mixed the 

tubes gently by inverting. lml of chloroform: isoamyl alcohol (24:l) was then 

added. The tubes were incubated o n  icc for 20min., and centrifuged at 10,000g 

for 20min at 4OC. The supernatant was carefully transferred to a fresh 

polypropylene tube. An equal alnount (5ml) of colcl isopropanol was added, 

mixed well and incubated d t  -2OoC for 1 hour to precipitate RNA. 

Centrifugation was done at 10,000g for 20mi11 at 4°C. The pellet containing 

total RNA was dissolved in 1.5 11-11 of rlenaturing buffer and distributed 

equally in three microfuge tubes (0.51111). Equal volumes of cold isopropanol 

was added to each tube, mixed well and incubated at -20°C for 1 hour, 

centrifuged at 10,000g for 15min L ~ t  3°C '~nd supernatant was discarded. The 

RNA pellet was resuspended in 75% c~thCinol, incubated at room temperature 

for 15min, centrifuged for 10min at 10,OOOg at 4"C, dried under vacuums for 

15min and clissolved in 50111 of nuclcasc free water or 100% formamide (for 

long time storage). Aliquots in 1.5n-11 tul,r>s were stored at -80°C until use. 

Purity of the RNA san-Ipivs was estimated spectrophotometrically at 

the wavelengths of 260 and 28O11m. (S,Inibrook rt d.  1989). 

To confirm the integrity of RNA samples from Curclirlln lolrgrl L. 

extracted by the above protocol, thcbv wcrc resolved in 1% denaturing agarosc 

gel and visualized by staining with cbtl~idium bromicle following the protocol 

by Sambrook et n1. (1989). 



Primer designing for aniplitic'ltion of PAL sequence was done using 

Primer designing software (Prernicbr). 

The amino acid sequenccl used to derive primer: "SHGGNFOG'M. 

Nucleic acid sequence corresponcling to the above conserved motif in 

rice chitinase gene '"RGGNGGN AAII'ITRCA'l~ 

For~uard Primer sequence useci in amplification from mRNA 

5'RGGNGGNAARTTRCA 3' 

Reverse Prinler usecl in amplitic~i tion; oligo (LIT) 1s 

The total length of the c l i i t i n , ~ ~ ~  cI1NA sequence is approximately 2150 

for PAL and the region chosen for prirncr was at position 1163. Therefore the 

fragment of approximately 900bp w,~s ctxpected to be amplified using the 

above primers. 

I'rinicrs were designecl b;lsCd on  I'AL, gene scclucnccs obtained from 

database. Reverse transcription w,~s pcbrformecl using oligo dT (1x1 primer. 

After annealing, the RNA str,~ncl was reverse transcribed with reverse 

transcriptase enzyme. The synthc~si~~r i  cI1NA was used for subsequent PCR 

following the conventional reaction proccd ures. 



In a 0.2ml tube, 1.5pL pri111c.r (501nM), Oligo LIT (18) and 1pg of RNA 

were combined and adjusted the \rolun~e to ~OCLL with DEPC treated water. 

RNA and primer were denaturc.cl by incubating at 65°C for 2niin and then 

kept on ice. To the above tubc, 4111. of 5x cDNA synthesis buffer, 1.OpL of 

dNTPmix (101nM) (Finnzymes, l:inl,ind), 1pL of RNase inhibitor (40U/pL) 

(Bangalore Genie, India), 0 .75~~L of MgC12 (50mM) (Finnzymes, Finland) were 

added and the volume was madc up to 19pL using DEPC treated water. The 

thermocycler was then programmc~cl at 37OC for 60min. After incubating the 

tubes at 37OC for lOmin, the tlicrniocycler was paused and lpL of Moloney 

Murine Leukaemia Virus (MM1,V) reverse transcriptase (100U/pL) 

(GenHunter Corporation, USA) w,is acicted and mixed before continuing 

incubation. At the end of revcrscx tr'~nscription, incubating the tubes at 75°C 

for 5min dici the enzyme denati~r~ition. 'I'hc tubes were then spun briefly anci 

stored at -20°C for later use. 

PCR nnlpl$ficnfioi~ 

Only 10% of the cDNA svnthc~sizcd (2~1L), was used for subsequent 

PCR amplification. To the tube) cont'iining 211L of thc first strand reaction 

mixture, 2.0 ILL of 10x DNA pol\,~ncr,isc~ buffer, l.OyL of dNTP mix (IOmM), 

0.7511L of MgC12 (50mM), 1.25~1. Oligo cil' (18) (2501ig/reaction), 2.0pL of 211M 

PAL specific primer (Bangalore Gcnci, Bangalore) and 1.511L of DNAzy~ne 

EXT DNA I'olymerase (1U/ 111 ,) (I:innz\mes, Finlancl) were addccl and the 

volume was made up t o  20 y I ,  i~sing nuclease free water. PCR amplification 

was carried out using the followint: therniocycling conditions: 94°C for 2 min, 

followed by 40 cycles of denat~~ring ,it 94°C for 30sec, annealing at 40°C for 

2min and 68°C for 3min. The 401'1 c\.clc~ w~is followed by a final extension step 

at 68°C for 1 0niin. 



3.7. Statistical significance 

An;llysis of varia~icc for all the* pc~ramctcrs stuclied was clone. The lcvcl 

of significance was determined usil~g 1)uncan Multiplc Range Test (DMRT). 

Values taken for statistical analysis arc thc mean of three observations. 
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RESULTS 

4.1. Primary and Secondary Metabolites 

Since the prime components for the> biosyrrthesis of curcumin originate 

from the carbon source and stc~rcli being the major storage form of 

carbohydrate, it was felt necessary to ccirryout the analysis of the same anci 

correlate the results with fornlLition of scbconciary metabolites. As such, the 

levels of starch, along with essential oil, oleoresin ancl curcuminoids have 

been determined and observations recorded below. 

4.1.1. Starch 

Sampling was done from fourth month onwards (120 DAS). At this 

stage, the transformation of bulbs t o  rhizomes will be complete. The 

percentages of starch during rhi~omc. cicvelopment among the five varieties 

viz., Prabha, Prathibha, Allcpyc~y, Sugun,i Sudarsana are shown in Table 1 

and Fig.1. Statistical analysis indicc~tcd highly significant variation at all levels 

of comparison between the varieties studiecl and the respective stages. In 

general, there was a gradual i n ~ r c ~ ~ i s ~  in the starch content in all the varieties. 

Howcver the rate of increase WCIS hit;lic~ bctwccn 180 & 210 DAS, while at full 

maturity the pattern varit~ci bc~twc*c~n \,;1ric>tic>s. 13ilring rhizome cicvc~lopment, 

Prabha and Prathibha slioweci '1 silnil'ir p,~ttc\rn with higher contcwt of starch 

at full maturity (56-59'X) and Sugunc~ c i ~ ~ c i  Sud,irsc~na showeci lower Icvels (50- 

51.7%), with Allepppy showing 'in intc*rmcdiatc value. Lower values of starch 

at t11e initial stages indicated t h e >  di\lcbrsion of carbon source to metabolites 

other than starch. 



Table 1. Percentage of starch in turmcric rhizomes during plant growth 

Varieties 120 DAS 150 I ) A S  180 DAS 210 DAS 240 DAS 
Prabha 39.6 42 3 47.8 54.2 56.1 - - - - - - - - -. p 

Prathi bha 38.5 10.1) 42.9 60. l 59.4 - - . - . . - -- 
Allcppcv 30.7 .tO.X 43.3 46.2 54.9 - - - - -  
Suguna 39.6 43 7 44.6 52.1 51.7 - - - - - . -- 
Sudarsana 39.0 41 3 45.5 54.1 50.2 

Values glven are mean of three obs~rvatlotis. I )!\\ - I),t\rs aflcr sowlng 
- 

Table la.  ANOVA 
D~pcncient Variable: STAIICt-1 
Source Type 111 Sum d f Mean F Sig. 

of Squares Square 
VARIETY 110.194 4 27.549 15.766 0.000 (I IS) -. - - - . - - 
STAGES 2829.482 4 707.371 404.829 0.000 (1 IS) 
VAIIII7TY * S'I'AGES 41 2.62 1 1 (7 25.789 14.759 0.000 (I IS) 
Error 87.367 50 - -- - 1.747 
Total 166941 .040 75 
Corrected Total 3439.663 74 

a R Squared =O .975 (Adjusted R Squart-cl -0.9h7) 1 I \ =  klighly Sit;nific.ant 

4.1.2. Dry recovery 

Along with starch, the pc~ttcbrn of dry recovery was also noted (Table 2 

and Fig 2). Statistical analysis showtd highly significant variation among the 

stages and varieties (Table 2a). 'l'hc~ dry recovery showecl an increasing trend 

during rhizome development, with \?arictics Suguna and Sudarsana showing 

minimum percentage (15.9% & l?.XIXl rcspectively). Prabha showed highest 

dry recovery (26.2%), followed LW Allc.ppc.y (23.9%) and Prathibha (20.9%). 

Table 2. Percentage of dry recovery o f  turnwric rhizomes during development 

Varieties 120 DAS 150 IIAS 180 DAS 210 DAS 240 DAS 
Prabha 9.30 12.6 15.3 25.7 26.2 -- - -- 
Prathibha 8.98 14.6 20.2 20.9 - - 1 1  6 

- -- - - 
Alleppc3y 8.10 c) y - . . 14. l 19.5 23.9 -- 

Suclarsana 8.40 0 l 10.5 13.2 13.8 
Values glven are mean of thrcr obsc*~v'il~ot>s I )  \< - I ),t\s allc,r wrvlnl; 
Table 2a. ANOVA 
Denendent Variable: DRYRF.C'OVI<KY 

Type 111 Sum 
Source of Squares d f Mean Square F Sig. 
VARIITY 45 1 827 l 1 12.957 139 I .483 O.(X)O (I 15) ---  - . 

STAGICS 1471.615 -- - 1 - 3h7.901 15'32 10() 0.000 (l 15) 
VARIE1 Y * STAGES 289.384 17.71 1 318.183 0 O(X) ( l  15) - 1 (-l - - -- 
Error 4.059 5( - - - - -. - - - 0.081 
Total - 17346.383 75 -- - - -. . - - 
Correcteel Total 22 10.885 ;-l 
a R Squared =O.WX (Adjustixi R Siluarrci =0.LfiJ7). l l'. l IIJ;IIIV Si~;tiiI~~~'~~il 
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Perbd (Days after Wng) 

Fig. 1. Percentage of starch in rhizomes of released varieties of turmeric 
during development 

V '  

120DAS 150 DAS 180 DAS 210 DAS 240 DAS 

PerM (Days after s6wlng) 

Fig. 2. Percentage of dry recovery in rhizomes of released varieties of 
turmeric during development 



4.1.3. Phenolic acids 

Separation and identification of phenolic acids in turmeric leaves, 
rhizomes and roots by TLC 

Phenolic acids were extractccl from the leaves, roots and rhizomes (var. 

Suguna) during the early germination phase (120 DAS), as clescribed in 

Materials and Methods. TLC o n  silic,~ gcl showed the presence of caffeic, p- 

coumaric and ferulic acids to bc thc n~ajor phenolic acids in leaves. Slight 

traces of few other phenolic co~~~pouncls were noted (Plate 5) whereas roots 

and rhizomes had similar pattern showing only caffeic acid and ferulic acid. 

Complete absence of higher phenolic acids viz. sinapic acid and chlorogenic 

acid were noted in all the three cases. 

HPLC of phenolic acids in turmeric leaves, rhizomes and roots 

Separation of phenolic acids in leaves, roots and rhizomes (var. 

Suguna) during early germination phase (120 DAS) showed specific peaks for 

caffeic, p-coumaric and ferulic acids. Leaves contained 0.70, 7.3 and 15% of p- 

coumaric, caffeic and ferulic acicis. Rhizomes and roots contained 0.44 and 

0.054% of p-coumaric acid, 9.44 and 0.373% caffeic acid and 0.158 and 0.077% 

ferulic acids respectively (Table 3. and Fig. 3). No significant peaks 

corresponding to sinapic acid was observcd in the case of rhizomes and roots, 

whereas leaf sample showed a minor but non-significant peak. 

Table 3. Percentage of phenolic acids in turmeric plant parts 

Sample p-Coumaric acici Caffeic acid Ferulic acid 
Leaves 0.701) 7.300 15.00 
Rhizomes 0.440 9.440 0.158 
Roots 0.054 0.373 0.077 

Values given are mean of three observations 



d.' - ;l 

Ferulic acid 

Coumaric acid m 

Caffeic acid * 

Lane 1 m e  2 Lane 3 Lane 4 

Plate 5. TLC pattern of phenolic acids in turmeric leaves 
Lane 1 - Phenolic adcl stm&& 
Lane2-Rhizome . 
Lane 3 - Leaves 
Lane 4 - Root 
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Sample Name: sug-root-30.11.02-2m1 Data File: ...FZ\s ample06.DAT 
Method File: C:Wrogram FilesUndtech Instrume mts\Winchrom99\UV\W DETECTORMet 
Detector: W-VIS. System: HPLC 
Date: 9 Jul2003 Time: 12:59:12 
Run: chl: 5 

Type of Analysis : Percent On Area and Height 
Type of Analysis : Percent On Area and Height 

-- 
PkWdth Peak Thrsh. Area Hej. Ht.Rej. T i e  Scak 

4 30 5 4 20.0 

Fig. 3. HPLC pattern of phenolic acids from turmeric roots 

No. l RT.  Ht. Area 
I 

Ht. 1 Area I Pk !Area/ 
O h  1 O h  I Ty Ht 

1 1 4.94 626 7 1484 1.5302 0.6759 ' BB 0.078 
2 
3 
4 
5 

6 

7 
8 

9 31.82 1 866 / 280055 2.1168 i -  2.6478 W 10.221 

10 32.17 1 4640 1822946 1 11.3417 17.2354 W 10.268 

11 32.69 2004 750671 / 4.8984 ( 7.0974 VB 0.256 
12 33.25 1 159 1 41344 1 0.3886 0.3909 1 TTT 10.177 
13 l 36.04 175 52949 1 0.4278 i 0.5006 BB 10.207 
14 37.86 ; 387 1 114342 0.9460 1.0811 1 BB 10.202 
15 40.88 398 / 125w21 1070Y2 , 0.9728 1.0124 ' BB 0.184 
16 42.27 4009 9.7993 11.8186 1 BV h213  

42.48 2829 , 432880 6.9150 4.0928 VB 0.104 I 42.91 1 0 3714 0.0000 0.0351 BB 10.141 

0 9007 0.0000 0.0852 BR /0.154 

20 l9 ' : 582 ' 191418 1.4226 , 1.8098 BB 0.225 
21 46.95 i 3597 / 8.7923 7.3108 BV 10.147 
22 / 47.11 1 2683 773240 305693 1 6.5581 I 2.8902 VB 10.078 
23 47.63 0 7287 0.0000 I 0.G689 BR 0.11 1 
24 1 50.29 1 0 , 3506 / 0.0000 1 0.0331 BB IO.126 
25 51.40 13814 ' 2716777 - -- 33.7660 25.6864 BB 10.131 - - 

I l 4GG.T; 10576728 

23.32 306 77211 1 0.7480 I 0.7300 BB 10.172 
25.11 
25.75 

0 1 5714 " 0.0000 0.0540 ' BB 0.177 
308 1 103985 1 0.7529 ( 0.9831 , RB 

27.96 4933 1 0.5402 0.4664 / BB 

28.80 1159 1 578772 / 5.4721 BB 

0.230 

0.152 

0.341 
30.03 1 6% 218908 2*8330 1.6988 1 2.0697 l BB 0.215 
31.32 1 1453 ' 608389 1 3.5516 5.7521 BV 0.286 



4.1.4. Oleoresin 

Table4. and Fig.4 show the percentage of olcoresin in turmeric 

rhizomes during the different ticvc~lopmental stages. Oleoresin showed a 

gradual decline as the rhizomes ~ n ~ ~ t u r u .  Significant variations were observed 

in all cases (Table 4a). DMR'T analvsis of the results showed Suguna ancl 

Sudarsana having lower levels a m o n g  thc varieties, while similar pattern was 

observed in varietics Prabha anti I'ra thibha. Highest content of olcoresin was 

obtained for var. Alleppey. 

Table 4. Percentage of oleoresin in turmeric rhizomes during plant growth 

Varieties 120 DAS 150 DAS 180 DAS 210 DAS 240 DAS 
Prabha 24.01 17.95 14.00 9.36 6.69 
Pra thibha 20.88 17.95 14.90 10.72 9.48 
Alleppey 23.96 19.38 18.90 11.96 10.72 
Supuna 22.52 1 'l .49 11.40 8.87 8.83 
Sudarsana 17.55 15.42 12.60 9.09 9.64 

Values given are mean of three observations. I)AS - 1)ays after sowing 

Table 4a. ANOVA 
Dependent Variable: Oleoresin rhizome 

Source 
Type I11 Sum df Mean Square F Sig. of Sauares 

VARIETY 183.741 4 45.935 182.316 0.000 (HS) 

STAGES 1591.307 4 397.827 1578.970 0.000 (HS) 

VARIETY * STAGES 166.283 16 10.393 41.249 0.000 (HS) 

Error 12.598 50 0.252 

Total 17369.430 75 

Corrected Total 1953.929 74 

a R Squared =0.994 (Adjusted R Squared =0.990), l1S= t Iighly Significant 

Table 5 and Fig. 5 show the pcBrccntagc of olcoresin in turmeric roots, 

during development. Table 5a rcprcscnts the ANOVA for the oleoresin values 

in roots for the different stages. It is seen that the percentage at 120 DAS 

varied from 8 to 10% while a steep increase was seen at 150 DAS. Thereafter 

the values were found to declinct, which varied from 7.3 to 9.8% at 240 DAS. 

Here, higher values were shown bv vnr.  Suguna and Sudarsana as per DMRT. 



Table 5. Percentage of oleoresin in turmeric roots during rhizome development 

Variety 120 DAS 150 DAS 180 DAS 210 DAS 240 DAS 
Prabha 8.0 12 9.6 10.0 7.3 
Pra thihha 8.6 14 10.0 11.0 7.8 
Alleppev 9.0 15 12.0 8.5 8.8 
Suguna 10.0 -.- 17 13.0 11.0 8.5 
Sudarsana 9.6 14 15.0 9.6 9.8 

Values glven are mean of three obstrvat~on< L)A% - Da\ 4 dftcr sowlng 

Table 5a. ANOVA 

Dependent Var~ablc: Oleores~n 11007 

'Source Type 111 Sum 
of Squares df Mean Square Sig. 

VARIErY 62.249 4 15.562 268.184 0.000 (HS) 
STAGES 352.253 4 88.063 151 7.598 0.000 (HS) . , 

VARIETY * STAGES 68.371 I6 4.273 73.640 0.000 IHS) , , 
Error 2.901 50 0.058 

Total 9175.551 75 

Corrected Total 485.774 74 

a R Squared = 0.994 (Adjusted R Squard = O.WI), t1S= I lighly Significant 

4.1.5. Essential oil 

Essential oil percentagc in rhizomes during plant growth among the 

five released varieties is shown in Table 6 and Fig. 6. Statistical analysis 

(ANOVA) is given in Table 6a. I-lighcr levels of essential oil were seen at 180 

and 210 DAS, which then showed a dec1i.p. All varieties showed a decrease at 

120 DAS and 150 DAS, which then showed significant, increase, with a 

further decline at full maturity (210 DAS). 

Table 6. Essential oil percentage in turmeric rhizomes during plant growth 

Varieties 120 DAS 150 IIAS 180 DAS 210 DAS 240 DAS 
Prabha 3.6 3.0 4.3 5.3 3.0 - - -. - - . . - .  

Prathibha 4.0 3.6 4.3 5.3 3.0 

Suguna 3.6 2.6 4.0 4.0 3.0 
Sudarsana 4.0 3.8 5.0 5.0 3.3 
Values given arc mean of three observat~ot~s L)A% - I ),I)% after sowing. 



Table 6a. ANOVA 
Dependent Variable: ESSENTIAL OIL Rl4l7Ohll*; 

Source Type I11 Sum 
of Squares 

df Mean Square F Sig. 

VARIETY 8.830 4 2.208 93.672 0.000 (HS) 

STAGES 35.905 4 8.976 380.885 0.000 (HS) 

VARIETY * STAGES 3.891 I6 0.243 10.320 0.000 (HS) 

Error 1 .l 78 CiO 0.024 

Total 1248.205 75 

Corrected Total 49.804 74 

a R Squared = 0.976 (Adjusted R Squared =0.905), 115 = t lighly significdnt 

Table 7 and Fig. 7 show the essential oil percentage in leaves during 

rhizome development. ANOVA for thc values are given in Table 7a. 

In short, highest oil content was visible in var. Suguna, followed by var. 

Sudarsana. Other three varieties, showing lower levels, always formed a 

group at all stages. 

In the final stage, at 240 DAS, leaves got dried up and samples were 

not available for analysis. In general, essential oil values were found to 

decline towards maturity in the IC~IVCS. However, Suguna and Sudarsana 

were found to contain higher ycrccntagc of essential oil at all stages. A 3-fold 

increase was seen at 210 DAS in these varieties as compared to others. 

Turmeric leaves from these varietics can'bc a goocl source of essential oil. 

Table 7. Percentage of essential oil in turmeric leaves during plant growth 

Variety 120 DAS 180 DAS 210 DAS 
Prabha 2.20 1.6 1.12 
Prathibha 2.60 1.9 0.99 
Alleppey 3.00 -- 1.7 0.99 
Sumna 4.40 3.3 2.92 
Sudarsana 3.11 2.9 2.82 

Values given are mean of three observations. 1)AS - I)'>ss after sowing 



Table 7a. ANOVA 

Dependent Variable: ESSENTIAI, 011, I.EXVI<S 

Source 
Type 111 Sum 

of Squares 
df Mean Square F Sig. 

VARIETY 27.318 4 6.829 179.366 0.000 (HS) 

STAGES 15.745 2 7.872 206.758 0.000 (HS) 
VARIETY * STAGES 4.548 8 0.569 14.932 0.000 (HS) -- . , 

Error 1.142 30 0.038 

Total 289.340 45 

Corrected Total 48.753 44 

a R Squared =0.977 (Adjusted R Squared = 0.9t~) ,  t IS = Highly significant 

Tables 8 and Fig. 8 show the essential oil percentage in turmeric roots. 

Statistical analysis of the values is given in Table $a. It is interesting to note 

that varieties Suguna and Sudarsana arc good sources of volatile oil, with 11- 

12% in the initial stages of rhizome development. During the later stages of 

maturity, no specific pattern was noticed, except for a good decline as 

compared to earlier stages. 

Table 8. Essential oil percentage in turmeric roots during plant growth 

Variety 120 DAS 150 DAS 180 DAS 210 DAS 240 DAS 
Prabha 4.5 4.3 3.5 4.6 4.9 
Prathibha 5.3 5.6 4.4 3.0 4.3 

Suguna 8.4 12 - 5.8 8.1 5.0 
Sudarsana 11 6.7 5.2 5.1 3.4 

Values given are mean of three observat1on5. I)AS - II'lys after sowing 

Table 8a. ANOVA table 

Dependent Variable: ESSEN'I'IAL OIL KCXYI' 

Source 
Type I l l  Sum 

of Squares 

VARIETY 161.364 4 40.341 7030.587 0.000 (HS) 
STAGES 69.756 4 17.439 877.802 0.000 (HS) 

VARIETY * STAGES 137.293 I h 8.581 431 .g21 0.000 (t 1s) 
Error 0.993 50 0.020 

Total 2551 .O 10 75 

Corrected Total 369.407 7.1 

a R Squared =0.997 (Adjusted R Squared =O.W,). t IS = Highly significant 
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Fig. 4. Percentage of oleoresin in rhizomes of released varieties of 
turmerir during development 
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Fig. 5. Percentage of oleoresin in roots of released varieties of turmeric 
during rhizome development 
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Fig. 6. Percentage of essential oil in rhizomes of released varieties of 
turmeric during development 
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Fig. 7. Percentage of essential oil in leaves of released varieties of 
turmeric during rhizome development 
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Fig. 8. Percentage of essential oil in roots of released varieties of 
turmeric during rhizome development 



4.1.6. Curcuminoids 

Quantification of curcuminoids by HPLC in rhizomes and roots of 

turmeric varieties /accessions 

Curcuminoids in rhizomes c~nci roots during the developmental 

changes were quantified using 1-1PLC to observe the order and rate of 

biosynthesis of the thrce forms. Sincc fluorescence detection is the most 

sensitive HPLC detection method for curcuminoids, the detection of three 

curcuminoids were done using fluorescence detector, the proportion of the 

three forms being in the ratio 10.4: 2.2:l. The results could also be correlated 

with the levels of rate determining biosynthetic enzymes. 

4.1.6.1. Distribution of Curcuminoids 

Tables 9 to 17 and Figs. 9-27 show the percentage of curcumin in 

rhizomes and roots at one month intervals during rhizome development 

among the released varieties rliz., Prabha, Prathibha, Alleppey, Suguna, 

Sudarsana and acc. nos. 109, 88 and 63 during developmental stages. The 

separation was carried out using lIPL,C, into curcumin (C), demethoxy 

curcumin (DMC) and bis-dcme t11ox'~ curcurnin (BDMC), which are 

subsequently referred to as curcurnin I, I1 and I1 respectively. 

var. Alleppey 

Table 9 shows the levels of thrce curcuminoids in rhizomes and roots 

for the var. Alleppey. Regarding curcumin I, all the stages contained higher 

levels except at 30 DAS. The highest value was observed at 150 DAS. As for 

curcumin 11, the values ranged between 0.17% (30 DAS) to 0.98% (180 DAS). 

Curcumin 111 (BDMC) also showed lowest levels in the initial stage (0.12%) 

with two peak levels at 90 DAS (1.19%) and at 150 DAS (1.21%). 



Figs. 9-14 show the 11I'LC pattern of the levels of the three 

curcuminoids in Alleppey rliizomcs. Fig. 15 shows their percentage 

distribution in rhizomes. Curcumin I ,  (curcumin), which is the major pigment, 

contributes about 66 to 72%, thC highest being observed at 90 DAS and 150 

DAS (70.8 and 71.8% respectivcbly). Curcumin 11 showed a wider variation, 

ranging from 8.3 to 19.8%. with '1 decline in the levels of curcumin I1 was seen 

at 90 and 150 DAS. BDMC (curcumin 111) was not altered during the 

developmental stages, except at 90 ancl 150 DAS. 

The variations in the three forms in roots are given in Table 9 and Fig. 

16. In roots, curcumin I at higher levels was seen at 60 DAS and curcumin I1 

was found to be higher at 30 and 120 DAS and curcumin 111 showed high 

value at 90 DAS. 

Table 9. Curcuminoids in turmeric rhizomes and roots (var. Alleppey) 

Growth Curcumin I Curcumin I1 Curcumin I11 
Stages 
(DASI Rhizome Root I<hizome Root Rhizome Root 

90 
4.13 f 0.04 0.360k0.035 0.51 1 k0.008 0.09i0.005 1.190f 0.036 0.070k0.005 

(70.9) (69.23) (S.7] (17.3) (20.6) (13.5) 

120 
3.09 f 0.095 0.21 O f  0.052 0.879f0.003 0.06i 0.01 0.700i 0.02 0.030k0.0 

(66.2) (72.4) (1 8.82) (20.7) (14.97) (1 0.4) 

150 
4.40 f 0.12 l .200i0.12 0.5 13i0.003 0.30i0.027 1.210f0.02 0.180iO.01 

(71.8) (71.4) (8.37) (1 7.9) (19.7) (10.7) 

180 
3.29 f 0.096 0.880k 0.0 I4 0.978f0.005 0.18f 0.021 0.723f 0.06 0.1 00k 0.007 

(65.9) (76.5) (19.8) (1 5.7) (14.5) (8.7) 
(Values expressed as percentage, Mean ot tlirec* ohst~rvations), [)/IS -Days after sowing 
Values in parentheses denote the percent,~i;c. d~str~hution among the thrcc curcun~inoids in each stage. 
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Snmpk Name: C u r  ALLEPPKY Rhi IST month Uato Filc: ... ~ \ C u r  R 135.D.41' 

Mcthud File: C:\Program Filcs\lndteeh Inst~mcmts\Winchmm99\1>EMOC~ur.Mct 
Detector: Flur. System: HPLC 

Date: 6 M a r  2003 Time: 12:26:52 

Run: chl:  4 
Type of Analysis : Percent On Arca and  Height 
Type of Analysis : Percent O n  Area a n d  Height 

-- p- 

P k W d t h  Penk Thrsh. Area Rej. Hi-Rej. Time Scale 

16 30  5 4 20.0 

Fig. 9. HPLC pattern of curcuminoids in turmeric rhizomes at 30 DAS 
(var. Alleppey) 
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Sample Name: Hhi Alkppmy 2nd monlh Duta Fiic: ... s\Cur R I01.DAT 
Mcthod Fik: C:\Program Files\lndtech lnstrurnents\Winchmm99\DF:MOCur.1Met 
Dctectnr: Flur. System: HPLC 
Date: 22 Fcb 2003 T~mc: 10:3:20 
Run:&]: 1 
Type of Analysis : Pcrccnt On Arca and Height 
Type of Anajysis : Percent On Area and Height 

p - .-p- - -p. -- -p -p 

YkWdth I'enk Thrsh. Area Rcj. Ilt.Rcj. Time Scule 
16 30 5 4 20.0 

24647.50 
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Fig. 10. HPLC pattern of curcurninoids in turmeric rhizomes at 60 DAS 
(var. Alleppey) 
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Namr: Khn Al lrppry 3rd month 1 ) a i ~ i k :  ... S\& H 107.L)AT 

Method File: C:\Program FilesUndtcch Instmmrnts\Winchmm99\DEMOCur.Mct 

Detector: Flur. System: HPL.C 

Dntc: 22 Feb 2003 Time: 12:24:34 
Run: chl: 7 

Type o f  Anillysis : Pcrccnt On Ama and tlcight 

T)pe of Analysis i Pcmcnt On Area and Height 

-- - --W - - -  
PkWdth  Peak 18rrh. Arca Kcj. 1 l t . R ~ ~ .  P~mc Scale 

16 30 5 4 20.0 

No. / K.T. ' I l t .  I Arca Ht. 1 Area 1 P 1  Arcal 
I 1 oh* "A ~y , HI 

1 2.75 0 ,  5885 ' 0.0000 0.0049 RI% 10.1 49 
2 5.45 123 ' 71911 0.0683 0.I(rOO S 0.399 

3 6.19 3611 ' 2207792 , 2.0051 1.8417 RV 0.417 

4 ' 7.40 124536 / 82S61864 1 69.1517 6861726 W 0.453 

S 8.20 17732 7499962 ! 9.8461 6.2564 ITT 0.289 
6 -, 9.32 34089 . 275213875 1 l89288 + 22.%44 1 V B  0.551 

l 2 ~ 4 5  119876289 I 

Fig. 11. HPLC pattern of curcuminoids in turmeric rhizomes at 90 DAS 
(var. Alleppey) 
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Sample Name: Cur  ALLEP Rhi 4TH month I h t a  File: ...S\& it 128.I)AT 
Method File: .MET 
Dcrcctnr: Flur. Systcm: IllwI.C' 
Dutc: 5 M a r  2003 Time: 12:49:34 
Run: chl: 0 
Typeof Analysis : Percent O n  Ares and flcight 
K e p o n  printed on : 5/3/2003 at : 14:2'7327 

- -- - - - - -W- . -- - - - . . - - - 
I'LWdth Peak Thnh. Arca Kcj. 1 l t . R ~ ~ .  r ime k a l e  

16 30 5 4 20.0 

Fig. 12. HPLC pattern of curcuminoids in turmeric rhizomes at 120 DAS 
(var. Alleppey) 
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Sample Nnme: Cur  Alleppcy RhiSth month Data File: ... es\Cur BI 19.DAT 

Method File: .MET 
Detector: Flur. System: HPLC 
Date: 25 Feb 2003 Time: 12:20:22 
Run: chl: 0 
Type of Analysis : Percent On Area and Height 
Reporl printed on : 5/3/2003 at : 14:30:39 

- - . -- - - - - -- 
PkWdth Peak Thrsh. Area R C ~ .  Ht-Rej. Time Scale 

16 30 5 4 20.0 

Fig. 13. HPLC pattern of curcuminoids in turmeric rhizomes at 150 DAS 
(var. Alleppey) 
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Sample Namc: Ctrr Allcppcy Rhi 6th mnnth ,Wars Fik: ... es\Clur HI20.I>AT 
Mcthod File: .MET 
Detector: Flur. Smtem: HPLC 
Date: 25 Feb 2003 I'i. re: 12:41:36 
Hun: chl: 0 
Type of Analysis : Perccnt On Ares and Height 
KeporI printetl on : 5/312003 nl : 14:34:41 

.p .. - - - - -- 
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var. Suguna 

The values of the three curcuminoids in rhizomes and roots in Suguna 

are given in Table 10 and Fig. 17. tlilr,hcst levels of curcumin I was seen at 90 

DAS, with a minimum value at 150 DAS. The same pattern was seen for 

curcuminoids I1 and 111. All thc thrccb forms exhibited a sudden decline at 150 

DAS. 

The distribution between curcumin I, I1 and I11 in rhizomes is given in 

Fig.17. Curcumin I contributed to the major portion of curcuminoids, with 

the percentage distribution ranging from 65-71.1%. Curcumin I1 showed a 

steady percentage up to 120 DAS and then increased at 150 DAS and again 

declined at 180 DAS Curcumin I11 also showed a mixed trend with higher 

accumulation at initial stages. 

Table 11 and Fig. 18 show the variations in the three forms in roots. 

Curcumin I was found to be at higher levels at 150 DAS, curcumin I1 at 90 and 

120 DAS and Curcumin 111 between 30 and 120 DAS. 

Table 10. Curcuminoids in turmeric rhizomes and roots (var. Suguna) 

Growth Curcumin I Curcumin I1 Curcumin 111 
Stages 
P A S )  

Rhizome Root Iihizomc Root Rhizome Root 

30 3.66 f 0.28 0.04k0.01 O.47f 0.03 0.005f 0.0001 1.48f 0.036 0.003f 0.001 
(65.2) (83.3) (8.4) (1 0.4) (26.4) (6.3) 

(69.3) (70.7) (8.03) 18.9) (22.6) 10.4 
Values expressed as percentage (Mean of thret. ohscnations), DAS -Days after sowing 
Values in parentheses denote the perc-entaj;cb tllstr~hutlon among thc three curc.uniinoids in each stage. 
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Fig. 18. Pattern of distribution of curcuminoids in turmeric roots 
(var. Suguna) during rhizome development 



var. Sudarsana 

In Sudarsana, curcumiri I was found to illcrease up to 120 DAS with a 

sudden decrease followed by a slight increase (180 DAS). Curcumin I1 levels 

remained steady up to 90 DAS with n 3- fold increase at 120 DAS. In the cast 

of curcumin 111 almost a steady lc*vc)l (range 1.4 -1.6) was noticccl up to 120 

DAS followed 3-fold decrease ' ~ t  subscquc.nt stages (Table 11). Curcumin I, 11, 

and I11 were present at highest 1c.vcls 90,120 and 30 DAS respectively. In roots, 

(Table 11 & Fig. 20), all three for11is wcrt seen at higher levels at 120 DAS. 

Table 11. Curcuminoids in turmeric rhizomes and roots (var. Sudarsana) 

Growth Curcumin I Curcumin I1 Curcumin 111 
Stages Rhizome Root I<hi~ome Root Rhizome Root 
30 DAS 3.80 f0.22 0.005 f0.003 0.49 f 0.036 0.007f 0.001 1.40 f 0.04 0.003 fO.OOO1 

60 DAS 3.46 f .06 0.029 f 0.00 1 0.42 f 0.027 0.008 *0.001 1.26 f0.027 0.006 f 0.001 
(67.5) (67.4) (8.2) (18.6) (24.6) (13.9) 

90 DAS 4.43f 0.027 0.260 f 0.027 0.48 f 0.03 0.090 f 0.01 1.51 f 0.1 0.080 f 0.01 

-- 
120 DAS 5.50 f 0.092 0.400 f 0.02 1.90 fO.l 0.140 f 0.02 l .62 f 0.044 0.7 l 0  f 0.01 7 

150 DAS 2.00 f 0.052 0.340 f 0.01 7 0.57 f 0.02 0.1 00 +0.021 0.45 f0.04 0.080 f 0.003 
(66.5) (65.4) (1 8.9) (65.4) (14.9) (1 5.4) 

180 DAS 3.39 f 0.12 0.360 f0.02 1.08 f 0.027 0.100 fO.O1 0.96 f 0.027 0.06 f 0.017 
(62.4) (69.2) (l 9.9) (19.2) (1 7.7) (1 1.5) 

(Values expressed as percentage, Mean of Iii~.cc- ob~~~rv~rlions), DAS -Days after sowing 
Values in parentheses denote the percentage. d~slr~hirt~on aniong the three curcuniinoids in each stage. 

var. Prabha 

Table 12 shows the levels of curcuminoids in rhizomes and roots in 

var. Prabha. In rhizomes, curcumiii I, 11 anci I11 were found to be very low at 

30 DAS (0.33, 0.098 and 0.077 rcspcctivelv). All three were found to increase 

upto 90 DAS (4.41, 1.41 and 0.99 rcspccti\?ely) followed by a decrease (2-fold) 

at 150 DAS. 



Percentage distribution of curcumin I, I1 and 111 in rhizomes were 

found to range between 51.5 - 66.2%, 19.1 - 27.4% and 14.6 - 22.0%) 

respectively (Fig. 21). Regarding curcumin 11, similar percentage distribution 

was seen during 30,120 and 150 DAS. Curcumin I11 was found to be lower at 

30 and 120 DAS while similar valuc~s were shown at 60 and 90 DAS. 

Roots showed a different typc of clistribution, with highest values at 90 

DAS for curcumin I, I1 and 111. Howcwcr, at 180 DAS, curcumin 11 showed 

higher levels, which was r e f l c ~ t ~ d  in ;t lower ycrcentagc of curcumin 111 at this 

stage (Table 12 and Fig. 22). 

Table 12. Curcuminoids in turmeric rhizomes and roots (var. Prabha) 

Growth Curcumin I Curcumin 11 Curcumin 111 
Stages Rhizome Root Iih izonle Root Rhizome Root 
30 DAS 0.33 k 0.042 0.015 f 0.004 0.098k 0.003 0.002 f 0.0 0.077 k0.007 0.002 kO.O 

(66.0) (78.9) (19.6) * (10.5) (1 5.4) (1 0.5) 

60 DAS 1.39 * 0.017 0.023 f0.003 0.300f 0.0 0.006 f O . O  0.309 k0.02 0.005 k0.0006 
(66.19) (44.1) (19.1) (17.7) (14.7) (1 4.7) 

90 DAS 4.41 f 0.044 0.720 f 0.01 7 1.41 0 f 0.06 0.140 f 0.04 0.990 k0.046 0.070 f 0.0036 

(64.9) (77.4) (20.7) (15.1) (14.6) (7.53) 

120 DAS 2.29 k 0 . 0  0.360k 0.0 15 O.h'f0 k0.027 0.080 f 0.01 0.550 k 0.027 0.040 f 0.0 

(M.9) (76.6) (19.6) (1 7.0) (1 5.6) (8.5) 

150 DAS 2.49 k 0.063 2.600 k0.17 13.773 k 0.09 0.800 fO.O1 0.640 k0.062 0.720 k 0.056 
(63.9) (63.4) (19.8) (19.5) (16.4) (l 7.6) 

180 DAS 1.66 k 0.058 0.570 k0.025 0.8 k 0.013 0.180 k0.008 0.710 k0.016 0.076 f0.002 
(51.4) (68.7) (27.7) (21.7) (21.9) (9.2) 

(Values expressed as percentage, Mean ot thrcv ohserv~tions), DAS -Days after sowing - 
Values in parentheses denote the perccntngcb ctistribution anlong the three curcun~inoids in each stage. 



Results 
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Fig. 19. Pattern of distribution of curcuminoids in turmeric rhizomes 
(var. Sudarsana) during development 
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Fig. 22. Pattern of distribution of curcuminoids in turmeric roots 
(var. Prabha) during rhizome development 



var. Prathibtza 

In this variety, curcuminoids during different stages were found to 

increase up to 90 DAS followed by a ciccline (Table 13). Curcumin I1 showed 

fluctuations in the values throughout thc stages. Curcumin 111 in the initial 

stages increased up to 90 DAS, which then showed a declining trend. 

The percentage distribution rangctl from 66.6 to 78.9%, 8.31 to 21.03% 

and 13.0 to 20.2% for curcumin I, 11 and 111 respectively (Fig.23). Highest value 

for curcumin I and I1 was found at 120 DAS and for curcumin 111, low values 

were seen at 90 DAS. 

The distribution of curcuminoids, in roots exhibited a similar pattern 

(Fig. 24) in all the developmental stagcs. Higher values are seen for curcumin 

I1 and 111 (Table 13) at 90 DAS, ancl at 150 DAS, for curcumin I. 
* 

Table 13. Curcuminoids in turmeric rhizomes and roots (var. Prathibha) 

Growth Curcumin I Curcumin I1 Curcumin 111 
Stages Rhizome Root I<hizome Root Rhizome Root 
30 DAS 0.63 f 0.036 0.047 fO.OO1 0.17 f 0.01 0.01 fO.O 0.120 f 0.02 0.006 fO.0 

(68.5) (74.6) (18.5) (l 5.9) (13.0) (9.5) 

60 DAS 2.60 f 0.046 0.300 f 0.01 7 0.73 i 0.027 0.08 fO.OO1 0.580 k0.027 0.050 f0.01 
(66.7) (69.8) (18.7) (1 8.6) (14.9) (1 1.6) 

90 DAS 5.16 f 0.036 0.410 kO.O 0.60 i 0.01 7 0.10 fO.0 1.460 f 0.053 0.070 f 0.01 
(71.5) (70.7) (8.3) (1 7.2) (20.2) (12.1) 

120 DAS 3.14 f 0.053 0.250 f 0.01 l .  l0 kO.O1 0.08 kO.O1 0.990 f 0.0 0.050 f 0.01 
(78.9) (65.8) (2 1 .O) (21 . l )  (l  8.9) (13.2) 

150 DAS 4.13 f0.02 0.900 f0.027 1 .l4 f 0.15 0.20 f 10.85 0.930 f0.063 0.120 k0.0 
(66.6) (73.8) (18.4) (1 6.4) (15.0) (9.8) 

180 DAS 2.60 f 0.078 0.130 f 0.01 0.74 k0.12 0.03 f 0.0 0.483 f 0.024 0.014k 0.001 
(68.0) (74.7) (19.3) (1 7.2) (12.6) (8.1) 

(Values expressed as percentage, Mean of thrcc obscnlations), DAS -Days after sowing 
Values in parentheses denote the percentage. ti~str~hution among the three curcuminoids in each stage. 



Accessiori no. 109 

Curcumin I, I1 ancl 111 incrc*aseci from 30 DAS to 120 DAS and 

decreased from 150 DAS onwarcis, with highest value at 120 DAS (Table 14). 

Curcumin I1 increased up  to 150 DAS showing highest value at 150 DAS 

(0.97). 

Fig. 25 shows the perccntClgcb ciistribution of curcuminoids present in 

Acc.109. Curcumin I and 111 wcrc found to exhibit high levels at 120 DAS 

whereas curcumin I1 was highest at  150 DAS. 

Table 14. Curcuminoids in turmeric rhizomes (Acc. 109) 

Growth Stages (DAS) Curcuniin I Curcumin I1 Curcumin I11 

30 0.18 f 0.01 (64.3) 0.07 k 0.005 (25.0) 0.03 k 0.004 (10.7) 

60 0.97 f 0.12 (50.9) 0.36 + 0.027 (22.2) 0.29 f0.03 (17.9) 

(Values expressed as percentage, Mean of thrcxc* clhsc~rv.itions), DAS -Days after sowing 
Values in parentheses denote the percentagv distribution aniong the three curcuniinoids in each stage. 

Accession no. 88 

Acc. 88 belongs to a low curcumin type. Table15 shows the levels of 

curcuminoids at different stagus. A gradual increase upto 90 DAS followed 

by a decrease was seen for all the three curcuminuids. 

Fig. 26 shows the percentage distribution of curcuminoids at different 

growth stages. The accession showrd higher percentage at 60 and 180 DAS for 

curcumin I, while Curcumin I1 cxhibitcci higher values at 120 and 150 DAS. 

Curcumin I11 was highest at 90 DAS. 



Table 15. Curcuminoids in turmeric rhizomes (Acc. 88) 

Growth Stages (DAS) cur cur nit^ I Curcurnin I1 Curcumin I11 

(Values expressed as percentage, Mean of tl1n.c ~bscrv~~tions),  DAS -Days after sowing 
Values in parentheses denote the percentage distribution among the three curcuminoids in each stage. 

Accession no. 64 

This accession also belongs to low curcumin type. Curcumin I showed 

a 3-fold increase at 60 DAS as comparecl to initial value, which remained 

stationary during the preceding stages ('Table 16). Here, curcumin I1 showed 

least value at 30 DAS, which incrcascd up ,to 150 DAS and then declined, 

whereas curcumin I11 showed highest value at 90 and 120 DAS with a 

declining trend upto 180 DAS. 

Fig. 27 shows the percent;tgc. distribution of curcumin I, I1 and 111 in 

Acc.64. Highest percentage of curcumin I was seen at 180 DAS and for 

curcumin I1 and I11 at 120 DAS and 90 DAS rcspcctively. 

Table 16. Curcuminoids in turmeric rhizomes (Acc. 64) 

Growth Stages (DAS) Curcumin 1 Curcumin I1 Curcumin I11 

150 089 f 0 ( 0 . )  0.34 f 0.02 (22.9) 0.25 k0.027 (16.9) 

180 0.91 k 0.039 (83.5) 0.13 k 0.039 (11.9) 0.05 f0.003 (4.6) 

(Values expressed as percentage, Mean of th1c.e ohwrv'~l~ons), DAS -Days after sowing 
Values in parentheses denote the percentage distr~butio~l among the three rurcuniinoids in each stage. 



Results 
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Fig. 23. Pattern of distribution of curcuminoids in turmeric rhizomes 
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Fig. 24. Pattern of distribution of curcuminoids in turmeric roots 
(var. Prathibha) during rhizome development 
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Fig. 26. Pattern of distribution of curcuminoids in turmeric rhizomes 
(Acc. 88) during development 
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Fig. 27. Pattern of distribution of curcuminoids in turmeric rhizomes 
(Acc. 64) during development 



4.1.6.2. Summary of results for Curcumin I, 11 & I11 

The results explained above for inciividual variety / accession gave the 

following indications. This inclucivd a total comparison of the curcuminoids 

between stages and between var./acc. 'The respective ANOVA are given as 

Tables 17a, 1% and 17c for rhi;..onics ancl 18 a, 18b and 18c for roots. 

Rhizomes 

During early germination phasc (30 DAS), higher levels of curcumin 1 

are seen in varieties Suguna and Sudarsana, as compared to Alleppey, 

Prabha, Prathibha and the high curcumin accession (Acc, 109). The same 

trend was exhibited by curcumin I 1  ancl I11 also. During the next stage (60 

DAS), the pattern remained same for curcumin I and 111 even though a 5-fold 

increase were seen among the varieties except varieties Suguna and 

Sudarsana. A different pattern was observed in the case of curcumin I1 for 

varieties Alleppey and Prathibha, were a 2-fold rise was observed, compared 

to other accessions. 

Three months after sowing, i.e., at 90 DAS, all varieties / accessions 

exhibited higher curcumin I and 111, with var. Suguna showing highest levels 

for curcumin I. Varieties Sudarsana, Pr'tthibha and Suguna showed higher 

levels of curcumin 111. The values rangd from 1.5 to 5.16%. 

At 120 DAS, values for curcu~nin I showed 5.5% for var. Sudarsana 

while var. Prabha showed the least (2.29%). Same pattern was observed for 

curcumin 111, with varieties Suguna nnci Sudarsana showing maximum values 

and var. Prabha exhibiting the minimum. 

At 150 DAS, varieties Prabha ancl Prathibha showed higher value for 

curcumin I. The values for all thc varieties ranged from 2.0 - 4.4%. As for 



curcurnin 11, var. Prathibha showed highest levels, with values ranging from 

0.34 - 1.14%. Regarding curcumin 111, var. Alleppey had highest levels, of 

curcumin 111 with values ranging from 0.45 - 1.2%. Interestingly, varieties 

Suguna and Sudarsana exhibited low values in all forms of curcuminoids. 

At 180 DAS, curcumin I showed a stabilized value, ranging frotn 2.20 - 

3.3'35, for all the varieties studiccl. C'urcuniin I1 showccl a varied pattern, with 

highest values showed by var. Sudarsc~na. IIerc the values ranged from 0.39 - 

1.1%. Regarding curcumin I l l ,  hi~;licst content was seen in varieties 

Sudarsana and Suguna, wit11 values ranging from 0.6 - 1.14%. 

In the low curcumin accessions (Acc. 88 and 64), curcumin I did not 

show much variation from the high curcumin varieties during early 

germination phase. But from 60 IJAS t o  180 DAS, the levels were found to be 

drastically reduced. Regarding curcumin I1 and 111, the same trend was 

noticed at all stages. In these two varieties, the level of curcuminoicis was low 

in all stages, confirming the varieties as low curcumin accessions. 

Table 17a. ANOVA 

Dependent Variable: CUR1 

Source Type 111 Sum 
of Squares df Mean Square F Sig. 

VAR 170.873 7 24.410 3618.676 0.000 (HS) 

STAGE 57.144 5 1 I .429 1694.224 0.000 (HS) 

VAII * STAGE 78.875 35 2.253 334.074 0.000 ( M )  

Error 0.648 96 0.007 

Total 1068.761 114 

Corrected Total 307.539 113 

a R Squared = 0.998 (Adjusted R Squared = 0.0<)7), l IS = l Ilghly Significant. 



Table 17b. ANOVA 

Dependent Variable: CUR2 

Source Type 111 Sum 
of Sauares df Mean Square F Sig. 

--- 

V AI< 2.952 7 0.422 189.763 0.000 ( l  IS) 
- 

STAGE 4.536 5 
-p- 

0.907 408.139 O.O(X) (l IS) 
VAR * SI'AGE 5.850 35 0.167 75.207 0.000 (l IS) 

Error 0.21 3 Yb 0.002 

Total 59.393 144 

Corrected 'Total 13.552 143 

a R Squared =0.984 (Adjusted R Squared =O ,977). 11% = I lighly Significant 

Table 17c. ANOVA 

Dependent Variable: CUR3 

Source Type I11 Sum 
of Ssuares df Mean Square F Sig. 

VAR 17.780 7 2.540 1954.304 0.000 (HS) 

STAGE 4.721 5 0.944 726.520 0.000 (HS) 
VAR 'STAGE 8.574 35 0.245 188.492 0.000 (HS) 

Error 0.1 25 9h 0.001 

Total 91.884 144 

Corrected Total 31.200 143 

a R Squared =0.996 (Adjusted R Squared = 0.9W). l 1s = t Iighly Significant 

Roots 

Generally, roots showed higher values at 150 DAS for all varieties, with 

lower values at 30 DAS. Among the varieties, highest curcumin I was seen in 

Prabha (1.6) followed by A1leppc.v (1.2) and Prathibha (0.9), with Suguna and 

Sudarsana showing lesser percent,~ge. 

Curcumin I1 was found to bc low in all varieties, with highest values at 

150 DAS for Alleppey, Prabha 'Incl Prathibha (0.3,0.8, and 0.2 % respectively). 

For Suguna and Sudarsana, highcbr Ic~vcls were seen at 120 DAS (0.11 ancl 0.14 

% respectively). Highest percentage of curcumin 11 was seen in Prabha (0.8%). 



Regarding curcumin 111, similar pattern was shown by all varieties, 

with highest value at 150 DAS for Allcppc.y, Prabha and Prathibha (0.18, 0.72 

and 0.1 2% respectively). 

Table 18a. ANOVA 

Dependent Variable: CUR1 

Source Type 111 Sum 
of Sauares 

df Mean Square F Sig. 

VAR 3.385 4 0.846 494.0% 0.000 

STAGE 8.916 5 1.783 1041.226 0.000 
\ ,  

VAR * STAGE 10.301 20 0.515 300.742 0.000 (HS) 

Error 0.103 h0 0.002 

Total 36.584 90 

Corrected Total 22.704 89 

a R Squared =0.995 (Adjusted R Squared =0.W3), l IS= l lighly Significant 

Table 18b. ANOVA 

Dependent Variable: CUR2 

Type I11 Sum 
Source of Squares df Mean Square F Sig. 
VAR 14.683 4 3.671 0.935 0.450 
STAGE 29.181 5 5.836 1.487 0.208 

VAR *STAGE 75.275 20 3.764 0.959 0.521 
Error 235.537 ( 3 0  3.926 
Total 364.179 Yo 

Corrected Total 354.676 89 

a R Squared = 0.336 (Adjusted R Squared = 0.015). 

Table 18c. ANOVA 

Dependent V'iriable: CUR3 

Source 
Type I11 Sum 

of Squares 
df Mean Square F Sig. 

VAR 0.133 4 0.033 229.714 0.000 (145) 
STAGE 0.480 5 0.096 662.142 0.000 ([-IS) 
VAR * STAGE 0.826 20 

-- l 284.900 0.000 (HS) 
Error 0.009 60 0.000 

Total 1.978 90 

Corrected Total 1.447 89 

a R Squared =0.994 (Adjusted R Squared =0.991), 115- 1 lighly Signif~cant 



4.1.6.3. Total Curcuminoids (Rhizomes and Roots) 

Table 19 shows a summarized pattern of curcuminoids in the varieties 

and accessions selected for this particular stucly. Varieties Alleppey, Prabha 

and Prathibha with higher vcgcbtativc growth and similar agronomic 

characters showed uniform pattern as compared to the early germinating 

ones ziz., Suguna and Sudarsana. In the former case, the curcuminoids 

ranged from 0.50 to 0.92% at 30 [)AS, while a spurt (?-fold) in the activity was 

seen after 60 DAS. This higher rate of increase continued up to 90 DAS. A 

varietal variation was also observed, varieties Prabha and Prathibha showing 

a higher rate of increase. At 120 DAS, the values declined by 20-50% in these 

three varieties, which subsequently showccl a uniform increase upto 150 DAS. 

The values declined at 180 DAS and remained stable upto maturity (Table 19). 

An entirely different picture is observed in the early germinating 

varieties, Suguna and Sudarsana. I-ligher levels of total curcuminoids were 

seen at 30 UAS (5.6-5.69%). Ensuing growth stages also exhibited higher 

levels of curcumin upto 120 D AS. A clccline to the tune of 33 to 44% was seen 

at 150 DAS in these varieties, which then showed an enhancement in the next 

stage. The levels then remainecl stationary up to maturity. 

Generally roots contained lower Icvels of the pigment than rhizomes. 

It was interesting to note that in varieties Prabha, Prathibha and Alleppey, 

higher levels of the three forms of curcuminoids were seen at 150 DAS, whilc 

in the early germinating irliz., Suguna and Sudarsana a peak activity is 

observed at 120 DAS. 



Results 

Table 19. Total curcuminoids in rhizomes and roots in selected turmeric varieties/ accessions during plant growth 

Growth Stages *lleppey Suguna Sudarsana Prabha Prathibha Acc. 109 Acc. 88 Acc. 64 

PAS) Rhizomes Rhizomes Roots Rhizomes Roots Rhizomes Roots Rhizomes Roots Rhizomes Rhizomes Rhizomes 

30 0.853 0.048 5.61 0.048 5.69 0.015 0.50 0.019 0.92 0.063 0.28 0.81 0.37 

180 1.990 1.150 4.86 0.58 5.43 0.520 3.23 0.830 3.83 0.174 3.50 0.72 1 .W 

(Values expressed as percentage, hlean of three observations), DAS -Days after sowing 



4.2. Tracer Studies 

4.2.1. Incorporation studies using 14 C- carbon dioxide 

Incorporation of ' 4  C irr plrcrrolic acids 

Tables 20 and 21 show the incorporation of l4CO2 in the phenolic acids 

and the distribution of the label in the vegetative parts of turmeric during 

rhizome development (Plate 6). Since turmeric plants subjected to 

radiolabelling were of two months old, the observations were taken up to six 

months i.e., till full maturity of the rhizomes. But, no detectable incorporation 

of 1 - C  was observed after one month. Hcnce the results are explained only up 

to l-month period. 

In leaves, a higher level of incorporation was seen up to one week, with 

maximum value at 96hrs (Table 20). A gradual increase in DPM was seen 

from 7.478 X 104 DPM mg' F.W at 24hrs to 22.4 X lOJ DPM mgl F.W at 96hrs. 

Afterwards a decline was observecl up to one month. In pseudostem, 

maximum incorporation was seen at 24hrs, which then declined at 48hrs, and 

again showed a peak at one week, with a decline afterwards. 

Rhizomes showed a steaciy incorporation up to 96hrs, the values 

ranging from 11.2 to 11.9 X 10.1 DPM mg' F.W, which further showed a 

decrease. In contrast to the above, negligible incorporation was observed in 

roots at 24hrs (63.0), with a spurt in the values at 48hrs (9.9 X l@ DPM mg-1 

F.W). A decline was seen at 96hrs, followed by a 2-fold increase after one 

week. The values showed a diminishing trend afterwards. 

Table 21 gives the percentage ciistribution of 'JC among the vegetative 

parts at definite intervals. The results indicated highest 1lC accumulation in 

the pseudostem at 24hrs and also after one week whereas in leaves, the 

distribution was higher at 48 and 96hrs. In general, higher accumulation of 

1" was observed in leaves, followed bv rhizomes (Fig. 28 a, b, c, cl and c). 



plate 6. Exposure of 14C-Carbonate to turmeric seedlings , 

Plate 7. Root absorption of l-W-Phenyldanine of turmeric seedlings 



Results 
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Fig. 28. Pattern of distribution of l4 C-CO, in phenolic acids among 
the vegetative parts of turmeric 

a. 24 hrs b. 48 hrs c. 96 hrs d. 1 week e. 1 month 



Table 20. Incorporation of 14 C-C02 in phenolic acids as DPM mgl  F.W in various 

vegetative parts of turmeric during rhizome development 

Period of ex~osure Root Rhizome Pseudostem Leaf 
24 hrs c,? 11 207 15137 7478 
48 hrs 9897 11 927 3333 19297 
96 hrs 221 1 11417 5718 22420 
1 W 4880 8500 12600 10843 
1 M 1089 948 559 1205 

Values are mean of three observations. IIPM-IIisintegrations per minute 
hrs-Hours, W-Week, M-month. 

Table 21. Percentage distribution of ' 4  C-C02 in phenolic acids among vegetative 

parts of turmeric 

Period of exposure Root Rhizome Pseudostem Leaf 
24 hrs 0.188 33.1 44.70 22.1 
48 hrs 22.300 26.8 7.49 43.4 
96 hrs 5.290 27.34 13.70 53.6 

Values are mean of three observations. 1)PM-1)isintegrations per minute 
hrs-Hours, W-Week, M-month. 

Incorporation of I T  -CO? ,IS curcumin in rhizomes and roots is shown 

in Table 22. Since, from our earlier observations, curcuminoids could not be 

detected either by TLC or by HPLC in leaves and pseudostem, they were not 

taken for the study. To confirm the presence of curcumin incorporation in 

rhizomes and roots, a TLC was run using Silica gel G and the separated 

curcumin fractions in alcohol was subjected to liquid scintillation counting 

(LSC) to check the presence of the lclbel in curcumin. 14C was found to be 

incorporated in these fractions, which confirmed the presence of curcumin in 

the alcohol extract of the tissues, usecl for the study. 

The results indicated higher incorporation of '-'C label in roots and 

rhizomes at 96hrs. In roots, an increased level of incorporation was visible at 



all stages as compared to rhizomes, whereas peak incorporation was observed 

at 96hrs, followed by a decline. The studies continued up to five months, after 

which negligible or near zero detection was seen. 

Table 22. Incorporation of 14 C-C02 in curcumin as DPM mg' F.W in rhizomes and 

roots of turmeric during development 

Period of exposure Rhizome. Root 
24hrs 77 138 166094 
48 hrs 78973 1345% 
96hrs H3822 181045 
1 W 72679 55391 

5M 547 1246 
Values are mean of three observatioils. IWM-1)isintegrations per minute 

4.2.2. Root absorption studies 

In higher plants, feeding cxpcriments have established that aromatic 

amino acids, phenylalanine and tyrosinc are the primary precursors of some 

secondary plant products. Hencc feeding the labeled compounds and 

measuring the subsequent isotope dilution can outline the biosynthetic 

pathways. Thus root incorporation studies were conducted (Plate 7) with 1- 

"C -phenylalanine and 2-W- malonyl CoA and the results are presented 

below. 

4.2.2.1. Studies using l-'4C-phenylalanine 

Incorporation of '4C -plletlyl~llatlitte it~to pllenolic acids 

-phenylalanine was absorbed through the roots of two months old 

turmeric plants for a period of 48hrs. Iixtraction of phenolic acids from the 



vegetative parts of the plant was done, as described under Materials and 

Methods and incorporation of '.'C - was determined using LSC. The results 

are presented in Table 23. 

Since the absorption was mainly through roots in this study, higher 

levels of absorption were seen in roots at 24 and 48hrs, followed by rhizomes, 

which declined after one week. Iac~a\~cs and pseudostem did not show any 

incorporation. Leaves and pscuciostcm cx hibi ted lower rate of incorporation 

during this period as compared to roots and rhizomes. After one month, a 

decline in the incorporation was observed in these vegetative parts. 

Subsequently, only negligible incorporation was seen up to five months and 

hence data are not shown herc. 

Table 23. Incorporation of 1-14C-phenylalanine as DPM mgl F.W in phenolic acids 

in vegetative parts of turmeric during rhizome development. 

Period of exposure Rhizome Root Pseudostem Leaf 
48 hrs 3730 82,78,66 0.00 0.00 

--F -. . - . -. - . - - - - - - - -- - - - 
1 W 895 -- - -- 

183 228 336 
- - - -. -- --p-- - - 

1 M  300 501 1 95 157 
Values are mean of three observations. 1)l'M-l)~sintegratiolis per minute 
hrs-Hours, W-Week, M-month. 

Table 24 shows the incorporation of 1-1 C label in curcumin during the 

absorption of l-'c phenylalanine. As in the case of phenolic acids, highest 

accumulation was noticed in thc roots and rhizomes up to a period of one 

month. At two months, a slight increase in the incorporation was noticed in 

roots only. At 4th month, roots and rhizomes showed higher incorporation. 

During subsequent stages, negligible valucs were obtained and hence data are 

not shown. 



Table 24. Incorporation of 1-14C-phcnylalanine as DPM mg' F.W in curcumin from 

turmeric during rhizomes and roots. 

Period of exposure lihizome Root 
48 hrs 16,605 84,914 

- - ---p-- 

-- - -- - - - - - - - - -- .- -- 
2M 250 15,145 - - - - - . -- - . -- - 
3 M  200 705 

- - -- -. . - - - - - - - -- 
4M 956 1006 

Values are mean of three observations. 1)I'M-I)isintc.grations per minute 
hrs-Hours, W-Week, M-month. 

4.2.2.2. Studies using 2-'4C-Malonyl CoA 

Rhizomes and roots only were sampled for the extraction of curcumin. 

2-'C-Malonyl CoA was allowecl to absorb through the roots, for 48hrs. In 

roots, significant incorporation was seen up to one week, after which it was 

poor and erratic (Table 25). In rhizorncs also, negligible incorporation was 

seen, which showed a declining trcnd. 

Table 25. Incorporation of 2-'4C-Malonyl CoA as DPM mgl F.W in curcumin 

Period of exposure Rhizome Root 

Values are mean of three observations. IWM-Ilisintcyy-ations per minute 
hrs-Hours, W-Week, M-month. 



4.3. Phenylalanine Ammonia Lyase (PAL) 

4.3.1. PAL activity during rhizome development 

Table 26 shows the level of ['AI, in turmeric leaves during different 

stages of rhizome growth, starting from 30 DAS up to 150 DAS. The values 

are shown for five released varieties of turmeric ancl in a few turmeric 

accessions. Leaves were not available for sampling after this period and 

hence enzyme activity could not be assayed. 

Table 26a gives the ANOVA for the PAL activity between varieties and 

stages. All the levels of correlation were found to be significant and the level 

of significance was tested using DMIZT according to which the accessions 

could be classified into 8 groups based on the PAL activity. 

It is seen that both at 60 DAS ancl 90 DAS, PAL activity showed highest 

value in all the released varieties, which then showed a decline during the 

ensuing period. Almost 2-3-fold increase was seen during this period. 

Among the 15 more accessions assayed for PAL activity, higher levels 

were found at 60 DAS and 90 1)AS in n~~~jor i ty  of the cases. A few accessions 

(Accession nos. 126, 290, 329, 339, 367 ancl 298) showed maximum activity at 

60 DAS, while some accessions (Ace. 110.672) did not cause any significant 

increase. Accessions 656, 585, 310, 288 and 328 showed a peak activity at 90 

DAS. At 120 DAS and 150 DAS, morc or less uniform pattern is shown by all 

accessions studied. 



Table 26. Phenylalanine ammonia lyase activity in leaves of turmeric varieties / 
accessions during different growth stages 

Varieties / Specific activity of Pl~~nylalanine ammonia lyase activity in turmeric 
accessions - leaves Lunitsx 10.2 . ) - 

30 DAS h0 DAS 90 DAS 120 DAS 150 DAS 
Alleppey 5.68 18.49 11.14 4.31 

-P------- 

4.02 -- 
Suguna 4.78-' 10.10 13.35 -- 3.23 3.15 
Sudarsana 4.96 7.35 6.05 - - -- -- -- 2.45 -- 3.04 - 
Prabha 2.69 5.M 2.95 2.05 1.87 
Pra thibha 2.57 7.33 9.34 3.77 3.85 - - - -  

126 3.52 . -  - 7.39 5.02 3.61 3.09 
656 4.02 --  . 7.98 22.79 5.82 4.83 
290 2.07 - - 7.74 4.18 3.11 3.24 
585 4.86 -.- - 7.22 8.65 4.05 3.92 
329 2.65 - .  . 12.98 7.07 5.56 5.83 
310 1.42 2.30 9.86 3.08 2.99 
288 1.89 7.10 14.58 5.99 4.75 
298 2.53 10.31 3.06 3.28 

- .  
13.30 

-- -- pp--- 

335 2.69 9.75 --- 8.59 3.15 3.88 
285 1.69 - -  - 3.91 1.21 2.02 2.45 
339 2.91 -- - - 8.73 - 6.19 2.54 2.86- 
672 1.58 .- - - -  2.71 - 2.22 1.76 1.94 
303 2.42 - -  - 4.88 3.64 2.79 2.14 
367 4.26 8.4h 4.28 3.80 

p-- -- .. --p 3.61 
- -  

328 3.35 2.84 7.11 3.07 3.15 
Values are mean of three observations. I )AS  [lays after sowing 

Table 26a. ANOVA 

Dependent Variable: PAL ACTIVITY 

Type 111 Sum 
Source of Squares d f hlean Square F Sig. 
VARIETY 1031 .g36 19 54.307 198.633 0.000 (HS) 

STAGES 1545.263 J 386.316 141 2.986 0.000 (HS) . , 

VARIETY * STAGES 1445.622 76 19.021 69.572 0.000 (HS) 

Error 54.681 200 0.273 
-- 

Total 121 05.422 300 

Corrected Total 4077.402 2W 

a R Squared =0.987 (Adjusted R Squared = 0.9HO), t IS- llighly significant. 

A correlation study conductcd between PAL activity and total 

curcuminoids content in five relcascci varictics showed high significance 



4.3.2. Sub cellular localization of PAL in turmeric leaves 

4.3.2.1. Cell fractionation of PAL 

Cellular localization of I'AI . was carried out after extracting the 

enzyme using Tris HC1 (pH 7.6) as described in Materials and Methods. 

Removal of microsomes from thcb extract was done after layering over a 30% 

concentration of sucrose. This was nllowcd to spin at 27,000 rpm for 35min. 

The layer formed between 6% and 3O'X) contained major microsomal fractions 

with a PAL activity of 226.3 X 10-2 units. The remaining zones and interfaces 

were devoid of PAL activity. 

The interface (6-30%) was again layered between 15 and 20% sucrose 

concentration to recover the microsomcs in a gradient consisting of 15 to 39% 

and centrifuged at 27,000 rpm. 'The specific activity of PAL in this zone was 

determined and found to be 395.9 X 10-'units. 

The microsomal marker enzyme glucose-6-phosphatase was assayed in 

the microsomal fraction and showed a specific activity of 2.88 X 10-2units 

(Table 27). The activities of catalaso and fumarase which are cytosolic and 

mitochondrial markers showed negativil values. The presence of both PAL 

and glucose-6-phosphatase in the microsomal fraction confirms the 

localisation of PAL in the microsomcs. 

Table 27. Activity of PAL and marker enzyme located in 6-30(%/0 sucrose density 
gradient 

Sucrose Specific Activity of Specific activity of Protein 
concentration PAL Glucose -6- phosphatase concentration 

(units X 10-2) (microsomal marker @%In4 
cnzyme) (units X 10-2) 

6-30% interphase 395.9 2.88 2.65 

Catalase and fumarase showecl nega tive activity. 



4.3.2.2. Localization of PAL in the microsomal sub fractions 

Another experiment using sucrose clensity gradient centrifugation 

could locate PAL in the different sub fractions of microsomal particles. In this 

case, the extracting buffer containecl El>'fA and MgClz with 8% sucrose. The 

extract was layered over a linear gradicnt of sucrose starting from 15% to 45% 

and was centrifuged at 27,000 rpm for 4hrs. This experiment differed from 

the earlier one in that the sucroscs grc~ciicnt consistecl of KCI, EDTA, and 

M612 to maintain the osmoticum of the cells and to provide a buffering 

action. 

Tables 28 and 29 show PAL activity in the different sub fractions 

obtained after centrifugation, along with the marker enzyme specific for 

microsomes .rtiz., glucose-6-phosphatase. Fractions 15-17,21,24,25 responded 

both to PAL and microsomal marker enzymes, out of a total of 32 fractions 

collected after density gradient ccn tri fuga tion (Table 30). Total PAL activity 

was observed in the combined fraction (15-17) as 720.4 X 10-2 units. Fraction 

21 had PAL activity of 285.2 X 10-2 units, while fractions 24 and 25 indicated 

PAL activity of 392.2 X 10-2 units. Thus i t  is seen that maximum activity for 

PAL was observed at portions with almost medium density of sucrose, 

followed by the two other peaks , ~ t  slightly higher dense areas. 

Catalase and fumarase, which are specific markers for cytosol and 

mitochondria showed negative values. This confirmed the absence of PAL in 

these organelles. Glucose-6-phosphatase, the specific marker for microsomal 

fractions, exhibited an activity r'lnging from 0.675 to 2.33 X 10-2 units in the 

fractions positive to PAL. 

Based on the earlier studies on  ['Al., localisation in other crops it can be 

presumed that the relative amount of PAL activity recovered in the 

microsomal fractions is highest at thc portion of cndoplasmic reticulum 



possibly at 23-25% sucrose, while a c t i ~ i t i ~ s  are also present in proplasticls and 

plasma membrane (approximately at 29.5% and 34-35% sucrose). 

Table 28. Distribution of PAL and Glucose-6-phosphatase activities in the sub  fractions 

Fraction Number Activity I'henyl,~lanine Activity of glucose-6- 
(1.2 ml/tube) ammonia ly'1si1 pl~mphatase 
l- 14 Nil -- Nil 
1 5-1 7 I'rc>sc'~i t Present 
18-20 Nil Nil 
21 I'rcscnt Present 
22-23 Nil Nil 
24-25 I'rescn t Present 

Table 29. Activity of PAL and marker enzyme in collected fractions 

Activity of PAL Glurosi~-6-I'hosphatase activity 
Fraction 

KT.. (p g of cinnamic acid (i'l~osplioric acid released min.' Protein pg / ml 
I W U .  - 

released) nig l protein X 10-2) 
1 Nil Nil 170.87- 
2 Nil Nil 254.11 
3 Nil Nil 250.43 - 
4 Nil Nil 211.05 - 
5 1\11 1\11 LYO.Y/ 

6 Nil Nil 313.74 
7 Nil Nil 145 75 
8 Nil Nil 
9 Nil Nil 408.32 
10 Nil Nil 398.92 
l l Nil Nil 417 44 

12 Nil Nil 394.53 
--p 

13 Nil Nil 469.74 
14 Nil Nil 419.28 

17 11.787 1.201 3 414.59 
18 Nil Nil 366.60 
19 Nil Nil 41 7 nh 

21 15.31 1 0.675 447.43 
22 Nil Nil 247.69 
23 Nil Nil 1 h5 49 -- 

p- 

24 1 .S18 0.967 175.83 -- 
25 2.472 2.334 67.1 17 
7h Nil Nil 54 834 -- - .-- 

27 Nil Nil 43.069 
28 Nil Nil 30.739 
29 Nil Nil 26.534 
30 Nil Nil 28.849 
31 Nil Nil 77 951 

32 Nil Nil 



Table 30. Specific activity of fractions positive to PAL and marker enzyme 

Tube No. (each tube Specific activity of Specific activity of glucose-6- 
contain 5 ml sample) PAL (uni b x 10-2) phosphatase (units X 10-2) 

Catalase and fumarase showcd negative activity. 

4.3.3. Purification of PAL in turmeric leaves 

The purification scheme devclopcd for Crtrczr~~zn longrz resulted in 157- 

fold purification from the crucie extract after ammonium sulphate 

precipitation and two chromatographic stops, with a yield of about 15% of the 

activity present in the original homogenate (Table 35). Column 

chromatography of the enzyme over DEAE - cellulose could give almost 16- 

fold purification, with a specific activity of 870.4 X 10-2 units. When this 

protein was again subjected to gcl filtration over sephacryl S- 300, it nearly 

gave way to another 10-fold purification. (NH~)~SO-I precipitation could 

recover about 73.3% of the activity from the crude homogenate, while anion 

exchange chromatography coulcl retain 30% of the original activity. After the 

second chromatographic step over SephacryI S- 300,15% of the yield recovery 

of PAL was observed, with a higher lcvcl (if purification. 

Ammonium sulphate fractionation was carried out at 40-70% 

saturation. The pellet was clissolvecl in buffer B and subjected to DEAE 

cellulose column chromatography. ?'able 31 shows the molarity of sodium 

chloride, used in buffer B, for elution of the enzyme. Linear gradient elution 

with 250 m1 each of buffer B and C showed maximum concentration of 

protein between 0.1 and 0.2M, which corresponded with fraction numbers 21- 

30. The protein content of the 50 fractions were determined by monitoring the 

absorbance at 280 nm. Soluble protcin applied to the column was distributed 



in various fractions covering all molarity ranges (Fig. 29). The PAL activitv 

was determined in the fractions ('l'ablc 32). It was seen that only fractions 21- 

30 contained PAL activity 

Table 31. Presence of PAL activity in different molar solutions of sodium chloride during 

DEAE-Cellulose chromatography 

Tube No. (5ml/tube) Molarity of sotiium chloride PAL activity 
1-1 0 0.0 M Nil 
11-20 0.0- 0.1 M Nil 
21-30 0.1-0.2 M 

--p- 

Present 
31- 40 -- 0.2-0.3 M Nil 
41-50 0.3-0.4 M Nil 

Table 32. Phenylalanine Ammonia 1,yase activity in collected fractions 

Tube No. Molarity of Conccr~tration of Specific activity of PAL 
(5ml/sample) sodium chloridc protein (mg/5ml) (units X 10-2) 

21 0.1-0.2 M 0.15 22.0 
22 0.207 59.1 
24 0.326 109.3 
25 0.728 275.0 
26 0.620 21 8.1 

Gel Filtration using sephacryl S- 300 

The most active fractions of PAL (21-30) after DEAE- cellulose 

chromatography were pooled and concentrated, subjected to gel filtration 

over sephacryl S- 300. This gave onc1 major peak (Fraction 14-19) with PAL 

activity and a few minor peaks, which were devoid of PAL activity (Tables 33 

& 34). The protein values were clctcrmined by UV (280 nm) in these fractions 

and depicted in Fig. 34. 

The fractions containing I'AL, activity were concentrated using 

centrifugal ultra filtration devices (Centre prep 30: Amicon). SDS-PAGE was 

carried out using the concentrated protein, as described in Materials and 

Methods. Plate 8 describes thtb banding pattern of the proteins separated 

during the various stages of purification. A thick fast moving band was 



consistently seen in all the lanes, indicating the different stages of purification 

(Plate 9). 

Table 33. Presence/absence of PAL in the collected fractions 

Tube No. (each tube contain 5ml samplc) I'henylalanine ammonia lyase activity 

--p - 1-13 Nil --- p-- 
14-19 - - - -- -p- - Present -- - - - - - - - - - - - - 

Table 34. PAL activity in the fractions 

Tube No. (each tube Concentratio11 of protcbin Specific activity of I'AI, 
contain 5ml sample) (mg/ 51-11]) (units X 1-0-2) 

14 0.009 - - 270.5 - - -- - 

The reference proteins usecl in cietermining the molecular weight (MW) 

are Rabbit phosphoryalse b (MW 97,400), Bovine serum albumin (MW 

66,200), Glutamate Dehydrogcnasc (MW 55,000), Ovalbumin (MW 42,700), 

Aldolase (MW 40,000), Carbonic anhyllrc~sc (MW 31,000), Soya bean trypsin 

inhibitor (MW 21,500) and Lysozyme (MW 14,400). Elcctrophoresis of the 

purified enzyme (Plate 9) gave a thick single stained protein band 

corresponding to a subunit molc.cular weight ranging from 38,000 to 40,000, 

indicating that the enzyme is an oligomcr consisting of four subunits. 

Table 35 summarises the various steps usecl for the purification of PAL 

and the levels of purification seer1 at every step. 157-fold purification was 

obtained for PAL with a specific activity of 8822.4 units. 

Table 35. Summary table for purification of PAL 

I'AI. '11 tiv~ty Specific 
Protein Fold 

Yield 
Sample (11 g of cinnamic activity 

(mg/ml) acid rt>lcurd) (units X 10-') (%) 

Crude 161.200 54.30 56.2 1 .OO 100.0 - p------ 

Ammonium sulphate 71.050 30.80 91.9 1.63 73.3 
precipitation P- ---p-.------p -- - 

DEAE- cellulose 3.150 16.45 870.4 15.50 30.3 -- .-A --. - - - --.-P --p-------- 

Seyhacryl S300 0.1 53 5.09 8822.4 157.00 15.0 



F r a c t i o n  n u m  b e r  

Fig. 29. Elution profile of DEAE Cellulose column chromatography 
(Details as described in Materials and methods) 

10 20 30 40 50 60 
F r a c t i o n  n u m  b e r  

Fig. 30. Elution profile of Sephacryl S- 300 gel filtration 
(Details as described in Materials and methods) 



Plate 8. Protein k..,.-d at different levels of purification of phenylalanine 
ammonia lyase in turmeric leaves 

Lane 1 - Sample after centrifugation 
Lane 2 - After Ammonium Sulphate precipitation 
Lane 3 - After DEAE Sephacel chromatography 
Lane 4 - After Sephacryl - S 300 gel chromatography 

Lane 1 Le-" 

Plate 9. SDS-PAGE of purified phenylalanine ammonia lyase in turmeric leaves vs 
marker protein profile 
Lane 1 - Marker proteins 
lane 2 - Purified protein of phenylalanine ammonia lyase 

C_ 
S. 



4.3.3.1. Kinetic studies 

Substrate concentratiorz 

The initial velocity of I'AI. in the purified fraction as a function of the 

L-pl~enylalanine concentration, which is the primary substrate, is shown in 

Fig. 31. The molarity of the substr,~tc~ r,~nged from O.lmM to l.OmM. There 

was a progressive increase in thc activity with increase in phenylalaninc 

concentrations. At higher molari tv, the enzyme activity showed slight 

variation, indicating a steady level of the reaction velocity at this point. The 

K, value was determined by drawing '1 double reciprocal plot with l / v  

versus l / s ,  as the slope of tangcnts to the curve (Fig. 32). Apparent K,, value 

for the reaction was estimated to be 0.33mM. 

Temperature 

Effect of temperature on the activity of enzyme was studied, ranging 

from 200C to 450C, at an interval of 5 0 .  Specific activity at each temperature 

was determined and was found to show a progressive increase upto 25°C 

ambient (888.9 X 10-2 units), which t h c ~  cicclined (Fig. 33). 

Effect of PH 

Purified enzyme was uscad for cletermining the optimum pH of PAL. 

Specific activity was determincci ' ~ t  pl-l ranging from 2.0 to 10.0. The 

maximum activity of PAL, was seen at pH 8.8, with 876 X 10-2 units (Fig. 34), 

which then declined. 



1 Concentration of phenylalnfne (millf molar) 

Fig. 31. Effect of wagenous addition of phenylalmim on PAL activity in 
the leaves of hum@ric (Details as dmdbcr In Materials and methods) 

Fig. 3 2  Lineweaver-Burk plot for turmeric leaf PAL at different concentration 
of phenylalanine (Details as desrcribed in Materials and methods) 
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Fig, 33. Temperature - activity relationship of PAL from turmeric leaves 
(Details as  described i n  Materials md methods) 

Fig. 34. pH-activity relationship of PAL from turmeric leaves 
(Details a5 described in Materials and methods) 



Effect of inhibitors 

Phenolic acids and their ~~ti~~lnguc.s  inhibit PAL activity. Table 36 and 

Fig. 35 -38 summarise the results of inhibition experiments where cinnamic 

acid, ferulic acid, p-coumaric ncicl and chlorogenic acid were tested as 

inhibitors. 

Trans- cinnamic acid, with rnolarities ranging from 0.03 to 1.OM was 

added to the medium for the assay. l'horc was complete inhibition at higher 

concentrations of the compounci ( 1 M), which reduced the activity to near zero 

levels. Partial inhibition to the cievelopment of enzyme activity was seen at 

lower concentrations. In the cast1 of ferulic acid, a linear decrease in the 

specific activity, indicating an incrcascd level of inhibition, was observed in 

the leaves. In contrast to cinnamic acici, fcrulic acid and coumaric acid did not 

completely abolish the activity ,~nci 'it lower concentrations gave only 

relatively weak modulation. Iiowcvcr, cxogenous addition of chlorogenic 

acid gave complete inhibition of the activity at all molarities tested (Table 37). 

Table 36.Effect of inhibitors on specific activity of PAL 
- 

1'Al. activity 
Protein Specific activity Percentage 

Inhibitor (M) ( C i ~ i n ~ ~ m i c  acid 
(mg'ml) rc*lrawd rng min-1) 

(Units X 10-2) inhibition 

Cinnamic acid --- - .- - -- -- -- 
0.03 

p-- 

0.6245 22.080 58.80 59.03 - - .- -- -- - - - -- . -- - - - - 

0.10 - -  - 7.870 20.98 85.40 - 

0.30 
-. . 

4.560 12.1 6 91.52 
---pp----- -- - - - - 

1 .oo - ---------p- 
0.70h l .88 98.67 - - . - -- - 

Coumaric acid -. . - 

1 .oo - -- 

Ferulic acid 
0.1 0 

Chlorogenic acid - -  - - - --- - -- -- --- - - -- 
0.1 0 -- 

l .2900 3.00 141.40 
. - - - - -- -- - -- --- - - - -- -- - - - - - 

0.50 
-p---- - -- - 

16.500 44.00 11 2.80 - - - p -- -- - -- - - - - 

1 .oo 
--p-p p--- - 

18.450 49.00 109.06 - - - - - - - 

Without inhibitor (control) 57.820 143.52 
Values are mean of three observations 
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Fig. 35. Inhibitory effect of cinnamic acid on PAL activity 
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Fig. 36. Inhibitory effect of p-coumaric acid on PAL activity 
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Fig. 37. Inhibitory effect of ferulic acid on PAL activity 
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Fig. 38. Inhibitory effect of chlorogenic acid on PAL activity 
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Light studies 

PAL activity of etiolatecl turn~eric seecllings (grown in dark, plate 11) 

exposed to red (plate IO), bluc ancl whitc light is given in Table 37 and Figs. 

39, 40 and 41. The exposure time WCIS 72 hrs and the samples were taken at 

6hr-intervals and compared with control. Exposure of the seedlings to reci 

light showed two peaks - one ;lt 18 i ~ r s  ,\nd another at 48 hrs. (Fig. 39). Fig.40 

showed the effect of continuous whitc light in which an early peak at 18 hrs is 

followed by a much greater peak at 48 hrs. Fig.41 showed the behavior in blue 

light, in which an early peak at 12 hrs is scen. It should be noted that 

continuous white light leads to greater increase in extractable PAL activity 

than by any of the other irradiation treatments used. It is possible that the 

greater energy of white source 111ay bc responsible. In all cases a lag phase of 

12 hrs. is seen. A 3-fold increase in the activity was seen at 48 hrs after 

exposure. However, the seedlings kept in dark expressed a peak at 12 hrs, 

after which negligible activity was swn. 

Table 37.Effect of different source of light on PAL activity 

Serial I'eriod of Spcc.ific - 'ictivity of Pal (units X 10-2) 
No. exposure Red light Hlue light White light Dark control 

1 
-p- 

0 0.074 f 0.004 0.075 f 0.004 0.075 f 0.004 -- - --- -- -- 0.0750 f 0.004 --- 

2 6 3.550 f i i l h  1.240 f - 0.082 - 3.650 f 0.14 0.1239 f 0.006 
3 12 4.890 f 0.1 h 8.820 k 0.29 6.270 f 0.095 3.2400 f 0.05 

--P 
- -- 

4 18 8.500 f 6.5 l - 6.270 f 0.142 -- 8.820 f 0.085 - 0.2500 f 0.027 -- 

5 24 7.330 f 0.44 
-----p 

4.750 f 0.16 7.800 f 0.10 - . -- -- - 0.3700 f 0.02 -- - - 
6 30 14.090f 0.098 3.c)r)O f 0.32 16.180 f 0.079 0.0570 f 0.007 

--p------ 
---- - - --- -- - 

7 36 14.540 f 0.35 2.070 f 0.066 18.890 f 0.12 - p-p--- 

0.0550 f 0.001 -- - 

8 48 25.510 f 0.4 1 0.650 f 0.053 27.330 f 0.064 - - - - -- - - -- - - 
0.0054 f .0036 - - - - - - - - - - -- 

9 60 - - -- . - . -. - 4.960 f 15 0.700 f 6085 8.970 f 0.095 -- -- - 
0.0000 - - -- - - - - - 

10 72 4.290 f O. I 3 0.530f 0.17 8. l io f 0.1 2 0.000 
Values given are mean of three observ,ltions 

Statistical analysis was tfonc. usint; ANOVA ancl the data were found to be 

highly significant. The level of signific,~ncc> was tcstcd using DMRT. ANOVA of the 

values for red, blue, white and dark arc givctn in Tahlcs 38a, b, c and d. 



Plate 10. Etiolated turmeric seedlings 



P:, l L: . E>+>  CC 

Plate 11. Exposure of etiolated turmeric seedlings to red light 



Table 37a. ANOVA for red light 
Dependent Variable: RED 

Source l ype I l l  Sum df h l t~n~i  Squarc. F Sig. 
of Squares 

HR 1489.385 9 I h5.487 1953.085 0.000 (t IS) -- 
Error 1.695 20 0.085 

. - - 
CorrcctedTotal 1491.079 29 

a R Squared = 0.999 (Adjusted R Squarvd = O.'W). 11%- I lighly S~gn~ficant 

Table 3%. ANOVA for blue light 

Dependent Variable: BLUE 

Type 111 Sum 
Source of Squares c i  f hlclan Square F Sig. 
HR 233.251 9 25.91 7 1045.825 0.000 (HS) 

Error 0.496 20 0.025 
Total 485.960 30 

Corrected Total 2'3'3 747 79 

a R Squared = .998 (Adjusted R Squared = .W7). 1 IS= I lighly Significant 

Table 37c. ANOVA for white light 

Dependent Variahle: WHITE 

T v ~ e  111 Sum , m 

Source of Squares i f  hlcwn Square F Sig. 

HR 1731.626 9 192.403 20985.825 0.000 (i 1s) 
Error 0.183 20 0.009 

Corrected Total 1731.810 29 

a R Squared = 1.000 (Adjusted R Squared = I .(NW)). I l\= I {ighly Significant 

Table 37d. ANOVA for dark source 

Dependent Variable: DARK 

P-p 

Type I I I  Sun1 
Source of Squares dl hledn Sqi~are F Sig. 

HR 26.826 9 2.981 8019.127 0.000 
-. 

Error 0.007 20 0.000 

Total 32.189 30 

Corrected Total 26.834 29 

a RSquared = 1.000 (Adjusted R Squarecl = 1.000). I I%= Ilighly Significant 



Results 

Fig. 39. Effect of continuous irradiation of blue light on PAL activity in 
leaves of etiolated turmeric plants 
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Fig. 40. Effect of continuous irradiation of red Iight on PAL activity in 
leaves of etiolated turmeric plants 
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Fig. 41. Effect of continuous kadiation of white light on PAL activity in 
leaves of etiolated turmeric plants , 



4.4. Amplification of PAL gene 

Good quality RNA was obtained from Clrrc-lrrirn leaves following the 

protocol of Johnson et d., (2005). R N A  was subjected to reverse transcription 

using PAL specific primer. Upon clvctrophoresis in 2% agarose gel, a distinct 

bands was observed of size ayproximatc~lv 400bp. 
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DISCUSSION 

Biosynthesis involves thc i l l  r l i i l o  prociuction of compouncls from the 

simpler ones and involves a nurnlwr of enzyme systems and intermediates. 

In higher plants like turmeric, thc rate and occurrence of the reactions may 

differ based on the availability of thC precursors and intermediates and also 

regulation at the gene level which in turn depend on the necessity of the cell 

for particular metabolites. However due to the paucity of enzyme studies in 

this area, the details of biosynthetic pathways remains largely unknown or 

speculative, especially the biosyntl-rctic control mechanism and their relation 

to the growth of the plant. 

The experiments carried out in the present study have led to some 

conclusions, which are explained in this chapter, specifically on the rate 

determining factors. Discussions are mainly confined to the relative 

variations in primary and secondary metabolites, the formation of the 

curcuminoids as related to the a\,ailability of precursors and intermediates 

and activity of the regulatory biosynthetic enzyme during rhizome 

development. Three tracer expcrimcnts conducted during the investigation 

also give insights on the prime precursor for the biosynthesis and the major 

intermediates involved, in addition t o  arriving at the most probable pathway 

for the biogenesis. The discussion also centers on the localisation, purification 

and kinetics of the major rate-dctcrmining enzyme Phenylalanine ammonia 

lyase (PAL), which initiates the biosynthesis. 



5.1. Primary metabolites 

5.1.1. Starch 

Starch is the major rcscbrvcb ~'~rbohyclrate in curcuma species as 

reported by Uphof (1968). Apart from starch as the major polysaccharide, 

Gonda cf al. (1990) has isolateci another acidic polysaccharide from the 

rhizomes, which may also add to the totcl] content. The level starch was founcl 

to be progressively increasing as the plant matures. The lower percentage of 

starch at the early stages might be due to the utilization of plant carbon source 

for the synthesis of metabolites other than starch, which is then followed by 

the accumulation of starch, bcforc full maturity. This is supported by the 

findings that curcuminoids and other secondary metabolites showed higher 

values in the early stages of plant growth, which require carbon source for 

their synthesis as reported elsewhcrc. in this thesis. At later stages, both 

secondary metabolites as well as starch reached a plateau. 

The study could indicate LI similar pattern for varieties Prabha and 

Prathibl~a, while Suguna and Suchrsana, which are early maturing varieties, 

forming, another group. Var. Allcppc\r however, behaved differently. 

Regarding dry recovery, 'iftcr 180 DAS, marked increase was seen, 

which was also reflected in the changes in starch and other secondary 

metabolites. Early maturing ~ a r i c t i ~ s ,  Suguna ancl Sudarsana, had low dry 

recovery as compared to other \~arit*ticbs, studiecl. 

5.2. Secondary Metabolitcs 

Thc major secondary mctabolitcs of comn~ercial importance in 

turmeric are oleoresin, essential oil and curcuminoids, which impart the 

characteristic aroma, flavour and color to the rhizome. In addition, phenolic 



compouncis, which are the precursors for these metabolites bears equal 

significance. 

5.2.1. Phenolic acids 

Phenolic acids are the major intermediary precursors for 

phenylpropanoid biosynthesis (l3olw~~II 01 U/, 1986; Creasy, 1987; Jorrin ancl 

Dixon, 1990; Sato et ~ 1 ,  1982, Stafford and Ibrahim, 1992). Conversion of 

cinnamate to p-cournarate ancl further to caffeate and ferulate is the 

established series (Torssell, 1983; Van Sumere and Lea, 1985; Swain, ct [l!, 

1979), which form the initial part of the biosynthetic pathway of curcuminoids 

as suggested by Geissman (1969). 'The major occurrence of these three 

phenolic acids, as evidenced by 'TL,C and HPLC, with minor amount of 

sinapic acid (detected only through t 1131,C), which is the immediate product 

after ferulate in the phenolic acid metabolism in turmeric, leaves clearly 

support the precursor role of thcbsc coruponents. The negligible presence of 

sinapic acid in the leaves combined with a higher rate of formation of the 

earlier metabolites give additional c.\vi~icnce for the channeling of these 

compounds towards curcumin biosynthcsis. This also indicates the highcr 

levels of phenolic intermediates in the Icaves, which could be correlated with 

the higher activity of PAL in leaves, especially at 120 DAS. 

5.2.2. Oleoresin 

Oleoresin, rightly called "the essence of spice" constitutes the high 

volatile oils, coloring principle, fixed oils and resins. Between 120 and 210 

DAS, the rhizomes contained highcr amount of oleoresin, at which stage the 

other secondary metabolites viz. cssc~~tiai oil and curcuminoids also occur in 

higher proportion. In roots, however, maximum content of oleoresin was 

observed at 150 DAS, indicating a probable role of storage site for roots, 

which may later be translocatecl to rhizomes. The higher values for 



curcuminoids at this stage (150 IIAS) support this contention. Among the 

varieties, higher values were seen for Sut;uiia and Sudarsana at 150 DAS (17% 

and 14% respectively), at which stage, thc major reserve carbohydrates had 

shown a decline. This may be duc to thcb diversion of their precursors for the 

formation of oleoresin. 

Statistical analysis indicated that varieties Suguna and Sudarsana 

formed a group having least value in tile case of oleoresin as per DMRT. 

Highest essential oil was seen in var. Suguna, with varieties Prabha, Prathibha 

and Alleppey forming a group having lower levels of oleoresin. 

5.2.3. Volatile oils 

Volatile oils, which contribute aroma to spices, are a mixture of 

predominantly sesquiterpene kctones ancl alcohols. But in turmeric, the 

contribution of aroma by these components appears to be less, as compared to 

other spices. 

Not much work has been done on the maturity changes of volatile oils 

till date. At 180 DAS and 210 DAS, significantly higher concentrations were 

seen in rhizomes among the varieties studied. In leaves, there was a gradual 

decline of the volatile oil percentngc., due to the translocation of the various 

components of the oil towarcis the precursors for flavanoids ancl phenyl 

propanoid synthesis. -. 

Before the rhizomes mature, higher concentrations of volatile oils were 

seen in the roots, in Suguna ancl Suci,~rsann. This may probably be clue to the 

poor vegetative growth, which is a characteristic of the varieties. 



5.2.4. Curcuminoids 

5.2.4.1. Distribution 

As has been reported L'y sc~vcarLll workers, curcuminoids exists, as a 

complex pigment consisting ot curcumin I (C), curcumin I1 (DMC) ancl 

curcumin 111 (BDMC). The variations in the content of the three forms are 

responsible for the varied effcct in the fields of medicine and pharmacology. 

It has been noticed by Perkins (2002) that chemopreventive property of 

curcuminoids is specifically due to the higher concentration of curcumin I. 

This is due to the stimulatccl activity of caspase-8, which initiates Fas 

signaling pathway of apoptosis, inhibiting cell proliferation. In order to 

correlate the rate-determining cnzynic with curcuminoicls biosynthesis, the 

latter was estimated in rhizon~es 'lnd roots of different varieties/accessions of 

turmeric during plant growth. I'hc pattern of distribution of the three 

curcuminoids within themselves L~ncl  anlong varietics/accessions was also 

analysed. 

As reported by Perotti (1975), t l~c  clistribution patterns of the three 

curcuminoids are in the ratio 60:20:20 in most of the C~lrc-lln~n species. The 

results of the present study inclicatc that there are variations in the above 

pattern. 

In the released varieties a n d  'llso in the other high curcumin accessions, 

the distribution of curcumin I vLlricd from 65 to 70%, whereas the accessions 

with low curcumin levels showtbci variations ranging from 50 to 60%. 

However, curcumin I1 and curcumin 111 did not show a specific range, ancl 

almost kept a steady level upto 90 DAS. However, some of the varieties 

deviated markedly within stages. Conversion of curcumin I11 to I1 and 

curcumin I1 to curcumin I involves two consecutive methoxylation processes. 

While this serial methoxylation of curcuminoids were analysed, it was 



observed that the rate of methoxvl,~tion from curcumin I11 to curcumin I1 was 

higher in the early stages, which reflected in a high percentage of curcumin I.  

In addition, the lower concentration o f  curcumin 11, as is observecl in all cases 

studied may be due to the fact that convcrsion of curcumin I11 to curcumin I1 

may be comparatively slow ancl that of curcumin I1 to I may be at a faster rate 

which coulcl result in low accun~ulation of 11. Except for var. Prabha, which 

showed a reverse trencl. 

The methyl donor for methoxylntion is S-Adenosyl methionine in both 

cases. The primary methoxylation to convert curcumin 111 to curcumin I1 

appears to be a slow process, either duc to the slow conversion to curcumin I1 

followed by a faster rate of convcrsion to curcumin I or due to the higher rate 

of condensation reactions prior to curcumin 111 formation. The faster 

conversion of curcumin I1 to I appears to be natural, since the presence of one 

methoxyl group in the benzene ring of curcumin I1 (DMC) may accelerate / 

stimulate the chances for the second mcthoxylation leading to formation of 

curcumin I. 

This gives an additional clue for the serial methoxylation in the 

conversion of curcumin 111 -+ curcumin I1 -+ curcumin 1. These variations 

will also help in the diversified end uses for the three forms, as is reported, in 

the field of medicine. 

In short, curcumin I is a goocl source from all varieties except 

Prathibha, which showed a higher level only in the immature stages. As for 

curcumin I1 (DMC), a better sourcc appears to be varieties Alleppey, Prabha 

and Suguna. Regarding curculi~in I l l  (BDMC), varieties Suguna and 

Sudarsana are found to be best sources. 



5.2.4.2. Total Curcuminoids 

Varieties Alleppcy, Prabha anci I'r'lthibha showed lower levels during 

the very early stage of germination (30 DAS), but a distinct rise in the levels 

was observed after one month (3-fold), i~~ciicating higher rate of synthesis of 

precursors and related enzymes. This is ,dso supported by the higher PAL 

activity observed in turmeric leaves, which is a constant source of phenolic 

precursors, required for phenyl propanoici biosynthesis. 

A concomitant decrease in thc level of curcuminoids and PAL activity 

was seen at 120 DAS. The fact that I'AL subjecte~l to feedback inhibition by 

cinnamic acid and other phenolic acids in a competitive manner is evident 

from the lower levels of curcuminoids and PAL activity at this stage. The 

intermediary phenolics are thus constantly being utilized in the ensuing 

biosynthetic pathway leading to a higher level of the pigment, in the 

following stages. 

It is quite clear from the rc*sults that there is an interplay between the 

levels of phenylalanine, its' dircc t prociuc t cinnamic acid and the phenolic 

intermediates resulting in the variccl response towards curcumin synthesis. 

Several workers have reported the competitive binding of phenylalanine and 

the regulation of PAL activity Ie'~ding to phenyl propanoid biosynthesis 

(Mavandad et d., 1990, Appert r t  ({l., 1994). 

In varieties Suguna ancl Sudarsana, highcr levels of curcumin was 

obscrved during the very early y11,1sc* of germination (5.6 - 5.7%). A varied 

pattern was seen during the different growth stages, but after 120 DAS, 

drastic reduction in the pigment levels was noticed, which coincidecl with a 

lower level of PAL activity at  this stage. As explained earlier, the 

intermediary enzymes supported bv I'AL contribute actively towards these 



changes. These varieties arc cl~aractcrizecl by poor vegeta tive growth and low 

dry recovery and are early germinating ones. Another feature to be noticed in 

these varieties is the higher levcls of olcoresin and essential oil percentage, 

which are the major secondar~. mctabolites. The higher percentage of 

curcuminoids, as reported here, is rcaflcctcd in the higher oleoresin content, 

observed in these varieties. Moreover, this also points out to the fact that 

there exists a higher metabolic rate leacling to enhance levels of secondary 

metabolites. 

In roots, the maximum concentration of curcuminoids was seen in all 

the varieties at 150 DAS, which showccl a decline afterwards. Variety Prabha 

had the highest levels. Otherwise, no specific conclusion could be drawn 

from the results. 

5.3. Tracer studies 

Studies on incorporation of labeled compounds is a pre requisite for 

any biosynthetic work, which can leaci to identification and an understanding 

of the availability of the precursors involved in the whole process. It can also 

give valuable information on thc site of biosynthesis and the partitioning of 

the intermediates involved for vc~rious other metabolic pathways. 

5.3.1. Incorporation studies using 14C -C02 

This experiment was conctucted as a basic study, as has been done in 

other crops, prior to the actual Ialwlcci studies to trace the path of labclcd 

carbon incorporated and to sketch thc. site of synthesis and translocation of 

the metabolites of interest it1 7 ) i z ) o .  Onlv roots and rhizomes were analyzecl for 

curcumin since leaves and pseudostems were not found to be sources for the 

pigment. This indicated a serial translocation of the precursor for curcumin 



synthesis towards root, and further to rhizomes. The higher level of 

incorporation in roots combined wi tl1 ray id translcxa tion towards rhizomes 

on curcumin is another possible c~xplanation of the results observeci. This also 

agrees with the high concentratio11 of total curcumin in the roots during the 

same period (3-4 months). 

5.3.2. Root absorption studies using 1-'4C -phenylalanine 

Phenylalanine is reportcti to be the primary precursor in 

phenylpropanoid biosynthesis (Margna c! (11, 1989, Stafford and Ibrahim, 

1992). In the experiment on yhcnolic acid incorporation, higher 'jC - 

phenylalanine was observed in roots, as the mode of absorption in this 

experiment was only through roots. In rhizomes, a higher rate of 

incorporation was seen at 48 hrs, which declined when the source of 1 - C  - 

phenylalanine was withdrawn. After withdrawal, labeled compound was 

seen in leaves and pseudostem upto one month, probably due to translocation 

from roots. 

Majority of phenylalaninc absorbed through roots and other parts is 

mainly utilised for protein synthesis (Margna rt d., 1989) minor proteins 

being channalised towards phenolic biosynthesis. The values for 

incorporation in rhizomes are verv much lcss than expected, due to the above 

possibility. Apart from protein svnthesis in the plant, the partitioning of 

labelled phenylalanine towards phenyl yropanoid pathway takes place at a 

faster rate, as it is in a highly active rnetabolic stage, and thus offering another 

reason for the lower incorporation of the labelled compound in rhizomes, 

leaves and pseudostem. 

Separation of curcuminoicls bv 'T'LC and the measurement of -label 

in it using LSC confirmed presence of Iheled compound in curcumin from 



rhizomes and roots. In the present c'lsc, the 1JC -label was detected in the 

rhizomes and roots up to 4 months in contrast to labelled phenolic acids, 

which were detected only for a short t c m ~  (one month). This indicates that 

the conversion of phenylalanine to curcuminoids occurs at a highcr rate in 

presence of the substrate i.e., phenylalaninc), confirming the same as the initial 

precursor in the biosynthetic pathwav. 'The recluction in the incorporation 

detected during subsequent stagcbs might be clue to the dilution of the labeled 

compound due to increase in the bulk volume of the vegetative parts during 

plant growth and also due to thc withdrawal of the source of labelled 

compound. Interestingly, a highcr incorporation was seen in rhizomes at the 

fourth month, which might be due to the availability of labelled 

phenylalanine, originating from the cicgradation and turnover of protein. 

5.3.3. Root absorption studies using 2-"C-malonyl CoA 

Malonyl CO A has been suggested to be involvecl in both the postulated 

pathways for curcumin biosynthcsis. In the phenylpropanoid pathway, the 

central methylene group is provided by malonyl CoA with two symmetry- 

related cinnamate molecules. 111 a stuciy conducted by Roughly and Whiting 

in 1973, the fractional distribution of activity of labelled malonyl CoA was 

found to be more in the cinnamatc\ p'lrt (0.31) with negligible incorporation in 

the methylene group (0.06). This indicates that malonyl CoA synthesized i l l  

zlizjo is channeled to other metabolic pathways viz. phenylalanine metabolism 

or towards the synthesis of other carbon compounds. The rate of conversion 

(in 77iz~o) of acetate to malonate may be more, part of which will get absorbed 

in the central methylene group ancl the rest diverted towards fatty acid 

synthesis. 

The erratic incorporation of I,~bellcd malonyl CoA and the poor 

distribution in the curcumin extracts, rulcs out any possibility of the seconcl 



pathway of curcumin biosynthcsis viz. the acetate pathway, where five 

acetate / malonate units is said to form the second cyclic Cq unit of curcumin. 

5.4. Phenylalanine Ammonia Lyase 

5.4.1. PAL activity during rhizome development 

Most of the biosynthctic pathways are basically controlled by a 

regulatory enzyme, which functions according to the cells' demand. These 

enzymes usually catalyse the initial (rc\te limiting) step in the biosynthetic 
-+ 

pathway and have been controlled by thc feed back inhibition of the excess 

immediate product. These inhibitions are usually competitive and will be 

released as soon as the scarcity of the. product occurs. 

PAL as the bridge betwrbcn primary metabolites and natural product 

biosynthesis, is a potential site for p a t l ~ w ~ ~ y  regulation. Since PAL is the first 

reaction in the biosynthesis from phenylalanine of a wide variety of 

phenylpropanoid compounds, thc~ fluctuations in the PAL levels are thought 

to be a key element in the c'ontrol of phenylpropanoid biosynthesis. Smith ef 

al., 1977 reports that increase in PAL, levels are only transient and follow a 

rapid decay to basal or new bas'll Icvcls. Many reports have demonstrated a 

correlation between change in the lcvcls of phenylpropanoid biosynthetic 

enzymes and product accumulation of spcbcific end products. (Hahlbrock and 

Scheel, 1.989; Amrhien and Zenk, 1971; Shields ef (11  (1982); Robbins ef al., 

1985). 

In the present study, sixty ci,~vs after sowing, there is a marked increase 

of the enzyme activity, resulting in ,In accumulation of t-cinnamic acid, which 

is the immediate product. The ~ ~ n z \ ~ m i c  level remained steady for 30 clays, 

with a concomitant production of t-cinn,~mic acid. The decrease in the levels 



of PAL after 90 DAS point to thc i,~ct that cinnamic acid might regulate the l ip 

IZOZ~O procluction by inhibitin); t l ~ c b  clxpression of PAL-gent. including 

activation o f  a inactive precursor protein (Lamb ancl Rubery, 1976). 

Trans-cinnamic acid appc3'lrs to act as an i r r  77i770 modulator of the 

synthesis of phenyl propanoici pathway enzymes (Bolwell ct tr l . ,  1988). 

Alternatively, a post transcriptional control is also suggested by Dixon 1.t 171 

(1980), where cinnamic acid mociulatc~s PAL-levels in tissue treatecl with high 

concentration of inhibitors of mKNA synthesis. It was also shown by Varner 

and Ramachandra (1964) that phenylalanine as well as cinnamic acid 

repressed the synthesis of PAL. Most probably, cinnamic acid is the active 

agent rather than phenylalanine and could function as a natural repressor of 

synthesis. Both Cinnamic acid and 11-cournaric acid inhibited PAL activity in 

71itr0 (Koukol and Conn, 1961). 

The fact that there is a cic>clinc in the PAL activity cluring later stages 

indicates a higher rate of utilization of cinnamic acid and other phenolic acids 

leading to secondary metabolitcs ,Incl in this particular case, the 

curcuminoids. Curcuminoids arc synthesized from trans-cinnamate through 

or the hydroxylation and subsequcn t n~ethoxylation, modulated by a series of 

enzymes, resulting in a numbcr of intermecliary products. In the initial 

stages, these may act as activators, which might perturb the normal feed, back 

control by stimulating the chan~ieling of carbon into the phcnylpropanoid 

pathway. Thus the initial increase in the enzymc activity reflected on an 

increase in the rate of d ~ >  no770 enzyme production against a low background 

production of enzyme removal. I'hc subsequent decay in the enzyme activity 

might be result of a decline in production of the enzyme concomitant with a 

marked increase in the rate of renlo\lal of the enzyme activity. This indicates 

a dual feed back moclulation of PAL i r r  7 1 r o o  following endogenous procluction 

of cinnamic acid. 



Apart from the aspects oi r i t l  rlooo svnthcsis and re clegradation of PAL, 

the substrate phenylalanine itself mav be a limiting factor for the variations 

observed during the rhizome dc~\~clot~nicnt. It  was proposed by Bate c.t n1 

(1994) that the potential capacity of I'AI, to clcaminate phenylalaninc tencled 

to be much higher than the rate ot phchnolic synthesis. 

The higher PAL activity in thc. clLirlv germination phase as is observed 

here (60 DAS and 90 DAS) incliccites a higher rate of deaminating capacity. 

This is sufficient enough to contribute to the curcuminoids synthesis at later 

stages, where a declinc was observecl. This suggests a predominance of 

characteristic synthetic and then cicgraciative processes characteristic of the 

turnover of plant protein (Vickerv ( -1  nl., 1940). It is seen here that a direct 

relation exists between the PAL activity ancl the level of curcuminoids during 

the growth stages, which confirms the observations made earlier. 

5.4.2. Localization of PAL in turmeric 

Density gradient centriful:ation followcd by marker enzyme analysis 

gave indication of the presence ol I'Al, in the microsomal fraction. In the first 

experiment, the cell fractionation tor I'Al, was carried out. PAL activity was 

present in the soluble fractions. 

This is in conformity with thc finclings of Kalghatgi and Subba Rao, 

1976. Endoplasmic reticulun~ was also suggested as a site for 

phenylpropanoid and flavanoicl metabolism in petal tissue by Hrazdina et i l l  

(1984). These authors also suggestcci the occurrence of a membrane bound 

multienzyme complex associatecl with thc entire pathway from phenylalanine 

to flavanoids. 111 vitro demonstr,~tion of the phcnypropanoid core pathway 

reaction sequence using phenylalaninc. 'ilone as a substrate substantiated that 



at least the core enzymes existcd as ,l multienzyme complex (Deshpancle 1.t r r l ,  

1993, Archnine and Blancoflor, 2004). 

Although Schopfer has su~;~;c~stc*ci that prcscncc of PAL in particles 

may be attributed to artifacts that form when PAL is treated with clilute 

buffer, the enzyme remainecl in the microsomal fraction after washing 

(Amerhein and Zenk, 1971). Similarl\r the present study also showed that 

resedimentation or relayering of t l~cb ir'lctions could enhance the activity to 

80%, which confirmed the evidcmcc for a particulatc form of PAL. Since 

phenylalanine is present in the cvtosol in the free amino acid pool, there must 

be a flux of these substrate molc*culcs out of the cytosol onto the particles 

(Camm and Towers, 1973). This is also supported by the work of Hrazdina 

and Wagner, who suggest that thC emtire pathway from phenylalanine to 

flavanoids is membrane (ER) asstxiatctl-l and this metabolism is facilitated by a 

multi enzyme complex. PAL aypcars to be locatccl in the lumen of the 

membrane. These authors have also reported ER as a site of phenyl 

propanoid metabolism in Hippeastrum (tlrazdina ancl Wagner, 1984). 

5.4.2.1. Sub fractionation of microsomes 

Three peak activities were8 obtaitic~l for PAL, corresponding to three 

zones - each approximately ranging between 23-25%, 29.5% and 3435% 

sucrose. These zones are ;~ttributablc to the organelles: endoplasmic 

reticulum (ER), proplastids and plasm,i membrane. Highest activity was 

found to be associated with endoplasmic reticulum (less denser fraction) and 

this fraction within the gradicbnt was characterizccl by isopyinic clensity 

gradient centrifugation. 

Czichi and Kind1 in 1977 rc!portcci thc occurrtncc of cinnamic acicl 

hydroxylase also along with ['Al. in cucumber cotyledons. They have 



suggested that the CO-occurrence3 of I'ilI, and cinnamic acid hydroxylase in ER 

at density l.lOg/cm? renders tlic~sc organelles peculiarly suited as 

compartment in which both the cnzynics are commonly controlled, probably 

as membrane-bound enzyme ,~sstxi~~tc\ or as micro compartment. These 

authors (1975) had earlier rcportecl that cinnamatc, as an intermccliate in 

hydroxy cinnamate formation rcm,iins bound to the membrane enzyme 

complex. They have also proposc)ci n mociel of membrane-bound multi 

enzymc complex for the conversion ot c~romatic amino acids into phcnols. 

In contrast, Amershein ancl Zcnk (1971) found that the two enzymes - 

cinnamic acid p-hydroxylase and I'AI. were not associated with one and the 

same type of membrane, in the microsomes of Fngopyrzlti~ escz~leiztzol~. Hence 

they did not consider a co-operation bc1tween these two enzymes. 

In the present study in turmeric, where the phenyl propanoid pathway 

is mainly channeled towards curcumin biosynthesis, the occurrence of the 

major rate-limiting enzyme, PAL, in the pathway has been found to be 

localized in the microsomal fr'tction. l'he enzyme could be detected in the 

portion of sucrose gradient, apyro~ imat~ ly  corresponding to density of ER, 

proplastids and plasma membrane. 

It should be noted that without compartmentation, a clear separation 

of both sequences - protein synthesis and phenyl propanoid biosynthesis - is 

impossible, since significant conccntration of L-phenylalanine has to be 

maintained always for protein s\l~ithcsis. This is supporteci by the findings of 

Margna 1 . t  nl., (1989) that a correlation between an increase in PAL activity 

and a decrease in the pools of fret. I,-plicnylalanine could be demonstratecl 

only in a few cases. It has been conclusi\lely proved that phenyl propanoicl 

and flavanoicl metabolism takes place* in complexes on the cytosolic face of 

the ER (Stafford, 1981; Hrazdina 'incl W'igner, 1984; Dixon i 7 t  nl. 1988; Stafford, 



1990). A number of microsomal cvtcxhrome P450 enzymes occur in these 

pathways, which may serve to anchor complexes to the ER membrane. These 

observations corroborate with the prctscnt findings on the presence of PAL 

associated with ER in turmeric. 

5.4.3. Purification 

The subcellular localisation of I'Al. c-oulcl reveal its presence in the sub- 

microsomal fractions especially i!~icloplilsmic Reticulum, proplastids and 

plasma membrane. To gain further insight on the molecular forms of PAL, 

attempts were made to purify the enzyme to homogeneity. 

Jorrin et d., (1991), partially purificd PAL from sunflower (Helio~ztlzzis 

allnus L.) hypocotyls and detectitcl the prcsencc of mono, tri-and tertrameric 

forms of PAL by molecular gel filtration on Sephacryl S-200, using different 

elution conditions. Tanaka and Urit'lni (1977), purified PAL from cut injured 

sweet potato which gave a molecular weight from 2,85,000 to 3,20,000 

consisting of subunits having molcc-ular weight 80,000 and sedimentation 

coefficient 11.6 to 11.9 S, respec tivel y. 

In turmeric, PAL coulcl be yurificci 157-fold after Ammoniun~ sulphate 

fractionation, followed by anion cxchangc chromatography and gel filtration. 

The enzyme was found to have '1 MW of approximately 156,000 and a subunit 

molecular weight of approxim,~tc*lv 39,000. This suggests that the holo 

enzyme consists of a tetramer of similctr or identical subunits. This is in 

agreement with the tetrameric n'tturc of PAL in all organisms examined to 

date. The thick single band obtainccl d tcr  SDS-PAGE also supports this. The 

enzyme is similar in its physical proyc.rtics to that purified from angiosperm 

sources, but differs from PAI, prcpc~rc~tions from bean and alfalfa in its' 

apparent lack of isozymes. Thcsc d'lta arc consistent with the values for PAL 



from other sources viz., leaf must,lrd (I.im clt (I!., 1998) anci mustarcl cotyledon 

(Lim et nl., 1997). 

By purifying PAL through (N~-I.,):SO.I fractionation, DEAE-cellulose 

chromatography, Sephadex G-200 anti Q-Sepharase chromatography, from 

the cytosolic fraction of leaf mustarci (Rrossicn j~rllce(I 7l(1r.irltegrifolin), the 

enzyme was found to consist of four subunits, each having an estimatecl MW 

of 40,000 on SDS-PAGE, with an optinlal pH and temperature of 9.0 and 4 3 C  

respectively. Another study conciucteci by the same authors in mustard leaf, 

identified a second form of PAL, (PAL. 11) with a molecular mass of about 

37,000 Da. with optimum pH ancl temperature of 8 and 4 5 C  respectively. As 

is seen from the results, turmeric lcclf PAL closely rescmblcs leaf mustard 

PAL, in molecular weight ancl seems to be entirely different in its molecular 

form from sunflower and sweet pots to ('l'anaka and Uritani, 1977), parscl y 

(Appcrt et al., 1994), bean (Da C'unh,~, 1988) and maize (Havir et (11, 1971) 

which exhibited a higher subunit molc.cular weight. In any case, irrespective 

of the molecular mass, PAL from '111 t11csc crops, including turmeric existecl as 

a tetramer in its native form. 

The fractions containing I'AI. activity were concentrated using 

centrifugal ultra filtration devices (Cinntre prep 30: Amicon). SDS-PAGE was 

carried out using the concentrateci protein, as described in Materials and 

Methods. The banding pattern of thcs proteins seyarateci during the various 

stages of purification showecl a thick fast moving band which was 

consistently in all the lanes, indicating the different stages of purification 

(Plate 8). 

The reference proteins uscci in cictermining the molecular weight are 

Rabbit phosphoryalse b (MW 97,400), Bovine serum albumin (MW 66,200), 

Glutamate Dehydrogenase (MW 55,000), Ovalbumin (MW 42,700), Aldolase 



(MW 40,000), Carbonic anhydrasc (M W 31,000), Soya bean trypsin Inhibitor 

(MW 21,500) and Lysozyme (MW 14,400). Electrophorcsis of the purified 

enzyme gave a thick single stainc~d protein bancl corresponding to a subunit 

molecular weight ranging from 3H,OOO to 40,000, indicating that the enzyme is 

an oligomer consisting of four subi~nits. 

Isoforms of PAL have been clironiatc>graphically resolved in extracts of 

a number of angiosperm specics, in which different stresses appear to induce 

increase in specific isozyme forms (Bolwclll ct nl, 1988; Jorrin and Dixon, 1990). 

In contrast, PAL from turmeric coulcl not be resolved into distinct isoforms by 

anion exchange or gel filtration chromatography. This is evident from the 

occurrence of a single major peak o n  purification by gel filtration and also the 

presence of a single band during clc.ctroplioresis. In addition, PAL displayed 

normal Michaelis- Menten Kinetics (Fig. 31) suggesting that turmeric leaf PAL 

is constitutively present as a singlcb forrn. 

5.4.4. Kinetic studies 

In order to investigate thc kinetic properties of an enzyme, it is 

essential to have a purified form to get reproducible results and to avoid 

artifact. With the above purification tr,~ctions for PAL from turmeric leaves, it 

was possible to make a few observations on the major kinetic parameters. 

5.4.4.1. Effect of substrate concentration 

In turmeric, iir vitro studies on the changes in the substrate 

concentration showed an enhancccl PAI, activity, with a linear increctse with 

the supply of phenylalaninc. 'T'hus cbsoy,cnous supply of phenylalaninc at 

lower levels in the incubation mcdiun~ could increase cinnamic acid 

concentration while at higher Icvcls, the activity remained stationary 



irrespective of the substrate c-onct~ntration, exhibiting a l~yperbolic curve 

(Fig.). 

K m  value 

Several reports are a ~ a i l ~ ~ b l e  o n  thcb negative rate cooperativity of PAL 

for its substrate L- phenylalanincb ( l  {avir rt (rl., 1971), although this may 

simply reflect the combined kincltics of ,I number of isoforms, each exhibiting 

classical Michaelis- Menton Kincti1.s (I,evitAki and Koshland, 1969). 

Da Cunha (1988) in their stuclies on the purification, characterization 

and induction of PAL in Plrnscollrs rllrlgnris has reported a K,,, value of 1.25 mM 

for L-Phenylalanine. In yet another study on Pllnseoll-rs zuilgnris, Bolwell et nl., 

(1985) could resolve the enzyme into tour forms by chromatofocusing, with 

apparent PI values of 5.4, 5.2, 5.1 nnd 4.9. Even though a preparation 

containing all four forms exhibitcci apparent negative rate co-operativity with 

respect to substrate, the indivitlual forms clisplayed normal Michaelis-Mcnten 

kinetics, with K ,  values of 0.077mM, 0.122mM, 0.256mM and 0.302mM in 

order of decreasing apparent 1'1 v,~lue. 

Gupta and Acton in 1979 purificbci PAL from mustard (Sirlnpis nlbu L.) to 

homogeneity. The enzyme constituted 0.01 % of the total cellular protein with 

a pH optimum of 8.6. The K,, v,~luc of the enzyme was noted as 0.151-0.154 

mM. Nega tive coopera tivity was not cictected in the concentration range 

testecl. 

In the present study in turmeric,, the enzyme coulcl be purifiecl to 157- 

fold, and negative cooperativity w;ls not seen with the substrate ( L- 

phenylalanine) tested. The K,,, v,~lucb was found to be 0.03mM exhibiting 

Michalcis -Menten kinetics. This w,\s ,~lso rcportecl for PAL from radish 

cotyledons (Fourcoy, 1980), in li/ri=oc-/orrrrl solrl~li (Kalghatki and Subba Rao, 



1975), Plrnseolirs 7lrlgnris (Bolwell rpt rll., 1985) and also from mustard (Lim c3t nl., 

1998). 

The deamination reaction in ilioo is also controllccl by another cellular 

mechanism, other than the catalvtic activity at the enzymic level. This is the 

control at the level of substratc. supplv, i.e., phcnylalaninc as the enclogenous 

source. According to Margna (1977) thc) dcminating capacity of plant tissues 

is always sufficient to consumcb '111 phcbnylalanine left over from protein 

synthesis which becomes avail,~blc t o  the enzymic action by PAL during 

normal cell metabolism. 

5.4.4.2. Effect of pH 

The position of pH optima at saturating substrate concentration is 

determined by the ionization of the groups of the enzyme- substrate complex. 

From the studies on pH-activity rc.lationship, it is seen that with L- 

phenylalanine as the substrate, the optimum pH was found to be 8.8, similar 

to the value obtained from potato (Jangaard, 1974). The pH optima were also 

found to be similar in Pllnseolirs orrlyaris (da Cunha, 1988) in mustarcl (Sirlrlpis 

nlbrr L) cotyledon. (Gupta and Acton, 1979), in jack pine (Pilllrs harrksinrln) and 

also in wheat Hordiurrr .r~ulgcrc (Koukol and Conn, 1961). 

5.4.4.3. Effect of Temperature 

Studies on temperature opti~na tor PAL activity indicated maximum 

activity at 25OC under the speciiiecl conditions. At higher temperatures, the 

enzyme was shown to be i n a c t i ~ a t ~ d ,  with negligible activity. As mentioncc1 

above PAL on purification, resembles in its molecular weight with that from 

irradiated mustard cotyledons ,~nri also with that of mustarcl leaf PAL 

(Bmssic-n jrllzccn var. irltcgrifolicl) (L.im 01 111, 1997, Gupta and Acton, 1979). 



However the optimum temperature (25°C) was exhibited only by the enzyme 

from mustard cotyledons (Sirlnllis r l l l l t l  c'.). 

Da Cunha (1988) during his studies on PAL purification from Pllllst~ollis 

7lulgrrris also reported that the enzvmc coulcl be specifically eluted at 20"-25°C 

during sephacryl S-200 gel filtr,~tion, confirming the presence of a non- 

degradable form at 25°C. In most otl~cbr crops, the temperaturc optima was 

founcl to be 45°C. Strong exceytions to these findings were reportccl by 

Ohshima et nl (1991). In this casc, a thermostable PAL was purified from 

Tlleriilo nctinornyces interrrledilts. ?'he enzyme was not inactivated even at 50" 

and 70°C and also at pH varying from 5 to 8. In another report by Appert et nl 

(1994) in Parsely (Petroseliun~ crisl~ir~rl Nyni.), the four PAL isozymes exhibited 

similar Km values and identical tcmycraturc (58°C) and pH (8.5) optima. 

However, the present study on PAl,  from turmeric leaves indicated similar 

kinetic parameters as for must,trd cotvlcdons, including the temperature 

optima. 

5.4.4.4. Effect of inhibitors 

There exists much experimcn tell evidence that cinnamate and hydroxy 

cinnamate derivatives may alter the Ic\,'l of many PAL responses (E~lward ct 

l . ,  1990; Minamikava and Uritani, 1965). Lamb (1979) reported that 

modulation of enzyme activity bv patIiw,iy intermediates occurred by a rapid 

post-transcriptional mechanism, by affecting either the processing or 

translation of PAL -mRNA. By using clensity labelling, it was shown by 

Shields and coworkers in 1982, th,it cinnamate inhibited ric, 1107~0 synthesis and 

also stimulated the removal of thc~ prc c*xisting enzymes. 

In turmeric leaves, PAL. activity was inhibited partially at lower 

concentrations and completely at highcr concentrations of cinnamic acid. It  

appears that cinnamic is a compctitivc inhibitor binding to the active site of 



PAL. In the model proposecl by Iianson ancl Rose (1975), a hydrophobic 

pocket, which interacts with a bc.nzcnc ring, plays an important role. This 

model explains the inhibition shown h\? cinnamic acid ancl its hydroxyl and 

methyl clerivatives viz., coumaric, c,~ift*ic 'Incl ferulic acids. Hanson and Havir 

(1970) suggested that the active site> of PAL can take a more stable 

confirmation, which is the one binding with the reaction product viz; 

cinnamic acid. 

It has also been established that PAL is sensitive to a PAL specific 

proteolytic system (Creasy, 1987), which is apparently activated by the PAL 

reaction product cinnamate (Bolwell 1.t 111, 1986, Shields et nl, 1982). This can 

also be explained by the feedback inhibition of PAL mediated by various 

phenolic compounds (Sato et 111, 1982).  turmeric leaf PAL activity was also 

inhibited only at milli molar conccntratiol~s as in jack pine ( P Z ~ Z Z I S  hn~lksiniln), 

as reported by Campbell and 1Sllis (1991). These data are in contrast with 

those for PAL from other species such 'IS yeast, sweet potato, and pea (Sato et 

nl, 1982) and alfalfa (Jorrin ancl Dixon, 199O), in which phenolic compounds 

are effective in inhibiting PAL. at concentrations as low as 100pM. It may be, 

that, in turmeric leaves, which are rich in phenolic acids to initiate pigment 

synthesis, modulation of PAL. activity by low concentrations of these 

metabolites is not a metabolically fc,tsiblc~ mechanism. Exogenous supplies of 

the intermediates of phenyl pro yanoid biosynthesis inhibited initial 

development of enzyme activity. 'Thus, cinnamic acid and other hydroxylated 

cinnamic acids gave partial inhibition to the development of enzyme activity 

at increasing concentrations. In contrast, addition of chlorogenic acid 

exhibited inhibitory effect on PA1, activitv at all concentrations. The results 

seen here thus indicated that I'AI., the first enzyme in phenylpropanoict 

metabolism, may be affected by phc.nolic- x i d s  formed in the pathway, as was 

reflected in the partial inhibition shown bv ferulic and /I-coumaric acids. 



5.4.4.5. Light 

PAIL is an enzyme, intc*nsivcly investigated in molecular photo 

morphogenesis. (Camm and 'Towcv-S, 1973; Wellmann and Schopfer, 1975). 

This has also received a great clibal of 'Ittention as a result of Zucker's 

discovery (1965) of the increased '~ctivity of PAL in potatoc slices incubated in 

light. The stimulatory effect of light in cither etiolated or excised tissue had 

since been shown to be quitc gcncr,ll although exceptions are known. In 

several species, continuous illumination Icads to changes in the extractable 

activity of PAL leading to incrct,~s~ in flavanoid changes (Engelsma, 1970; 

Attridge and Smith, 1967; Zeier, 2004). 

The present studies demonstratecl that in etiolated turmeric seedlings, 

exposure to red light caused two pc,tks, one at 18 hrs and the other at 48hrs., 

due to the photo activation of yhvtochrome, as reported in Alaska peas by 

Attridge and Smith (1967). Mohr (1974) examined the mode of action of 

phytochrome (continuous far-red light) in increasing levels of L- 

phenylalanine ammonia-lyase activitv in cotyledons of developing mustard 

seedlings (Sinnpis nlbn L.) Ili~rc, bandwidths and density shifts of 

isopycnically banded enzyme show thclt in darkness the enzymc was 

synthesized de rlo~~o, continuouslv tunlint; over (half-life approx. 3 h) and that 

maximum labeling achievable W,IS rcnchcd at 12h. 3.2-fold (6h), 5-fold (12h) 

and 10-fold (24h) light-mecliateci increases in enzyme activity were 

accompanied by a similar pattern of labcling as observeci in darkness. The 

response to red light treatment is not immediate. In all experiments, a lag 

phase of 6hrs is seen. This indicates the existence of a characteristic induction 

and repression sequence. Although cvidcnce for the participation of enzyme 

synthesis in response to exposure to light has been provecl in other crops 

(Zucker, 1965; Schopfer and Mohr, 1972) such evidence has not yet been 

obtained for turmeric. The two peaks as are seen here might be clue to two 



isoforms of PAL, as suggestecl by I 1,ivir allcl Hanson (1968) ancl Minamikawa 

and Uritani (1965) and the two forms arc> sc.quentially induced. 

Blue light also gave a single, but not so predominant peak at 12 hrs for 

PAL. Lois r t  n1 (1989) has shown that blue light mediated by a flavine 

photoreceptor will cause cis- tr,itis i son~~r i sm of hyciroxy cinnamic acicls in 

Cut-zr~irzrs seedlings, which corrcl,ites with the increasecl PAL levels. Kubasek 

et nl., 1992 also reported that thc inciuction of PAL is mediated by a specific 

blue light receptor. PAL is actually controlled by a feed back system in which 

the trns-isomers are more inhibitory than cis-isomers. The lower activity seen 

after blue light illumination might be cluc to the enhanced conversion to the 

trans-form of cinnamic acid, resulting in PAL inhibition. 

Exposure to white light also c'iuses a lag phase of 6hrst similar to that 

observed under the effect of reel irradiation with two peak activities, which 

are the results of a phytochronicl nic~cliatcci response. It is demonstratccl that 

the white-light mediated stimul,~tion of I'AL activity involves stimulation of 

the rate of h 110710 production of ,ictivc. cbnzyme (Lamb and Rubery, 1976). In 

Sinnpis nlbn seedlings, the lag ph,isv is taken as the time required for the 

derepression of the gene for PAI .. 

Seedlings kept in dark also showccl a peak at 12hrs, but the catalytic 

power is somewhat smaller th'in that found for illuminated seedlings, 

showing that in dark also phenylpropanoid metabolism is active even though 

to a lesser degree as is seen in rose cell suspension cultures (Lois r t  ill., 1989). 

These results agree reasonabl~f wc.ll with published reports (Kendrock and 

Frankland, 1968). It is clear th'it a11 thC light treatments brought about an 

early rise in extractable enzymtb ,ictivit~., which reached a peak at 12hrs, 

followed by a further increase recicliing a niaximunl at 48hrs. A characteristic 

feature of these light induced increasc.~ in the enzyme activity is the lag phase 



of 12hrs. A lag phase has also bem observed by Mohr and his colleagues 

(1974) in the photo induction of PAI. in Silznpis nlbn seedlings, where it has 

been taken to represent the time requirecl tor the derepression of the gene for 

PAL. 

Thus exposure of turmeric seedlings to the three forms of light evokes 

varied response to PAL, cithcr through ric 1zo7~o synthesis or through a 

derepression factor or through fcecl back inhibition. 

5.5. Amplification of PAL Gene 

Primers specific to PAL, gcme werc synthesized and this primer was 

used for tagging PAL specific gcBnc from C'llrnlrlzn. The expected size of the 

PAL gene was around 1000 bp. Results indicated the presence of cDNA 

bands of 400 bp approximately. 'l'his band may be considered as that of PAL 

and the sequence might be trunc'ltcd. Also, the reason may be attributed to 

the fact that the same primer seclucBnccb may be present in some other protein 

in that species. Cloning and scquc9ncing of the cDNA fragment has to be 

carried out for further confirmation. 
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SUMMARY AND CONCLUSION 

The present study confinc~s t o  the. investigations carried out 011 the 

biosynthcsis of curcuminoids in tu rrncric (Clr rcrlrlru 1orlgu L.). Rational 

importance of the crop mainly c.cnntcbrs on its medicinal and pharmacological 

properties as well as being a natural dvc i l l  the food industry. Inclia being the 

largest producer and consumer of tur~ncric adds double importance to the 

problem, with respect to its export yotcntial. Very recent findings on the 

chemopreventive properties, its role in prevention of AIDS and in the control 

of Alzheimer's disease strikes a golden note in the history of turmeric. 

The present study mainlv empliasis on the ill vii.70 synthesis of the 

coloring pigment in the crop. Sincc the structural elucidation of curcumin by 

Lambe in 1910, much work 11'1s been done on the chemical and 

pharmacological aspects of the cornpound. But reports on the biosynthesis of 

the compound are very meagre. Keeping i n  view the two pathways suggested 

in early sixties and seventies as mentionect in the introcluction, present study 

was undertaken. 

As a preliminary step, this rt~l,iti\rc concentration of other metabolites - 

essential oil, oleoresin and phenolic 'icids as well as starch during plctnt 

growth were determined which g'ivr. a basic information on the rate of 

biosynthesis of the compounds during rhizome dcvclopment and provided 

an indication on the availability of ot11i.r precursors required for biogenesis. 

Regarding oleoresin anci c*sscnti,~l oil, an increase is observed cluring 

the initial stage (upto 120 DAS), in contrast to starch, the major reserve 

carbohydrate in turmeric, which cxhibitcd a steady increase up to maturity. 

Along with secondary metabolitcs, thC t o t ~ l  curcuminoicls also showed higher 

levels during the initial growth oi t l~c  plant. As rhizomes matured, there was 



an enhancement of starch svnthsis resulting in the relatively lower 

percentage of curcuminoicls. I lowc.vcr, 3-folcl increase in the level of the 

pigment was seen in 3 to 4 month sci~cilings. 

Any biosynthetic investigatioti needs experiments through tracer 

studies involving labelled yrcc.ursors / intermediates. As such, three 

experiments were conducted using i )  'JC-Carboncite ii) 2-IT-Malonyl CoA 

and iii) l-IT-Phenylalanine. 

Based on the previous stuclics on the distribution of curcuminoids, the 

tracer ex periments were planncci during the early phase of plant growth i.e., 

within 1-2 months. The first experiment using '-'C-carbonate gave a clue on 

the translocation of the pigments from the root to the rhizome. Second 

experiment using 2-'-'C-malonyl CoA, which is the intermediary precursor 

resulted in a non -significant incorporation of the label in curcumin thereby 

ruling out the second postulate. suggcstcci by Roughly and Whiting in 1973. 

The third experiment w'is conducted to check the possibility of 

occurrence of the phenyl propclnoid p thway suggested by Geissman in 1973. 

The first committed step in the hiosvnthesis o f  phenylpropanoid skeleton in 

higher plants is the deamination of L,-phenylalanine to form t-cinnamate 

which is catalyzed by the enzyme pliiwvlalanine ammonia lvase. The enzyme 

activity was monitored during rliizc~mc~ c~evelopment, which indicatecl higher 

levels during initial phase. Based on this, the incorporation studies were done 

during the early stage. The incorpor,ttion of the label was seen in phenolic 

acids, the intermediary precursor in biogenesis, indicating the conversion of a 

part of 'C-phenylalanine to pticnolic acicls in the vegetative parts. In 

addition, the presence of 1°C- 1abc.l in curcuminoicls confirmed the inclusion of 

phenolic acids into curcumin tnolcculcs. This comes out as an eviclence for 



Proposed pathway for curcumin biosynthesis in Curcu~na lotlga L. 
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the phenyl propanoid pa thwa~~ involving phcnylalanine as the primary 

precursor and phenylalanine ammonia lyasc as the rate-determining enzyme. 

The major phenolic acicfs icicwtificci through TLC and HPLC wcrc 

found to be, p-coumaric acid, caffcic acid and ferulic acid. This gave an 

additional evidence for channclisation of the major portion of ferulic acid 

toward curcumin biosynthesis. 

Results on HPLC analysis of curcuminoids in a few high and low 

curcumin varieties/accessions could b c a  correlated with PAL levels. However, 

the percentage distribution of curcuminoids followed a general pattern 

65:20:15 for curcumin I, I1 and 111 evcntliough slight variations were observed 

between the accessions. These variations might be due to the difference in the 

rate of serial conversion of thc three forms of curcumin. Existence of 

curcuminoids in these three forms will definitely help in formulating 

diversified end uses for turmeric in the field of medicine. 

In short, curcumin I was found to be a good source at maturity from all 

varieties studied except var. Prathibha, which showed high values in the 

immature stages. Varieties Alleypev, Prabha and S u p n a  appear to be better 

sources of curcumin I1 (DMC). As for curcumin 111 (BDMC), Suguna and 

Sudarsana were found to be good sourccs. 

The association of Phenyl'llanine Ammonia Lyase (PAL) with phenolic 

acids, oleoresin and curcumitioicis conclusively prove it to be the key 

regulatory enzyme in curcumin biogenesis. Accordingly the enzyme was 

localized, sub-fractionated and later purified for further studies. This 

included the kinetic parameters as well as cffcct of other external factors. 



Localization of PAL in turmeric leaves using density gradient 

centrifugation could reveal the prcscnce of PAL in the microsomal fraction. 

Subfractionation confirmed the distribution of PAL in the endoplasmic 

reticulum, proplastids and plasma membrane. 

PAL could be purified from turmeric leaves to 157-fold after 

ammonium sulphate fractionation followed by anion exchange 

chromatography over DEAE ccllulosc and gel filtration chromatography 

using sephacryl S-200. The purified enzyme was subjected to electrophoresis, 

which gave a single thick band corresponding to a molecular weight of 

approximately 39,000 KDa. This suggests the holoenzyme to be a tetramer of 

similar or identical subunits, which is in agreement with the tetrameric nature 

of PAL in all organisms examincd to clate. 

The purified enzyme was found to have an optimum pH of 8.8 with 

temperature optima at 25'C ambient. The K,, value of the enzyme was found 

to be 0.33 mM. Cinnamic acid anc? its hydroxyl and methyl derivatives, 

especially coumaric, caffeic, ferulic anci chlorogenic acids were found to be 

strong inhibitors of PAL. Rate of inhibition were in the order cinnamate > {I- 

coumarate > caffeate > ferulate > ch1orc)genate. 

As PAL is highly sensitive to light, exposure of etiolated turmeric 

seedlings to various forms of light, mainly white, red and blue showed varied 

response. Two peak activities wcrc seen in the case of red and white light. 

Maximum activity as is seen in white light, might be due to two isoforms of 

PAL of temporary occurrence. Lowcr activity of PAL during exposure to blue 

light was observed with only onc peak, which might be due to the enhanced 

conversion of the trans-cinnamic acid, which is more inhibitory to PAL as 

compared to the cis form. 



Attempt was also made) to  seciucnce the mRNA using RT-PCR. The 

expected size of the PAL is around 1000 bys. But the results had shown that 

the band has got arounci 400 bps Icmgth, inciicating a truncated sequence. 
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