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Abstract
In the present work amyloglucosidase fréhizopus mold andp-glucosidase
isolated from sweet almond were employed to symbefew selected phenolic and
vitamin glycosides. The phenols employed possdsgleoxyl group at the "4 position
of phenyl ring along with another hydroxyl or -OgHroup at the 3 position besides
possessing a -CH=CH-, -GHr -CHO grouppara to the 4 -OH like vanillin 1, N-
vanillyl-nonanamide2, curcumin3, bL-dopa4 and dopamin®. The vitamins employed
are riboflavin 43 (vitamin B2), ergocalcifero#4 (vitamin D2) anda-tocopherol45
(vitamin E). All these vitamins possess OH grouptheir structure in the form of ribitol
OH in riboflavin 43, acyclic OH in ergocalciferod4 and phenolic OH im-tocopherol
45. The thesis consists of six chapters with conohsiand a summary.
Chapter 1 — Introduction
Chapter 2 — Materials and Methods
Chapter 3 — Enzymatic syntheses of vanillin;vanillyl-nonanamide, curcumin,
DL-dopa and dopamine glycosides
Chapter 4 —Enzymatic syntheses of riboflavin, ergocalcifesad a-tocopherol
glycosides
Chapter 5 — Competitive inhibition of amyloglucosidase by Wm in the
glucosylation of vanillin
Chapter 6 — Evaluation of antioxidant and angiotensin conwgrtienzyme
inhibition activity of the synthesized phenolic andtamin
glycosides
Conclusions
Summary

The results from these investigations are presantddtail.



ChapterONE deals with literature reports on biotransformasioglycosidases,
their sources, structural features of glucoamylasd [3-glucosidase, glycosylation
methods, glycosylation mechanism and informatiomed&ited enzymatically synthesized
glycosides. A detailed report on investigationsoime important factors that influence
the glycosidase catalyzed reactions in organicesidvlike nature of substrate, nature of
solvent, thermal stability, role of water, kinesittidies of glycosidase catalyzed reactions
and immobilization are presented. Besides, advastaiy carrying out glycosylation
using reverse micelles, super critical carbon ddexmicrowave and response surface
methodology (RSM) have been discussed. This chagtés with a brief scope of the
present investigation.

ChapterTWO describes materials and methods employed in tesept work.
Enzyme and chemicals employed and their sourcesnaetioned. Glycosylation
procedure encompassing the related analytical asdyaprocedures are described and
the newer methods wherever necessary have beetibageso detail.

Chapter THREE describes amyloglucosidase froRhizopus mold and (3-
glucosidase from sweet almond (native/immobilizedjalysed syntheses of selected
phenolic glycosides of vanillid, N-vanillyl-nonanamide2, curcumin3, bL-dopa4 and
dopamines with D-glucose6, D-galactose’, D-mannose3, D-fructose9, D-arabinoselo,
D-ribose 11, maltosel2, sucrosel3, lactosel4, D-sorbitol 15 and b-mannitol 16 by
reflux method in di-isopropyl ether solvent at 88. Reaction parameters were
optimized in terms of incubation period, pH, buffenzyme and substrate concentrations
for the synthesis of respective glucosides. Maximeonversion yields obtained for
amyloglucosidase catalyses wereD4p-glucopyranosyl)vanillinL7a-c - 53%, 40O-(D-
glucopyranosyN-vanillyl-nonanamide24a-c - 56%, DL-dopab-glucoside34ad - 62%

and dopamin@-glucoside40ac - 58%. Similarly, maximum glucosides obtained ffer



glucosidase catalyses were:O4{f3-D-glucopyranosyl)vanillin17b - 10%, 40O-(D-
glucopyranosyN-vanillyl-nonanamide 24c - 35%, 1,7-O-(bis{3-D-glucopyranosyl)
curcumin30 - 44%,DL-dopab-glucoside34b,c -33% and dopamine-glucoside40b -
65%. Solubility in water of £-(D-glucopyranosyl)vanillin, 49-(D-glucopyranosyi-
vanillyl-nonanamide and 1,@-(bis{3-D-glucopyranosyl)curcumin were found to be 35.2
g/L, 7.7 g/L and 14 g/L respectively.

Under the optimized conditions determined, glycesidf vanillin1, N-vanillyl-
nonanamide2, curcumin3, bL-dopa4 and dopaminé were synthesized with various
carbohydrates molecules. Product glycosides werelated through column
chromatography and characterized by measuring mgepioint and optical rotation
besides subjecting them to a detailed spectroscopestigation by UV, IR, Mass and
2D HSQCT NMR. Phenols underwent glycosylation nyoshd in few cases arylation
also with the respective carbohydrates indicatedilin 1 — D-glucose6, D-galactosey,
D-mannose8, maltosel?, sucrosel3, lactosel4 and D-sorbitol 15 with conversion
yields for amyloglucosidase catalyses in the 13-3388ge and fopB-glucosidase in the
6-25% rangeN-vanillyl-nonanamide2 — D-glucose6, D-galactose7, D-mannoseB, D-
ribose 11, maltose12 and lactosel4 with conversion yields for amyloglucosidase
catalyses in the 9-56% range and feglucosidase in the 9-35% range; curcuis D-
glucose6, D-galactose7, D-mannose8 and lactosel4 with conversion yields fof3-
glucosidase in the 12-44% ran@e;-dopa4 — D-glucose6, D-galactose’, D-mannoses,
D-sorbitol 15 and b-mannitol 16 with conversion yields for amyloglucosidase catalyses
in the 12-62% range and f@rglucosidase in the 17-33% range and doparbireD-
glucose6, D-galactose/ andD-mannose8 with conversion yields for amyloglucosidase
catalyses in the 32-58% range and ffeglucosidase in the 28-65% range. About 61

individual glycosides were synthesized enzymatycaking both the glucosidases, of



which 45 are being reported for the first time. Fionentional NMR studies confirmed
the linking between phenolic OH of aglycon and @d/ar C10-/C6-O- position of the
carbohydrate molecules.

B-Glucosidase exclusively yieldeglycosides and in very few cases O6-
arylated products. However, amyloglucosidase orother hand showed both €&nd
C1B-glycosylated and/or CO-/C6-O-arylated products. In most cases C1 glycosylated
products were detected. Only few carbohydrate nutdsc showed CO-/C6-O-
arylation.D-Sorbitol 15 andD-mannitol 16 gave arylated products by reacting only to the
primary OH groups. No reaction occurred at the sdaoy hydroxyl groups of the
carbohydrate molecules. Also, only mono glycosylate mono arylated products were
detected. No carbohydrate molecule gave bis prediBith amyloglucosidase arfd
glucosidase did not catalyze the reaction witfructose9 andbD-arabinos€l0. Among
the phenols employed only curcun8rshowed bis glycosylated products. Phenolic OH
at the 4 position readily reacted with the carbohydrate enoles employed and
wherever possibleL-dopa4 and dopamin®& underwent reaction at th& phenolic OH
also. Thus water insolubbe-vanillyl-nonanamide2, curcumin3 and less water soluble
vanillin 1 were converted to more water soluble glycosides.

Amyloglucosidase fronRhizopus mold andp-glucosidase from sweet almond,
catalysed synthesis of @-a-D-glucopyranosyl-(1- 4)D-glucopyranosyl)vanillin was
optimized using response surface methodology. Atr@e@omposite Rotatable Design
involving 32 experiments of five variables: gluatsses 10-50% w/w of maltose,
vanillin 0.5-2.5 mmol, incubation period 24-120 byffer concentration 0.04 mM-0.2
mM (0.4-2 mL) and pH 4-8 were employed. Saddle sHagurface plots for both the
enzymes exhibited total reversal of the maltosytatbehaviour at a critical cross-over

point corresponding to 30% (w/w maltose) enzymeceatration, pH 6 and a buffer



concentration of 0.125 mM (1.25 mL) implying that caitical enzyme to buffer
concentration and pH dictate the extent of vanittialtosylation.

Chapter FOUR describes amyloglucosidase arfétglucosidase catalysed
syntheses of glycosides of riboflavi (vitamin B2), ergocalciferod4 (vitamin D2) and
o-tocopherol45 (vitamin E). Since ergocalciferdl4 anda-tocopherol45 are light and
air sensitive, theeaction was carried out in an amber coloured 18G-eaund bottomed
flask under nitrogen atmosphere. Work-up and ismlabf the compound was also
carried out in dark. Reaction parameters were apéichin terms of incubation period,
pH, buffer, enzyme and substrate concentrationstter syntheses of glucosides of
riboflavin 43, ergocalcifero#4 anda-tocophero45. Maximum conversion yields for the
glucosides obtained for amyloglucosidase catalysese: 5O-(D-glucopyranosyl)
riboflavin 46ac - 25%and 200-(D-glucopyranosyl)ergocalcifer@3ac - 42%. With3-
glucosidase the maximum glucoside yields wer@®-@-D-glucopyranosyl)riboflavin
46b - 24% and 69-(B-D-glucopyranosyly-tocopherol54 - 23%. Water solubility of 5-
O-(D-glucopyranosyl) riboflavin, 2@-(D-glucopyranosyl)ergocalciferol and @{[3-D-
glucopyranosyly-tocopherol were determined to be 8.2 g/L, 6.4 gid 25.9 g/L
respectively.

Under the optimized conditions, glycosides of riawein 43, ergocalciferol44
and a-tocopherol45 with various carbohydrates like-glucose6, D-galactose?, D-
mannose8, D-ribose 11, maltose12, sucrosel3 and lactose 14 were synthesised.
Vitamins underwent glycosylation/arylation with trespective carbohydrates indicated:
riboflavin 43 — D-glucose6, D-galactose7, D-mannose8, D-ribose 11, maltosel2,
sucrosel3 andlactosel4 with conversion yields for amyloglucosidase catalysehenb-
40% range and fds-glucosidase in the 7-24% range; ergocalciférbieacted only with

D-glucose6 to give aconversion yield of 42% for amyloglucosidase catasy andi-



tocopherold5 — D-glucose6, D-galactose/ andD-mannose3 with conversion yields for
B-glucosidase catalyses in the 11-23% range. O@tlahdividual glycosides prepared,
15 glycosides are reported for the first time. Haliso the glycosides were isolated by
column chromatography and characterized by meagumelting point and optical
rotation and by recording UV, IR, Mass and 2D HSQ€pectra. Two-Dimentional
NMR studies confirmed the linking between primacyfic/phenolic OH of the aglycon
and the C1 and/or CQ-/C6-O- position of the carbohydrate molecules.

B-Glucosidase exclusively vyieldefi-glycosides only and no OB-arylated
products were detected. However, amyloglucosidagée other hand showed bothaC1
and CZB-glycosylated and/or CO-/C6-O-arylated products. Here also, no reaction
occurred at the secondary hydroxyl groups of thdalaydrate molecules. Also, only
mono glycosylated or mono arylated products weteated. Both amyloglucosidase and
B-glucosidase did not catalyze the reaction witfiuctose9, D-arabinosel0, D-Sorbitol
15 and pD-mannitol 16. Among the vitamins employed ergocalciferd showed
glycosylation/arylation only witlb-glucose6. Thus the water insoluble ergocalcifedd!
anda-tocopherol45 and less water soluble riboflavé8 were converted to more water
soluble glycosides thereby improving their potdrtiaavailability and pharmacological
properties.

Chapter FIVE describes kinetic study of the glucosylation regctbetween
vanillin 1 andD-glucose6 catalyzed by amyloglucosidase frdghizopus mold leading
to the synthesis of @-(D-glucopyranosyl)vanillinl7ac in detail. Initial reaction rates
were determined from kinetic runs involving diffate&oncentrations of vanillih 5 mM
to 0.1 MandD-glucose6 5 mM to 0.1 M. Graphical double reciprocal plotewikd that
kinetics of the amyloglucosidase catalyzed reactimiowed Ping-Pong Bi-Bi

mechanism where competitive substrate inhibition v@anillin 1 led to dead-end



amyloglucosidase-vanillin complexes at higher cotregions of vanillinl. An attempt
to obtain best fit of this kinetic model throughngouter simulation yielded in good
approximation, the values of four important kineparametersk.,; = 35.0 + 3.2
10'5M/h.mg, Ki = 10.5% 1.1 mM, Kn p.giucose= 60.0% 6.2 MM, Ky, vaniiin = 50.0+ 4.8

mM.

Chapter SIX describes evaluation of antioxidant and angioterinverting
enzyme inhibition activity of the enzymatically s$lasized phenolic and vitamin
glycosides. About 39 enzymatically prepared phenalnd vitamin glycosides were
subjected to antioxidant activities and 48 glycesidwere tested for angiotensin
converting enzyme (ACE) inhibition activity. Bothhgnolic and vitamin glycosides
exhibited IGo values for antioxidant activities in the 0.5 = 003/ to 2.66 = 0.13 mM
range and ACE inhibition in the 0.56 + 0.03 mM t83+ 0.17 mM range. Introduction
of a carbohydrate molecule to the phenolic OH desd the antioxidant activity.
However, some of the glycosides still possessedtanbal amount of antioxidant
activities. Also, comparable ACE inhibition valuesly were observed between free
phenol/vitamin and the respective glycosides. Begfvalues € 0.75 mM) observed for
antioxidant activity are for: ©O-(a-D-glucopyranosyl-(1- 4)B-D-glucopyranosyiy-
vanillyl-nonanamide28d - 0.75 = 0.04 mM, 1,1B-(bis-D-mannopyranosyl)curcumin
32a,b- 0.75 £ 0.04 mM, 63-(D-galactopyranosyt)-tocopherol55a,b- 0.72 + 0.04 mM
and 60-(D-mannopyranosy)-tocopherol 56a,b- 0.5 £ 0.03 mM. Similarly, best ACE
inhibitory activities for the glycosides<(0.75 mM) detected were: @-(3-D-
glucopyranosyl)vanillinl7b - 0.61+ 0.03 mM, 40-(D-galactopyranosyl)vanillii8a,b-
0.61 £ 0.03 mM, 1,70-(bis{3-D-galactopyranosyl-(1- 4)D-glucopyranosyl) curcumin

33a,b -0.67 = 0.03 mM anadL-3-hydroxy-40-(6-D-sorbitol)phenylalanin88 - 0.56+



0.03 mM. Among the glycosides tested, phenglycosides showed better antioxidant

and ACE activities than the vitamin glycosides.

Thus the present investigation has brouglout clearly the
glycosylation potentialities of amyloglucosidasktom Rhizopus mold and -
glucosidase from sweet almond in the reactmiween selected phenols/vitamins

with structurally diverse carbohydrate molecuawployed.
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Introduction

1.1 Biotransformations

Enzymes are biocatalysts used increasinghndustrial synthetic chemistry in
recent times, particularly in cases, wherenabal routes are difficult to implement
(Johannes and Zhao 2006; Schoemadternl. 2003). Oxido-reductases, hydralases
(lipases, esterases, glycosidases, transilases, peptidases, acylases, amidases,
epoxide hydralases, nitrilases and hydantoipageses and isomerases have been used
in organic synthesis to a great extent (Nakanand Matsuda 2002; Faber 2004). The
conversion of substrate to product occursaetive site on an enzyme molecule.
Presently, chiral compounds are the most mapd building blocks in chemical and
pharmaceutical industries used for the produacbf flavours, agrochemicals and drugs
(Daubmanret al. 2006). Interest for creating stereogenic cergrapplying biocatalytic
methods are on the rise (Davis and Boyer 2001; Hehdl. 2006; Fellungat al. 2007,
Szymansket al. 2007; Arrigoet al. 2007; Lukowska and Plenkiewicz 2007; Zhethgl.
2007; Omoriet al. 2007). Enzymes are powerful tools in the synthasd modification
of carbohydrate molecules, used either alonasowhole cells (Goldberg al. 20074a;
2007b).

Carbohydrates in the form of oligo- and polysaciclesr are universally found in
nature and possess highly diverse biolodigattions. These compounds are obtained
from simple cardohydrates by glycosyitrarsfes and are degraded by glycoside
hydralases and polysaccharide lyases. Thgse ¢f enzymes known as carbohydrate
active enzymes are key enzymes for clean primges$ abundant and useful renewable
resources (Laine 1994). They are essentialbiochemical studies in glycobiology as
potential drugs due to their biocompatibility, stwre forming capacity and
environmentally benign properties (Allison a@ande 2006; Volpi 2006; Yigt al.

2006; Prabaharan and Mano 2006).
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1.2 Glycosidases

Glycosyl transferases, transglycosidases amdspghorylases are the enzymes
responsible for glycosyl bond formation (Faijes &lanas 2007). However, the enzymes
like esterases, epimerases and sulfotransgenaealify the carbohydrate structures to
produce functional biomolecules (Whitelock and m2005; Lerouxeét al. 2006).

Among the enzymes, glycosidases and transgjases play an important role
in organic synthesis of glycosides. They are widkdyributed in nature, belonging to the
group of carbohydrate processing enzymesjely employed in the regio and
stereoselective glycosylation reactions. Gdydases are enzymes that catalyze the
hydrolysis of glycosidic bonds in simple glycosidesoligosaccharides and
polysaccharides, as well as in comptarbohydrates such as glycoproteins and
glycolipids, with the liberation of morazxharides and oligosaccharides of lower
molecular weight than the native substrate. PayehPersoz (1833) were probably the
first to recognize this enzyme in 1833 d@hdy named it as “diastase” (now known as
amylase). The phenomenon of hydrolysis was invatstd) by Liebig and Wohler in 1837
and Robiquet in 1838 on amygdalin (an aramgtycoside) by bitter almonds and
named the active principle as “emulsionsSubsequently, a detailed study on
glycosidases was carried out by many eminent cheiisl biochemists (Fischer 1894).
1.2.1 Amylolytic enzymes

Starch degrading enzymes have been broaabsifibd into two groups - endo
acting enzymes or endohydralases and exogaetizymes or exohydralases (Berfoldo
and Antranikian 2001)a-Amylase @-1,4-glucan-4-glucanohydrolase, EC 3.2.1.1) is an
endo-acting enzyme, which is widely dstted in plant mammalia tissues and
microorganisms (Maheswar Rao and Satyanarayadd).2Uhe wide spread occurrence

of a-amylases in various organisms and the copsom of their substrates for food
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reserves and energy sources have led tasmteterest in their biomedical properties
and to major biotechnological applications imdustry (Vander Maareét al. 2002;
Bestoldoet al. 1999). They catalyse the hydrolysis ;fl—4 glucosidic linkages of
polysaccharides such as starch, glycogerhair tlegradation products (Tripati al.
2007). The structure consists of a single polypkepthain folded into three domains (A,
B and C). The catalytic domain ‘A’ consisif (3/a)g barrel, domain ‘B’ is probably
responsible for differences in substrate dp#gi and stabilty among the-amylase
(Svensson 1994) and domain ‘C’ constitutes ther@ital part of the sequence (Neilsen
et al. 2004).

Exo acting starch hydrolases inclufleamylase, glucoamylasey-glucosidase
and isoamylase. These enzymes attack sifestrate from the nonreducing end,
producing oligosaccharideB-Amylase (1,4a-D-glucan maltohydrolase, EC 3.2.1.2) is
an exo-acting enzyme which catalyzes the diysis of 1,4a-glycosidic linkages in
starch, glycogen and related polysaccharidesadigdsaccharides to remove successive
B-maltose units from the non-reducing end @& thains.a-Glucosidase (EC 3.2.1.20)
attacks a-1,4 linkages of oligosaccharides anceréibes glucose witli-anomeric
configuration. Isoamylase (Glycogen 6-gluadaralse) is a debranching enzyme
specific fora-1,6 linkages in polysaccharides, such as amylapegiiycogen and3-limit
dextrin.
1.2.1.1 Glucoamylase

Glucoamylase d-(1,4)D-glucan glucohydolase, EC 3.2.1.3] is a flireggyme
also known as amyloglucosidase, maltasagcharogenic amylase andamylase
belonging to an important group of starch ddm@ enzymes (Riagt al. 2007). They

catalyze the hydrolysis af-1,4 anda-1,6 glycosidic linkages from the non-reducing end
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of starch and related oligosaccharides, thd ,6 activity rate is only 0.2% of that af
1,4 (Meages 1989; Jafari-Aghdaeh al. 2005) with the inversion of anomeric
configuration to produc@-glucose (Norouzian 2006; Thorsen 2006). HoweVer,dize
of the substrate and the position of thé&,6 linkages play a significant role in the
hydrolytic process. Reverse reactions involvaygthesis of saccharides and glycosides
from D-glucose occur with a very high glucga®e concentration, prolonged
incubation periods and high concentration of salbst. Moreover, these are extensively
used in the production of different antibioticsdaammino acids in brewing, textile, food,
paper and pharmaceutical industries (Mamo @edsesse 1999; Marlida al. 2000;
Sanjay and Sugunan 2005). Thermostability and neatral pH activity are some of the
properties which can largely benefit the starclustdy and therefore have been the areas
of great interest in glucoamylase reseafebrd 1999; Vieille and Zeikus 2001).
Rhizopus oryzae was reported as being capable of simultangoseccharifying and
fermenting cornstarch and other cerealsactic acid (Yu and Hang 1991; Suntornsuk
and Hang 1994).
1.2.1.2 Sources of glucoamylases

A diverse group of microorganisms includingcteria, yeast and moulds are
known to produce glucoamylases (Bhatial. 2007a). Filamentous fungi are better
suited for commercial purposes because af tdglity to secrete larger quantities of
extracellular proteins (Kumar and Satyanarayana 7200 Thermophilic fungi
(Thermomucor indicae-seudaticae, Scytalidium thennophilum) have emerged as potential
sources of thermostable glucoamylases (Kaur Satyanarayana 2004; Cerelaal.
2006; Kumar and Satyanarayana 2005; 2007kyroblal stains ofAspergillus and
Rhizopus sp. are mainly used for the commercial pobida of glucoamylase (Pandey

1995; Pandayt al. 2000). Filamentous fungi such Aspergillus niger have a high
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capacity secretary system and therefore wideslgd for the industrial production of
native and heterologus protein (Guillemedtal. 2007), which exists in two forms, GAl
and GA2 having molecular weights of 96 andkD& respectively (Mislovicova 2006).
Amylolytic yeasts like Arxula adeninivorans, Lipomyces, Saccharomycopss,
Schwanniomyces, Candida japonica and Filobasidium capsuligenum possess the
potential to convert starchy biomass to single4oriteins and the enzymes produced are
also well characterized (Céial. 2001; Guptat al. 2003).

Fungal glucoamylases are usually glycoproteids. niger produces an
extracellular glucoamylase existing in two nfisr (Pazuret al. 1971), known to be
glucoamylase | (99 kDa) and glucoamylas€1ll2 kDa). These forms differ in their
carbohydrate content, as well as pH and tesypee stabilities and optima for activity
(Ramaseshet al. 1982). Gucoamylase fromspergillus terreus strains were also
examined to make it suitable for productionbeflucose and corn syrups (Ghoethal.
1990; Ali and Hossain 1991). There weseveral reports on purification and
characterization of glucoamylase frodniger strains (Williamsoret al. 1992; Stofferet
al. 1993). A fungal glucoamylase was produced fr&ancharomyces cerevisiae through
the expression of heterologus genes in #®styand the expression is influenced by
many factors such as strength of the promoter, mRigAility and translation efficiency
(Ekino et al. 2002).

Rhizopus sp. produced a glucoamylase capable of relgagucose from starch
with 100% efficiency (Yu and Hang 1991). Thifeems of glucoamylase were isolated
(Takahashet al. 1985) fromRhizopus sp., GA-I (74 kDa), GA-II (58.6 kDa) and GA-IlI
(61.4 kDa). Glucoamylases from other mold straiesHumicola lanuginosa (Taylor et
al. 1978; Riazet al. 2007), Thermomyces lanuginosa (Haasunet al. 1991; Thorsermt al.

2006), Myrothecium sp. M1 (Malek and Hossain 1998¢remonium sp. (Marlidaet al.
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2000), brown-rot basidiomycetBomitopsis palustrio (Yoon et al. 2006) and from
marine yeastAureobasidium pullulans N13d (Li and Chi 2007). A phyto pathogenic
fungus Colletotrichum gloeosporiodes also produces a glucoamylase (Krawseal.
1991).

The enzymes produced ISaccharomycopss fibuligera comprise a significant
group of yeast glucoamylase. They are about 60 large extracellular glycoprotein
enzymes (Hostinovaet al. 1991). There are several well reviewedorep on the
production of yeast glucoamylases (Saha aatkuZ 1989; Pretoriugt al. 1991).
Glucoamylase has been identified Saccharomyces cerevisae (Pugh et al. 1989),
Saccharomyces cerevisiae var. diastaicus (Kleinmanet al. 1988; Pretoriugt al. 1991),
S fibuligera (Itoh et al. 1989), Schwanniomyces castelii (Sills et al. 1984),
Schwanniomyces occidentalis (Gellissenet al. 1991), Pichia burlonii and Talaromyces
sp. Glucoamylase from a diastatic strain @& cerevisae was purified
chromatographically and characterized (Kleinreaal. 1988).

Bacterial glucoamylase from gram positive bact&®MV 5853 (Candussiet al.
1990), Clostridium acetobutylium ATCC 824 (Nolling et al. 2001), Clostridium
thermosaccharolyticum (Ganghofneret al. 1998) have also been reportédctobacillus
amylovorus ATCC 33621 is an active amylolytic bacterial strammducing a cell-bound
glucoamylase (EC 3.2.1.3, James and [1685; Jameset al. 1997). Bacterial
glucoamylases have also been identifiedmf aerobic strains such &acillus
stearothermophilius  (Srivastava 1984), Flavobacterium sp. (Bender 1981),
Hal obacterium sodamense (Chagaet al. 1993) andArthrobacter globiformis 142 (Okada
and Unno 1989). Anaerobic strains incli@destridium thermohydrosulfuricum (Hyun
and Zeikus 1985),Clostridium sp. GO0005 (Ohinishiet al. 1991), Clostridium

acetobutylicum (Chojecki and Blaschek, 1986; Sod al. 1992), Clostridium
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thermosaccharolyticum (Speckaet al. 1991) and the microaerophiléactobacillus
amylovorus (James and Lee 1995).
1.2.1.3 Structural features of glucoamylase

Glucoamylase family consists of a starch bindinghdims attached to each other
by means of a©D-glycosylation linker (Saveet al. 2000; Coutinho and Reilly 1997;
Horvathovaet al. 2001). Structures of a family of 21 carbohydiaiteling modules from
starch binding domain ofRhizopus oryzae glucoamylase determined by NMR
spectroscopy explains ligand binding sites amdctural features of this glucoamylases
(Liu et al. 2007). The enzyme contains a very specific carhate region consisting of
30 chains in the form of di- or trisaccharides (\Wa&hal. 1996). Also, it contains three
domains (Svennsomrt al. 1983): N-terminal catalytic domain (residuesto 470, 55
kDa), a short bulky linker (residues 471 to 508 k&) which is heavilyO-glycosylated
at the abundant serine and threonine residnes C-terminal granular starch binding
domain (residues 509 to 616, 12 kDa). Thkyblinker joins the two main domains
giving the enzyme an overall dumb-bell shdggamer et al. 1993). Starch binding
domain glucoamylase | froA. niger shows a well define@-sheet structure consisting
of one parallel and six antiparallel pairs@&trands which forms an open sidédbarrel
(Sorimachiet al. 1996). Three forms of glucoamylase were isdldtem Rhizopus sp.,
Glul, Glu2 and Glu3. Various forms of glucodamgs are thought to be the result of
several mechanisms: mMRNA modifications, limitedtpolysis, variation in carbohydrate
content or the presence of several structural gétresoriuset al. 1991; Takahastet al.
1985; Vihinen and Mantsala 1989).

The catalytic domain of glucoamylase frofa niger was purified and
characterized from glucoamylases G1 and Gagusubtilisin for crystallization studies

(Stoffer et al. 1993). Functionally important carboxyl groupsglucoamylase fronA.
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niger and A. awamori were identified using a differential labeliagproach and it was
concluded that both the sp. have three golppl76, Glul79 and Glul80 in the
catalytical active site (Svenssetmal. 1990; Sierkst al. 1990).

A subsite theory for analyzing the substrdtmities of glucoamylases was also
developed (Hiromi 1970; Hirongt al. 1973). The structure of different glucoamylases
showed a common subsite arrangement, seven inaodathe catalytic site was located
between subsites 1 and 2 (Ohinishi 1990; Fagersirf@®i; Ermeet al. 1993). Subsite 2
has the highest affinity for oligomeric substs and glucose, followed by decreasing
affinity towards subsites 3 to 7 (Fagerstrom 19@gmplexes of glucoamylase frof
awamori with acarbose and-gluco-dihydroacarbose indicate hydrogen bobelsveen
carbohydrate OH groups and Arg54, Asp55, [Z&ulTryl78, Glul80 and Arg305
involved in binding at subsites 1, 2 and an arfaguder subsites leading into these inner
ones (Aleshiret al. 1994; Stofferet al. 1995). The geometry of the general acid and base
catalysis of Glu179 (Sierkat al. 1990; Aleshinet al. 1992) and Glu400, is excellent for
the glucoside bond cleavage and assistandbeimucleophilic attack of water at the
anomeric center of the carbohydrate (Haetial. 1993; Frandsest al. 1994). Based on
chemical modification studies o0& niger glucoamylase, tryptophan (Trpl20) residues
have been proposed to be essential for enkymetivity (Raoet al. 1981; Clarks and
Svensson 1984). The active sitefofniger glucoamylase is very much identical to that
of the Rhizopus oryzae (Stofferet al. 1995). In the active site &. oryzae, the aminoacid
residues Arg191, Aspl92, Leu312, Trp313, glu314,3E5 and Arg443 are responsible
for substrate binding through hydrogen bomdwere as Glu314 and Glu544 are for
glucosidic bond cleavage (Ashika&tial. 1986; Sierkst al. 1990; Aleshiret al. 1992).

The glucoamylase from thermophilic fungiis lanuginosus has a molecular

weight of 66 kDa and the protein sequence congpiBdd amino acid residues showing
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60% identity with that ofTalaromyces emersonii. Also, isolelectric point, pH and
temperature optimum are 3.8-4.0, 5.0 anfC7@espectively (Thorsemst al. 2006).
Aleshin et al (1992) produced a crystal structure of proteolyleerh of glucoamylase |
from A. awamori var X100 determined to a resolution of 2.2 A, conitg the complete
catalytic domain plus the N-terminal half of tBeglycosylated domain (residue 1-471)
being referred to as glucoamylase Il. Amino amdjuence of three glucoamylases from
Rhizopus, Aspergillus and Saccharomyces were compared and the sequence studies
suggested that glucoamylases frBhzopus and Aspergillus are highly homologous in
the nucleotide as well as the amino acid sequemt@ige more closely related among the
three (Tanakat al. 1986). The catalytic site in glucoamylase efived to consists of
two carboxyl groups (Hiromét al. 1966a; 1966b). In accordance with a commonly
accepted mechanism for carbohydrases (Betah. 1977; Masumuraet al. 1984; Post
and Karplus 1986) one of these acts as a genedapeatonating the glucosidic oxygen,
while the other is present in the ionizemtboxylate form, stabilizing the substrate
intermediary oxonium ion (Rantwijkt al. 1999). Itohet al. (1989) concluded that i
fibuligera glucoamylase, Ala81, Asp89, Trp94, Arg96, Arg97 dmd166 were required
for catalytic activity, among which Ala81, p&9 however being not essential for
catalytic activity played a role in thermal stdkili
1.2.2B-Glucosidase

B-Glucosidase (EC 3.2.1.21) is also knows amydalasef-D-glucoside
glucohydrolase, cellobiase and gentobiaseexHhibits wide substrate specificity and is
capable of cleaving-glucosidic linkages of conjugated glucosidesl disaccharides
(Dale et al. 1986). It plays a major role in the cdmpdrate metabolism in many
organism by acting off8-glycosidic linkages containin@-D-1,4 glycosidic bonds. It

shows hydrolytic activity towards-galactoside,3-D-xyloside andf-L-arabinoside as
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well asa-D-mannoside but it is inert towandglucoside. Alsof-glucosidase is able to
hydrolyse cellulo-oligosaccharides and cellobiagto glucose (Orteget al. 2001) and
glycosidic anthocyanin (Hang 1995B-Glucosidase is used in the synthesis o
glycoconjugates by reversing the normal hydiolreaction (Hirofumiet al. 1991;
Bassoet al. 2002; Hui-Leiet al. 2007). These enzymes are classified undere
glycoside hydrolase (GH) families: GH 1, 8da9 according to the classification by
Coutinho and Henrissat (1999). Both GHadd 3 are families with a retaining
mechanism dominated by enzyme acting on sdigoharide substrates, while family 9
exhibits an inverting mechanism, mostly that of@gidcanases (Coutinho and Henrissat
1999).
1.2.2.1 Sources dB-glucosidase

B-Glucosidase is an exo type glycoside hydrolast dleaves3-glycosidic bonds
which is present in bacteria and fungi involvedhe metabolism of cellulose and other
carbohydrates.[3-Glucosidase from sweet almond is thestmwidely used and
characterized representative and is the couniafigravailable one (Hestrin et al. 1955;
Basso et al. 2002; Kouptsovaet al. 2001; Andersson and Adlercrevtz 2001,
Thanukrishnaret al. 2004). Recently Hui-Legt al. (2007) foundB-glucosidase from
apple seed to be a novel catalyst the synthesis ofD-glycosides. Almond[-
glucosidase has been widely employed for the sgitlad alkyl and phenolic glycosides
(Ljunger et al. 1994; Crout snd Vic 1998; Viet al. 1995; Ducretet al. 2002a). Two
intracellular B-glucosidase (BGL1A and BGL1B) belonging ¢ycoside hydrolase
(family 1) from white-rot fungu$’hanerochaete chrysosporium (Nijkken et al. 2007,
Bhatiaet al. 2002) and an extracellul@rglucosidase fronbaldinia eschscholzi with a
molecular weight of 64.2 kDa were purifidatnchanataiet al. 2007). A number of

thermostable glycosidases have been ident#igdl characterized in recent years, which

10
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have already been used in the synthesglyobsides. A novel variant afhermotoga
neapolitana 3-glucosidase B is an efficient catalyst for Hyathesis of alkyl glycosides

by trans-glycosylation (Turneet al. 2007). The most remarkable one among these
newcomers is the3-glucosidase from the hyperthermophylic haom Pyrococcus
furiosus (Kengenet al. 1993; Hansson 2001). The organism is relatiealsy to grow
and itsp-glucosidase is stable for an unprecedented 8510@€C. The enzyme has been
cloned and over-expresseddscheria Coli (Voorhorstet al. 1995).

Fungal sources op-glucosidase fromHumicola grisea, Hypocrea jecorina
(Takashimaet al. 1999) andStreptomyces sp. QM-B814 (Vallimitjanaet al. 2001)
belong to family 1 class @@-glucosidase. A few thermostable sourceg-@flucosidase
were also identified a$alaromyces emersonii (Collins et al. 2007) andThermoascus
aurantiacus (Hong 2007). The edible straw mushrooviovariella volvacea mycelial
extract contains #-glucosidase with a molecular weight of 9Pak (Ding 2007).
Aspergillus B-glucosidase is active at low pH values affdctively hydrolyzes a wide
range of substrates including glucosides of defamd linalool (Shoseyoet al. 1990;
Wei et al. 2007). Also, bacterial sources pfglucosidase fronBacillus circulans
(Hakulinenet al. 2000),Bacillus polymyxa (Sanz-Aparicioet al. 1998) andulfolobus
solfataricus (Aguilar et al. 1997) have also been reported.
1.2.2.2 Structural features of3-glucosidase

All B-glycosidases from family 1 share the same tertaff/a)s barrel structure
(Coutinho and Henrissat 1999). The active sit 3-glycosidase is located in the C-
terminal portion of the3-barrel and is surrounded by loops connectingottelix to the
B-strands (Marana 2006p-Glucosidase fronSreptomyces sp., a family 1 glycosyl

hydrolase, has a broad substrate specif@ity a non-nucleophilic mutant E383A has

11
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proven to be an efficient glycosynthase emz\(ffaijeset al. 2006). On the basis of
sequence alignment, site-directed mutagenesis chemical free experiments, it was
concluded that Glu383 is the catalytic cleaphile of the [3-glucosidase from
Streptomyces sp. (Valimitjanaet al. 2001). The overall structure of familyglucosyl
hydrolases is uniform, especially the regi@nsund the catalytic site residues Glul66
(acid/base), nucleophilic Glu355 strictly conset along with Arg77, His121, Asnl65,
Asn294, Tyr296 and Trp402. The presence of Cys@68téd in the close vicinity of the
acid/base catalyst Glul66 constitutes thengtyoresponsible pKa for the active pH
range (Hakulinenet al. 2000). The carboxylate group of Glu352pw@inting to the
anomeric carbohydrate C1 atom in a position cogrgistvith its role in the nucleophilic
attack (Sanz-Aparicicet al. 1998). Tyr296 is also important for casayas it is
hydrogen bonded to Glu352 in the native em&ycontributing to stabilization of the
oxocarbenium species (Waegal. 1995). Replacement of the other residues by ‘Bto’
suitable positions can enhance the protegrntbstability and can thermodynamically
stabilize thea-helix (Yunet al. 1991). High content of ‘Pro’ residues renderestrieted
flexibility of loops and increased number ioh pairs. A high percentage of ‘Arg’
occurrence resulted in reduction in thdabile residues (Wangt al. 2003).
Thermodynamically favorable interactions withe trelatively rigid active site @3-1,4
glycosidase is necessary to bind, distort andegpently hydrolyse glycoside substrates
(Poonet al. 2007).

On the basis of the sequence of the pemte&teved from a trapped glycosyl-
enzyme intermediate, the sweet alm@adlucosidase has been assigned to glycosidase
family 1, with its active site nucleophile containwithin the sequence lle-Thr-Glu-Asn-
Gly (He and Withers 1997). It is to known ligdrolyze glycosides resulting in the net

retention of anomeric configuration (Eveleighd Perlin 1969; Czjze&t al. 2000). It

12
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follows the standard mechanism of such retgimgjtycosidases, in which the substrates
binds to an active site containing a pair of caghoyacids (McCarter and Withers 1994;
Sinnott 1990).

The primary structures of maize and sorghBiglucosidases possess highly
conserved peptide motifs TENEP and ITENG,cWwhtontains the two glutamic acids
(Glu191 and Glu406) involved as the genera@t/base catalyst and the nucleophile,
respectively in all family of B-glucosidases (San-Aparici al. 1998; Czjzeket al.
2000). In the glycosylation step, the nucleophiledG6 attacks the anomeric carbon C-1
of the substrate and forms a covalent gljeelszyme intermediate with concomitant
release of the aglycon after protonationtted glucosidic oxygen by the acid catalyst
Glul91 (Witherset al. 1990). In the next step (deglycosylation), Glu¥gis as a base
with a water molecule performing as the eaphile attacks the covalent glycosyl-
enzyme, releasing the glucose and regenerahagnuclephilic Glu406. In maizg-
glucosidase isozyme Glul, these two catalyhitamic acids are positioned within the
active site at expected distancé®.5 A) for this mechanism (Czjzedt al. 2001).
Verdoucget al. (2003) studied the structural data from codagsbf enzyme substrate
and enzyme aglycon complexes of mdizglucosidase isozyme Glul (ZmGlul) and has
shown that five amino acid residues - Phel198, PhePf378, Phe466 and Ala467, are
located in the aglycon-binding site of ZmGlul.

B-Glucosidase (CelB) from the hyperthermophilic @aiPyrococcus furiosus, a
family 1 glycosyl hydrolase, shows a homo-tetra@nfiguration, with subunits having
a typical Ba)s-barrel fold. The 3D model of theyrococcus furiosus -glucosidase was
compared with the previousely determined 6sphof-glycosidase (LacG) from the
mesophyllic bacteriunhactococcus lactis (Kaperet al. 2000). The positions of the active

site residues in LacG and CelB are veryl wehserved and the conserved residues
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involved in substrate binding are Asnl7, ArgHis150, Asn206, Tyr307 and Trp410
(Wiesmannet al. 1997). Glu207 and Glu372 in CelB are the equivalaritthe catalytic
glutamate residues in LacG. The average ridistdbetween the oxygen atoms of these
glutamate carboxylic acids is 4.3 A1( A) in CelB, which is in the range of the general
observed distance in retaining glycosyl hydrolagBsA (McCarter and Withers 1994).

Guinea pig liver Cytosali@-glucosidase (CBG) follows a two-step catalyti
mechanism with the formation of a covalent enzyssbohydrate intermediate and that
CBG transfers carbohydrate residues to primarydwydrand equatorial but not axial C-
4 hydroxyl of aldopyranosyl carbohydrates (Haysl. 1998). Also results have shown
that the specificity of CBG for tranggdsylation reactions is different frorms i
specificity for hydrolytic reactions (Hay al. 1998). From the inhibitor stoichiometry
and reactivation studies, it was shown tihat catalytic mechanism of CBG involves a
covalent enzyme- carbohydrate intermediate.mFits aminoacid sequence, CBG is
predicted to have a single active site nucleopbpecifically the glutamate residue in the
sequence TITENG (Hayt al. 1996).
1.3 Glycosylation

Glycosylation is the process or result ofliaon of carbohydrate molecules to
proteins, aglycons and lipids. It is an enzymedai@d site specific process as opposed to
the non-enzymatic chemical glycation. Enzymtalgaed synthesis of glycosides can be
acheived (Kadi and Crouzet 2008) througiverse hydrolysis (thermodynamically
controlled) or transglycosylation (kineticaltypntrolled). Because of multiple hydroxyl
groups of similar reactivity, controlled ghgdation remains a challenge to organic
chemists. Well elaborated and still widadynployed classical chemical approaches
inevitably require quite a number of protecti activation, coupling and deprotection

steps (Akitaet al. 1999; Konstantinoviet al. 2001). In contrast, glycosidases and
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transglycosidases offer one step synthesis undéd conditions in a regio and
stereoselective manner (Vic and Thomas 1992; Vayar and Divakar 2007;
Vijayakumaret al. 2007). Enzyme-catalyzed glycosylation involveglycosidase or a
glycosyl transferase catalyzed glycoside bond ftiona A carbohydrate nucleotide
donor and acceptor are incubated with the appr@pgigcosidase or glycosyl transferase
that catalyzes the efficient and selective transfehe glycosyl residue to the acceptor. A
great number of reports using glycosyltransferasesnow available but these enzymes
are often difficult to obtain (Auget al. 1990). In contrast, the glycosidase approach uses
simpler glycosyl donors, which can be a free moodsaride itself. This method has the
advantage of using relatively simple glycosyl da@nand readily available commercial
enzymes. Its main disadvantage is that regioseigctinay not be observed in all the
cases (Trinconest al. 2003).

Glycosidases catalyze the reaction by hydrolyssyerse hydrolysis and
transglycosylation (Scheme 1dgpending upon the media employed. In aqueous media
when there is large excess of water, hydrolysisglgtoside or oligosaccharide or
polysaccharide is the dominant reaction (Schem&)1lfh case of reverse hydrolysis and
transglycosylation reactions, synthesis of glycesid using glycosidases or
transglycosidases depends on the nature of theogyfyaonor and the native of the
medium.

The reverse hydrolytic approach is an equilibrivomtoolled synthesis where the
equilibrium is shifted towards synthesis (Panintraat al. 1995; Vicet al. 1997; Rantwijk
et al. 1999; Biely 2003) involving a carbohydrate andasrohol (Scheme 1.1B). This can
be achieved by reducing the water activity andrwyaasing the substrate concentrations
so that the substrate itself acts as a solventan@dc and Crout 1995). This method is

widely employed for the enzymatic synthesisliylaglycosides and phenolic glycosides
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is an organic solvent or co-solvent (Vic and Crt885; Vicet al. 1997; Ducrett al.

2002b; Vijayakumar and Divakar 2005).

The transglycosylation method is a kineticatigntrolled synthesis where the
enzyme catalyzes the transfer of a glycosyl resfdua a glycosyl donor to the glycosyl
acceptor (Scheme 1.1C). The reaction yieldedds on the rate of product synthesis
relative to the rate of hydrolysis. An géiict acceptor used in a high concentration
should favor the synthesis (Ismetilal. 1999a; Rantwijket al. 1999; Eneyskayat al.

2003; Jianget al. 2004; Tsuruhanet al. 2005).

1.1A  Glycosy-OR + HO — = Glycosyl-OH + ROH

1.1B  Glycosyl-OH + ROH Glycosyl-OR + H,O

1.1C Glycosy-OR +R'OH —= Glycosyl-OR + ROH
(Glycosyl = Carbohydrate moiety, ROH antRi = alcohol)

Scheme 1.Reactions catalyze by glycosidases

1.3.1 Glycosylation mechanism

During glycosidase catalysis, there are two possbtreochemical outcomes for
the hydrolysis of a glycosidic bond - inversiomdaetension of anomeric configuration.
Both the mechanisms involve oxocarbenium ionublotransistion states and a pair of
carboxylic acids at the active site. In invertingcgsidase, the reaction occurs via single
displacement mechanism wherein one carboxyimup acts as a general base and the
other as a general acid. In the retainingyme, the reaction proceeds via double
displacement mechanism (McCarter and Withers 19@dnget al. 1994). Site-directed
mutagenesis continues to play a significaié rin understanding mechanisms and an
important role in the generation of enzymes wittv pecificities and possibly even new

mechanisms (Faijes and Planas 2007).
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In general, every hydrolysis of a glycosidic linkalgy glycosidase is a reaction in
which the product retainxGa or B—[3) or inverts ¢ -3 or B—a) the anomeric
configuration of the substrate (Chiba 199If).the normal hydrolytic reaction, the
leaving group is a carbohydrate molecule #mel nucleophile (glycosyl acceptor) is
water (Scheme 1.1A). However, an alcoholaomonosaccharide can also acts as
glycosyl acceptor (glycosylation). In reser hydrolysis, the condensation of a
monosaccharide and alcohol with water as the lgagioup (Scheme 1.1B, Rantwik
al. 1999). A recent review by Zechel and Whhg2001) focuses on the recent
developments in the understanding of nucldiopbnd general acid-base catalysis in
glycosidase—catalyzed reactions. Even the méxhaof well-studied glycosidases and
the functional significance of their interactionghwthe substrates is not fully understood
(Vasella et al. 2002). Two significant models, such aucleophilic displacement
mechanism (Scheme 1.2A) and an oxo-carbeniumni@nmediate mechanism (Scheme
1.2B) were suggested for the hydrolytic reactioresehglycosyl acceptor is water (Chiba
1997). Oxocarbenium ions are postulated to be ¢inenton intermediates in most of the
glycosylation procedures (Morales-Seghal. 2007).
1.3.1.1 Nucleophilic double displacement mechanism

The double displacement mechanism was found tappécable to the enzymes,
which retain the anomeric configuration ot tkubstrate (Scheme 1.2A). The two
catalytic ionisable groups, a carboxyl —-CO@HKd a carboxylate, -COQcleave the
glucosidic linkage cooperatively by directadfephilic and nucleophilic attacks against
the glycosyl oxygen and anomeric carbon atoespectively, resulting in a covalent
glucosyl-enzyme complex through a single dispinent. Subsequently glucosyl-acetal
bond is attacked with the hydroxyl group tbe water (alcohol hydroxyl group in

glycosylation) by retaining the anomeric cgufiation of the product by the double
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displacement. The double displacement mechanismradexjuate for explaining the

reaction, where the anomeric configuration of thiessrates is retained (Chiba 1997).

CH,OH “0——C CH,OH

~o o} \\O ~o o} o
HO HO \\O
OH g OH

CH,OH / - CHiz0H
~o o—c o (‘o——c
A\ W\
HO o] HO o)
ofi « oH A
O\R H—O\
H ! ) R
e o 1

Scheme 1.2ANucleophilic double displacement mechanism

1.3.1.2 Oxocarbenium ion intermediate mechanism

In the oxo-carbenium intermediate mechanism, We ¢atalytic groups of the
carboxyl and carboxylate ion participate coopegdyivin the departure of the leaving
group by a proton transfer to the anomeric oxygemma(Scheme 1.2B). An enzyme
bound oxonium ion intermediate has been detecteMR (Withers and Street 1988).
The second carboxylate, which is deprotonatederréisting state, stabilizes the oxonium
ion intermediate. In the next step, a nucldephdds to the same face of the glycosyl-
enzyme intermediate from which the leaving grougs wapelled, resulting in the net
retention of the anomeric configuration at the aenmcenter. The addition of the
nucleophile is assisted by the first carbate/which in this step reverts to carboxylic
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acid. The oxo-carbenium intermediate mechaniaa been applied to interpret the
catalytic mechanism of many carbohydrate raldigg enzymes. This mechanism is
applicable to both ‘retaining’ and ‘inverting emzgs’. Mutagenesis and X-ray structural
studies have confirmed that the mechanismetdining glycosidases is similar (Sinnot

1990; Jacobsod al. 1994; Jacobsormt al. 1995).

OH - OH S
O H \R
. 5
H o
e
Q \
\ c=0

Scheme 1.2BOxocarbenium ion intermediate mechanism

1.3.2 Advantages of enzymatic glycosylation over emical methods
There are many advantages of using glycosidasésydmaet al. 1997)
1. High regio and stereoselectivity.
2. Mild reaction conditions and biocompatibility
3. To replace wasteful or expensive chemmalcedure with more efficient semi-

natural processes.
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Improved product-yield and better product ifyal

5. Use of non-polar solvents which imparts sitghib glycosidases, renders insolubility

of the enzyme, solubility of alcohols andogucts in organic solvents and easy

product workout procedures

6. No protection, activation and deprotectiorumesp

7. Less environmental pollution

1.4 GLYCOSIDES

Glycosides are asymmetric mixed acetals forrogdreaction of the anomeric

carbon atom of intermolecular hemiacetal pyranose or furanose form of the

aldohexose or aldopentose or ketohexose with aoRkytgroup furnished by an alcohol.

Glycosides are widely distributed in natumed acan be found in nearly every living

organism (Roodet al. 2003).

1.4.1 Properties of glycosideéStaneket al. 1963)

1.

2.

Glycosides are readily soluble in water anstaillize easily.

Their aqueous solutions, if not attacksd microorganisms, are stable, do not
exhibit mutarotation and are non-reducing.

The circumstance that water insolublestarxes are rendered soluble by their
linkage to carbohydrate is of great importarfor the detoxification of many
phenolic compounds which has application in indestand pharmaceuticals.

In contrast to free carbohydrate, thgagides are not sweet (apart from a few
exceptions such as metlmdD-glucopyranoside). They taste more or less bitter.
Glycosides are split by acids evenoat toncentrations. The rate of hydrolysis
depends on the anomeric configuration, nature lytag, type of carbohydrate and

cyclic arrangement.
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6. Unsubstituted glycosides are less sensitive otadative agents than free
carbohydrate.

7. The glycosides are also cleaved by ab#on of enzymes, which are generally
termed glycosidases. The reaction is a reversiseand under suitable conditions
they may also be used for the synthesigjlpfosides from free carbohydrate

components and aglycons.

1.4.2 Uses of glycosides

Glycosides exhibit a wide variety of applioas (Table 1.1). Carbohydrate
connected to long alkyl chains as aglycomedd yglycosides with good surfactant and
emulsifying properties and therefore used in detetg) (Katsumet al. 2004; Larssoret
al. 2005) and cosmetics (Luther al. 1999). Glycosides with terpenes are clained t
possess antifungal and antimicrobial activitigaou 2000). Glycosides of flavour and
fragrances are used in perfumery (Watareibad. 1993; Odouxet al. 2003). In plants,
glycosides are believed to play an important nelaccumulation, storage and transport
of hydrophobic substances. Cyanogenic giges play a role in plant defense
mechanism. Table 1.1 lists some of the ingaralkyl, phenolic, flavonoid, terpinyl,
sweetner and medicinal glycosides and leTab.2 lists some important vitamin

glycosides.

21



Introductior

Table 1.1Glycosides prepared through enzymatic glycosylation

Name of the compound Source of enzyme Applications References

A. Surfactant glycosides

Alkyl- B-D-glucopyranoside B-Glucosidase Non ionic surfactant Turnet al. 2007,
Smaaliet al. 2007
Hexyl-B-xyloside, hexyl-xylobioside, Xylosidase/xylanase Surfactant Tramétal. 2007

hexyl3-xylotrioside
B-D-Glycopyranosides of n-heptanol, nAlmond(-glucosidase As non ionic surfactants inKatusumiet al. 2004
octanol, 2-phenyl hexanol, 3-phenyl propanol, detergents and cosmetics
4-phenyl butanol, 5-phenyl petanol, 6-phenyl
hexanol, 2-pyridine methanol, isobutanol,
iIsopentanol, p-methoxy cinamyl alcohol,
isopropanol, cyclohexanol, 1-phenyl ethanol,
1,5-pentanediol, 1,6-hexanediol, 1,7-
heptanediol, 1,8-octanediol, 1,9-nonanediol,
salicyl alcohol and 4-nitrophenol.
B-D-Glucopyranosides of propanol, hexan®aw almond meal In detergents and cosmetics Clealld 1992

and octanol.

a/B-Glucopyranosides of ethanol, 1-propandglucoamylase anfl-glucosidase In detergents and cosmetics Laroute and Willemot

2-propanol, 2-methyl 2-propanol, 1992a
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1-butanol, 2-butanol, 1-pentanol, 1-hexanol,
1,3-butanediol, 1,4-butanediol, 2,3-

butanediol, 1,2-pentanediol, 1,5-pentanediol
Allyl and benzyl 3-D-glucopyranoside, allyl-

-D-galactopyranoside.

n-Octyl glucoside, n-octyl galactoside

Almond -glucosidase

B-Galactosidase fromd\. oryzae,

almond meal

n-Octyl$-D-glucoside, 2-hydroxy benzylAlmond (3-glucosidase

glucopyranoside.

n-Octyl{3-D-glucoside, n-octyB-D- Xylanase fromAureobasidium

xylobioside, n-octylB-D-xyloside

Hexyl-3-D-glucoside, hepty-D-glucoside,
octyl-B-D-glucoside, octyB-D-galactoside,
hexyl{3-D-galactoside, hexyB-D-fucoside,
octyl-B-D-fucoside, hepty[3-D-galactoside,

heptyl{3-D-fucoside,

pullulans

Almond -glucosidase

Used in the synthesis ofWic and Crout 1995
glycopolymers, as temporary

anomeric protected

derivatives in carbohydrate

chemistry

In detergents and cosmetics Chadtidl. 1994

In detergents and cosmetics dal. 1997

As biological detergents andNakamureet al. 2000
emulsifying agents in

cosmetics

Non-ionic  surfactant  in Kobayashit al. 2000
cosmetics, pharmaceuticals,

kitchen detergents
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Methyl glucoside a-amylase Biodegradable surfactant Larssadral. 2005
n-Octyl-D-glucoside, n-octyb-maltoside, n- Amyloglucosidase Biodegradable surfactant Vijayaluenhal.
octyl-D-sucroside 2007

B. Phenolic glycosides

Eugenol-50-B-(6'-galloylglucopyranoside) Melaleuca ericifolia Antibacterial Husseiet al. 2007
Eugenolea-glucoside a-Glucosyltransfer enzyme ofAs a prodrug of a hairSatoetal. 2003
Xanthomonas campestris WU- restorer, as a derivative of
9701 spices
EugenolB-glucoside Biotransformation by culturedAs a prodrug of a hair restorer Orih@&tal. 1992

cells ofEucalyptus perriniana

Eugenyla-D-glucoside, eugenydD- Amyloglucosidase, almond Antioxidant Vijayakumar and
mannoside, eugenyl-maltoside, eugenyl-  [-glucosidase Divakar 2007

sucrose, eugenyl-mannitol

Vanillin-B-D-monoglucopyranoside Cell suspension culture @foffea As a food additive flavor Kometast al. 1993b,
arabica Odouxet al. 2003
CapsaicinB-D-glucopyranoside Cells suspension culture ofood ingredient andKometaniet al. 1993a

Coffea arabica Cultured cells of pharmacological applications Hamadaet al. 2003

Phytolacca americana

24



Introductior

Capsaicin-40-(6-O-3-D-xylopyranosyl)B-
D-glucopyranoside, capsaiciné{6-O-a-
L-arabinopyranosylp-D-glucopyranoside,
8-nordihydrocapsaicin-0-(6-O--D-
xylopyranosyl)B-D-glucopyranoside,
8-nordihydrocapsaicin-O-(6-O-a-L-

arabinopyranosylp-D-glucopyranoside,

a-Salicin,a-isosalcin 3-salicin

Curcumin glucosides, Curcumin-4'-O-[3-

Cultured cells ofCatharanthus Food, spices and medicines Shimetal. 2007
roseus
Bacillus macerans cyclodextrin Anti-inflammatory, analgesicYoonet al. 2004

glucanyl transferase andantipyretic prodrug
Leuconostoc mesenteroides B-
742CB dextransucrase

Cell suspension cultures ofood colorant, antioxidant,Kaminageet al.

D-digentiobioside Catharanthus roseus anticancer 2003
Curcuminyl-biser-D-glucoside, curcuminyl- Amyloglucosidase Food colorant, antioxidant Vijayalar and
bis-a-D-mannoside, curcuminyl-bis- Divakar 2007
maltoside, curcuminyl-bis-sucrose,

curcuminyl-bis-mannitol

Echinacoside, aceteoside, '-aetyl Plant cell culture ofCistanche Antinociception, Ouyanget al. 2005
acteoside, cistanoside A, cistanoside B deserticola anti-inflammatory, sedation
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Elymoclavine©O-3-D-fructofuranoside Saprophytic  culture
Claviceps sp.

2-HydroxybenzylB-D-galactopyranoside, 3-hydroxyB-galactosidase from
benzyl$-D-galactopyranoside, 4-hydroxyben#dp- Kluyveromyces lactis
galactopyranoside, 3-aminobenfsbk-galacto

pyranoside,  3-(hydroxymethyl)-aminobenf#b>-
galactopyranoside, [3-(2-methoxy)-2-hydroxy
propanol]f-D-galactopyranoside, [3-(4-chloro
phenoxy)-2-hydroxypropanof}-D-galacto

pyranoside, 3-methoxybenzftb-galacto

pyranoside, 1-phenyleth{d-D-galactopyranoside,

C. Flavonoid glycosides Trifoliumrepens L
Quercetin-30-B-D-xylopyranosyl (1L 2)-3 D-

galactopyranoside, kaempferolef-D-

xylopyranosyl (1- 2)3-D-galactopyranoside

of In the treatment orthostatic =~ Ken and Cvak 1999
circulary disturbances,
hyperprolactinemia,
antibacterial and cytostatic
effects and hypolipemic activty
Therapeutic agent Bridiaat al. 2006

UV-B radiation protection Hofmaet al. 2000
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Quercetin-30-a-D-glucopyranoside, quercetin -Glucansucrase fronieuconostoc Antioxidant

4-0O-a-D-glucopyranoside mesenter oides

Silybin A 3-O-B-D-glucopyranoside, silybin A 7- Culture broth offrichoderma Hepatoprotectant and an
O-B-D-galactopyranoside, silybin B @-B-D- koningii antidote in mushroom
glucopyranoside, silybin B @-B-D-galacto poisoning

pyranoside

Neohesperidir-D-glucoside, naringirfg-D- Cyclodextrin glucanotransferase Sweet in taste
glucoside

D. Sweetener glycosides

Moonet al. 2007

Kim et al. 2006

Kamet al. 1996

Stevioside Cell free extract oGibberella Natural sweetener Oliveist al. 2007;
fujikuroi Brandle and Telmer 2007

Stevioside, steviobioside, rebaudioside A, Leaves ofStevia rebaudiana As natural sweetenersKohdaet al. 1976

rebaudioside B utilized in beverages

Steviol-130-glucopyranoside, stevio-bioside, Soluble extracts of stevia As natural food sweetene Shibataet al. 1991

stevioside and rebaudioside

E. Terpinyl glycosides

Amarantholidosides IV, V, VI and VII Amaranthus retroflexus Pesticide, autotoxic effects Fiorentietoal. 2006
GeraniolB-glucoside, neroB-glucoside, B-Glucosidase from A. niger, Good bioavailibilty, Gunataet al. 1994
citroniol-3-glucoside Trichoderma reesei, Candida antifungal and antimicrobial

molischiana and almond activity
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GereniolB-galactoside, nerdd-galctoside,

citroniol B-galactoside

F. Glycosides in medicine
Enedyne antibiotics-calicheamycin

Esperamycins

G. Steroidal glycosides
B-D-Glucopyranosyl-(L 2)-O-[[3-D-xylo
pyranosyl-(1- 3)]-O-3-D-glucopyranosyl-
(1- 4)-D-galactopyranosyl (lycotetraosyl)
Eryloside A, eryloside K, eryloside L

A. oryzae 3-Galactosidase

Cultivation broth of
IMicromonaospora echinospora

Actinomadura verrucosospora

Solanum sp.

Marine  spongeof  Erylus

lendenfeldi

Glycosides of diosgenin, solasodine, solasonin&olanum sp.

Good bioavailibilty, Donhoet al. 1996

antifungal and antimicrobial

activity

Antitumor agents Leet al. 1987; Goliket
al. 1987

Antitumor activity Longet al. 1989

Antitumour Ikedat al. 2006

Anticancer, antifungal, Sandleret al. 2005

anticoagulative agent

Anticarcinogenic activity Nakamuetal. 1996
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Table 1.2Vitamin glycosides prepared through enzymatic gbytation

Name of the compound Source of enzyme Applications References

A. Vitamin A glycosides
t-Retinoyl3-glucuronides Rat bile Less cytotoxicity and Nath and Olsen 1967
teratogenicity

Retinylf3-glucoside Glucoserebrosidase-mediated Less cytotoxicity Gregory 1998
transglycosylation

Retinol monophosphate galactoside Crude cell fraction from mouseless cytotoxicity Helting and Peterson
mastocytoma tissue 1972; Petersoat al. 1976

B. Vitamin D glycosides

1-a-Hydroxyvitamin-Ds-3-3-D-gluco Trisetum flavescens B-glucosidase Calcium supplement Rambeekal. 1984

pyranoside, Jx-hydroxyvitamin-3-3-3-D-

cellobioside

33-O-Glucopyranosyl-&, 6p3- Hericum erinacens Gastric ulcer and chronic Takaishiet al. 1991
dihydroxyergosta-7,22-diene gastritis

Ergosta-7, 22-dienf80O-glucopyranoside Tylopilus neofelleus Rickets Takaishét al. 1989

C. Vitamin E glycosides
NeurosporaxanthirB-D-glucopyranoside  Cultured cells ofFusarium sp. Stabilizing the Sakakiet al. 2002

membranes, Antioxidant

29



Introductior

2,5,7,8-tetramethyl-2-(4-methylpentyl)-  Cultured plant cells oPhytolacca
chroman-6-yIB-D-glucopyranoside, 2,5,7,8americana and  Catharanthus
tetramethyl-2-(4,8-dimethylnonyl)- roseus
chroman-6-yIB-D-glucopyranoside
2,2,5,7,8-pentamethyl-6-chroman-6-yl3- Cultured plant cells oPhytolacca
B-D-glucopyranosyB-D-glucopyranoside americana, Catharanthus roseus
andEucalyptus perriniana
2-(a-D-glucopyranosyl)methyl-2,5,7,8- a-glucosidase

tetramethyl chroman-6-ol

D. Vitamin B, glycosides
5'-O-(B-D-galactopyranosyl)thiamin A. oryzae 3-galactosidase

5'-O-(a-D-glucopyranosyl)thiamin Cyclomaltodextrin
glucanotransferase fronBacillus

stearothermophilus

Antioxidant Shimoda&t al. 2006

Antioxidant Kondoet al. 2006

Therapeutic agent for acutéchiaiet al. 2002,

lung injury and mortality, Isozakiet al. 2005,
Protect against aspirinMurasaeet al. 1997
induced gastric mucosal

injury

Pleasant taste and odor, god8uzuki and Uchida
bioavailability. More stable 1994

towards oxidative stress and

UV irradiation

Excellent nutritional Uchida and Suzuki
efficiencies, more stable1998

against UV and light,
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Thiaminef-D-2-deoxy-2- A. oryzae 3-N-acetylhexos Pleasant odour and taste Ketral. 1998
acetylglucopyranoside aminidase

E. Vitamin B glycosides

Riboflavin-5-a-D-glucoside Liver-transglucosidase More solubility and Joseph and McCormick
bioavailability. 1995
5'-D-Riboflavin-5-a-D-glucopyranoside  Transglucosidase from plant grains  More bioavdlilgbi Suzuki and Uchida 1969
Riboflavin-a-D-glucoside a-glucosidase from pig liver More bioavailability. Uchida and Suzuki 1974
5'-O-(a-D-glucopyranosyl)-pyridoxine Transglucosidase from Excellent nutritional Kawaiet al. 1971a
Micrococcus sp. efficiency, more heat and Kawaiet al. 1971b
UV stability Tsugeet al. 1996
F. Vitamin B glycosides
Pyridoxine-5-3-D-glucoside, pyridoxine-4 B-glucosidase Excellent nutritional Gregory 1998
and 3-olligosaccharides, '80-(6-O-(5- efficiency, more heat and
hydroxydioxindole-3-acetyl-B- UV stability.

cellobiosyl)-pyridoxine, pyridoxine:§[3-
D-glucosyl-6- malonyl ester), pyridoxine-
5'-(B-D-glucosyl-6-hydroxymethylglutaryl

ester).
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G. Vitamin C glycosides

2-O-(a-D-Glucopyranosyl)ascorbic acid,@«(B-D  Lycicum fruit
gluco pyranosyl)ascorbic acid,@-([3-D-galacto
pyranosyl)ascorbic acid, @-(3-D-gluco

pyranosyl)ascorbic acid

2-O-a-Glucopyranosyl--ascorbic acid Cyclomaltodextrin

glucanotransferase from

Bacillus stear othermophilus

H. Other vitamin glycosides

4-Oxonicotinamide-1-(33-D-ribofuranoside) Rothmannia longiflora salib

4'-O-(B-Glucopyranosyl»-(R)-pantothenic acid Tomato juice

Cosmetics, quasi-drugs andoyoda-Oncet al.2004
food additive

More stable towardsKumanoet al. 1998;
oxidative stress and UVAgaetal. 1991
irradiation,  skin-whitening,

agent in cosmetics.

Anti-diarrhoel, analgesic Bringmarmhal. 1999

Growth factor of malo-lactidkren and Martinkova
acid fermentation bacteria. 2001
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1.5 Enzyme catalysis in organic solvents

Organic synthesis is being carried out in orgargcian through enzyme catalysis
(Laane et al. 1987; Vulfson 1990; Oshimet al. 2007). Biocatalysts have been
successfully employed to catalyze a numbetrarisformations and chiral resolution of
biological and industrially important compounds (Bantis and Davis 2006; Effenberger
and Syed 1998). In the last two decades the usegahic solvents in enzyme catalysed
reactions has dramatically increased (Gorman anddi€lo 1992). Employing
biocatalysts in organic phase follows solid-liq@igstem (Therisod and Klibanov 1987),
liquid-liquid system (Cantarella and Alfani 1994nd microemulsion system (Luthi and
Luisi 1984). It is well documented that enzymesalyats in this non-natural media over
that in natural aqueous-environment off@revention of autolysis, hydrolysis and
increased thermostability (Fitzpatrick 1993;ieBenow and Klibanov 1995). Physical
properties of enzyme effected by various solvergsgenerally attributed to alteration of
various non-covalent interactions in the pimgtesolvation, ionic, dipolar, hydrogen
bonding and hydrophobic interactions. The confoimmabf the enzyme in organic media
is based on the ratio between hydrophobic lambtophilic region on its surface (Carra
and Privalov 1996; Rehan and Younus 2006).
1.5.1 Important factors influencing glycosylation n organic solvents

A few important factors that govern theycglsidase catalysed reactions in
organic solvents like nature of substrate, solvidm@rmal stability, role of water, kinetics
and immobilization are discussed below.
1.5.1.1 Nature of substrate

Glycoside synthesis and affinity of the eneytowards substrate depends upon
the nature of substrate as well as substrate ctratien. The effect of initiab-glucose

concentration on the glucoside yield in the glydatgyn of alkanols using glucoamylase
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from Rhizopus oryzae and (3-glucosidase from almonds (Laroute and Willerh®92a)
showed a difference in behaviour betweeneth®g enzymes. By increasing tbe
glucose concentration, the glucoside vyieldth vwglucoamylase decreased very rapidly
whereas with3-glucosidase the yields were constant and firfalljjow drastically. The
formation of oligosaccharides (side products)ehels upon the substrate concentration
employed (Laroute and Willemot 1992a). Substratelysprovides useful information on
optimum substrate concentrations for carboditgdr and aglycons to be employed.
Glycoside yield can be increased by increasingcticentration of the acceptor alcohol,
provided that concentration is not sufficieeough to reduce enzyme stability or
carbohydrate solubility or enzyme activityahgh inhibition (Stevenssoet al. 1993).
Effect of lactose and substrate alcohedsied to investigate the effects tre
galactoside yields (Stevenssenal. 1993) showed that the galactoside yields iy
increased with increase in concentrations of bo¢hsubstrates.

In some of the glycosylation reactions, acceatioohols employed acts as both
substrate and reaction media (Laroute and Willeb®®2a; Ljungeret al. 1994; Vic and
Crout 1995; Vicet al. 1997; Crout and Vic 1998). The effectmfglucose concentration
on the synthesis of all3-glucopyranoside catalyzed K3¢D-glucosidase showed that
higher concentrations ob-glucose gave lower vyields (Vic and Crou993).
Glycosidases liken-glucoamylase3-glucosidase and galctosidases accept braagk ra
of alcohols and very hydrophobic compounds as shdistrates for glycosylation (Vet
al. 1997; Kosaret al. 1998; Kurashimat al. 2004).

The high specificity of enzymes, which meandratslimitation of the action of
each enzyme to one substrate or to a very smalbauot closely related substances, is
one of their most striking characteristics. dase of glycosidases, the interchange of

hydrogen and hydroxyl on any single carbon atora glycoside substrate is sufficient to
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prevent the action of the corresponding enzyme.eikample 3-glucosidase does not act
on B-mannosides nor does it act afb-glucosides and probably not @rgalactosides.

In case of the epimers involving carbon aoip 2 and 4 of the aldohexoses ring,
separate enzymes exist for each structure andditresponding specific enzymes are
and-glucosidasest andf3-mannosidases ardand-galacosidases (Browat al. 1997;
Fujimoto et al. 1997; Woudenberg-vamt al. 1998; Kim et al. 2003). Substrate
specificity of aSpodoptera frugiperda B-glycosidase (Sfbetagly50) using site directed
mutagenesis and bioenergetic analysis was investig@Maranaet al. 2004). It showed
that replacement of Glu451 with glutamine @ased the preference of Sfbetagly50 for
glucosides in comparison to galactosides, whergglacing Glu451 with serine had the
opposite effect (Maranat al. 2004). In contrast, the replacement of Glud&ith
aspartate did not change Sfbetagly50 specificibe §roups involved in catalysis of this
enzyme were Glul87 (proton donor) and GluB86leophile (Maran&t al. 2001). A
subsite model proposed by Hiromi (1970) waaplied to various hydrolases including
glucoamylase (Natarajan and Sierks 1997). 3ilestrate specificity of pig intestinal
glucoamylase-maltase was investigated (Gunther &eymann 1998). Various
substrates witln-1,4-glycosidic bonds (maltose, oligosaccharidesjenhydrolyzed with
high maximal reaction velocities, wheraadl, [3-2 glycosidic bond of the disaccharide
sucrose was not hydrolyzed (Gunther and Heymi998).[3-Glucosidase fixes one
molecule ofb-glucose on 1,2 pentanediol at position 1 or 2 itlcoamylase and two
glucosides were formed with alcohol 1, 3ametiol (Laroute and Willemot 1992a).
Thus the authors demonstrated that the behaviotlresté two enzymes were different so
for as affinity and substrate specificity weroncerned. Cytosoli-glucosidase from

mammalian liver is known for its broad specificityvhich hydrolyses (3-D-
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galactopyranosided3-D-fucopyranosidesf3-D-xylopyranosides andi-L-arabinosides in
addition top-glucopyranosides.
1.5.1.2 Nature of solvent

The mechanism of enzyme inactivation in organedia is still unclear (Castillo
et al. 2005). Enzyme loses most of its initial activéfger only few hours of exposure to
organic solvents and that the inactivation waependent of the reaction temperature,
solvent and enzyme hydration (Martingizal. 2002). It was suggested that the enzyme
inactivation probably does not involve struatuchanges because cross-linked enzyme
crystals have been shown to be structurally defineztganic solvents (Fitzpatriot al.
1993). In an organic solvent protein molesulre surrounded by a thin layer of
hydration and the solvent molecule tend iBpldce the water molecules both from the
hydration shell and from the interior of tpeotein, thereby distorting the interactions
responsible for maintaining the native conformatafrthe enzymes (Simoet al. 2007).
Some enzymes do not display any significetnictural change during inactivation and
local active site effects might be responsfblethe loss in activity (Yangt al. 2004).
When water and organic solvents are in eglamratio, the cross-linked crystals of
glucoamylase exhibited high activity in watemigscible solvents than in water-miscible
solvents (Abrahanet al. 2004). Biotransformations can be perforneeda preparative
scale in nonaqueous solvents for most of thermecgaompounds (Vic and Crout 1995;
Vic et al. 1997). In case of hydrolases, organic so$s/esfiift the equilibrium towards
synthesis (Vulfsoret al. 1990; Vicet al. 1997; Crout and Vic 1998). In organic media,
enzymatic thermostability could be increas@aké and Klibanov 1984) and enzyme
specificity could be changed (Ruba al. 1991). Moreover, since enzymes are not
soluble in organic solvents, they can be easilyoresd and reused. Organic solvents also

affect the binding of substrates to the active by altering the apparent,Kalues and
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controling the enantio selectivity of thezgmatic synthesis (Margoliet al. 1987;
Sakuraiet al. 1988). Also, organic solvents employed influencactien rate, maximum
velocity (Vmay Or specific activity (Ka), substrate affinity (i) and specificity (Ka/Km)
constants (Zaks and Klibanov 1986).

Water-organic solvent systems can be distinguistiedomogeneous water-water
soluble organic solvent liquid system and digaid water-water immiscible organic
solvent (Antoniniet al. 1981; Butler 1979). In the latter case, ftle® or immobilized
biocatalysts are present in the aqueous phasegaséne main part of the substrate and
product are contained in the organic phase (Vul&a. 1990). High concentrations of
poorly water-soluble substrates and/or pot&l are possible in organic solvent
containing media. The chance of microbial taomnnation is reduced. Further more,
reaction equilibria may be shifted favorably antbstrate and/or product hydrolysis can
be largely prevented. Substrate or product inbibithay be reduced as a consequence of
a lower inhibitor concentration in the aqueous emment of the enzyme and recovery
of product and biocatalyst is facilitated (\écal. 1997).

To establish a correlation between the nature lweaband the observed enzyme
behaviour (stability or initial reaction ratedhe most commonly used parameters are
dielectric constantef, dipole moment (), Hildebrand solubility parameted)(and the
logarithm of the partition coefficient (log) in a standard octanol-water two-phase
system (Weast 1983). The partition co-effitié the ratio of concentrations of the
substrates between the two solutions. The log ievall a solvent could be defined as the
logarithmic value of the partition co-efficient tife solvent in n-octanol/water two phase
system. Brink and Tramper (1985) explained itfluence of many water immiscible
solvents on biocatalysis by employing thedéfirand paramete®)( as a measure of

solvent polarity. The enhanced reaction rates cbaléxpected when the polarity of the
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organic solvents was lowd (= 8) and its molecular weight > 150. Butela it was
demonstrated thad was a poor measure of solvent polarityaneaet al. (1987)
guantified solvent polarity on the basis of logzdtues. Generally, biocatalysis is low in
solvents of log P < 2, is moderate in solvemith a log P value between 2 and 4 and
high in non-polar solvents of log P > 4.

Physicochemical properties of solvent and enzgtadility was also studied for
the synthesis of 2-hydroxybenf34b-glucopyranoside (Viet al. 1997), who used the
Hidebrand solubility parameter which givesmeaasure of the overall cohesive energy
density of a solution and Hansen paramet®yghat distinguishes between the different
types of interactions in a solution. Laroute andlémot (1992b) tested the harmfulness
of 66 solvents for two glycosidases ¢glmylase fromRhizopus oryzae and [3-
glucosidase fronA. flavus) to allow for a first choice before considering tieasibility of
reversing hydrolytic reactions. Biocatalysigere placed in the anhydrous organic
solvents at 24C and residual activities were checked. Thaynd that most of the
ethers, alcohols and esters are not haramfdl enzymes retained 65 to 100% of their
initial activity after 24h of incubation. Howevestill no correlation was found between
enzymatic stability and hydrophobicity of tbeganic medium except for the Hansson
parameters and log P.

1.5.1.3 Thermal stability

Catalytic efficiency of the glycosidases most commonly affected by the
reaction temperature in the media. Glucdasey from A. niger cross-linked with
glutaraldehyde via lysine residues were shoovmetain 98.6% activity at 7G for 1 h
(Abrahamet al. 2004). Glucoamylase fromumicola sp. was stable over a pH of 3.5-5.9
with a pH optimum of 4.7 and a temperature optinafr5°C (Riazet al. 2007). Also,

thermophilic fungusThermomyces lanuginosus showed a temperature optimum of@0
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(Thorsenet al. 2006).a-Amylase showed optimum activities at pH 6.5 arghhactivity
at temperatures between 60 and@BQAlmeidaet al. 2007). AlmondB-D-glucosidase
stability was carried out (Viet al. 1997) by suspending a known amount of enzyme in
9:1 (v/iv) and 3:7 (v/v) solvent-water mixtufacetone, acetonitrile, tert-butanol, DMF

and DMSO) at £ for 24h and the hydrolytic activity againstlicin was determined.

Enzyme incubated in 9:1 (v/v) acetone, acetoaitihd tert-butanol mixture showed 75
to 90% of the hydrolytic activity, whereas the eneyin 9:1 (v/v) DMF and DMSO lost
almost completely its hydrolytic activity. Fa 30% (v/v) of solvent, the effect on
enzyme stability is exactly reversed. In acetowetanitrile and tert-butanol, the enzyme
was rapidly inactivated. However, 66% and 9@P4he initial activity was still present
after 24 h of incubation in DMF and DMS@spectively. From this study, authors
concluded that stability of the enzyme dependshenconcentration of the solvent in the
medium but the effect may be reversed dependnthe nature of the solvent. Twi
glucosidases (isoenzyme 120 kDa) purified frapple seed displayed higher thermal
stability than the commercially suppliggiglucosidase from almond in an aqueous
environment (Hui-Leiet al. 2007). Thermostablg-glucosidase fromGeobacillus
pallidus exhibited an optimum temperature afC0vhich was greater than that observed
for B-xylosidase fronmBacillus stearothermophilus T-6 (Bravmanet al. 2001). Also, the
enzyme retained 68% of the initial activity aft&x i incubation at 6@ (Quinteroet al.
2007). Thermal inactivation studies carried outchgnging the temperature between 60
and 90C for the free and an immobilizgdgalactosidase frormhermus sp., showed that
both the forms retained a certain activity betwé@rand 70C (Laderoet al. 2006)

Both glucoamylase froniRhizopus oryzae and [3-glucosidase fromAsperzllus
flavus, showed thermal stability in a low water enviromtnat a high temperature of 60

°C. The studies indicated that some solvents inlwthie enzymes retained 57 to 95% of
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their residual activity at 2€ did not stabilize against thermal denaturatiame $olvents
with longer carbon chain lengths prevented theeakturation effectively (Laroute and
Willemot 1992b). Stability of3-glucosidase fronCaldocellum Saccharolyticum was
studied in comparison to commercially ilabde [3-galactosidase fromA. oryzae
(Stevensonret al. 1996). The enzyme was incubated in 0, 254nd 6 M ethanol
solutions at 65C and no reduction in activity was observed uptb except with 6 M

ethanol presentA. oryzae enzyme was denatured in 4 M ethanol at°@5and the

enzyme formKluyveromyces fragilis and Kluyveromyces lactis were inactivated in 3M
ethanol at 40C (Stevensomt al. 1993). The stability of the immobilizeglucosidase
preparation was investigated by measuring rigidual activity after incubation in
octanol at 50C and @ = 1.0 (Ljungeret al. 1994). The remaining enzyme activity was
determined after 6, 13 and 27 days and comparddtiat original activity at time zero.
Due to stability of this enzyme, the conditions evemployed for the repeated synthesis
of octyl-3-glucoside. Stability of glycosidases also enharshgel to substrates (Svendsen
2003). Thermal stability of glucoamylase was amed 2 fold in the presence of 0.5%
starch (Gill and Kour 2004)lalaromyces emersonii glucoamylase showed significantly
improved thermal stability with a half lifef 48 h at 65°C in 30% (w/v)D-glucose,
compared to 10 h foA. niger glucoamylase (Nielsest al. 2002). Compared to the
native enzyme, temperature profile of immabili glucoamylase was widened and the
optimum pH also changed (Hwb al. 2004). Thermal stability of the enzyme dan
modified by means of cloning and mutatione{®enet al. 2002; Allenet al. 2003).
Mutation provides increased thermal stgbilireduced isomaltose formation and
increased pH optimum to the enzyme (Allinal. 2003). Based on the results of
molecular dynamic simulations, twelve mutasiowere constructed to improve the

thermal stability of glucoamylase from awamori (Liu and Wang 2003). Glycation of
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the enzyme also resulted in increase inntakerstability (Pornponget al. 2005). The
stability and kinetic parameters of glycatedl @he intact enzyme were compared. The
glycated enzyme was more resistant to heat, boatbn did not affect the pH stability
and the isoelectric value significantly (Pornpagl. 2005).

1.5.1.4 Water activity

Activity of the enzyme in organic mediassongly dependent on its hydration
layer which is also essential for ik®nformational flexibility. Increased enzyme
selectivity for alcohol was observed with increaseter activity. One possibility is that
the effect is linked with enzyme flexibilitwhich is known to increase with increasing
water activity in organic media. At low water adly enzymes are rather rigid and under
those conditions it is not unexpectddttthe enzyme favours the small natural
nucleophile, water. At higher water activityye increased flexibility might cause the
enzymes to accept the larger alcohol nucléepliHanssoret al. 2001). Influence of
water activity for the production of galacigosaccharides (GOS) gradually grew as
water activity increased in the reaction eystand later their synthesis decreased as
water activity increased further (Cruz-Guerretal. 2006).

For the synthesis of hex@D-glucoside and hexy-D-galactoside, (3-
glucosidase from hyperthermophilic organisswch asSulfolobus solfataricus and
Pyrococus furiosus did not show any catalytic activity below & 0.6. However at higher
water activity (@ = 1.0) both the enzymes showed very goddigc(Hansson and
Adlercreutz 2002). Higher reaction rates amelds were obtained using almoid
glucosidase in presence of water-miscible orgaaleents with a water activity of 0.53
for the synthesis of oct@-D-glucoside (Ducreét al. 2002a).

As the hydration level increases, the enzymeeomes more flexible and the

activity increases. The hydration level requeat differs for each one of the enzymes
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(Valivety et al. 1992). In order to achieve glycosylation gsglycosidases instead of

hydrolysis, the equilibrium position should bhifted (kinetically controlled reaction)

which can be achieved by using predominaotlyanic media at a low water activity.

One approach to shift the equilibrium positiortasadd a water-miscible solvent, which

decreases the thermodynamic water activity ancebyefavors synthesis. An alternative

approach is to add a water immiscible sdhrerwhich case, a hydrophobic product is
extracted to the organic phase, so that its coratgon in the aqueous phase is kept low
and more product is synthesized. This apprdzas been applied successfully in the
synthesis of alkyl glycoside in the two-phasstem using hydrophobic alcohol as both
substrate and organic phase. (Vulfgbal. 1990; Ljungeret al. 1994).

Almond B-glucosidase catalyzed synthesis of optglucoside showed that a
water activity (@) of at atleast 0.67 was required for the synthase the rate increased
with increasing @ (Ljunger et al. 1994). But the final yield decreased witkréasing
water activity. The best results were obtinising a high initial water activity which
decreased during the course of the reacfidre condensation of glucose and allyl
alcohol showed that the water concentration shbaladjusted carefully to balance the
enzyme activity against equilibrium yield tptimize the productivity (Vic and Crout
1995). Comparable minimum water procedures Haeen adopted in the glycosylation
of butanol (Ismail and Ghoul 1996), 1,6-heedial as well as medium chain alcohols
(Vic et al. 1996; Chabhickt al. 1992) by many researchers in this field.

By analogy with the lipase-catalysed esterificatidrcarbohydrates (Oosteroeh
al. 1996), it would seem advantageous to usenar polar solvent to increase the
solubility of the carbohydrate. Acetonitrile, ace¢oand tert-butyl alcohol (Vic and Crout
1994; Vicet al. 1995; Vicet al. 1997) containing 10% water,{& 0.8) have been used

for this purpose, but the reaction rates and tbkelsiwere generally lower than when the
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acceptor alcohol was used as the solvent.adsalternative to the minimum water
procedures, reactions have also been performedagiileous glucose af, a 1. Such an
approach has the advantage of optimum enzagtigity (Ljungeret al. 1994) but its
efficiency in terms of equilibrium yield dependpam the extraction of the product into
the organic phase. Compared to lipases, gidases require higher water activity for
glycosylation reaction. However, unlike in easf lipases, a systematic study on water
activity on glycosidase action is yet to be done.

1.5.1.5 Kinetics

Kinetics of enzyme catalyzed reactions help in malyy quantifying a reaction but
also bring out some intricate details of yemz inhibition and mechanism which have
quite a lot of bearing on the industrial apgion of glycosidases. The kinetic study of
glucoamylase catalyzed hydrolysis of starchngles from six different sources (rice,
wheat, maize, cassava, sweet potato and potatogtwdied, where K(catalytic constant
of the adsorbed enzyme) is largely influenced leyttipe of starch granules. The relation
between K value and crystalline structure of starchnglas suggested that, Kalues
increases as the crystalline structure become ddradsumiet al. 2007). Glucoamylase
catalysed hydrolysis of raw starch suspensimoussed by the rate equations from a
three-step mechanism, consists of adsorption ofré@enzyme on to the surface of the
substrate, reaction of the adsorbed enzynid thie substrate and liberation of the
product (Tatsumi and Katano 2005).

Kinetics of the maltose hydrolysis by freedammobilized (in polyacrylamide
gel) glucoamylase was investigated by construaimgathematical model (Yankat al.
1997). Kinetic parameters determined by Mitikddenten equation for both free and
immobilized enzyme resulted in a good correlatietween calculated and experimental

data. Statistical analysis for the kinetic dab developed for the saccharification of
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potato starch with glucoamylase showed that Michaelis-Menten equation could be
used as a simulation model, the Line weaver-Buik\afilkinson methods could be used
for mathematical regression and the final pegabkinetic model explained the enzyme
behaviour clearly (Zhangt al. 1998). In the kinetics of almon@tglucosidase catalyzed
hexyl-glucoside synthesis, the kinetic constants,\Kn (glycosyl donor) and Max/ Kn
were all influenced by the water activity atidy all increased in value with increasing
water activity (Andersson and Adlercreutz 200Alcoholysis and reverse hydrolysis
reactions performed enzymatically with a hypemophilic -glucosidase and lactose
or glucose used as substrate to produce h@pgglactoside and/or heptgtglucoside in
one phase water saturated 1-heptanol system fedloviichaelis-Menten kinetics where
conversions were limited by a strongoduct inhibition and the formation of
oligosaccharides (Marianat al. 2000). Thermostable3-glycosidase of Thermus
thermophillus, addition ofD-glucose to reaction mixtures of enzyme and glycdsygors
(B-D-glucoside, -D-galactoside andp-D-fucosides), resulted in an inhibition or
activation depending upon both the substcatecentration and temperature. Enzyme
displaying non-Michaelian kinetic behavior withimetrange of 25-8C, might be due to
inactivation below 6 and activation above %D in presence of high substrate
concentrations (Fouragg al. 2000).
1.5.1.6 Immobilization

Immobilized enzymes have been widely usedfood, fine chemicals and
pharmaceutical industries because they prowiday advantages over free enzymes
including repeated or continuous reuse, easy seperaf the product from the reaction
media, easy recovery of the enzyme and im@nent in stability (Torrest al. 2004,
Yavuz et al. 2002). The most important factors influencing iofiization processes are

carrier properties (material, particle diamgetpore size, available anchor groups and
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their amount), enzyme stabilty and imnlibhiion conditions: pH, ionic strength,
protein concentration and carrier activatdEsigergit et al. 2000). Immobilization of
glucoamylase on many supports include ceran@mbrane (Idat al. 2000), polymer
microspheres (Oh and Kim 2000), magnetic supgp@ahar and Celebi 1998) through
wide variety of methods such as adsomptientrapment, cross-link and covalent
attachment (Marin-Zamorag al. 2006; Rebrost al. 2006; Cacet al. 2000).

Non-covalent immobilization techniques suchnatal-chelated adsorption (Sari
et al. 2006) has been successful in a few enzymes ingudamylase (Karat al. 2005)
and invertase (Osmaat al. 2005). Purified glucoamylase froArachniotus citrinus was
immobilized on polyacrylamide gel where imniizbtion decreased the entropy and
enthalpy of deactivation and made the imnrdal glucoamylase thermodynamically
more stable (Perveeet al. 2006). Also,A. niger glucoamylase was immobilized on
montmorillonite clay (K-10) through adsorpti@md covalent binding which increased
the affinity towards substrate (Sanjay anduian 2005). Eventhough recent research
on glucoamylase immobilization was mainly feed on entrapment of the cross-linked
enzyme and covalent binding on many matrisésicturally had drawbacks (Beti al.
2006). To resolve these drawbacks, glucoamyaas chelated to nonporous micron-
sized magnetic poly(vinyl acetate-divinylbenzenghgidyl methacrylate-
iminodiaceticacid-Ctiz] PVA-DVB-g-GMA-IDA-Cu®") particles which exhibited
excellent reusability (Wangt al. 2007). Thermal stability of glucoamylasevénebeen
improved through covalent immobilization dhe cellulose-based carrier Granocel
(Bryjak et al. 2007). Glucoamylase frofusarium solani was chemically modified by
cross-linking with aniline hydrochloride in presencof 1-ethyl-3-(3-dimethyl
aminopropyl)carbodiimide with enhancing effects temperature, pH optima and pKa

values of active site residues (Bhattial. 2007b). Chitosan-clay is cross linked with
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glutaraldehyde to immobiliz-glucosidase to improve activity and stabilby the
enzyme (Chang and Juang 2007).

The free enzyme is immobilized by trappibgni an inert matrix such that the
immobilized enzyme retains its catalytic propestfor a much longer time than the free
enzyme and hence can be used continuously for mamg synthesis (Huet al. 2004).
Many types of immobilization impart greater stipito the enzyme making them more
useful over wider pH ranges and at highengeratures (Chang and Juang 2005).
Immobilized enzyme appears to be leasceptible to the normal activators and
inhibitors that affect the soluble enzyme (Baradinal. 2004).

Immobilized glucoamylase possesses excelléotage and working stability.
Immobilization of glucoamylase can be perfodn@n to polyvinyl alcohol complex gel
(Jianping et al. 2003), chitosan-clay composite (Chang and glu2®05) and plastic
material (Roiget al. 1995). Thermal and pH stabilities of freed ammobilized a-
amylase, B-amylase and glucoamylases were compafdr immobilization with
chitosan-clay (cross-linked with glutaraldehydé)whs shown that the relative activities
of immobilized enzymes are higher than free enzyows broader pH and temperature
ranges for starch hydrolytic reaction (Chamgl Juang 2005). Glucoamylase frém
niger was immobilized through ionic adsorption omd&AE-agarose, Q1lA-Sepabeads
and Sepabeads EC-EP3 supports (Toetesl. 2004) coated with polyethyleneimine
(PEI) with marginal improvement in thermal stapildue to this immobilization. Huet
al. (2004) reported, glucoamylase immobilizatiortoonovel porous polymer supports,
which led to enhanced temperature profilehef immobilized glucoamylase and altered
optimum pH. Optimum substrate concentrationtted immobilized glucoamylase was
higher than that of the native enzyme. Afstorage for 23 days, the immobilized

glucoamylase still maintained about 84% itsf initial activity, whereas the native
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enzyme only maintained about 58% of thiial activity. Moreover, after using
repeatedly seven times, the immobilized enzymantained about 85% of its initial
activity. Glucoamylase fromA. niger was immobilized on cationic nonporous glass
beads by electrostatic adsorption followbyg cross linking with glutaraldehyde
(Wassermaret al. 1982) and the immobilized glucoamylase showedreased stability
upon heating, compared to the soluble enzyme.

Properties of thermostabfg&glucosidase fron®ulfolobus shibatae immobilized
on silica gel by cross linking with transgliaase is more stable for the hydrolysis of
lactose during milk and whey processing. Due @h lthermal stability, the immobilized
enzyme can be used at high temperaturesghwiestrict microbial growth during
operating time of continuous flow reactors (Synakieand Wolosowska 2006). Kosary
et al. (1998) studiedn- and -glucosidases catalyze@-glycosylation activity withD-
glucose as substrate and with different altoly reverse hydrolytic processes. With
native glucosidases, upscaling resulted in lowdgiglue to heterogeneity of the reaction
mixtures and the aggregation of undissolverymes in organic media. Immobilization
of the enzymes on a modified polyacrylanigee bead support (Acrylex C-100)
increased enzyme stability resulting in highietds necessary to perform glucosylations
on a larger scale (Kosagy al. 1998). In this report, immobilized glucosidasesaretd
55—-80% of their original activity depending on thater content and the type of alcohol
after 72 h incubation. The enzymaticntbgsis of alkyB-glucosides by water-
immiscible alcohols studied using immobilizBeljlycosidase gave a higher conversion
yield than the native enzyme (Papanikolaou 2001).

Gargouriet al. (2004) reported the production Bfxylosidase ang-glucosidase
from Sclerotinia sclerotiorum and evaluation of physico-chemical charactessof its

immobilization on supports for use intnuous reactors. The majority of the
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immobilized preparations were unable to catalyhe synthesis of alkyl-glycosides.
Immobilized 3-glycosidase systems using ion exchange resins fwargl to increase the
enzyme stabilties when tested for hygbisl but did not increase the synthetic
efficiency. This may be due to the unfavorable oomftion of the immobilized enzyme
for synthetic reaction (Gargoteti al. 2004).
1.6 Strategies employed in glycosylation

The advantages of carrying out glycosyfatiusing reverse micelles, super
critical carbon di-oxide, microwave and resgwrsurface methodology are discussed
below.
1.6.1 Glycosylation in reverse micelles

Water in oil microemulsions with reversuicelles provides an interesting
alternative to normal organic solvents in emeycatalysis with hydrophobic substrates.
Reverse micelles are useful microreactors usscdhey can host proteins like enzymes
(Luisi et al. 1998). Catalytic reactions with water—oil suatts can occur at the large
internal water-oil interface inside the miamadsion (Erikssoret al. 2004). A salient
feature in all the enzymes in which thestability has been documented is that
thermostability decreases as the water conteriteirsystem increases. In this media, both
the activity and stability of biomolecules can lmntrolled by the concentration of water
(Srivastava and Strasser 2001; Orlich and Schom&d@?). In reverse micelles, it has
been possible to probe the relation betweerstiheent and enzyme kinetics, as well as
some of the factors that affect the enzynsntlostability and catalysis (Srivastava and
Strasser 2001). The overall activity of amylogludase entrapped into reverse micelles
of Triton-X-100-xylene-hexanol was lower, than muaous systems, but showed higher

stability upto 50C (Shahet al. 2000). Synthetic applications of enzymes @ntea in

reverse micelles and organo-gels were discussédralzly by Fadnavis and Deshpande
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(2002). Study of3-1,4-glucosidase in water/phosphatidylcholine/hegtbutanol reverse
micelles was reported (Miao and Yao 199Bhe activity and kinetics op-1,4-
glucosidase in hydrolysis of salicin slkeolw that Michaelis-Menton Kkinetics was
followed. Vimax Was found to be 11.8 times larger than that in agsenedia and Kwas
only 1/25 of that in aqueous media. There are tepmm the synthesis of alkyl glycosides
and oligosaccharides (galacto-oligosaccharides) reverse micelles by using
glycosidases and higher yields were repodmapared to aqueous media (Cleeral.
2001; 2003; Kouptsovat al. 2001). Transgalactosylation reaction of theyere 3-
galactosidase was strongly dependent on the matar of water to surfactant (Wo) of
Aerosol-OT (AOT)/isooctane reverse micelles €€let al. 2001). Synthesis of alkyl
glycosides in AOT reverse micelles systemwsdtb (Kouptsovaet al. 2001) that the
direction of the reaction depended on the gfHthe aqueous solution solubilized in
reverse micelles.

1.6.2 Glycosylation in supercritical carbon dioxide

Current research has provided insight inte #uvantages and possibilities of
using supercritical carbon dioxide (SC{Gn biochemical processes (Dijksten al.
2007). The main advantages of SGO@lude increased catalytic activities as a restilt
improved mass transfer, higher selectivities amdngly reduced organic waste streams
(De Simone 2002; Beckmann 2003; Rezaeil. 2007).

Carbon dioxide was chosen as the supercarifiuid (SCF) for the following
reasons: (1) CObecomes a SCF above 31°C and 73.8 athich are easily
accomplished conditions with gentle heating froambient temperature and a
commercial liquid chromatography pump, (2) gwdvent properties of SCG@an be
continuously varied by changing the pressure opteature and (3) CQOs nontoxic and

the medium is easily removed by decompressmratmospheric pressure (Mori and
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Okahata 1998; 2000). Several reviews describe d@hety of organic reactions including
chemical (hydrogenation, hydroformylation, opdrection, halogenation, Diels Alder
cycloaddition, oxidation, coupling reaction,uBan-Khand reaction, olefin methathese,
Friedel-Craft alkylation, asymmetric reactioahd enzymatic reactions carried out in
supercritical fluids (Mori and Okahata 2000; Oakkal. 2001; Mori and Okahata 2002;
Matsudaet al. 2002). Enzyme stability can be improved byC®g pretreatment. The
application of supercritical fluids in thentml of enzyme reactions, with emphasis on
the use of supercritical fluroform in thegulation of 3-D-galactosidase mediated
transglycosylation and oxidation has beenudised (Mori and Okahata 2003). SGCO
pretreateda-amylase retained 41% activity based on thginal activity, whereas, the
non-treateda-amylase completely lost its activity in baur in water (Liu and Chang
2000). n-OctylB-D-xylotrioside and xylobioside synthesis weigniicantly increased
in supercritical C@Q and fluroform (CHE) fluids mediated one-step reaction of xylan and
n-octanol using the acetone powder (acetone-awmdld) of A. pullulans as the enzyme
source of xylanase (Nakamueaal. 2000; Matsumuraet al. 1999). A lipid-coated3-
galactosidase catalyzed transgalactosylatiootices carried out in SCGQesulted in
good conversion yields up to 72%, whereas, nddfgalactosidase hardly catalyzed the
transgalactosylation in SCG@ue to its insolubility and instability in SCGQMori and
Okahata 1998).
1.6.3 Microwave-assisted glycosylation reactions

Ultrasonification and microwave assistance bme@ emerging approaches for
enhancing reaction rates in low water mediicrowave irradiation is becoming an
increasingly popular method of heating whigplaces the classical one because it
proves to be a clean, cheap and convenmetihod. Often, it affords higher yields and

shorter reaction times (De Oliveigh al. 2002). A new trend in organic synthesis by
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utilizing microwave irradiation and enzyme algsis has evolved (Caat al. 2003),
called Microwave Irradiation Enzyme Couplingt&lysis (MIECC). This technique can
be divided into two categories, such as enzymehegig under microwave irradiation in
non/micro-aqueous media (wet method) and withmedia (dry method). Microwave
irradiation of a mixture of ti®-acetylb-glucal and an appropriate alcohol in the
presence of Montmorillonite K-10 catalyst, yided unsaturated glycosides in much
shorter time and in yields comparable to conveatideating (De Oliveir&t al. 2002).
Glucose and dodecanol were reacted in tkesepce of dodecyl-benzenesulfonic acid
under microwave irradiation to vyield dodecanol gkide with a degree of
oligomerization of 1.43 (Rhodet al. 1999). A three step microwave assisted solven
free synthesis of decyl-glucopyranoside with 1-decanol was establistwddfglucose
and extended to-galactosep-mannose and N-(2,2,2 trichloroethoxy-carbonyiai
D-glucosamine with 70% avarage overall yield for theee steps such as peracetylation,
glycosylation and saponification (Limouset al. 1997). In the synthesis of alkyl
glycosides under microwave assistance usitglytia amount of acid, the ratio of the
o/B-anomers was influenced by the reaction conditigNsichteret al. 2001). The effect

of microwave irradiation on a thermostaBlgyalactosidase frorBacillus acidocaldarius
enzyme was experimentally tested, showing tkatdual activity depends on enzyme
concentration, microwave power level and eypesime (La Carat al. 1999). The
selectivity for galacto-oligosaccharides synihesan be increased by 217-fold under
microwave irradiation using immobilizeétglucosidase fronkKluyveromyces lactis with
added co-solvents such as hexanol (Mauga. 2003). Reduced hydrolysis product
and increased rates of conversion have been rebmrteanasglycosylation reactions to
simple alcohols catalyzed by other thermophiegalactosidases in microwave

irradiated dry media (Gelo-Pujat al. 1997).
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1.6.4 Response surface methodology (RSM) in glyctetyon

Response surface methodology (RSM) is a tgobnused in the experimental
study of relationship between responsegiables and many input variables. The
techniques have been used to answer theqkegtion of what values of the input
variables will yield a maximum. RSM has beeidely used in various disciplines such
as food, chemical and in biological processeadgnet al. 1995; Bandarwet al. 2006;
Ratnamet al. 2005; Ambati and Ayyanna 2001; Chetral. 1997).

In recent years, this methodology hanbapplied to some glycosylation
reactions as well. The objective of thesealistiis to evaluate the optimum conditions
within the parameters employed to achieveaximum conversion yield. Enzymatic
synthesis of butyl glucoside I$+glucosidase from sweet almonds was optimiagd
response surface methodology (Ismeil al. 1998). The empirical models were
developed to describe relationship betwébe operating variables - temperature,
water/butanol volume ratio, glucose concentratenzyme concentration and responses -
butyl glucoside concentration. The statistical gsialindicated that the four factors have
significant effects on the butyl glucosidentdesis. Ismailet al. (1998) found good
agreement between predicted and experimental @ptimization was also carried out
for the synthesis of butyl galactoside [bygalactosidase from. oryzae by using RSM
(Ismail et al. 1999b). In this work, they performed a tgigsosylation reaction using
lactose as a glycosyl donor. n-Octyl glucoside pasluced and optimized by using this
method by employing Doehlert’'s matrix igas (Chahid et al. 1994). The three
parameters employed were amount of acetaféerp octanol and lactose and the
products obtained were octyl glycosides (octyl gaiside and octyl glucoside).

Usefulness of several statistical designsexperimental optimization including

Box-Behnken, Central Composite Rotatable afatkett-Burman designs in enzyme
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catalysed glycosylation reactions have bearried out (Vijayakumaret al. 2005;
Vijayakumar et al. 2006). Analyses of several response cerfplots obtained by
employing statistical designs in glycosidasealgaed reactions have indicated that such
plots could explain the glycosylation behavian the presence of different kinds of
substrates and reaction conditions.
1.7 Scope of the present work

Many enzymatic transformations in organic sot¢ have found their way into
flavor, fragrance, pesticides, pharmaceutical amiginper industries. Enzymatic synthesis
definitely has an important role to play in the elepment of novel efficient asymmetric
processes. Carbohydrate containing natural ptedus an important biological
substance, which plays a significant role in mdcrecognition for the transmission of
biological information. Many glycosides are usedmad range of applications as food
colorants and flavoring agents (Sakataal. 1998), sweeteners (Shibaghal. 1991;
Oliveira et al. 2007), antioxidants, anti-inflammatory (Goneesal. 2002; Moonet al.
2007), antitumor (Kaljuzhin and Shkalev 2000; Iketlal. 2006), antibiotics (Ikeda and
Umezawa 1999), antifungal (Tapavicegal. 2000), antimicrobial (Zhou 2000) and
cardiac related drugs (Oei al. 1985). Glycosylation renders lipophilic compoundsren
water soluble and thereby increase bioavbtialof biologically active compounds
besides imparting stability to the aglyconrgiKk and Martinkova 2001). So, efficient
methods for the syntheses of biologicalltivac glycoconjugates are of increasing
interest.

Usefulness of glycosylation is explored instipresent work leading to the
syntheses of few phenolic and vitamilycasides. Thus the present investigation
attempts to explore the potentialities of mglicosidase fronRhizopus mold and (3-

glucosidase from sweet almond in effectingcgsylation of a wide variety of glycosyl
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acceptors including few selected phenols Vi&gillin, N-vanillyl-nonanamide, curcumin,
L-dopa, dopamine and vitamins like riboflavin, ergloiterol anda-tocopherol. Of these
many phenols and vitamins are either less solubigater (vanillin 2 g/L, riboflavin 0.2
g/L) or insoluble in water at alN¢vanillyl-nonanamide, curcumin, ergocalciferol ame
tocopherol) or susceptible to heat, light anadation OL-dopa, dopamine). Also, the
phenols employed vanillinN-vanillyl-nonanamide, curcuminpL-dopa and dopamine
possess structural similarity by having hydroxyp at the % position and hydroxyl or
methoxy group at "3 position besides having a CH= or gthrbonpara to the 4' OH
position.

Amyloglucosidase fromRhizopus sp. and-glucosidase from sweet almond
catalyzed synthesis of above mentioned pheanths vitamins were carried out in di-
isopropyl ether solvent in an experimental setugreHarger concentration of substrates
can be employed with lesser concentratioremfyme to get better conversion. The
carbohydrate molecules employed for the gigsogpreparations were-glucose, D-
galactose,bD-mannose D-fructose, D-arabinose,D-ribose, maltose, sucrose, lactobe,
mannitol andD-sorbitol. The glycosylating reactions were invgsted in detail in terms
of incubation period, pH and buffer concetitra enzyme concentration, substrate
concentration, regio and stereo selectiviggponse surface methodology and Kkinetics.
Glycosides prepared were analysed by HPI€parated through size exclusion
chromatography and characterized spectrosalypito determine their nature and
proportions. The glycosides were tested fogicensin-converting enzyme inhibition
and antioxidant activities. The salient featuof these investigations are described in

detail in the ensuing chapters.
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Materials and Methods

2.1 Materials
2.1.1 Glycosidases

Amyloglucosidase fronRhizopus mold and(-glucosidase isolated from sweet
almonds were employed for the present work.
2.1.1.1 Amyloglucosidase

Amyloglucosidase (3.2.1.3) fromhizopus mold a fungal source, with an activity
of 22,570 units/g of solid, purchased frogn& Chemical Co., St. Louis, MO, USA
was employed for the glycosylation work. Qunat liberates 1.0 mg of glucose from
starch in 3 min at pH 4.5 at 36. This enzyme was used for the synthesis of glges
of phenols - vanilinN-vanillyl-nonamide,L-dopa, dopamine and vitamins - riboflavin,
ergocalciferol anai-tocopherol.
2.1.1.201-Glucosidase

B-Glucosidase was isolated from sweet almoadd the crude enzyme was
employed. This enzyme was used for the synthesigyobsides of phenols - vanillim-
vanillyl-nonamide, curcumini.-dopa and vitamins - riboflavin ardtocopherol. The
isolated3-glucosidase was also immobilized on calciuginate and was employed for
the synthesis of dopamine glycosides.
2.1.2 Phenols/vitamins

Vanillin procured from Sisco Research Laboriato Pvt. Ltd, curcumin (>95%
purity) from Flavors and Essences Pvt. Ltd. Indiajanillyl-nonanamide, dopamine and
ergocalciferol from Sigma Chemical Co., St. Lo, USA andbL-dopa, riboflavin,
a-tocopherol from Hi-Media Ind. Ltd. were employed.

2.1.3 Carbohydrates
D-Glucose and sucrose purchased from SD fine chenfica.) Ltd.;D-galactose

and D-fructose from Hi-Media Ind. Ltdb-mannoseD-arabinoseD-ribose, D-sorbitol
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and D-mannitol from Loba Chemie Pvt. India Ltd.; lltngae from Sigma Chemical Co.,
St. Louis, MO, USA and lactose from Sisco Rese&attoratories Pvt. Ltd. India, were
employed in the glycosylation reactions.
2.1.4 Solvents

Chloroform, di-isopropyl ether, diethyl ethedimethyl sulphoxide (DMSO),
ethyl acetate, petroleum ether (60-8) were purchased from SD fine Chemicals (Ind.)
Ltd. All the solvents were distilled oncefdre use. HPLC grade acetonitrile was
purchased from Qualigens Fine Chemicals Ltd. arglwgad as such.
2.1.5 Other chemicals

The following chemicals and their sources are shiowirable 2.1

Table 2.1Chemicals and their companies of procurement.

Chemicals Company

Sodium acetate (GEOONa), di-sodium hydrogen Ranboxy Laboratories Ltd.
phosphate (N#HPQOy) India.

Di-sodium tetra borate (MB;O; 10 HO), sodium SD fine Chemicals (Ind.)
choride (NaCl), sodium hydroxide (NaOH), swdiu Ltd.

sulphite  (NaSQs), sodium sulphate anhydrous

(N&SQy), zinc sulphate (Zn3)p calcium chloride

(CaC}), hydrochloric acid (HCI), sulphuric acid

(H2SOy), iodine resublimed ), sodium potasium

tartarate (Rochelle salt), di-nitrosalicylic idic silica

gel and ammonium per sulphate.

1-Naphthol, hippurric acid, Coomassie brilliartiebR LOBA Chemie Pvt. Ltd.
250, B-mercaptoethanol, bromophenol, trichloro aceticIndia.
acid, sodium benzoate, sodium dodecyl sulfgten

acacia and triton X-100

Hippuryl-L-histidyl-L-leucine acetate, 2,2-diphenyl-1- Sigma Chemical Co., St.
picrylnydrazyl (DPPH), butylated hydroxyanisole Louis, MO, USA.
(BHA), bovine serum albumin (BSA), Sephadex G-15
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and Sephadex G-25, acrylamide, tributytrindism
alginate and bis-acrylamide

Potassium bromide (KBr), Folin-Cicolteau reagerd an Sisco Research Laboratories
HEPES buffer (N-[2-hydroxyethyl] piperazine-N2-[  Pvt. Ltd. India.

ethanesulphonic acid])

2.2 Methods
2.2.1 Enzyme activity assay for amyloglucosidase

Enzyme activity for amyloglucosidase was defeed using Sumner and Sisler
(1944) method. Activity was expressed in terof micromoles ((mol) of glucose
released per min per mg of enzyme emplo$gmkcific activity was expressed @asiol
of glucose released per min per mg of protein piteisethe enzyme (Table 2.2).
2.2.1.1 Calibration

A stock solution was prepared by dissolvitty mg ofD-glucose in 25 mL of
distilled water. A series of aliquots of 0.1 tdb InL were pipetted out into appropriate
volumes of 0.2 M sodium acetate buffer pH 4.2 siheh, the final volume was 3.0 mL.
To this 3.0 mL of di-nitro salicylic acidDNS) reagent (Sumner and Sisler 1944)
containing 1% di-nitro salicylic acid, 0.2%hgnol, 0.05% sodium sulphite and 1%
NaOH was added and the reaction mixture was inedbah a boiling water bath for 5
min with shaking. Then the reaction mixtunas cooled under running tap water.
Absorbance of each solution was determined on am&lru UV-1601
Spectrophotometer at 575 nm. A calibration plot w@sstructed for the concentration of
glucose in the range 0.1 mg to 1.5 mg (Fig. 2.1).
2.2.1.2 Activity assay

A stock solution of 4% starch was prepared by dissp 4 g of potato starch in
100 mL 0.2 M acetate buffer pH 4.2. Enzyamyloglucosidase (1 mg) was added

separately into 5.0 mL of stock solution andubated at 60C on a Heto-Holten
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shaking water bath for 60 min at 200 rpm. The iieacwas arrested by adding 0.8 mL 4
N NaOH. A duplicate was also performed. Pipetted®ii mL of this solution and made
up to 3.0 mL using 0.2 M acetate buffer pH 4.2 tlker 3 mL of DNS reagent was added
and boiled for 5 min on a water bath and coofosorbance values were measured at
575 nm using a Shimadzu UV-1601 Spectrophetemand the amount of glucose
present was determined from the calibratidoi. pThe activity of each enzyme was

evaluated and shown in Table 2.2.

Table 2.2 Activity assay for amyloglucosidas@-glucosidase and immobilizef-
glucosidase
Enzyme Protein Unit activity Specific activity

contenf (%)  mol/min/mg of  mol/min/mg of

enzyme protein
Amyloglucosidas® 46.2 11.2 x 10 24.3 x 10°
B-Glucosidase 76.9 3.12 x 18 4.06 x 10°
Immobilized-glucosidase 4.2 0.084 x 18 1.99 x 10°

*Protein estimation by Lowry’s metholActivity assay by Sumner and Sisler meth@dtivity
assay by Colowick and Kaplan (1976).

2.2.2 Protein estimation

Protein content of amyloglucosidas@-glucosidase (isolated from sweet
almonds) and immobilize@-glucosidase were determined by using Lownyisthod
(Lowry et al. 1951). In order to leach out the protemnfrthe immobilized matrix or
carrier, 25 mg of enzyme (amyloglucostdag-glucosidase and immobilize@-
glucosidase) in 50 mL, 0.5 M NaCl was stirredd&C for 12 h and from this, known
volumes of the samples were taken for protein esikim.

Solution A — 1% of copper sulphate in water, solutBn- 1% of sodium
potassium tartarate in water and solut®r 2% of sodium carbonate solution in 0.1 N
NaOH were prepared. Working solutibnwas prepared by mixing one part each of

solution A and B and 98 parts o€. A 1:1 diluted solution of commercially awdile

58



Materials and Methods

Folin-Cicolteau reagent with distilled water senadworking solutionl . To the protein
sample in 1 mL water, 5 mL of working solutibrwas added and incubated for 10 min
at room temperature. A 0.5 mL of workinguson Il was then added followed by
incubation at room temperature for 30 min and th&oebance was measured at 660 nm
using a Shimadzu UV - 1601 spectropimeter. Calibration plot for protein
concentration was prepared by employingvine serum albumin (BSA) in the
concentration range 0-1Q@y in 6.5 mL of the sample (Fig. 2.2). Using thidilbzation
plot, protein content of the glycosidases wlasermined and the values are shown in

Table 2.2.

2.2.3 Extraction ofp-glucosidase

About 1 kg of finely powdered defatted sweet almpoavder was dispersed in a
solution of 50 g of ZnS© 7H,O in 4 L of water and left standing at°Q for 4 to 5 h
(Hestrinet al. 1955). The cold solution was then filtered throwtgth and well pressed
on the filter. To the filtrate was cautiously adda solution of 1.4 g tannin (0.28%) in
500 mL water. A precipitate consistimgostly of impurities was removed by
centrifugation and discarded. The bulk of #rezyme was then precipitated slowly by
adding 500 mL of 3% tannin solution (15 @P5mL) in water. The precipitate was
removed by centrifugation, freed from tanninrbpeatedly dispersing it in acetone and
centrifuging it to get crude powder. The dgupowder was dialyzed using 3.5 kDa
membrane and finally lyophilized to get a dry powde

B-Glucosidase, 10.3 g, was obtained from 1 d€galmond powder. Protein
content determined by Lowry's method was foun&o76.9% and activity determined
by Colowick and Kaplan (1976) method was found ¢o3kl2 mmol/min/mg of enzyme

(Table 2.2).
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2.2.4 Immobilization of B-glucosidase

Immobilization of the isolate@-glucosidase was carried out according to the
method described by Waat al., (2005) by entrappin§-glucosidase on calcium-alginate
beads. A 200 ml of 1 f-glucosidase solution was mixed with 800 ml o%lsodium
alginate. The mixture was stirred thoroughly tourascomplete mixing. Mixed solution
was then drawn with a syringe into 1 L of 50 mM Gagolution through a needle of 0.5
mm diameter. The beads formed were allowedarden for 30 minutes. The CaCl
solution was separated from beads by filtratibhey were then washed twice with 50
mM Tris-HCI buffer (pH 7.2). Calcium alginate beanlstained were lyophilized. A yield
of 3.92 g immobilized-glucosidase was obtained.

The protein content determined by Lowry method {i8a2.2.2) was found to be
4.2% and activity determined by Colowick and Kap(1976) method was found to be
0.084 mmol/min/mg of enzyme (Table 2.2).
2.2.4.1 Activity assay

B-Glucosidase (EC 3.2.1.21) and immobiliZ2glucosidase was assayed by the
method of Colowick and Kaplan (1976). A volume 6friL, 25 mM p-nitropheny@-D-
glucopyranoside was prepared in 50 mM sodagetate buffer, pH 5.5. A known
amount of the enzyme was added into 0.25 mL ofré®hly prepared p-nitrophen§t
D-glucopyranoside solution and incubated a@Cor a definite intervals. To follow the
course of the reaction, aliquots of the tieacmixture were treated with 0.7 mL of
sodium carbonate (200 mM) and the p-nitrophenoteotration was determined from a
calibration plot from the absorbance mead using a Shimadzu UV - 1601
spectrophotometer at 420 nm (Table 2AR&).calibration plot was constructed by

employing p-nitrophenol in the 0 to 45 pg concergrarange (Fig. 2.3).
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2.2.5 Preparation of buffers

A buffer concentration of 10 mM GEOONa for pH 4.0 and 5.0, MdPO, for
pH 6.0 and 7.0 and B&O;. 10HO for pH 8.0 buffers were prepared by dissg
appropriate quantities of the respective buffalts in distilled water and the pH was
adjusted by adding 0.1 M of HCI or NaOH. Gontrol Dynamics pH meter model
APX175E/C, India was employed for measuring thegbithe solutions.
2.2.6 Glycosylation procedure

Reflux method was employed for the preparatbmll the glycosides described
in the present work. In the reflux method, the oaslarate and phenol/vitamin of known
concentrations were taken along with approg@riquantities of amyloglucosidasg;
glucosidase and immobilize@-glucosidase (% w/w carbohydrate) in a 150 two-
necked flat-bottomed flask. A known concentratef buffer of 0.01M (pH 4.0 to 8.0)
was added and then refluxed in 100 mL apispyl ether with stirring for a specified
period of incubation, usually 72 h unleshenivise specified. The product workup for
vanillyl and N-vanillyl-nonanamide glycosides involved extmagtthe reaction mixture
with chloroform to remove unreacted vanilmd N-vanillyl-nonanamide. In case of
curcuminyl and riboflavinyl glycosides the reant mixture were extracted using 20-30
mL of water and further filtered through Wann filter paper No.1 to remove the
unreacted curcumin and riboflavin. The filraand the extracted reaction mixture (in
case of vanillyl andN-vanillyl-nonanamide) were evaporated to drgnés get the
unreacted carbohydrate and the product glgeodtor ergocalciferyl and-tocopheryl
glycosides, the reaction mixture was aoted with hexane to remove unreacted
ergocalciferol and a-tocopherol. The reaction mixtures containing uared

carbohydrate and the product glycosides were aggilgy HPLC.
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2.2.7 Analysis
2.2.7.1 High Performance Liquid Chromatography

The reaction mixtures were analyzed by high peréoee liquid chromatography
(HPLC) on a Shimadzu LC 8A instrument using-8ondapak amino-propyl column (10
pm particle size, 300 mm 3.9 mm) and acetonitrile: water in 70:3¥ yunless
otherwise mentioned in specific cases) as the mghihse at a flow rate of ImL/min and
detected using refractive index detector. R&ie times for carbohydrates were in the
range 4.9 to 11.5 min and for glycosides 7.5 t® Iiin range. Conversion yields were
determined from HPLC peak areas of tigcoside and free carbohydrates and
percentage conversions were expressed wifrecedo the carbohydrate concentration
employed. Error measurements in HPLC vyields wilitkie 10%.
2.2.7.2 Thin Layer Chromatography

A chloroform:methanol:water:pyridine (65:30:4:1v&Qlvent system was used as
a mobile phase for TLC on plates coated with 40itasgel. The spots were detected by
spraying a solution containing 1.6 g @faphthol dissolved in 50 mL of ethanol, 5 mL
of water and 6.5 mL of 18 M of sulfuric acid ancatieg at 100°C in an oven for 5 min
(Ismailet al. 1998).
2.2.8 Separation of glycosides

Synthesized glycosides were seperated fromrélaetion mixture by column
chromatography. Sephadex G15 and Sephadex G25 rcohaterials were employed. A
sample concentration of 100 to 200 mg wasldal on to the column (100x 1cm) and
eluted with water at a flow rate of 2 mLMarious fractions were collected and the
separation was monitored by thin layer clatography (TLC). Product glycoside
fractions were pooled, evaporated on a whtth and subjected to characterization.

Although chromatographic separation resultedgaparating glycosides from unreacted
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carbohydrate molecules, further separation ofitd&idual glycosides was not possible
with Sephadex G15 or any other column matemaployed because of similar polarity
of the glycosides in the product mixture.
2.2.9 Spectral characterization
2.2.9.1 UV-Visible spectroscopy

Ultraviolet-Visible spectra were recorded on a Sdau UV-1601
spectrophotometer. Known concentration of the samdjsisolved in the indicated solvent
was used for recording the spectra.
2.2.9.2 Infrared spectroscopy

Infrared spectra were recorded on a NicolEeRFspectrophotometer. Isolated
solid glycoside samples (5-8 mg) were prephass a KBr pellet and employed for
spectral recording. Liquid alcohol standards wemployed as such between salt plates
to obtain the IR spectra.
2.2.9.3 Mass spectroscopy

Mass spectra were obtained using a Q-TOFeWdtltima instrument - Q-Tof
GAA 082, Waters corporation, Manchester, UK, fitigih an electron spray ionization
(ESI) source. A software version 4.0 was used &ia cquisition. A positive ion mode
using a spray voltage at 3.5 kV and a souemnperature of 80C was employed for
recording the spectra. Mass spectra were recordeer electron impact ionization at 70
eV electron energy. Samples were prepared in theerdration range of 0.5-1.0 mg/mL
in distilled water and injected by flow injectionadysis at a flow rate of 1@L/min. The
recorded mass of the sample were in the range @{1500.
2.2.9.4 Polarimetry

Optical rotations of the isolated glycosidesre recorded on a Perkin-Elmner

243 Polarimeter. Sodium lamp at 599 nm waed as the light source. Sample
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concentration of 0.5 to 1% in.B was used for the rotation measurements and &pecif
rotations were calculated using the equation.

25°C o X 100
[G]D — [ ]ObS

C x|

where, fi]pis the specific rotation in degrees at%5 [o].psiS the observed rotation, C is
the concentration of the sample in percentage anthé path length in dm.
2.2.9.5 Melting point

Melting point of the glycosides was deterrdiney capillary method. A thin
walled capillary tube 10-15 cm long of abduimm inside diameter sealed at one end
containing the sample was employed. The saroppillary was pressed gently into the
sample several times and then pushed to the batfaime tube by repeatedly dropping
onto a table through a glass tube of 1menmgth. The sample capillary was tightly
packed to a depth of 2-3 mm. The capillary, comtgi the sample was pressed on to a
thermometer and then suspended into paraffin aseldeslowly and evenly with the help
of burner flame. A narrow temperature raoyer which the sample was observed to
melt was taken as the melting point.
2.2.9.6 NMR
'H NMR

'H spectra were recorded on a Briker DRX B0@z NMR spectrometer
(500.13MHz). Proton pulse width was 122& Sample concentration of about 40 mg of
the sample dissolved in DMSf3-was used for recording the spectra af@5About
100-200 scans were accumulated to get a good speciihe region between 0-10 ppm
was recorded for all the samples. Chemical shifies were expressed in ppm relative

to internal tetra-methyl silane (TMS) as the stadda
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¥%C NMR
13C NMR spectra were recorded on a Brilker DRX 500 N#i#R spectrometer
(125MHz). Carbon 90pulse widths was 10.Bs. Sample concentration of about 40 mg

dissolved in DMSQds was used for recording the spectra at’G5 About 500 to 2000

scans were accumulated for each spectrutiman0-200 ppm region. Chemical shift
values were expressed in ppm relative termatl tetramethyl silane (TMS) as the
standard.
2D-HSQCT

Two-dimensional Heteronuclear Single Quantum Caler el ransfer Spectra (2-
D HSQCT) were recorded on a Briker DRX 5®dz NMR spectrometer. A sample
concentration of about 40 mg in DMSf9was used for recording the spectrum. Spectra
were recorded in magnitude mode with the sinus@btape Z gradients of strength 25.7,
15.42 and 20.56 G/cm in the ratio of 5:3:4lepl for a duration of 1 ms each with a
gradient recovery delay of 10@s to defocus unwanted coherences. Then & wa
incremented in 256 steps. The size of the computamory used to accumulate the 2D
data was 4K. The spectra were processedy usishifted andv4 shifted sine bell
window function in ir and F, dimensions respectively.
2.2.10 Antioxidant activity by DPPH method

Antioxidant activity of the glycosides were debed by DPPH (2,2-Diphenyl-
1-picrylnydrazyl) radical scavenging method (Moamd Terao 1998). Absorbance of a
solution in duplicate, containing 0.1 mL test sample (5-10 mM), 1.0 mL of DPPH
(0.36 mM in ethanol) was measured with the findunge made upto 2.0 mL with 0.1 M
Tris-HCI buffer (pH 7.4). After incubation at rootamperature for 20 minutes in dark,
absorbance was measured at 517 nm orJVaVisible Shimadzu, UV 1601

spectrophotometer. Decrease in absorbance compa&PH itself was a measure of
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the radical scavenging ability of the test glmButylated hydroxyanisole (BHA, 5.55
mM) was used as a positive control. Error in thesoeements will be $%. 1G, value
was expressed as the amount of the glycoside eehjtor reduce 50% of the absorbance
value of DPPH. Antioxidant activities for thhenolic and vitamin glycosides were in
the range of 0.% 0.03 mM to 2.66 0.13 mM.
2.2.11 Extraction of angiotensin converting enzym@ACE) from pig lung

ACE was extracted from pig lung (Sancleeal. 2003). A 250 g of pig lung was
minced and homogenized using a blender with 10 reM7@® HEPES buffer containing
0.4 M NaCl at a volume ratio of 5:1 (v/w of pig &n The temperature was maintained
at 4°C throughout the procedure. The homogenate wasifaged at 9000 g for 60 min.
The supernatant was discarded and the precipitasewashed twice with 200 mL of 10
mM pH 7.0 HEPES buffer containing 0.4 M NaCl. Theaf precipitate was resuspended
in 200 mL of pH 7.0, 10 mM HEPES buffer containitgg M NaCl, 10uM ZnCl, and
0.5% (wl/v) triton X-100 and stirred over night. Téelution was centrifuged to remove
the pellet. The supernatant was dialyzed agauager using a dialysis bag of molecular
weight cut off 10 kDa and later lyophilized. A 1©o€fcrude ACE was obtained from 250
g of pig lung.
2.2.12. Angiotensin converting enzyme (ACE) inhibibn assay

ACE inhibition assay for the glycosidgsepared were performed by the
Cushman and Cheung (1971) method. Aliquots gbfcoside solutions in the
concentration range 0.2 to 1.8 mM (0.1 mL to 018 @h2.0 mM stock solution) were
taken and to this 0.1 mL of ACE solutidh1@ in 0.1 M phosphate buffer, pH 8.3
containing 0.3 M NaCl) was added. To this solufienher 0.1 mL of 2.5 mM hippuryl-
L-histidyl-L-leucine (HHL) was also added and the total volunaele upto 1.25 mL with

phosphate buffer (0.1 M pH 8.3 containing 0.3 M NaThe solution was incubated on
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a Heto-Holten shaking water bath for 30 min at°@7 Blanks were performed without
the enzyme by taking only the glycoside solutiorl (fb 0.8 mL) along with 0.1 mL of
5.0 mM HHL. The total volume was made uptoltd5 mL with the same buffer. The
reaction was terminated by adding 0.25 mL1o¥ HCI. Hippuric acid formed in the
reaction was extracted with 1.5 mL of ethyl aceta@ne mL of ethyl acetate layer was
evaporated to dryness and treated witjual amount of distilled water and the
absorbance was measured at 228 nm for hippudc Hgpuric acid formed in 1.5 mL
of ethyl acetate was determined from a caiibn curve using standard 0-280 nmol
hippuric acid solution in 1 mL of distillesvater (Fig. 2.4). Specific activity was

expressed gsmol of hippuric acid formed per min per mg of eneyprotein.

Ats i Ablank
Specific activity =
TXSXE

Ats = absorbance of test solution,Ank = absorbance of blank solution, T = incubation

period in min, S = slope value of the calibratidatpE = amount of the enzyme in mg
protein.

Percentage inhibition was expressed as the ratibeo$pecific activity of ACE in
the presence of the inhibitor to that in its alose the latter being considered as 100%.
ICs0 value was expressed as the concentration of tlif@tertrequired for 50% reduction
in ACE specific activity. Molecular weigh of the glycosides employed in the
calculations are weighted averages of molecwlaights of glycosides estimated by
NMR spectroscopy.
2.2.13 Protease activity

Hydrolyzing activity of the protease in ACEas carried out using bovine
hemoglobin as substrate (Dubey and Jagannadham.Z0®®.5 mL of enzyme solution,

0.5 mL of 0.6% (w/v) substrate was added and thetien was allowed to proceed for
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method. A stock solution of 5.58 x #Gnol hippuric acid in water was prepared
from which different aliquots of concentrationsad0280 nmol were pipetted out and

made up to 1.0 mL. Absorbance was measured at28 n
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30 min at 37°C. The reaction was terminated by the addition.6frL of 10% trichloro
acetic acid and allowed to stand for 10.riihe resulting precipitate was removed by
centrifugation at 20000 g for 15 min. A 0.5 mL ofpgrnatant was taken and mixed with
equal volume of 0.5 M NaOH and the color developed measured by absorbance at
440 nm. A control assay without the enzywas carried out and used as a blank.
Inhibitory activity was measured out by adding b of inhibitor solution to 0.5 mL of
enzyme solution. To this was added 0.5 mL of heotmglsolution and incubated at 37
°C for 30 min.

One unit of enzyme activity was expressed as theuatmof enzyme under given
assay conditions required to increase one alysbrbance at 440 nm per min digestion.
Number of units of activity per miligram qdrotein was considered as the specific

activity of the enzyme.

A

sample” A blank
Activity =
TxXE

A sample= Sample absorbance at 440 nmy = Blank absorbance at 440 nm, T = Time
in min, E = mg enzyme protein
2.2.14 Lipase activity

Lipase activity was determined by the tributymethod (Vorderwulbecket al.
1992). A stock solution containing 10 mL of tribaty 90 mL of 0.01 M pH 7.0 sodium
phosphate buffer, 0.2 g sodium benzoate, 0.5 giof gcacia and 50L 10% SDS was
prepared. It was emulsified by stirring and the waks adjusted to 7.0 with concentrated
NaOH. From this stock solution, 4 mL was pipetted iato stoppered conical flasks (S),
containing 8 mL, 0.01 M pH 7.0 sodium phagehbuffer to obtain a solution with a

final concentration of 0.113 M tributyrin. Known aptities of enzyme (5 —15 mg) were
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added to this solution and incubated at’@7in a Heto-Holten shaker water bath for
different intervals of time. After incubatiothe pH of the reaction mixture in the flask
was titrated to 9.5 with standard 0.04 N NaOH. &nkl (B) was also performed without

adding enzyme. The hydrolytic activity was evaldabg using the following equation.

(S-B) XN\, mol/(min.mg of
: o m n.mg of enzyme
Hydrolytic activity = 1000 x E x T Preparation or protein)

Where, (S-B) = difference in volume of NaGimL between sample (S) and
blank (B), N= normality of NaOH, E = amount of en®y preparation or protein taken in
mg and T= incubation period in min.

2.2.15 Gel electrophoresis of glycosidases and ACE

Sodium dodecyl sulphate-polyacrylamide gel tetgahoresis (SDS-PAGE) was
carried out to check the purity of glycosidased ACE employed in the present work.
SDS-PAGE was carried out according to theéhow described by Lamelli (1970) in a
discontinuous buffer system.

The following reagents were prepared.

A. Acrylamide (29.2 g) and bis-acrylamide8(@) were dissolved in 100 mL water
fitered and stored in a dark brown bottte4C (amounting to 30% acrylamide
solution).

B. Separating gel buffer (18.1 g) was dissdhn water and the pH of the solution
was adjusted to 8.8 with HCI. Then the solution wesle upto 100 mL and stored
at 4°C.

C. Stocking gel buffer — Tris-HCI (3.0 g) wasgblved in water, pH of the solution
was adjusted to 6.8 with HCI (6.0 N) and made u@0 mL in water.

D. Sodium dodecyl sulphate (SDS), 10 g was diesbin 100 mL water
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E. Ammonium persulphate was freshly prepdsgddissolving 50 mg in 0.5 mL of
distilled water.

F. Tank buffer — Tris-HCI (0.3 g), glycine (1.43 and SDS (0.15 g) were dissolved
in 150 mL of water.

G. Staining solution — A 0.2 g of Coomadsidliant blue R 250 was dissolved in a
mixture of methanol: acetic acid : water (25: 16:\v/v). The reagent was filtered
and stored in room temperature.

H. Destaining solution — methanol: acetic acidtang25: 15: 60 v/v/v).

I. Sample buffer was prepared in solution Ctdduto 1:4 containing 4% w/v SDS,
10% v/v-mercaptoethanol, 20% v/v glycerol and 0.1% bronemplhblue.

Preparation of separating gel (10% T, 2.7%CA 2.6 mL of A, 2.0 mL of B,
3.31 mL of distilled water, 0.05 mL of D and 0.0 wf solution E were mixed and then
degassed and poured between the assembled gltess ggaled with agar (2% w/v). The
gels were layered with 0.5 mL of distillechter and allowed to polymerize at room
temperature for 30 min.

A stock solution (5% T, 2.7% C) was prepared ling the solutions of 0.83
mL of A, 1.25 mL of C, 3.0 mL of distilled water,@® mL of solution D, 0.01 mL of
TEMED and 0.03 mL of E and poured above the poligaedrgel. The gel thus prepared
were of the size 10.5 x 9.0 cm and thickness 0.8 mm

Glycosidase and ACE samples were preparedidsplding 25 mg of protein in
solution ‘' (50 pL). The samples were heatedhiboiling water bath for 10 min, after
which the samples were loaded onto the wells imatkin solution F (tank buffer) and
were run at a constant voltage of 40 Volts un# thacking dye, bromophenol blue was
just (0.5 cm) above the lower end tbe gel. Medium range protein markers

phosphorylase (97.4 kDa), bovine serum albumin3(&®&a), ovalbumin (43.0 kDa) and

70



Materials and Methods

carbonic anhydrase (29.0 kDa) were used. mhaekers were supplied as a solution
having each protein at a concentration & @ 0.8 mg/mL. The markers were 1:1
diluted with solution | and boiled prior to use.tég the gel was stained for protein with
reagent ‘G’ for 6 h at room temperature followeddegtaining in reagent H.

A plot was constructed by plotting: Ralues of molecular marker on X-axis and
log M, values of each molecular marker on Y-axigy (Ei5). From this plot molecular
weight of the unknown protein was detieed. Enzyme amyloglucosidase from
Rhizopus sp. (obtained from Sigma]3-glucosidase, isolated from sweet almonds and
molecular weight markers were subjected toSSIAGE and stained with Coomassie
briliant blue R 250 (Fig. 2.6A). Lane 1 containachyloglucosidase, showing molecular
masses 72.4 kDa, 60.3 kDa, 58.6 kDa aloiih wther protein contaminants having
molecular masses 43.6 kDa, 39.8 kDa and 31.6 kiddecular masses 72.4 kDa, 60.3
kDa and 58.6 kDa showed good correspondemdbe GA-I (72.4 kDa), GA-1l (58.6
kDa) and GA-IIl (61.4 kDa) reported by Takahasthal. (1985).

Lane 2 containeg-glucosidase isolated from sweet almonds shmgve single
band of molecular mass 64.6 kDa, which is in goodespondence with the one active
component of molecular mass 66.5 kDa reported Wigktgh and Kleinschmidt (1965).

ACE showed a molecular mass 152 kDa correspgradinl50 kDa reported by

Leeet al. (1971) along with the other protein contaminati{fiig. 2.6 B, Lane 1).
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Chapter 3
Enzymatic syntheses of vanillin, N-vanillyl-
nonanamide, curcumin, DL-dopa and dopamine

glycosides



Phenolic glycosides

Introduction

Glycosylation of phenols in a regioselective n&ninvolving carbohydrates is a
quite challenging synthetic task becauseevkmal hydroxyl groups in these molecules
(Haines 1976). Glycosyl transfer reactions for $iggthesis of glycosides can be carried
out under thermodynamically or kinetically caniied conditions (Ichikawaet al. 1992;
Rantwik et al. 1999). Reverse hydrolyic method is thetymamically controlled
(Chahidet al. 1992; Ismail and Ghoul 1996; Vi al. 1996; Ljungeret al. 1994) and
transglycosylation is a kinetically controlledaction wherein glycoside (for example
disaccharide) is used as a glycosyl donoevStsonet al. 1993; Ismailet al. 1999a).
The process of glycosylation can be effected underaqueous, solvent free conditions,
high substrate, high temperature and moderategto virater activity to yield glycosides
(Gygax et al. 1991; Laroute and Willemot 1992a; Vic andofifas 1992; Shimt al.
2000; Vijayakumar and Divakar 2005; Vijayakunetal. 2007).

Synthesis of glycosides has generated much intbezstuse of their broad range
of applications in food and pharmaceuticalustries (Matsumurat al. 1990; Balzar
1991). Many phenols exhibit pharmacological prtiper For example vanillin, primarily
a flavor, possesses antimicrobial (Lopez-Metical. 1998), anticarcinogenic (Stephan
and Peter 2003), antioxidant (Buetial. 1983), antifungal (Fitzgerale al. 2005) and
antimutagenic (Kometarat al. 1993b) activities. Capsaicin, a fat soluble andirritant
principle of hot pepper, exhibits extensive rinleenergy metabolism (Henry and Emery
1986). N-Vanillyl-nonanamide, a synthetic analogue capsacin also possesses similar
pharmacological properties like natural seagn. Curcumin, a Yyellow pigment of
turmeric from Curcuma longa, is primarily used as a food colorant whgbssesses
potent anti-oxidative, anti-inflammatory arahti-leishmanial (Gomest al. 2002)

activities (Hergenhahet al. 2002; Kaminagaet al. 2003; Mohriet al. 2003).DL-Dopa
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(DL-3,4-dihydroxyphenylalanine) and dopamine (3,4-dibxyphenylethylamine)
potent neurotransmitters, are used in Parkissdisease (Boninat al. 2003). Also,
glycosyl derivatives of dopamine abmd-dopa are synthesized to overcome the problem
of blood-brain barrier flow permeability ofopamine and low bioavailability of its
precursorj-dopa.

Biological activities are primarily due to lggpn of the glycosides. However,
their extensive uses in pharmacological apptien are restricted by their low water
solubility, cell permeability, irritability andow bio-availabity. All these properties can
be improved by glycosylation, which enhanedisthese characteristics (Suzuti al.
1996; Seung-Heod al. 2004; Kren 2001).

Hence, glycosylation of the above mem@naglycons vanillin,N-vanillyl-
nonanamide, curcumirpL-dopa, dopamine are investigated in the piteserk. All
these phenols possess a common structuraff.mdtey are all 3,4-dihydroxy phenyl
derivatives, with a substituepara to the hydroxyl group at position 4 of thkenyl
ring. The groupgpara to the phenolic OH at théhéposition are CHO or -CH=CH- or —
CH,. The present work has extensively investidathe efficiency of glycosylation of
these aglycons by amyloglucosidase frglucosidase. The results are presented below.
Present work

The present chapter describes optimization symiheses of selected phenolic
glycosides of vanillinl, N-vanillyl-nonanamide2, curcumin3, bL-dopa4 and dopamine
5 by reflux method using amyloglucosidase fr&fmzopus mold andp-glucosidase from
sweet almond in di-isopropyl ether solvenheTcarbohydrate molecules employed for
the glycoside preparations are: aldohexosegglucose6, D-galactose7, D-mannoseB,
ketohexose b-fructose9, aldopentoses b-arabinoselO, D-ribose 11, disaccharides -

maltosel12, sucrosel3, lactosel4d, sugar alcohols p-sorbitol 15 and bD-mannitol 16.
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Glycosylation reaction was conducted in thhespnce of a buffer employing acetate
buffer (0.01 M) for pH 4 and 5, phosphatdfdou(0.01 M) for pH 6 and 7 and borate
buffer (0.01 M) for pH 8. The reactions were invgated in terms of incubation period,
pH, buffer, enzyme and substrate concentratisagio and stereo selectivity. All the
experiments were performed in duplicaténless otherwise stated the glycosides
prepared were analyzed by HPLC on an aminoprogyhao (300 mmx 3.9 mm) eluted
with 80:20 (v/v) acetonitrile:water at a flonte of 1 mL/h and monitored using a RI
detector. Conversion yields were determined fronLElipeak areas of the glycoside and
free carbohydrate and expressed with respedtee carbohydrate concentration. Error
based on HPLC measurements are of the order of4 Glycosides were subjected to
column chromatography using Sephadex G25/G1®/Gilumns (100« 1 cm), eluting
with water at 1 mL/h rate. Although the agigides were separated from unreacted
carbohydrates by these procedures, indiviglhalosides could not be isolated in pure
forms due to similar polarity of these molecules.

The isolated glycosides were subjected tosomeanent of melting point and
optical rotation and were also characterizsd recording UV, IR, Mass and 2D
Heteronuclear Single Quantum Coherence Transf&QEIT) spectra. Unless otherwise
mentioned, in the 2D NMR data of the present worly resolvable signals are shown.
Some of the assignments are interchangealda-réducing end carbohydrate units are
primed. Glycosides are surfactant moleculdsichvform micelles above certain critical
micellar concentrations (CMC). Since the comaions employed for 2D HSQCT
spectral measurements are very much highen their respective CMCs, the proton
NMR signals were unusually broad such that, inespftrecording the spectra at 35,

the individual coupling constant values could nedetermined precisely.
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3.1 Syntheses of vanillyl glycosides

Vanilin 1 (4-hydroxy-3-methoxybenzaldehyde) is used asadditive in food
and beverages (60%), considerable amounts as flaralfragrances (20-25%) and 5—
10% as an intermediate for pharmaceuticalalti et al. 2003). It possesses a wide
range of pharmacological activities such asinacrobial (Lopez-Maloet al. 1998),
anticarcinogenic (Stephan and Peter 2003)pxadant (Burriet al. 1983), antifungal
(Fitzgeraldet al. 2005) and antimutagenic (Kometahial. 1993b). The solubility of
vanillin in water varies from 3 g/L at 4°€ to 62.5 g/L at 80C (The Merck Index
2006). Thus the solubilty and bioavailabiliof vanilin 1 limits its pharmacological
applications. Glycosylation is a usefdolt to improve the water solubilty and
bioavailability (Kometanet al. 1993a; Tietzet al. 2003) of vanillinl.

Preparation of vanillyl glycosides has beeported by cell suspension cultures
(Tietze et al. 2003), plant cell tissue cultures, organ cubuifommeret al. 1997) and
chemical methodgReichel and Sckickle 1913 However, preparation by enzymatic
methods have not been previously reporteck pitesent work describes an enzymatic
method using amyloglucosidase fromRlaizopus mold and-glucosidase from sweet
almond for the preparation of vanillyl glycosidasai non-polar solvent.

Synthesis of 0-(D-glucopyranosyl)vanillin was studied in detal typical
synthesis involved reacting vanillih (0.5-2.5 mmol) ana-glucose6 (1 mmol) at reflux
with stirring in 100 mL of di-isopropyl ether ingtpresence of 10-75% (w/+glucose)
amyloglucosidas@tglucosidase and 0.02-0.12 mM (0.2-1.2 mL)16fmM of pH 4-8
buffer for a period of 72 h (Scheme 3.1). Workuyolmed distilling off the solvent and
maintaining the reaction mixture at boilingteatemperature for 5-10 min to denature
the enzyme. The residue was repeatedly extractddaioroform to remove unreacted

vanillin 1, the dried residue consisting ofo4(D-glucopyranosyl)vanillin and unreacted
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D-glucose 6, was subjected to HPLC (Fig. 3.1)d athe conversion yields were
determined from HPLC peak areas. Other procedueeasadescribed on page 74. HPLC
analysis showedthe following retention times:D-glucose-5.4 min, 4O-(D-
glucopyranosyl)vanillin-7.8  min, D-galactose-5.3 min, @-(D-galactopyranosyl)
vanilin-7.5 min, D-mannose-4.9 min, @-(D-mannopyranosyl)vanilin -7.8 min,
maltose-11.5 min, ©O-(a-D-glucopyranosyl-(1-4)D-glucopyranosyl)vanilin  -17.1
min, sucrose-9.8 min, @-(D-fructofuranosyl-(2- 1')a-D-glucopyranosyl)vanilin -14.3
min, lactose-9.9 min, @-(B-D-galactopyranosyl-(14)B-D-glucopyranosyl) vanillin-

11.2 min,D-sorbitol-6.7 min and 4-(D-sorbitol)vanillin-10.1 min.

7/0 Amyloglucosidasg¥-glucosidase P
1 (%w/w of carbohydrate)
6 2 + R - OH
- + H,0
5 3 _CHg Buffer (0.01M), ot
4 Carbohydrate  Di-isopropylether,
OH Incubation R
Vanillin 1 Cla /[3, C6andC1-C6
vanillyl glycosidesl7-23
Carbohydrate W OH
HO OH CH,OH
OH OH
H OH HO _OH H _OH HOH o Ho;'OH HN iH O: HooH Hg‘ SH
HO Ao H A HO o HO g HH OHO "7 00 MONTR HOHoém H_| oH
HO oH HO on HO on M m H HOH M T oH
y OH y OH HH HO Yon OH - OH CH,0H
D-Glucose6  D-Galactose D-MannoseB Maltose12 Sucrosel3 Lactosel4 D-Sorbitol15

Scheme 3.1Syntheses of vanillyl glycosides

3.1.1 Synthesis of £3-(D-glucopyranosyl)vanillin using amyloglucosidase

Optimum conditions for the synthesis ofO4D-glucopyranosyl)vanillin using
amyloglucosidase was studied in detail intermsnotibation period, pH, buffer, enzyme
and vanillin concentration.
3.1.1.1 Effect of incubation period

At a fixed vanillin (1 mmol) an®-glucose (1 mmol) concentrations increasing
the incubation period from 3 h to 72 h, incezshshe conversion yield to 53%. Further

increase in incubation period decreased (96 hj-yiéPb6) the conversion. This could be
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due to denaturation of the enzyme owing to proldngeubation (Fig. 3.2A, Table 3.1)
at the reflux temperature of di-isopropyl ethe6&fC.
3.1.1.2 Effect of pH

The reaction was carried out at various pHieslfrom 4 to 8 at a fixed buffer
concentration of 0.1 mM (1 mL) with 40% (w/D+glucose) amyloglucosidase. Acetate
buffer for pH 4 and 5, phosphate buffer for pH @& &and borate buffer for pH 8 was
employed. A maximum conversion of 51% vyieWhs obtained at pH 4 (Table 3.1).
Further increase in pH decreased the conversidohdtastically (pH 8, yield-17%).
3.1.1.3 Effect of buffer concentration

In presence of pH 4 acetate buffer, increasingbtiféer concentration from 0.02
mM (0.2 mL of 10 mM buffer) to 0.12 mM (1.2 mL) reased the conversion yield to a
maximum of 51% at 0.1 mM (1 mL). Further increaséuffer concentration decreased
the conversion yield which could be due to hydrislgd the product (Table 3.1) formed.
3.1.1.4 Effect of amyloglucosidase concentration

Effect of increasing amyloglucosidase conceiatnaon the glucoside synthesis
was studied by varying the amyloglucosidasacentration from 10 to 75% (w/m-
glucose) of enzyme (Fig. 3.2B, Table 3.1). At lowezyme concentration (10% wifo
glucose) the conversion yield was 17%. Irgirgpathe enzyme concentration increased
the glucosylation yield attained maximum yield @6 at 40% (w/wD-glucose) enzyme
concentration. At higher concentration of 7%%/w D-glucose) the enzyme showed
lesser conversion (yield-31%).
3.1.1.5 Effect of vanillin concentration

Under the above determined optimized conditioh pH 4 (0.01 M) acetate
buffer, 0.1 mM (1 mL) of buffer and0% (w/w D-glucose) amyloglucosidase

concentration, vanillin concentration was varieair0.5 mmol to 2.5 mmol (Table 3.1).
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Fig. 3.2 (A) Reaction profile for 49-(D-glucopyranosyl)vanillin synthesis by
the reflux method. Conversion yields were from HPW@h respect to 1
mmol of D-glucose. Reaction conditions:glucose-1 mmol, vanillin-1 mmol,
amyloglucosidase-40% (w/wb-glucose), 0.1 mM pH 4 acetate buffer,
solvent-di-isopropyl ether and temperature-6€8 and (B) Effect of
amyloglucosidase concentration for O4D-glucopyranosyl) vanillin
synthesis. Reaction conditions:glucose-1 mmol, vanillin-1 mmol, 0.1 mM

pH 4 acetate buffer, solvent-di-isopropyl ethermperature-68°C and
incubation period — 72 h
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The conversion yield reached a maximum of 53% iandol. It decreased slightly (46%)

at a higher vanillin concentration of 2.5 mmol.

Table 3.1 Optimization of reaction conditions for

glucopyranosyl)vanillin

the syrdlse of 40O-(D-

Reaction conditions Variable paraméter Yield (%)
Incubation period (h)
Vanillin — 1 mmol 3 28
D-glucose — 1 mmol 6 26
pH -4 12 29
Buffer concentration — 0.1 mM (1 mL) 24 31
Enzyme — 40% w/w D-glucose 48 38
72 53
96 46
pH (0.01M)
Vanillin — 1 mmof 4 51
D-glucose — 1 mmol 5 28
Enzyme — 40% w/vb-glucose 6 22
Buffer concentration—0.1 mM (1 mL) 7 18
Incubation period — 72 h 8 17
Buffer concentration (mM)
Vanillin — 1 mmol 0.02 13
D-glucose — 1 mmol 0.04 46
Enzyme — 40% w/vb-glucose 0.06 48
pH -4 0.08 50
Incubation period — 72 h 0.1 51
0.12 42
Enzyme concentration (% w/w
D-glucose)
Vanillin — 1 mmol 10 17
D-glucose — 1 mmol 20 32
pH -4 30 35
Buffer concentration — 0.1 mM (1 mL) 40 53
Incubation period — 72 h 50 30
75 31
Vanillin (mmaol)
pH -4 0.5 49
Buffer concentration — 0.1 mM (1 mL) 1 53
D-glucose — 1 mmol 1.5 47
Enzyme — 40% w/v-glucose 2 48
Incubation period — 72 h 2.5 46

Anitial reaction condition’Other variables are the same as under reactioritmmrs] except the specified
ones."HPLC vyields expressed with respect to 1 mmagjlucose employed.
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3.1.1.6 Solubility of 40-(D-glucopyranosyl)vanillin
Determination of water solubility of @-(D-glucopyranosyl)vanillin showed that
it is soluble to the extent of 35.2 g/L (Section7.8). Hence, 4£O-(D-
glucopyranosyl)vanilin was found to be ma@@auble than vanillin (2 g/L) at 28 in
water.
3.1.2 Syntheses of vanillyl glycosides of other davhydrates using amyloglucosidase
Syntheses of vanillyl glycosides involved ugihg vanilin 1 (1 mmol) and
carbohydrate O-glucose 6, D-galactose7, D-mannose8, maltosel2, sucrosel3, D-
sorbitol15, 1 mmol) with stirring in 100 mL of di-isopropytleer in the presence of 40%
(w/w carbohydrate) amyloglucosidase and 0.1 fiMmL of 10 mM buffer) of pH 4
acetate buffer for a period of 72 h (Sche3rk). All the other workup, analysis and
isolation as described on page 74.
3.1.3 Syntheses of vanillyl glycosides of other ¢ahydrates using/-glucosidase
Syntheses of vanillyl glycosides usifigglucosidase was carried out. A typical
reaction involved refluxing vanillinl (1 mmol) and carbohydrated-glucose 6, D-
galactose’, D-mannoseB, maltosel?2, lactosel4, 0.5 mmol) with stirring in 100 mL of
di-isopropyl ether in the presence of 50%w\vearbohydrate3-glucosidase and 0.17
mM (1.7 mL) of 10 mM pH 4.2 acetate buffer for aipd of 24 h (Scheme 3.1). Other
procedural conditions described on page 74 wasvell for workup and isolation of the
glycosides.
3.1.4 Spectral characterization
Vanillyl glycosides besides measuring meltjpgint and optical rotation were
also characterized by recording UV, IR, Mass andHEDCT spectra. NMR data of the

free carbohydrates employed are shown in Table 3.2.

79



Table 3.2NMR data for free carbohydrate molecules empldgetie present wofk

Phenolicglycosides

80

Carbohydrate Chemical shift values in ppm (J Hz)
1H 13C lH 13C lH 13C 1H 13C lH 13C 1H 13C lH 13C lH 13C lH 13C lH 13C lH 13C lH 13C
H-1 C1 H-2 C2 H-3 C3 H-4 C4 H-5 C5| -6H C6 H-1" CI' H-2" CZ H-3" C3' H-4" C4' H-5" C5' H-6" C6'
D-Glucose o | 495923 |3.14 725 | 344 73.2|3.07 70.7 | 358 72.0 | 353 61.4
(6.2) (5.01) (5.01) (6.49) (11.3, 6.5)
4.30 97.0 | 292 75.0 | 3.06 76.9 - - 3.4576.9 | 3.62 61.6
B (6.2) (6.2) (5.01) (4.14,1.3)| 11.3,6.5)
D-Galactosea | 414 92.7 | 350 68.4 | 3.59 69.0 | 3.70 70.0 | 3.35 70.5 | 3.31 60.7
(6.2) (5.01) (5.0, 4.14) | (4.14,1.3) | (1.3,11.3)
483 97.6 -- 3.15 73.7 | 3.10 72.3 | 3.25 74.8 | 3.32 60.8
B (6.2) (5.01) (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
D-Mannose o | 489 940 | 354713 | 355 70.0 | 3.36 67.4 | 350 73.0 | 3.63 61.5
(6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
454 939 | 3.32 71.5 3.2673.7 | 3.37 67.0 | 3.02 77.0 | 3.46 61.4
B (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
D-Fructose B | 380 639 | - 97.5 | 3.5667.9 | 3.64 69.9 | 3.57 68.7 | 350 62.6
(12.23) (5.8) (5.8, 4.07) | (4.07,2.4) | (2.4,12.0)
D-Ribose o | 475 932 | 323 70.6 | 3.33 68.8 | 3.71 66.7 | 3.51 62.8
(5.1) (5.1,5.0) | (5.0,4.97) | (4.97,2.4) | (2.4,12.0)
431 940 | 3.31 715 | 3.38 68.0 | 3.54 67.5 | 3.29 62.8
B (2.6) (2.6,4.7) | (4.7,4.97) | (4.97,2.4) | (2.4,12.0)
D-Arabinoseo | 492 92.3 | 4.32 - 46 - 4.08 - 3.73 60.4
(1.7) (1.7,5.8) | (5.8,4.07) | (4.07,2.4) | (2.4,12.0)
433 96.2 | 3.65 69.1 | 4.02 68.9 | 3.37 67.1 | 3.64 60.7
B (4.5) (45,7.2) | (7.2,4.07) | (4.07,2.4) | (2.4,12.0)
Lactose a 490 919 | 3.70 69.8 | 3.54 714 | 3.27 80.8 | 3.55 72.1 | 3.64 60.5 | 4.19103.7 | 3.30 70.7 | 3.18 73.2 | 3.62 68.2 | 293 75.4 | 3.52 60.9
(6.2) (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3) | (6.2) (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
434 96.3 | 3.31 742 | 353 74.7 | 3.28 81.1 | 3.44 749 | 3.72 60.6
B (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
Maltose a 480 920 | 2.85 73.9 | 3.29 76.4 | 3.15 69.7 | 3.30 73.3 | 3.50 60.8 | 4.90100.3 | 294 72.0 | 3.10 73.0 | 3.51 69.5 | 3.62 72.7 | 3.60 60.2
(6.2) (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3) | (6.2) (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
420 969 | 3.10 74.3 | 3.31 76.0 | 3.19 79.4 | 3.38 76.4 | 3.34 60.9
B (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
Sucrose Gla 518 91.7 | 3.65 72.7 | 320 71.5 | 3.11 69.8 | 3.47 72.8 | 3.54 60.5
F (6.2) (6.2) (6.2,5.0) | (5.0,4.14) | (4.14,1.3) | (1.3,11.3)
I’LB 3.41 62.0 - 103.9 3.7877.1 | 3.8874.1 3.41 82.4 | 3.55 62.0
(12.23) (5.8) (5.8, 4.07) | (4.07,2.4) | (2.4, 12.0)
D-Sorbitol 341 625 | 354 73.6 | 3.68 68.9 | 3.39 72.2 | 3.48 71.4 | 3.56 63.3
(12.0,7.3) | (7.3,4.3) | (4.3) (4.3) (4.3,7.3) | (7.3, 12.0)
D-mannitol 340 637 | 347 71.2 | 354 69.6 | 354 69.6 | 3.47 71.2 | 3.61 63.7
(12.0,7.3) | (7.3,4.3) | (4.3) (4.3) (4.3,7.3) | (7.3, 12.0)
Assignments were based on Book and Pedersen 1988;eBal. 1983




Phenolic glycosides

Vanillin 1: Solid; mp 81°C, UV (H20, Amay: 195 nm - 0*, €195 - 2145 Ml), 228.5
nm (0 1%, €285— 711 MY), 272 nm {i— 1%, €27,— 480 M%), 325.5 nm (R T%, €35.5—
221 MY, 340 nm (n.T* extended conjugationss — 175 MY), IR (stretching
frequency, ci): 3458 (OH), 1626 (aromatic C=C), M8&Vg) 152.1 [M]*, 2D-HSQCT
(DMSO-ds) *H NMR &y (500.13 MHz): 7.40 (H-2), 6.92 (H-5), 7.36-6), 3.83
(OCHg), 9.71 (CHO),"*C NMR &ypm (125 MHz): 129.3 (C1), 111.5 (C2), 148.3 (C3),
153.5 (C4), 116.2 (C5), 126.9 (C6), 56.4 QL 191.2 (CHO). Ultraviolet-visible
spectra is shown in Fig 3.3A.

3.1.4.1 40-(D-Glucopyranosyl)vanillin 17ac: Solid; UV (BO, Amay: 195.5 nm
(0 0%, €1955- 2241 MY), 223 nm 6 - Tt*, €203- 978 MY), 279.5 nm (- T¢*, €2705291
M7, IR (stretching frequency, €h 3358 (OH), 1260 (glycosidic aryl alkyl O—C
asymmetric), 1030 (glycosidic aryl alkyl C—O-sgmmetric), 1408 (C=C), 1636 (CO),
2933 (CH), MS (V2 316.31 [M+2], 2D-HSQCT (DMSOds) Cla-glucoside 17a’H
NMR &ypm (500.13 MHz)Glu: 4.65 (H-Tn, d , J = 4.5 Hz), 3.23 (Hed, 3.42 (H-3),
3.78 (H-4&), 3.15 (H-®), 3.60 (H-&), Van: 6.59 (H-2), 6.20 (H-5), 3.73 (OGH *°C
NMR 8yom (125 MHz) Glu: 99.2 (Ch), 72.3 (C&), 73.5 (C&), 70.2 (C4), 72.5
(C50), 60.5 (C@r), Van: 111.4 (C2), 114.5 (C5X1B-glucoside 17b Solid; mp 91°C,
UV (H20, Amay): 196.5 nm ¢ — 0%, €1065- 2641 MY), 278.5 nm 1l Tt €2755- 365 M?),

IR (stretching frequency, ¢ 3360 (OH), 1262 (glycosidic aryl @lkC—O-C
asymmetric), 1031 (glycosidic aryl alkyl C—-O-sgmmetric), 1417 (C=C), 1630 (CO),
2931 (CH), optical rotationc(1, H,0): [a]p at 25°C = +62.8, MS1{Vz) 316.31 [M+2],
2D-HSQCT (DMSOds) 'H NMR 8y Glu: 4.25 (H-B, d, J = 6.2 Hz), 2.98 (H3}
3.12 (H-P), 3.60 (H-), 3.68 (H-B®), Van: 7.42 (H-2), 7.25 (H-5), 6.86 (H-6), 3.71

(OCHg), **C NMR 8,y Glu: 101.5 (CB), 74.6 (CB), 76.1 (CB), 72 (CH), 60.8 (C®),
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Phenolic glycosides

Van: 113.5 (C2), 149.4 (C3), 151.2 (C4), 116C%), 123.7 (C6), 55.1 (OGH 191
(CHO), C6-O-arylated 17¢ *H NMR: 4.91 (H-In), 3.23 (H-21), 3.20 (H-3), 3.62 (H-
40), 3.23 (H-%), 3.55 (H-&), *C NMR: 92.7 (Cir), 72.3 (C2), 72.6 (C&), 70.2
(C4a), 75.2 (Ch), 68 (Cé).

Ultraviolet-visible, IR, mass and 2D-HSQCNMR spectra for 4©O-(D-
glucopyranosyl)vanillinl7a-c for amyloglucosidase catalysed products wém@ws in
Figures 3.3B, 3.4A, 3.4B and 3.5 respectively. Maisgd 2D-HSQCT NMR spectra for
4-O-(B-D-glucopyranosyl)vanilinl7b for B-glucosidase catalysed product are shown in
Figures 3.6A and 3.6B respectively.
3.1.4.2 40-(D-Galactopyranosyl)vanillin 18a,lx Solid, mp 89°C, UV (H;O, Amay): 198
nm (0 - 0%, €105- 2909 MY), 224.5 nm ¢ — T, €3045- 1104 M%), 281 nm i ¢, €2g1-
518 M%), IR (stretching frequency, ¢ 3271 (OH), 1262 (glycosidic aryl alkyl C—O—
C asymmetric), 1032 (glycosidic aryl alkyl C—-O-Crsyetric), 1407 (C=C), 1665 (CO),
optical rotation € 1, H,0), [a]p at 25°C = +8.82, MS 1fV2) 314.18 [M], 2D-HSQCT
(DMSO-dg): Cla-galactoside 18a’H NMR OoppmGal: 5.10 (H-Io, d, J = 2.2 Hz), 3.62
(H-20), 3.75 (H-3x), 3.48 (H-4), 3.58 (H- ®), 3.45 (H-&), Van: 7.38 (H-2), 6.90 (H-
5), 7.33 (H-6), 3.86 (OC#), 9.74 (CHO),"*C NMR &,,mGal: 95.8 (Clr), 69.4 (C2),
71 (C3x), 70.8 (C4), 69.9 (Cm), 62 (C6x), 129.2 (C1), 111.3 (C2), 148.6 (C3), 153.5
(C4), 115.9 (C5), 126.4 (C6), 56.1 (O£EH191.4 (CHO),C1B-galactoside 18b*H
NMR &,m Gal: 4.95 (H-B, d, J = 7.8 Hz), 3.21 (H32 3.36 (H-B), *C NMR &y
Gal: 102.1 (CB),72 (CB), 75 (CP).

Infra-red and 2D-HSQCT NMR spectra forO4b-galactopyranosyl)vanillin

18a,bare shown in Figures 3.7A and 3.7B respectively.

82



ppm

L

]

i
C2uaFree

) C30aFree

ppm

30 29 28

3.1

534 33 32

3

40 39 38 37 3.6

ppm

Woow wow w w w w v oy ow w0 4 G 88
- P
& &8 a3 & ¥ I ¥ & L &8 8 5 5 2 = <
O il e T e R B R (G e S s il T VNl o T A T G T I T i |
U e I I O O L
il i e e B o o e b5 I i b e | e S
L T T O S I T O A I A bk A0 daa gy
it ol B o B o B e e S Tt o : e e e L o R e e Bl |
IR R .-—- TR R T 1
B e e e Pt e B B e el ot I BB S I B B
TR O O O IO T S T O
= oy el ) B Sou O By 0 88 0 2 | maladlisde el d dhle oL Jlo il d L
D Tty Tt il il thoeudtdd ryd I d ST
{10 OO O YO O O OO 125 O O o VTV B 1 [ O O 1 O
T i | I | | | (T
U 1 | | | I | | 1
i i e A e 1 | | I | 1 I ol pc
(N T S U 1 I I | I I | I
] o F Tt s o o 1 | | ! | I | =y
RO (| 1 | | | I | |
B e e e ot B 1 1 | 1 ! ! H
EE R F 1 | 1 | | |
= 7 o [ e B e 1o 1 | | 1 I ! 4
LI Y T Y A | | | | | |
(11 (i N N T VA S | ! I I L
B RS R 1 I | | I
2 L WL 1 I | | 1
B TRl T I I | | =T
Lo B | ! | | |
S e 1 I | 1 =14
N 1 I | | |
B e o I I I I I B
e T DR | | | 1 |
ST RS 8 Mw 1 | ! fodiaz)
100 N - I | ! |
ot &= | I e e X
RS = | i
VR T ) | 1
TTTII T £OPT I T
g d U a
G i R e v e =T
(IR T O R |
B ol e e et e B i -+
T OO I
2 AR g g LS 8 ootk
ORI
Lt bt Ll L

3 ppI

4.2

435

v
-+

v
vy

4.65

v
R

v
=
I

w

-
[

Fig. 3.5 (A) 2D-HSQCT spectrum showing the C2-C6 region @-{b-

glucopyranosyl)vanillinl7a-c and (B) Anomeric region of the same

compound. Some of the assignments in ‘A’ couldriterchangeable.



’ +
100+ |M+2]™ 318.31 A
315.36
2
317.32
347.28 i
276.25 294,27
| |
O T YT L 0 AR I 0 A T IBARAS RASAE RALEL IAMSS TAMES | T T T T TY T  Mm/z
260 270 280 200 300 310 320 330 340 © 350 360

P ppm
NENDEREE
j | OCHg Freesgiss wocca NI
| | ! ~ ] ¥ .r | | @ | } | I | 1 b s
Co6 Free C2aFree

©yq . - H 70

C4o/ BF"ee/‘D /CD CSaFree -

C4BGI¥ | ; %533:’
- C3pFree/ capFree|

- + + | CSBGI} - | 85
CloFree ‘ | |
" + 4 - - 90
:J Qe C1BFree
+ L ' + 4 4 + 4 + 4 4 - o5
|
c:@} |
. : : + L ! . . . i + + : . . . . ; ~f100
Al

4 L] ! @ C1BGly -~

L
Ell 5“0 415 -I:B -|:7 -I:S d:& 4:! 113 L‘Z Ql] dlD 3:5 !:B 3:7 3:5 3.‘5 34‘4 313 312 311 3‘.0 2:9 Ipplll

Fig. 3.6 4-O-(B-D-glucopyranosyl)vanillinl7b (A) Mass spectrum an{B) 2D-
HSQCT spectrum showing the C1-C6 region. Some & #ssignments are
interchangeable.



% Transmittance

3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm-1)

‘ ‘ : 3 : ‘ : : : QWM : ‘Ppm
""" A T B i i
NN _ b OCH; Free L1
S SRR R T e )2 R
. OCH3GK % (6Free b,
i | b | - 5 F L @ 4 P
(R N S SIS W 4 . C2aFree (20Gly .. coaGly L
N S L SR N T B o ¢ - CSaGly @ 1 1
AN NN ,s,,('{o”ﬁF“’e\\@?,\a CSabrde b | if
PR @) YAl i ()SOLFree’@@{ A i
el N e CuGly i T(f pera
e e TO3pGly | 1 C2PGly
R e . G i s e s e B e e e s e St e 16210 0 R
| N i e C3pFree
S L e s R T e S 1
3 ] . C1BFree | » NN T O T | O
"ClaGly 0 EPOD - P L ;
[ FESSE | R R + 2 +100
—j! @cipay | L Lo |
S R R S el e e e e

Fig. 3.7 4-O-(D-Galactopyranosyl)vanillinl8a,b (A) IR spectrum andB) 2D-
HSQCT spectrum showing the C1-C6 region. Some & #ssignments are

interchangeable.



Phenolic glycosides

3.1.4.3 40-(pD-Mannopyranosyl)vanillin 19a,b: Solid; mp 93°C, UV (HO, Amay:
198.5 nm ¢ — 0%, €1055— 3402 M), 224 nm 6 - TP, €204- 1325 M%), 278 nm i %,
75— 284 MY), IR (stretching frequency, ¢t 3365 (OH), 1249 (glycosidic aryl alkyl
C—-O-C asymmetric), 1030 (glycosidic aryl alkyl C-©symmetric), 1406 (C=C), 1651
(CO), 2940 (CH), optical rotatiort L, H,0): [a]p at 25°C = -3.6, MS 1fVz) 314.22
[M]*, 2D-HSQCT (DMSOds) Cla-mannoside 19a'H NMR dppm (500.13 MHz)Man:
4.99 (H-Tn, d, J = 1.98 Hz), 3.38 (Heg, 3.56 (H-31), 3.45 (H-41), 3.96 (H-%), 3.50
(H-6a), Van: 7.40 (H-2), 6.90 (H-5)*C NMR (DMSO4ds) Man: 100.8 (Ct), 70.5
(C2a), 71.3 (C®), 67.1 (C4), 73.8 (C®), 61.3 (C&), Van: 109.4 (C2), 114.7 (C5),
121.9 (C6),C1p-mannoside 19b™H NMR &ym Man: 4.90 (H-B, d, J = 3.42 Hz), 3.40
(H-2B), 3.43 (H-8), 3.11 (H-B), 3.53 (H-6a),"°C NMR &,;m Man: 102 (C-B), 71.6
(C-2B), 67.4 (C-$), 75.8 (C-B), 62.7 (C-®).

Mass and 2D-HSQCT NMR spectra folO4D-mannopyranosyl)vanillil9a,b

are shown in Figures 3.8A and 3.8B respectively.

3.1.4.4 40-(a-D-Glucopyranosyl-(1- 4)D-glucopyranosyl)vanillin 20ad: Solid; UV
(H20, Ama): 194.5 nm ¢ — 0%, €1945- 4782 MY), 224.5 nm ¢ - Tt*, €2045- 1389 MY),
278.5 nm fi- Tt*, €785- 328 M%), IR (stretching frequency, ¢h 3361 (OH), 1266
(glycosidic aryl alkyl C-O-C asymmetric024 (glycosidic aryl alkkyl C-O-C
symmetric), 1413 (C=C), 1651 (CO), 2930 (CH), 120&H;), MS (W2) 478 [M+2],
2D-HSQCT (DMSO#d;) Cla-maltoside 20a:'H NMR &y, (500.13 MHz)Malt: 4.68
(H-1q, d, J = 2.56 Hz), 3.10 (Hed, 3.20 (H-3x), 3.30 (H-41), 3.72 (H-®), 3.48 (H-
6a), 4.94 (H-10), 3.25 (H-2), 2.88 (H-3), 3.65 (H-4), 3.60 (H-6), Van: 6.26 (H-2),
6.62 (H-5), 7.18 (H-6), 3.73 (OGH **C NMR &y (125 MHz)Malt: 98.2 (Ch), 70.1

(C20), 75.1 (C), 79.1 (C4), 69.8 (CH), 60.8 (Cér), 100.3 (Cln), 73.8 (C2), 74.5
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Phenolic glycosides

(C3), 70 (C4), 60.8 (CH), Van: 130 (C1), 109.5 (C2), 114.2 (C5), 126.8 (CBLB-
maltoside 20b:Solid; mp. 102C, UV (H:0, Amay): 195.5 nm ¢ — 0%, €1955- 3962 M?),
225 nm 6T, €35 - 986 MY), 279 nm fi—TF, €79 - 417 MY, IR (stretching
frequency, cil): 3360 (OH), 1260 (glycosidic aryl alkyl O—C asymmetric), 1029
(glycosidic aryl alkyl C—-O—C symmetric), 1422 (C5Ap61 (CO), 2935 (CH), MS(2)
477 [M+1T, optical rotation¢ 1, H,0): [a]p at 25°C = +92, 2D-HSQCT (DMS Q@) *H
NMR &ppm (500.13 MHz)Malt: 4.25 (H-B, d, J = 7.56 Hz), 3.24 (HE9, 3.52 (H-6a),
4.94 (H-1a), 3.25 (H-2), 3.02 (H-3), 3.64 (H-4), 3.62 (H-5), 3.54 (H-6), Van: 7.97
(H-2), 7.18 (H-6), 3.71 (OGH °C NMR &ypm (125 MHz) Malt: 100.5 (CB), 75.3
(C5B), 61.3 (C®), 100.8 (Cln), 70.7 (C2), 75 (C3), 73.1 (C4), 70.4 (CH), 60.9 (C6),
Van: 129 (C1), 109.5 (C2), 126 (C6), 169.6 (CHOR-O-arylated 20c: *H NMR &y
Malt: 4.88 (H-I), 3.54 (H-@&), 4.94 (H-1a), *C NMR &,,mMalt: 92.4 (Ch), 67.2
(Cé6a), 100.3 (Cla). C6'-O-arylated 20d: 'H NMR 3ppm Malt: 4.88 (H-Tn), 4.94 (H-
1'a), 3.69 (H-6), "°C NMR 8,,mMalt: 92.4 (C1), 100.3 (Cla), 66.1 (C6).

Infra-red and 2D-HSQCT NMR spectra fo#-O-(a-D-glucopyranosyl-(1-4)D-
glucopyranosyl)vanillin20a,c,d for amyloglucosidase catalysed products wemvshin
Figures 3.9A and 3.9B respectively. Mass and 2D-BSQIMR spectra for 4-(a-D-
glucopyranosyl-(1- 4)B-D-glucopyranosyl)vanilin 20b for [-glucosidase catalysed
product are shown in Figures 3.10A and 3.10B reasdy

3.1.4.5 40-(D-Fructofuranosyl-(2 — 1’)a-D-glucopyranosyl)vanillin 21ab: Solid; UV
(H20, Amay): 194 nm ¢ - 0*, €104 - 6820 MY), 278.5 nm fi— T, €785- 423 MY), IR
(stretching frequency, cht 3375 (OH), 1254 (glycosidic aryl alkyl C—O-C
asymmetric), 1027 (glycosidic aryl alkyl C—O-sgmmetric), 1408 (C=C), 1650 (CO),

2937 (CH), 1211 (OCH, MS (2) 476 [M]", 2D-HSQCT (DMSOdg): C1-O-arylated
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Phenolic glycosides

21a: 'H NMR &ppm (500.13 MHz)Sucr: 3.49 (H-1), 3.88 (H-3), 3.89 (H-4), 3.86 (H-5),
3.40 (H-6), 4.72 (H-'b), 3.68 (H-2), 3.46 (H-3), 3.62 (H-4), 3.65 (H-5), 3.59 (H-6),
Van: 7.22 (H-2), 6.60 (H-5), 8.35 (H-6):C NMR &ypm (125 MHz) Sucr: 66 (C1), 70.8
(C3), 80.9 (C4), 81.5 (C5), 62.2 (C6), 98.5 (@1 71 (C2), 72.2 (C3), 69.8 (C4), 72.1
(C5), 60.5 (C6), Van: 112.8 (C5), 126.3 (C6;6-O-arylated 21k 'H NMR &ppm
Sucr; 3.48 (H-1), 3.67 (H-3), 3.57 (H-5), 3.46 (H-6)68 (H-1a), 3.08 (H-2), 3.42 (H-
3), 3.72 (H-6), *C NMR &,,m Sucr: 62.3 (C1), 76.5 (C3), 82.2 (C5), 60.5 (C6), 98.6
(CTa), 69.9 (C2), 72.3 (C3), 66.1 (CH).

Figure 3.11A shows IR spectrum and Figures 3.11B3ah1C show 2D-HSQCT
NMR spectra for 49-(D-fructofuranosyl-(2- 1')a-D-glucopyranosyl) vanillir21a,b
3.1.4.6 40-(B-D-Galactopyranosyl-(1- 4)B-D-glucopyranosyl)vanillin 22 Solid, mp.
119°C, UV (H0 Ama): 194.5 nm § - 0*, €1045— 8230 M), 222 nm 6 — T¢", €200 — 1347
M?), 283.5 nm 1t— T, €2535— 349 M), IR (stretching frequency, ¢ 3350 (OH),
1256 (glycosidic aryl alkyl C-O-C asymmetrjcall040 (glycosidic aryl alkyl C-O-C
symmetrical), 1416 (C=C), 1669 (CO), 2928 (CH),icgdtrotation € 0.5, HO): [a]p at 25
°C = +3.4, MS (m/2) — 499.3 [M+Na], 2D-HSQCT (DMSOds): *H NMR &om (500.13
MHz) Lact: 4.96 (H-B, d, J = 6.4 Hz), 3.15 (HR), 3.44 (H-B), 3.48 (H-6a), 4.16 (H-
1B"), 3.81 (H-4), 3.05 (H-3), Van: 7.41 (H-2), 6.96 (H-6), 3.70 (OGH 9.75 (CHO)**C
NMR &ppm (125 MHZz)Lact: 101.5 (CB), 76.5 (CB), 70.8 (CB), 62 (CE), 104 (CP'),
68.2 (C4), 74.5 (C5H), Van: 111.6 (C2), 153.3 (C4), 129 (C6), 56 (OfHL90.9 (CHO).

Mass and 2D-HSQCT NMR spectra folO4{3-D-galactopyranosyl-(1. 4)B3-D-
glucopyranosyl)vanillir22 are shown in Figures 3.12A and 3.12B respectively.
3.1.4.7 40-(D-sorbitol)vanillin 23a-c: Solid; UV (H20,Amay: 193.5 nm § - 0*, €1935

2940 MY, 273 nm fi—Tt*, €:73- 289 M%), IR (stretching frequency, ¢ht 3387 (OH),

85



1 -:;;.r/ A
22
80 a g N \
< N \
80 x R 5 -
§ \ oo | § = \E ’ E;
. 7 R R
& 40 L% =
= g "Ee g \ | S
© 1 3z -~ |
g er
% ) 8\
|
wn
© >
5 S g
[3e]
4000 3000 2000 1000
Wavenumbers (cm-1)
;/t‘_,—/_/\/ \_’\ oo
- T =
= C6 Region Free | B I
= _r'—-'dk'—\
= C6 Gly
—s G ; C6'Gly -
=|C6 Arylated ; C1 Arvlated
= - - — C4aFree
= = X & (C2'Free
C4aGly = N7 C3'Gly
C2'Gly — o C3'Free
RA— i A NS i -
C3'Gly ~ = 5 i 2 C2'Gly
- 0 : T
C4 Gly(C1) %_é ~ &= C4 Free
1. O = , C2oFree
C4 Gly(C6) — N =] J —1F7s
C4 Free = 4 @\ \\_CS Gly ‘
i - C5'Free
= & N~ C3'Gly | o
=| lol g L]
=3 — C5 Free I
2 | CsGly ‘
=L ! ! = I | ) { ‘ 85
4.0 3.9 3.8 3.7 3.6 35 34 33 3.‘2 3:1 3.0 ppm
-
. ; . ppm
-1 a2
' C
84
| 86
I t——i 88
C1'Free
—— %0
‘é QB Q»C‘lﬂ.Free-f 92
L] i
f ‘ C1pFree
C1'Gly () %
| [,
= C6'Gly 98
100
: E i
§ ] capGly B “ =
| | |
E | 1 B O O I
54 53 52 51 50 49 4B 47 46 45 44 43 42 ppm

Fig. 3.11 4-O-(D-Fructofuranosyl-(2. 1')a-D-glucopyranosyl)vanillin21a,b (A) IR
spectrum,(B) 2D-HSQCT spectrum showing the C1:G@6gion and(C) Anomeric

region. Some of the assignments are interchangeable



100+
A
[M+Na]*
499.39
2 509.36
500.39
41636 492.30  499.34.)499 44
| 4748 509.41
4( 4923
0'""""""I"“""F""I""I‘"'I'_'_'TT17"m/z

475 480 485 490 495 500 506 510 515 520

I bbmﬂk

; i oC H3 Frés B [
_—] """ 9 : &0C H3 Gly i i - 55
: 3 C 6 Reglon Fl ee{wa:;a’( 6 Gly (3’ Fl o 6
_qj (‘3(1Free i =
| et - C4'Gly ﬁ L
— Ll C20Fr e 3
_— .2 .l ee =

] C4 Free 4
(TlaFl'eé L. s
?@?;_._ . Cl1pFree

' | { % (EZ‘;Q ] : BN . i : :
-3 ﬁ)( 5 B Gh L =3 C1'Free : i Lis

T t t t t t t t T T T 4
5.1 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 3.9 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1 3.0 2.9 2.0 ppm

Fig. 3.12 4-O-(3-D-Glucopyranosyl-(1- 4)B-D-glucopyranosyl)vanillin22
(A) Mass spectrum an@B) 2D-HSQCT spectrum showing th€1-C8

region. Some of the assignments are interchangeable




Phenolic glycosides

1260 (glycosidic aryl alkyl C—O—-C asymmetridQ39 (glycosidic aryl alkyl C-O-C
symmetric), 1409 (C=C), 2943 (CH), MSw%) mono-arylated 339.2 [M+N§] di-
arylated 473.4 [M+Nd] 2D-HSQCT (DMSOds): C1-O-arylated 23a *H NMR “ppm
(500.13 MHz)Sorb: 3.65 (H-1), 3.37 (H-2), 3.48 (H-3), 3.57 (H-4)58 (H-5), 3.58 (H-
6), Van: 7.40 (H-2), 7.20 (H-5), 7.58 (H-6), 3.81 (OgH9.75 (CHO),”*C NMR (125
MHz) &ppm Sorb: 67.2 (C1), 70.5 (C2), 74.1 (C3), 71.2 (C4), 6%)32.9 (C6)Van:
130.5 (C1), 111.2 (C2), 153.8 (C4), 111.1 (C5),.53€6), 55.9 (OCk), 191.5 (CHO),
C6-O-arylated 23b: *H NMR &, Sorb: 3.55 (H-1), 3.54 (H-2), 3.44 (H-3), 3.68 (H-4),
3.46 (H-5), 3.58 (H-6)Van: 6.88 (H-2), 6.85 (H-5), 7.39 (H-6}°C NMR &, Sorb:
63.2 (C1), 70.8 (C2), 72.5 (C3), 73.1 (C4), 68.8)(®6.2 (C6)Van: 129.1 (C1), 110.8
(C2), 153.8 (C4), 111.4 (C5), 126.1 (C6)1-C6 di-O-arylated 23c 'H NMR Sppm
Sorb: 3.46 (H-1), 3.35 (H-2), 3.36 (H-3), 3.54 (H-4)68 (H-6),Van: 6.65, 6.68 (H-5),
6.69, 6.84 (H-6)°C NMR 3,,m Sorb: 66.5 (C1), 67 (C2), 73.5 (C3), 76.1 (08,5
(C6), Van: 129.1, 130.5 (C1), 111.3,111.7 (C2), 153.5, 1584), 115.3, 115.9 (C5),
119.8, 120.3 (C6).

Infra-red, mass and 2D-HSQCT NMR spectra fadd-p-sorbitol)vanillin 23a-c
are shown in Figures 3.13A, 3.13B and 3.13C regdyt

UV spectra of vanillyl glycosides, showedftshin 0 o* band in the 193.5 —
198.5 nm (195 nm for free vanillin) range, * band in the 222 — 224.5 nm (228.5 nm
for free vanillin) rangeyi- 1 band in the 273 - 283.5 nm (272 nm fige vanillin)
range, IR C-O-C asymmetrical stretching frequeniriethe 1249 - 1265 cfirange and

symmetrical stretching frequencies in the 1024 3816m" range indicating that vanillin

had undergone glycosylation. From 2D HSQCe&cH@a of the vanillyl glycosides, the
following glycoside formation were confirmeitom their respective chemical shift

values: fromD-glucose6 Cla glucosidel7ato Cla at 99.2 ppm and Hellat 4.65 ppm,
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Phenolic glycosides

C1B glucosidel7bto C13 at 101.5 ppm and HRlat 4.94 ppm and C@-arylated17cto
C6 at 68 ppm and H-6a at 3.55 ppm; frorgalactoser Cla galactosidel8ato Cla at
95.8 ppm and H-d at 5.10 ppm and @lgalactosidd.8bto C13 at 102.1 ppm and HBL
at 4.95 ppm; fronb-mannose8 Cla mannosidel9ato Cla at 100.8 ppm and Heflat
4.99 ppm and @@ mannosidel9b to CI3 at 102 ppm and HBlat 4.90 ppm; from
maltose 12 Cla maltoside20a to Clo at 98.2 ppm and Helat 4.68 ppm, (H
maltoside20b to C13 at 100.5 ppm and HBlat 4.25 ppm, C&-arylated20cto C6 at
67.2 ppm and H-6a at 3.54 ppm and-Cearylated20d to C6 at 66.1 ppm and H8 at
3.69 ppm; from sucrosE3 C1-O-arylated21ato C1 at 66 ppm and H-1 at 3.49 ppm and
C6-O-arylated21b to C6 at 66.1 ppm and H-6 at 3.72 ppromfrlactosel4 C13
lactoside22 to C13 at 101.5 ppm and H3lat 4.96 ppm; fronb-sorbitol 15 C1-O-
arylated23ato C1 at 67.2 ppm and H-1 at 3.65 ppm, Gévylated23b to C6 at 66.2
ppm and H-6 at 3.58 ppm and C1,0€arylated23cto C1 at 66.5 ppm and H-1 at 3.46
ppm and C6 at 65.5 ppm and H-6 at 3.681.pfAlso NMR data clearly showed that
hydrolysis of sucrose to glucose and fructose hacturred along with the
transglucosylated product to @&t 101.5 and H-1 at 4.94 ppm, besidesCEérylated at
68 ppm and H-6 at 3.55 ppm. Mass specti@ @mfirmed the formation of the above
mentioned glycosides.
3.1.5 Discussion

The nature and proportions of vanillyl glycosidestied are shown in Table 3.3.
Among the carbohydratés16 employed amyloglucosidase gave rise to sikgglges:
4-O-(D-glucopyranosyl)vanillinl7a-c, 4-O-(a-D-galactopyranosyl)vanillin8a 4-O-(a-
D-mannopyranosyl)vanilin 19a  4-O-(a-D-glucopyranosyl-(1- 4)D-glucopyranosyl)

vanillin 20ac,d, 4-O-(D-fructofuranosyl-(2-1')a-D-glucopyranosyl)vanilin21ab and
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4-O-(D-sorbitol)vanillin 23ac. B-Glucosidase gave rise to five glycosidedD-43-D-
glucopyranosyl)vanilin 17b,  4-O-(D-galactopyranosyl)vanilin 18ab, 4-O-(D-
mannopyranosyl)vanilin 19ab, 4-O-(a-D-glucopyranosyl-(1- 4)B-D-glucopyranosyl)
vanillin 20b and 40O-([3-D-galactopyranosyl-(1 4)3-D-glucopyranosyl)vanillir22.

D-Glucose 6 employed was am,[3 anomeric mixture (40:60), the glycosides
formed showed predominant proportions loé ¢ anomer (>80%), indicating the
potential for ‘inverting’ amyloglucosidase (froRhizopus mold) to convert the majority
of B-D-glucose into its respectiva-D-glucoside. In hydrolysis, amyloglucosidase
hydrolysesa-1,4 linked glucose units in amylose to giglucose.

A maximum yield of 53% was obtained for a mp& of three mono-glucosides
of 4-O-(D-glucopyranosyl)vanilinl7ac (Table 3.3). Also, amyloglucosidase catalysis
gave Cla andf3 glycosides along with arylated derivativasmany cases except
galactose7 and D-mannose8 (Table 3.3). Howeverf3-glucosidase catalysis gave
exclusively CB glycosides with the exception @Fgalactose7 and D-mannoses,
indicating its capability to exhibit excellerggioselectivity in this glycosylation with the
carbohydrate moleculas-glucose6, maltosel2 and lactose 4 (Table 3.3). In case @-
glucosidase, it significantly altered the anomeonenposition ofb-galactoser - 23% a-
D-galactoside and 77%-D-galactoside compared to the 92t83 anomeric composition
of D-galactose employed anb-mannose8 - 44% a-D-mannoside and 5698-D-
mannoside compared to the 27:33 anomeric composition af-mannose employed.
Among the carbohydrates employed sucrb3andD-sorbitol 15 gave C1O- and C60-

arylated products with vanillith.
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Table 3.3Syntheses of vanillyl glycosides using amylogludase an@-glucosidase.

Amyloglucosidase catalysis B-Glucosidase catalysis
. 0 0
Glycosides Product (% Yields (%) Product (% Yields (%}

proportiony proportiony
Hou @O H COH é j Cla glucoside (52),
@.; % C1B glucoside (17), 53 C1B glucoside 10

A C6-O-arylated (31)

17a4-O-(a-D-Glucopyranosyl)vanillin
17b 4-O-(B-D-Glucopyranosyl)vanillin
17c4-O-(6-D-Glucopyranosyl)vanillin

=
o
z
_CH
1) 3
o CHs

oH QHCH,OH o : Cla galactoside (23),
OH H H
A HoyE—Y° Cla galactoside 18 C1B galactoside (77) °

HOH,CHO
18a4-O-(a-D-Galactopyranosyl)vanillin
18b 4-O-(B-D-Galactopyranosyl)vanillin

o)

Z
_o
[5\ CHs
o H cH é\oﬁ"‘a

o, Cla mannoside (44)

Hmo O:HOH Hm" Cla mannoside 13 ) ’ 13
e LR C1p mannoside (56)

19a4-O-(a-D-Mannopyranosyl)vanillin
19b 4-O-(B-D-Mannopyranosyl)vanillin
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Hor&c H
O OHH Ry HOH,C H H OH
o OHH

O OHH

H H
HOH,C OH ) OHH
HOI—&C H

20a4-0O-(a-D-Glucopyranosyl-(1- 4)a-D-glucopyranosyl)vanillin
20b 4-O-(a-D- Glucopyranosyl (1- 4)B-D-glucopyranosyl)vanillin

HCHQ5| (5\ é\ s

0 O/m W (OH
OH 0
H OH OH O/Hm"‘

20c4-O-(a-D-Glucopyranosyl-(1- 4)6-D-glucopyranosyl)vanillin
20d 4-O-(a-D-Glucopyranosyl-(1- 4)6 -D-glucopyranosyl)vanillin

Cla maltoside (42),
C6-O-arylated (30), 29

C6-O-arylated (28)

C1B3 maltoside

éé

H o]
H o H
H “oH OH

21a4-0O-(1-D-Fructofuranosyl-(2. 1')a-D-glucopyranosyl)vanillin
21b 4-O-(6'-D-Fructofuranosyl-(2, 1')a-D-glucopyranosyl)vanillin

OH

C1-O-arylated (39),
C6-O-arylated (61) 23

[0)

X
HOH,C HO
HyCe HOH,C H o H
(0] T o OH
O

oH H OHH
H  OHH

22 4-0-(B-D-Galactopyranosyl-(1- 4)3-D-glucopyranosyl)vanillin

C1B lactoside

25
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/0 "
CcH, ch, CHa

0o
° /O =
é\o/cm O/CHg O/CHs
fe) O
OH OH
H

% % s C1-O-arylated (13),
"Thon lmon g C6-O-arylated (25),

5? C1,6 diO-arylated (62) 5 - -
23a4-O-(1-p-Sorbitol)vanillin
23b 4-O-(6-D-Sorbitol)vanillin
23c 1,6-O-(Bis-4-O-vanillin)D-sorbitol

&/anillin and carbohydrate — 1 mmol each; amyloghidase concentration 40% w/w of carbohydrate; stlvedi-isopropyl ether; buffer — 0.1 mM (1 mL) pH dedate

buffer; incubation period — 72 Avanillin — 1 mmol and carbohydrate — 0.5 mm@lglucosidase concentration 50% w/w of carbohydrstéyent— di-isopropyl ether;
buffer — 0.17 mM (1.7 mL) pH 4.2 acetate buffergubation period — 24 h. “‘Conversion yields were from HPLC with respect teefrcarbohydrate. Error in yield
measurements s 10%.%The product proportions were determined from tieaaf respectivéH/**C signals.
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In case of sucrosg3 the C60O-arylated product proportion was more compared
to the ClO-arylated product, which could be due to the steincrance offered by the
C2 position of the fructose moiety when it niansferred to such phenolic nucleophiles.
The hydrolysis of the disaccharides, malt@8e sucrosel3 and lactosel4 during the
course of the reaction has been observedoatydin case of sucrosES the resultant
glucose formed, underwent transglycosylationyikeld CI3 glucosylated and C6-
arylated products with vanilirl. In generalf-glucosidase gave low conversions
compared to amyloglucosidase. Also, wifilglucosidase catalysed reaction with lactose
14, amyloglucosidase did not. Even the presaican hydrophobic aldehydic group in
vanillin did not pose much of a steric hindrandeen the carbohydrate molecules were
transferred to its phenolic OH group. Both amidogsidase ang-glucosidase did not
catalyseD-fructose9, D-arabinosel0, D-ribose 11 and b-mannitol 16. Vanillin 1 could
be a better inhibitor to these enzymes compardbese carbohydrate molecules, binding
strongly to the enzyme, therby blocking the fatibnsfer of the carbohydrate molecule
to the nucleophilic phenolic OH of vanillih

About 17 individual glycosides were synthediznzymatically using both the
glucosidases, of which 14 are being repoftadthe first time. The new glycosides
reported are: 4O-(D-galactopyranosyl)vanillinl8a,b 4-O-(D-mannopyranosyl)vanillin
19a,h 4-O-(a-D-glucopyranosyl-(1- 4)D-glucopyranosyl)vanilin  20a-d = 4-O-(D-
fructofuranosyl-(2- 1')a-D-glucopyranosyl)vanilin 21ab, 4-O-(B3-D-galactopyranosyl-
(1’ - 4)B-D-glucopyranosyl)vanillire2 and 4O-(D-sorbitol)vanillin23a-c.

3.1.6 Synthesis of ©-(a-D-glucopyranosyl-(1 -4)D-glucopyranosyl)vanillin using

glucosidases by response surface methodology

Hydrolytic enzymes have been used ttalyse reverse reactions that are

impossible to carry out under aqueous conditibecause of kinetic or thermodynamic
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restrictions (Zaks and Klibanov 1985; Couleral. 1996). Glucosidases exhibit potential

use in the synthesis of glycosides (Ismstifl. 1999b). Reverse hydrolytic method can
be an attractive approach for the synthesiglyosides as it results in a cost-effective

and simple procedure making it acceptable ifiolustrial scale-up (David and Gabin

1998). Recent developments in molecular glydobi has shown better understanding

of the aglycon and glycoside activities andde it possible to develop new and more
active compounds (Kren and Martinkova 2001).

Response Surface Methodology has been successghglied in many areas such
as food, chemicals, or biological processes (Manahd Divakar 2002; Gunawash al.
2005; Huang and Akoh 1996; Shieh al. 1995; Chenet al. 1997). Almondf3-
glucosidase catalysed synthesis of hexyl gige was carried out by Andersson and
Adlercreutz (Andersson and Adlercreutz 200hyl dutyl glucoside by Ismadt al.
(Ismail et al. 1998). Amyloglucosidase requires some amatfinwater to be present in
the form of buffer salts to exhibit its opum activity and this can be achieved by
adding buffer of certain volume, salt concentratma pH (Chahidt al. 1992; Vicet al.
1997). Chahidet al. (Chahidet al. 1994) synthesized a mixture of octyl gludesand
octyl galactoside with lactose and n-octanol usifggalactosidase through a
transglycosylation reaction. In our earlier rigoCentral Composite Rotatable Design
was successfully employed for the optimizatidrparameters for the amyloglucosidase
catalysed synthesis of n-octdglucoside at shake flask method (Vijayakureaml.
2005) and curcumin-bia-D-glucoside by reflux method (Vijayakumetral. 2006).

The present work involves synthesis 40-(a-D-glucopyranosyl-(1- 4)D-
glucopyranosyl)vanillin using amyloglucosidagenfi Rhizopus mold andf3-glucosidase
from sweet almond to deduce the optimum reactioitions through Response Surface

Methodology. A Central Composite Rotatable DegiCRD) was employed with five
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parameters, namely, enzyme concentration, lmambncentration, incubation period,
buffer volume and pH with both the enzym@&$e results of this investigation are
presented in detail here.
3.1.6.1 Glycosylation

A typical synthesis involved refluxing vamilliL (0.5-2.5 mmol) and maltosg?
(0.5 mmol) with stirring in 100 mL of di-isopropgther in presence of 10-50% (w/w of
maltose) amyloglucosidageglucosidase and 0.04 mM (0.4 mL) - 0.2 mM (2 mEXLO
mM pH 4 — 8 buffer (CHCOONa buffer for pH 4 and pH 5, pPO,for pH 6 and pH 7
and NaB;O; .10 HO for pH 8 were used) for a period of 24-120 h b 3.1). The
solvent was distilled off and the reaction mixtwas held on a boiling water bath for 5-
10 min to denature the enzyme. The reaction nextuas dissolved in 20-30 mL water
and the unreacted vanillh was removed by repeated extraction with chlorafothe
agueous portion was subjected to flash evapordt obtain the unreacted maltdse
and the product maltoside as a solid. The workuwgyais and isolation are as described

on page 74.

3.1.6.2 Response Surface Methodology

A five variable parametric study was pioyed for the CCRD analysis
(Montogomery 1991). The five variables emptbyaere glucosidase concentration,
vanillin concentration, incubation period, luffvolume and pH in case of both the
glucosidases. The experimental design include@x@®riments of five variables at five
levels (-2, -1, 0, +1, +2). Table 3.4 shows theetbdnd actual levels of the variables
employed in the design matrix. Actual set of ekpents undertaken as per CCRD with
coded values and the maltosylation yieldsaiobd are given in Table 3.5. A second

order polynomial equation was developed tadgtthe effect of the variables on the
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maltoside yields. The equation indicates #ifect of variables in terms of linear,

guadratic and cross product terms. The generatiequa of the form,

N-1 N

+ 2, AX; + Z A..x. +20 20 AXiX] e (1)
i=1

i=1j=i+1
where Y is the maltosylation yield (%), , & constant term, are the variables, fare
the coefficients of the linear terms; Are the coefficients of the quadratic termg,afe

the coefficients of the cross product terms and thé number of variables.

Table 3.4Coded values of the variables and their corredipgnactual values used in
the design of experiments.

Variables -2 -1 0 1 2
Amyloglucosidasg¥-glucosidase (% w/w maltose) 10 20 30 40 50
Vanillin (mmol) 05 1 15 2 2.5
Incubation Period (h) 24 48 72 96 120
Buffer Volume (mL) 04 08 12 16 2
pH (0.01M) 4 5 6 7 8

Coefficients of the equation were determirted employing Microsoft Excel
software, version 5. Analysis of variance (ANOVAY the final predictive equation was
also done using Microsoft Excel software. AN®YS required to test the significance
and adequacy of the model. The response surtpaegien was optimized for maximum
yield in the range of process variables gissn Multiple Regression Software (Wessa
2006).

Our preliminary study on the synthesis ohiMd glucoside has shown that
amyloglucosidase, vanilin and buffer camcations along with buffer pH and
incubation period have profound influence oe #xtent of glycosylation and formation
of product glycosides. Hence, these parameters grapoyed in the present RSM study
of 4-O-(a-D-glucopyranosyl-(1- 4)D-glucopyranosyl)vanillin Z0ad) synthesis by both

the glucosidases.
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Table 3.5 Experimental design with experimental and predictyields of maltosylation based on

response surface methodol8gy

Expt. Glucosidase Vanillin Incqbation Buffer PH Amyloglucosidase B-Glucosidase

No. r(r‘:ﬁlzglsvg) (mmol) - Period (h) V(orInqu)ne (0.01m) Experimental Predicted Experimental Predicted
yield (%) vyield (%) vyield (%) yield (%)

1 20 1 48 0.8 7 13.6 13.2 24.3 23.8
2 20 1 48 1.6 5 16.7 27.6 15.6 135
3 20 1 96 0.8 5 21.8 27.2 20.1 12.8
4 20 1 96 1.6 7 7.92 15 12.4 12.6
5 20 2 48 0.8 5 19.1 21.7 37.7 30.1
6 20 2 48 1.6 7 17.4 25.7 21.8 22.9
7 20 2 96 0.8 7 17.3 14.6 30.6 29.2
8 20 2 96 1.6 5 12.2 0 131 11.9
9 40 1 48 0.8 5 11.9 8.6 21.9 175
10 40 1 48 1.6 7 59.6 43.4 7.6 14.5
11 40 1 96 0.8 7 15.8 225 15.2 13.8
12 40 1 96 1.6 5 9.2 0 24.4 24.1
13 40 2 48 0.8 7 19.2 17 19.3 15.2
14 40 2 48 1.6 5 8.8 23.1 37.7 325
15 40 2 96 0.8 5 13.7 10.1 29.5 24.9
16 40 2 96 1.6 7 23.9 15.2 32.4 28.7
17 10 15 72 1.2 6 27.5 16.7 16.7 19.5
18 50 15 72 1.2 6 14.6 18.6 20.9 23.2
19 30 0.5 72 1.2 6 16.8 19.7 22.8 16.1
20 30 2.5 72 1.2 6 16.4 15.6 25.7 31.8
21 30 15 24 1.2 6 68.1 40.8 23.6 22.8
22 30 15 120 1.2 6 12.8 18.1 17.4 19.8
23 30 15 72 0.4 6 14.8 17.7 10.6 22.2
24 30 15 72 2 6 9.7 17.6 19.5 20.5
25 30 15 72 1.2 4 10.1 0 15.7 16.3
26 30 15 72 1.2 8 10.7 7.3 28.1 14.7
27 30 15 72 1.2 6 134 17.7 17.6 21.3
28 30 15 72 1.2 6 12.9 17.7 15.8 21.3
29 30 15 72 1.2 6 11.5 17.7 18.1 21.3
30 30 15 72 1.2 6 13.3 17.7 14.2 21.3
31 30 15 72 1.2 6 11.8 17.7 17.9 21.3
32 30 1.5 72 1.2 6 12.5 17.7 16.2 21.3

4Conversion yields obtained from HPLC with respecdtmmol of maltose. Error in yield measuremerit e + 10%.

This applies to all the yields given in the subsayuables also.
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3.1.6.3 Amyloglucosidase catalysed synthesis 40-(a-D-glucopyranosyl-(1 - 4)D-
glucopyranosyl)vanillin
The data obtained using amyloglucosidasere fitted to a second-order
polynomial equation and the predictive equatabtained with coefficients exhibited a
R? value of 0.81 (Table 3.6). Only few terms were fbun be significant at 90% level

and a reduced equation obtained with the significenmns is given below,

Y = - 3.7258 X +25.3461 % +0.0051 %X, —3.7238 %Xy +0.6985 XX,

+0.4896 %X -0.0281%X4 -0.7730 %X, +5.7750 %X e (2)

Where X — enzyme concentration; o> vanillin concentration; ¥— incubation period;
X4— buffer volume; X — pH; Y — yield. Table 3.6 shows the predicteddgaebbtained by
using the reduced equation.

Surface plots were generated using the albestaced equation by varying any
two of the variables maintaining the other threeiables at their ‘0’ coded values. The
surface plots containing iso-maltosidic regiasisarly brought out the maltosylation
behaviour of the enzymes under diverse m@actonditions. All the experiments with
respect to both the enzymes were carried out anatant maltose concentration of 0.5
mmol.

Figure 3.14A shows the effect of amyloglucasi&l and buffer concentration on
the extent of maltosylation at 1.5 mmol vanillptl 6 and 72 h incubation period. At a
buffer concentration of 0.05 mM (0.5 mL), nease in amyloglucosidase concentration
from 10% to 50% (w/w maltose) decreased the mgiibsn yield. However, at higher
buffer concentrations beyond 0.125 mM (1.2B),nthe maltosylation yield increased
with increase in amyloglucosidase concentration. cAtical enzyme to buffer

concentration could be dictating the extent of asliation, as there is a cross-over point
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Fig. 3.14 Three-dimensional surface ploshowing the effect of variables in the
amyloglucosidase catalysed reactih) Amyloglucosidase and buffer concentrations on
the extent of maltosylation yield (pH - 6, vanillirl.5 mmol, incubation period — 72 h)
and(B) Amyloglucosidase and incubation period on the rx¢é maltosylation yield (pH

- 6, buffer concentration — 0.125mM - 1.25 mL, Wiamconcentration -1.5 mmol).
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clearly depicting the reversal of the maltasgn behaviour at 30% (w/w maltose)
amyloglucosidase concentration and a buffer volafr@@125 mM (1.25 mL).

Table 3.6 Amyloglucosidase catalysed reaction: Analysis afiarece ANOVA) of the
response surface model along with coefficienthefresponse equation

Regression statistics

Multiple R 0.897
R 0.806
Standard error 9.158
Observations 32
ANOVA
Degrees of  Sum of Mean sum of  F ratio Significancd-
freedom squares squares
Regression 19 4169 119 2.616 0.05
Residual 12 1006 84
Total 31 5176
Coefficients Values of  Standard t-Stat 1-tail p-value
coefficients  error
Aq -4.4337 2.0975 -2.1137 0.0281
A, 4.3254 41.9500 0.1033 0.4597
Az -1.0538 0.8739 -1.2058 0.1255
A, -70.8690 80.0240 -0.8856 0.1966
As 53.3690 34.1840 1.5612 0.0722
A1l 0.0217 0.0171 1.2648 0.1149
Ao, 4.2387 6.8691 0.6171 0.2743
Aazs 0.0122 0.0029 4.0891 0.0007
Auq 10.2940 26.0570 0.3951 0.3499
Ass -5.7506 3.6490 -1.5759 0.0705
A -0.4610 0.4579 -1.0067 0.1669
Ais -0.0076 0.0095 -0.8003 0.2195
A1s 0.9137 0.5724 1.5962 0.0682
Ais 0.5530 0.2289 2.4151 0.0763
Aoz 0.2588 0.1908 1.3561 0.1000
Ao -11.6630 11.4490 -1.0186 0.1642
Aos -1.6650 45794 -0.3635 0.3612
Azq -0.3521 0.2385 -1.4762 0.0828
Ass -0.1179 0.0954 -1.2359 0.1201
Ass 10.1890 49573 2.0553 0.0311

aSignificant at 90% confidence level for the oridirmuation. Regression statistics
and ANOVA shown are for the original equation. Siigant term indicated by * are

for the reduced equation after further regressibrthe original. Reduced model
exhibits an overall significance &f= 0.05.

Effect of amyloglucosidase concentration andulbation period at 1.5 mmol
vanillin, pH 6 and 0.125 mM (1.25 mL) buffer contsion is shown in Figure 3.14B.

With increase in incubation period from 24-120maltosylation yield decreases. At all
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the other incubation periods, increase inlaghycosidase concentration from 10-50%
(w/w maltose) showed a very slight increase inntiadtosylation yields.

Effect of vanilin and buffer concentmti on maltosylation at 30% (w/w
maltose) amyloglucosidase concentration, pH 6 ghth hcubation period showed that
at all the buffer concentrations in the @05 mM (0.5 mL) to 0.2 mM (2 mL)
increase in vanillin concentration brought @ummarginal decrease in the maltosylation
yield (Data not shown). Similar marginal increas yields were observed with increase
in buffer concentrations at all the vanillin contations in the range 0.5 - 2.5 mmol.

Effect of vanillin and incubation period on th&altosylation yield at 30% (w/w
maltose) amyloglucosidase, pH 6 and 0.125 (@M5 mL) buffer concentration is
shown in Figure 3.15A. With increase in ination period, the maltosylation yield
decreases at all the vanillin concentrations enrdmge 0.5 - 2.5 mmol. This decrease in
yield is quite steep upto 84 h and theeszafijradual. However, at all the incubation
periods in the range 24 h to 120 h, incraaseanillin concentration causes a marginal
decrease in yields indicating that vanillin coulde bmildly inhibitory to
amyloglucosidase.

Effect of vanillin and pH on the extent mhltosylation at 30% (w/w maltose)
amyloglucosidase concentration, 0.125 mM (1In25 buffer concentration and 72 h
incubation period was also studied. The surfalo¢ shows a pH optimum at pH 6 for
this reaction at all the vanilin concentoas in the 0.5 - 2.5 mmol range (Data not
shown). At all the pH values in the 4 -r&hge, increase in vanillin causes only a
marginal decrease in the maltosylation yiel@fservation of pH optima at 6 clearly
indicates that the enzyme functions efficierdat pH 6, exhibiting maximum catalytic

activity at this pH. At pH values other than 6, helds are invariably low. Similar plots
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Fig. 3.15 Three-dimensional surface ploshowing the effect of variables in the
amyloglucosidase catalysed reactigh) Vanillin and incubation period on the extent
of maltosylation yield (pH - 6, buffer concentratio 0.125 mM - 1.25 mlL,
amyloglucosidase - 30% w/w maltose) dBJ Amyloglucosidase concentrations and
pH on the extent of maltosylation yield (vanilliorecentration - 1.5 mmol, buffer
concentration — 0.125 mM - 1.25 mL, incubation per 72 h).
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were obtained for the effect of enzyme and pH @3ata not shown), emphasizing that
pH 6 is the optimum pH for this reaction.

Effect of amyloglucosidase concentration and pHhenextent of maltosylation at 0.125
mM (1.25 mL) buffer, 1.5 mmol vanillin and 72 h utmation period is shown in Figure
3.15B. An optimum pH of 6 observed at 10% (w/w msd) amyloglucosidase
concentration is maintained throughout upto 50%w(whaltose) amyloglucosidase
concentration with an increasing extent of conwgrsrom 10 to 50% (w/w maltose)
enzyme concentration. However, a cross over poixiibging reversal in the
maltosylation yields is observed around pH 6 an%h 3@&/w maltose) amyloglucosidase
concentration. Above pH 6 and above 30% (w/w malt@myloglucosidase, the yield
increases with enzyme concentration and pH. Thengxdf conversion is lesser below
30% (w/w maltose) enzyme and pH 6.

Table 3.7Validation data for the amyloglucosidase catalysedctions at selected
random conditiorfs

Expt. Amyloglucosidase Vanillin  Incubation Buffer pH Predicted Experimental

no. (% w/w maltose) (mmol) period (h) Volume yield (%) yield (%)
1 30 1.5 72 (mlL.)Z 6 17.6 10.7
2 15 2 72 1.2 6 15.9 221
3 30 1 24 1.2 6 41.1 49.6
4 30 0.5 72 2 6 19.6 29.7
5 30 1.5 72 0.8 6 17.7 11.6
6 45 1.5 48 1.2 6 27 30.2
7 30 2 72 1.2 6 16.6 13.9
8 30 1.5 48 1.2 7 24.8 221
9 30 1.5 36 1.6 6 43.9 38.7
10 20 15 24 1.2 6 40.3 42.3

%Conversion yields obtained from HPLC with respedd$ mmol of maltose.
Maximum yield predicted based on the response einasl 43.9% for the
amyloglucosidase catalysed reaction under the viig conditions: amyloglucosidase-

30% (w/w of maltose), vanillin-1 mmol, buffer comtgation-0.125 mM (1.25 mL) pH-6
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and incubation period 24 h. The experiments cortliat the above optimum conditions
resulted in 49.4% vyield. Further validatioh tbe response model was carried out at
certain selected random process conditions tardexperimental yields are shown in
Table 3.7. There appears to be a geodespondence between predicted and
experimental yields at yields less than 40% andctirteespondence appears to deviate a
little at higher predictive yields.
3.1.6.4 B-Glucosidase catalysed synthesis of GHa-D-glucopyranosyl-(1 - 4)p-D-
glucopyranosyl)vanillin

The data obtained usirfiyglucosidase were fitted to a second-order potyal
equation and the final predictive equation was inbtawith coefficients exhibiting a®R
value of 0.69 (Table 3.8).

Here also, as in amyloglucosidase catalysed reqabioly few terms were found
to be significant at 90% level and the reduced Bopabtained with significant terms is
given below,

Y = -0.7408 % -30.6961 X% +20.7320 X +2.6099 %X, —1.4606 %Xs +0.0092
X, X3 +0.9891 XX, -0.2937%Xs +0.0720 %X5  cevvvrrrereenn.. (3)

Where X — enzyme concentration; ;X vanillin concentration; ¥— incubation period;
X4— buffer volume; X — pH; Y — yield. Table 3.8 shows the predicteddgebbtained by
using the reduced equation. Average Absodllg@ation between the experimental and
predicted yields using this model is 22.3 %.

Figure 3.16A. shows the effect pfglucosidase and vanilin concentrations on
the maltoside yield at pH 6, 0.125 mM (1.8%) buffer concentration and 72 h
incubation period. At all th@-glucosidase (10-50% w/w maltose) concentratidhe
maltosylation yield increases with increasevamillin concentration. However, increase

in B-glucosidase concentration, exhibited veryelittnhancement in yield. Maximum
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Fig. 3.16 Three-dimensional surface ploshowing the effect of variables in tHg
glucosidase catalysed reactigfA) Vanillin andB-glucosidase concentrations on the extent
of maltosylation yield (pH - 6, buffer concentratie 0.125 mM - 1.25 mL, incubation
period — 72 h) an@B) B-Glucosidase concentration and buffer concentratiothe extent

of maltosylation yield (pH - 6, incubation period 72 h, vanillin concentration - 1.5

mmol).
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yield is depicted at 50% (w/w maltos@jglucosidase concentration and 2 - 2.5 mmol of
vanillin.

Table 3.8B-Glucosidase catalysed reaction: Analysis of vaeaifANOVA) of the
response surface model along with coefficienthiefresponse equation

Regression statistics

Multiple R 0.833
R 0.693
Standard error 6.527
Observations 32
ANOVA
Degrees of  Sum of Mean sum of  F ratio Significancd-
freedom squares squares
Regression 19 1159 61 1.54 0.12
Residual 12 475 39.6
Total 31 1635
Coefficients Values of  Standard t-Stat 1-tail p-value
coefficients error
Ag -0.6963 1.4696 -0.4738 0.3221
A, -20.6340 29.5690 -0.6978 0.2492
Az -1.0839 0.6123 -1.7701 0.0510
A4 -75.1470 52.1920 -1.4398 0.0877
As 41.9310 22.9610 1.8262 0.0463
A 0.0051 0.0122 0.4210 0.3406
Az 7.1131 4.9755 1.4296 0.0891
Aazs 0.0016 0.0021 0.7693 0.2283
A 18.7010 15.2140 1.2292 0.1212
Ass -3.3568 2.4792 -1.3540 0.1003
A 0.2116 0.3260 0.6489 0.2643
Ais 0.0094 0.0068 1.3851 0.0956
A4 0.9988 0.4075 2.4510 0.0153
Ais -0.2859 0.1625 -1.7602 0.05319
Ao -0.0816 0.1358 -0.6010 0.2795
Az 2.2890 8.1504 0.2809 0.3918
Ao 0.5562 3.2490 0.1712 0.4334
Az 0.0347 0.1698 0.2042 0.4208
Aazs 0.1022 0.0677 1.5101 0.0784
Aus -1.3355 3.4806 -0.3837 0.3539

®Significant at 90% confidence level for the oridirequation. Regression statistics and
ANOVA shown are for the original equation. Signifit term indicated by * are for the
reduced equation after further regression of thgiral. Reduced model exhibits overall
significance of~ = 0.05.

Effect of B-glucosidase and buffer concentration at pH 6,mMmdol vanillin and
72 h incubation period on the maltosylation yieddshown in Figure 3.16B. In the saddle
shaped surface obtained, a cross over point indgaeversal in the maltosylation

behaviour is observed at 30% (w/w malto3ejlucosidase concentration and 0.125 mM
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(2.25 mL) buffer concentration. Upto 30% (frdh% w/w maltose3-glucosidase and
0.125 mM to 0.04 mM (1.25 mL to 0.4 mL) buffer centration, the maltosylation yield
decreases with increase in enzyme concentratioovéthis crossover values in both the
variables, the yield increases. Here alsoritecal B-glucosidase to buffer concentration
appears to influence the extent of maltosylation.

The surface plot showing the effect of pihtl ancubation period at 30% (w/w
maltose), 0.125 mM (1.25 mL) buffer concentratiow 4.5 mmol vanillin (Fig. 3.17A),
shows a saddle-shaped surface, exhibitingg@mum pH of 6. At pH 6 the highest
maltosylation yield (28%) is observed. The yigldreases from 24 h incubation period
to 120 h incubation at pH 6. At other pllues, the yield decreases with increasing
incubation periods indicating clearly that thazyme exhibits maximum stability and

activity at pH 6.

Similarly, the effect of3-glucosidase and incubation period (Fig. 3)178 1.5
mmol vanillin, pH 6 and 0.125 mM (1.25 milbuffer concentration, showed the
maximum yield at 50% (w/w maltos@}glucosidase concentration and 120 h incubation
period. Here also, the saddle-shaped curigbiex a reversal in the maltosylation
behaviour (crossover point) at 30% (w/w maltoBe)lucosidase concentration and 84 h
incubation period. This also clearly gates that the maltosylation behaviour is
favourably affected around 30% (w/w maltogeglucosidase concentration and 84 h
incubation period.

Effect of 3-glucosidase and pH at 0.125 mM (1.25 mL) buffercemtration, 72 h
incubation period and 1.5 mmol vanillin isosm in Figure 3.18. In the saddle-shaped
surface plot obtained, the reversal behaviour geoked at pH 6 and 30% (w/w maltose)
B-glucosidase concentration besides exhibitireximum yield at pH 6 at all thg-

glucosidase concentrations.
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Fig. 3.17 Three-dimensional surface platbowing the effect of variables in tifie
glucosidase catalysed reactiofph) Incubation period and pH on the extent of
maltosylation yield (vanillin concentration - 1.5mul, B-glucosidase concentration -
30% w/w maltose, buffer concentration - 0.125 mM25 mL) andB) 3-Glucosidase
concentration and incubation period on the extdnmaltosylation yield (vanillin

concentration - 1.5 mmol, buffer concentration:2® mM - 1.25 mL pH — 6)
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Fig. 3.18 Three-dimensional surface plots showing the efééct

variables in thg-glucosidase catalysed reacti@aGlucosidase
concentration and pH on the extent of maltosylatioeld
(buffer concentration- 0.125 mM - 1.25 mL, vanillin
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The maximum vyield predicted based on the resporm#ems 33.6% for th@-

glucosidase catalysed reaction under the conditi@glucosidase-50% (w/w of

maltose), vanillin-2.5 mmol, buffer concentratiori-26 mM (1.25 mL) pH-6 and 72 h

incubation period. The experiment conducted at&heve optimum conditions gave

27.1% vyield. Validation experiments performed attaiea random selected conditions

also showed good correspondence between experinaact@redicted yields (Table 3.9).

Table 3.9Validation data for thg3-glucosidase catalysed reactions at selected random

conditiond

Expt. B-Glucosidase Vanillin  Incubation Buffer pH Predicted Experimenta
no. (% w/w maltose) (mmol) period (h) Volume (mL) yield (%) yield (%)
1 50 2.5 72 1.2 6 33.6 27.1
2 10 0.5 72 1.2 6 14.3 22.5
3 30 1.5 72 1.2 6 21.3 18.7
4 40 1.5 72 1.5 6 22.3 20.6
5 25 1.5 80 1.2 6 20.2 17.5
6 45 1.5 100 1.2 6 25.7 21.3
7 35 1.5 72 1.2 6 21.8 15.7
8 30 1.5 48 0.6 6 22.7 27.6
9 30 1.5 108 1.2 7 20.9 15.5
10 30 1.5 72 0.5 6 221 24.7

&Conversion yields obtained from HPLC with respedd5mmol of maltose.

Hence, the present RSM study has clearly showedudledulness of CCRD

technique in clearly bringing out the most salileattures of this maltosylation reaction.

3.2 Syntheses afi-vanillyl-nonanamide glycosides

Capsaicin {E)-N-[(4-hydroxy-3-methoxyphenyl)methyl]-8-methyl-6-nemide},

(Ohnuki et al. 2001), a fat-soluble phenolic compound presenthasmajor pungent

principle in fruits ofCapsicum species, can also be used as a hypoglycemic di_ah

2004), mutagenic and carcinogenic agent (Garetett. 1988),as a topical analgesic in

pharmaceutical preparations (Rasletdidl. 2003), antioxidant (Leetal. 1995), anti-
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inflammatory (Heyest al. 2004) and antifungal agent (Bhabadeshl. 1996). It also
can increase catecholamine secretion and suppoelysféit accumulation (Watanabeie
al. 1994), inhibit NADH oxidase in plasma menn@s (Morreet al. 1995) and reduce
the peri-renal adipose tissue weight and msetuacyl glycerol by enhancing energy
metabolism through f-adrenergic action (Kawada al. 1986).N-Vanillyl-nonanamide
2 {N-[(4-hydroxy-3-methoxy-phenyl)methyllnona namigep synthetic substitute of
capsaicin, exhibits hypotensive and antinotigepeffects as that of natural capsaicin
(Chenet al. 1992). Capsaicin (lorizzet al. 2001) has also been converted into its
corresponding glucoside by cell suspension cudtk®metaniet al. 1993a; Hamadat
al. 2003) and chemical methods (Hamatlaal. 2001). Capsaicin and usage of its
derivatives have been limited due to its low watdubility and high pungency.

Glycosylation, besides being an important methardtlie structural modification
of compounds with useful biological activitieslso allows the conversion of a water-
insoluble component into water-soluble oneergéby improving its pharmacological
applications (Suzukét al. 1996; Vijayakumar and Divakar 2005). Thesent work
describes syntheses afvanillyl-nonanamide glycosides using amylogkidase from
Rhizopus mold andp-glucosidase isolated from sweet almond (Hesdrial. 1955) in a
non-polar solvent (Scheme 3.2).

Synthesis of 49-(D-glucopyranosyN-vanillyl-nonanamide was studied in detail.
A typical reaction involved refluxingi-vanillyl-nonanamide2 (0.2-1 mmol) withD-
glucose6 (0.5 mmol) in 100 mL di-isopropyl ether in presemmdeamyloglucosidase (10
to 75% w/w ofb-glucose6) and 0.03 mM — 0.25 mM (0.3-2.5 mL of 0.01 M) p84
buffer for an incubation period of 72 h (Sche&g). The solvent was evaporated, the
enzyme denatured at 10Q for 5-10 min and the residue containing unreactgtlicose

6 along with the product @-(D-glucopyranosyN-vanillyl-nonanamide were dissolved
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in 20-30 mL water. After extracting with ohbform to remove unreactedvanillyl-
nonanamide2, the aqueous layer containing unreadbegdlucose 6 and 40O-(D-

glucopyranosyN-vanillyl-nonanamide was evaporated to dryness.

H
15 N

7 cH;  Amyloglucosidasd@-Glucosidase Tk,

(% w/w of carbohydrate) 0
R- OH _— ot o-CHs + H0
Buffer/di-iso-propyl ether,
Carbohydrate 72 hincubation OR

N-Vanillyl-nonanamide2 Cla/B andC6
N-vanillyl-nonanamideylycosides24-29
Carbohydrate:

oHOH
ﬁ; -
HO\H o
g H
HO i on HO F1 OH HONG
H OH OH
1 OH
H 0

OHOH

D-Glucose6 D-Galactos&Z D-Mannose8 D-Ribosell Maltose12 Lactosel4

Scheme 3.5yntheses afi-vanillyl-nonanamide glycosides

The products were monitored by HPLC on an apriopyl column (250 mnx
4.6 mm), using acetonitrile:water (70:30 vA9 a mobile phase and a refractive index
detector (Fig. 3.19). Other procedures aredescribed on page 74. HPLC analysis
showed the following retention times-glucose-6.9 min, ©D-(D-glucopyranosyly-
vanillyl-nonanamide-10.2 minp-galactose-7.1 min, @-(D-galactopyranosyl-vanillyl
-nonanamide-11.3 min,D-mannose-6.7 min, @-(B-D-mannopyranosyl-vanillyl-
nonanamide-11.9 minp-ribose-7.4 min, 4-(D-ribofuranosyIN-vanillyl-nonanamide-
10.9 min, maltose-11.5 min, @-(a-D-glucopyranosyl-(1-4)D-glucopyranosyiy-
vanillyl-nonanamide-15.2 min, lactose-9.3 mird ahO-([3-D-galactopyranosyl-(1- 4)3-
D-glucopyranosyN-vanillyl-nonanamide-17.9 min.
3.2.1 Synthesis of - (D-glucopyranosylIN-vanillyl-nonanamide using

amyloglucosidase

Glucosylation of N-vanillyl-nonanamide 2 with D-glucose 6 using

amyloglucosidase was studied in detail (Ta&blEO) in terms of incubation period, pH,

buffer, enzyme and-vanillyl-nonanamide concentration.
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3.2.1.1 Effect of incubation period

Effect of incubation period was carried attfixed N-vanillyl-nonanamide (0.5
mmol) andD-glucose (0.5 mmol). Incubation increased yiedd from 25% for 3 h to
56% at 72 h. Further increase in lmation period upto 120 h, decreased the
glucosylation yield to 28% which could beedto partial hydrolysis of the glucosides
formed (Fig. 3.20A, Table 3.10).
3.2.1.2 Effect of pH

In presence of 0.2 mM, pH 7 phosphate buffer (2ahQ.01 M buffer in 200 mL
di-isopropyl ether solvent), glucosylation dvanillyl-nonanamide reached a maximum
of 39% (Table 3.10).
3.2.1.3 Effect of buffer concentration

At pH 7, increase in buffer concentratioonfr 0.03 to 0.25 mM (0.3-2.5 mL)
showed increase in conversion with increaséuffer concentration to a maximum of
56% at 0.2 mM (2 mL) buffer and pH 7, thus showtihgt pH and buffer concentration
had pronounced effect on the extent of glucosytatiich could be due to stabilization
of enzyme for maximum activity under these condgigFig. 3.20B, Table 3.10).
3.2.1.4 Effect of amyloglucosidase concentration

Effect of increasing enzyme concentration atdixevanillyl-nonanamide ano-
glucose (0.5 mmol) showed that at 10% (w/m+glucose) amyloglucosidase
concentration conversion yield was the lowe$t 16% which this increased to a
maximum yield of 56% at 40% (w/w-glucose) enzyme concentration. Further increase
to 50% (w/w D-glucose) decreased the conversion probabdy tduinhibition of the

enzyme by-vanillyl-nonanamide (Table 3.10).
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amyloglucosidase-40% (w/wp-glucose), pH 7 phosphate buffer, solvent-di-

isopropyl ether, temperature-68 and incubation period — 72 h
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Table 3.100ptimization of reaction conditions for the syrdiseof 4O-(D-glucopyranosyi-

vanillyl-nonanamide

Reaction conditions Variable paramé8ter Yield (%)
Incubation period (h)
N-vanillyl-nonanamide — 0.5 mmol 3 25
D-glucose — 0.5 mmol 6 29
pH -7 12 31
Buffer concentration — 0.2 mM (2 mL) 24 33
Enzyme — 40% w/vb-glucose 48 45
72 56
96 34
120 28
pH (0.01M)
N-vanillyl-nonanamide — 0.5 mnfol 4 18
D-glucose — 0.5 mmol 5 18
Enzyme — 40% w/vb-glucose 6 25
Buffer — 0.1 mM (1 mL) 7 39
Incubation period — 72 h 8 19
Buffer concentration (mM)
N-vanillyl-nonanamide — 0.5 mmol 0.03 26
D-glucose — 0.5 mmol 0.06 37
Enzyme — 40% w/vb-glucose 0.1 42
pH -7 0.15 49
Incubation period — 72 h 0.2 56
0.25 50
Enzyme concentration (% w/w
D-glucose)
N-vanillyl-nonanamide — 0.5 mmol 10 16
D-glucose — 0.5 mmol 20 24
pH -7 30 39
Buffer concentration — 0.2 mM (2 mL) 40 56
Incubation period — 72 h 50 21
75 10
N-vanillyl-nonanamide (mmol)
pH -7 0.2 12
Buffer concentration — 0.2 mM (2 mL) 0.4 14
D-glucose — 0.2 mmol 0.6 23
Enzyme — 40% w/vb-glucose 0.8 24
Incubation period — 72 h 1 32

3nitial reaction conditions’Other variables are the same as under reactioritimTs] except the specified
ones.HPLC yields expressed with respect to 0.5 mmglucose employed except for the last experiment
whereN-vanillyl-nonanamide concentrations was varied withpect to only 0.2 mmaokglucose.
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3.2.1.5 Effect oiN-vanillyl-nonanamide concentration
Effect of N-vanillyl-nonanamide concentration at a constaa mmolD-glucose
(Table 3.10) exhibited increase in glucosylatiamir0.2 mmol (12% vyield) to 0.6 mmol
(23%) and thereafter remained constant upto 1 ng@88). Saturation of 40% (w/\w-
glucose) amyloglucosidase witirvanillyl-nonanamide could result in such enstant
yield beyond 0.6 mmol af-vanillyl-nonanamide.
3.2.1.6 Solubility of 40-(D-glucopyranosyIN-vanillyl-nonanamide
4-0O-(D-Glucopyranosyli-vanillyl-nonanamide was found to be soluinlevater
to the extent of 7.7 g/L (Section 3.7.5). Thus weder insoluble and predominanatly fat
soluble N-vanilly-nonanamide has been rendered water s®lubhrough this
glycosylation reaction.
3.2.2 Syntheses ofi-vanillyl-nonanamide glycosides of other carboydrates using
amyloglucosidase an@-glucosidase

Syntheses ofN-vanillyl-nonanamide glycosides involved wethg N-vanillyl-
nonanamide2 (0.5 mmol) with carbohydrate®-{glucose6, D-galactose?, D-ribose 11,
maltose12, 0.5 mmol) in 100 mL di-isopropyl ether pmesence of amyloglucosidase
(40% w/w of carbohydrate) and 0.2 mM (2 mL) of 0M1pH 7 buffer for an incubation
period of 72 h (Scheme 3.2). The work wpcpdure and isolation of the compounds
were as described on page 74.

Similarly, syntheses oiN-vanillyl-nonanamide glycosides using-glucosidase
involved refluxing N-vanillyl-nonanamide2 (0.5 mmol) with carbohydrate®-glucose
6, D-galactose’, D-mannoses, D-ribosell, maltosel?2, lactosel4, 0.5 mmol) in 100 mL
di-isopropyl ether in presence pfglucosidase (40% w/w of carbohydrate) and 0.2 mM
(2 mL) of 0.01 M pH 7 buffer for an incubation petiof 72 h (Scheme 3.2). The other

details are as described in Section 3.2.
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3.2.3 Spectral characterization

N-Vanillyl-nonanamide glycosides besides meagumnelting point and optical
rotation were also characterized by recording UR/,Mass and 2D-HSQCT spectra.
N-Vanillyl-nonanamide 2 (VN): Solid, mp 58°C, UV (Ethanol,Amay: 201.5 nm
(0 0%, €201.5— 8488 M), 225 nm ¢ — T¢*, €205— 1874 MY), 279 nm fi— T%*, €270— 739
M?), IR (stretching frequency, ¢t 3310 (NH), 3292 (OH), 1432 (C=C), 1643 (CO),
2952 (CH), MS iv2) — 293.2 [M], 2D-HSQCT (DMSOdg): *H NMR 8,y 6.88 (H-2),
6.73 (H-5), 7.03 (H-6), 4.16 (H-7), 2.18 (H-9), 8.4H-10), 1.33 (H-11), 1.34 (H-12),
1.18 (H-13), 1.18 (H-14), 1.18 (H-15), 0.g2-16), 3.83 (OCH), *C NMR &ypm (125
MHz): 135.89 (C1), 110.5 (C2), 150.1 (C3465 (C4), 114.6 (C5), 124.4 (C6), 37.8
(C7), 176.4 (C8), 35.4 (C9), 25.3 (C10), 28.4 (CPB.6 (C12), 28.9 (C13), 31.5 (C14),
22.2 (C15), 13.9 (C16), 55.5 (O@HUIltraviolet-visible spectra is shown in Fig. B&
3.2.3.1 40-(D-GlucopyranosyIN-vanillyl-nonanamide 24ac: Solid, UV QAmay: 196.5
nm (0 — 0%, €1065— 3138 M), 225.5 nm @ — Tt*, €2055— 1625 M), 263 nm {1 T¢*, €263
— 392 MY, IR (stretching frequency, ¢t 3285 (OH), 1274 (glycosidic aryl alkyl C-O-
C asymmetrical), 1032 (glycosidic aryl alktO-C symmetrical), 1429 (C=C), 1639
(CO), 2923 (CH), MS1tV2) — 477.2 [M+Na], 2D-HSQCT (DMSOd;s) Cla-glucoside
24a "H NMR 8ppm Glu: 4.65 (H-Tn, d, J = 3.7 Hz), 3.17 (Hed, 3.72 (H-%1), 3.65 (H-
40), 3.11 (H-®), 3.41 (H-6a)VN: 6.66 (H-2), 6.59 (H-5), 6.77 (H-6), 2.06 (H-9)48&
(H-10), 1.33 (H-11), 1.34 (H-12), 1.21 (H-13)21 (H-14), 1.21 (H-15), 0.83 (H-16),
3.71 (OCH), **C NMR 3,m Glu: 98.7 (Chi), 75.2 (C21), 71.9 (C%), 70.2 (C41), 72.5
(C5a), 60.8 (C@); VN: 130.5 (C1), 111.7 (C2), 147.5 (C3), 145C%#),115.2 (C5),
119.7 (C6), 172.1 (C8), 35.4 (C9), 25.3 (C10), A&I1), 28.6 (C13), 31.1 (C14), 21.9
(C15), 14.1 (C16), 55.6 (OGH C6-O-arylated 24b *H NMR Glu: 3.63 (H-6a)°C

NMR Glu: 67.2 (C@x). C1B-glucoside 24c Solid, mp 107C, UV (H2O Anay: 203.5 nm
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(0 0%, €2035— 7458 M), 226.5 nm ¢ — T, €2265— 2648 M), 276 nm {i— 1%, €276—
850 M%), IR (stretching frequency, ¢t 3280 (OH), 1279 (glycosidic aryl alkyl C-O-C
asymmetrical), 1038 (glycosidic aryl alkyl C-O-Onsyetrical), 1425 (C=C), 1645 (CO),
2925 (CH), optical rotation c¢(0.5, HO): [a]p at 25°C = -23.8, MS (W2) — 456.3
[M+1]*, 2D-HSQCT (DMSOds): *H NMR 8,pmGlu: 4.15 (H-B, d, J = 6.6 Hz), 2.92 (H-
2B3), 3.12 (H-B), 3.66 (H-$B), 3.51 (H-B), 3.40 (H-6a)VN: 6.77 (H-2), 6.61 (H-5),
6.85 (H-6), 2.08 (H-9), 1.49 (H-10), 1.35 (H-11)33a (H-12), 1.21 (H-13), 1.21 (H-14),
1.21 (H-15), 0.84 (H-16), 3.69 (O C NMR &ym Glu: 103.1 (CB), 72.8 (CB),
76.4 (CB), 70 (C4), 73.8 (CB), 61.2 (C@®); VN: 130.2 (C1), 108.8 (C2), 148.3 (C3),
146 (C4), 41.8 (C7), 172.2 (C8), 36.1 (C25,2 (C10), 28.5 (C11), 28.6 (C12), 28.5
(C13), 31.1 (C14), 21.9 (C15), 14 (C16), 52.5 (QCH

Ultraviolet-visible, IR, mass and 2D-HSQCNMR spectra for 4©-(D-
glucopyranosyN-vanillyl-nonanamide24ab for amyloglucosidase catalysed products
were shown in Figures 3.21B, 3.22A, 3.22Rl éh22C respectively. Mass and 2D-
HSQCT NMR spectra for @-(p-D-glucopyranosyly-vanillyl-nonanamide24c for [3-
glucosidase catalysed product are shown in FigRI3A and 3.23B respectively.
3.2.3.2 40-(D-GalactopyranosyIN-vanillyl-nonanamide 25a,b Solid, UV (O Amay):
195.5 nm 6 - 0*, €1055— 3911 M), 226 nm 6 - T¢", €206 — 947 M%), 273 nm fi- T¢*,
£,73— 742 MY, IR (stretching frequency, ¢t 3381 (OH), 1277 (glycosidic aryl alkyl
C-O-C asymmetrical), 1035 (glycosidic aryl yhliC-O-C symmetrical), 1425 (C=C),
1640 (CO), 2926 (CH), 3305 (NH), M®W2) — 452.3 [M-2], 2D-HSQCT (DMSOds)
Cla-galactoside 25a'H NMR dppmGal: 4.95 (H-Io, d, J = 3.5 Hz), 3.65 (Hed), 3.62
(H-30), 3.62 (H-®), 3.35 (H-6a);VN: 6.61 (H-2), 6.42 (H-5), 6.77 (H-6), 4.12 (H-7)

2.07 (H-9), 1.48 (H-10), 1.33 (H-11), 1.21 (H-18)21 (H-14), 1.21 (H-15), 0.84 (H-16),
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3.71 (OCH), **C NMR 3ppm Gal: 95.3 (Ch), 68.8 (C21), 68.9 (C), 70.9 (C%), 62.8
(C60); VN: 130.5 (C1), 111.7 (C2), 147.3 (C3), 145.3 (C45,11(C5), 119.6 (C6), 172.1
(C8), 35.3 (C9), 25.3 (C10), 28.5 (C11), 28.5 (GCB3).2 (C14), 21.9 (C15), 14.1 (C16),
55.5 (OCH). Cip-galactoside 25b Solid, mp 115°C, UV (H,O Amay: 192.5 nm
(0 0%, €1925— 2321 MY, 226 nm 6 T*, €206 — 587 M%), 276.5 nm i TP, €2765—
312 MY, IR (stretching frequency, ¢t 3285 (OH), 1268 (glycosidic aryl alkyl C-O-C
asymmetrical), 1035 (glycosidic aryl alkyl C-O-Onsyetrical), 1438 (C=C), 1634 (CO),
2935 (CH), optical rotationc(0.5, HO): [a]p at 25°C=-9.38,MS (m/2) — 455.3 [MT,
2D-HSQCT (DMSO¢s): 'H NMR ppm Gal: 4.90 (H-B, d, J = 7.3 Hz), 3.40 (H3}
3.68 (H-3), 3.38 (H-6a);VN: 6.64 (H-2), 6.55 (H-5), 6.75 (H-6), 2.06 (H-9)4& (H-
10), 1.10 (H-13), 1.10 (H-14), 1.10 (H-18)82 (H-16), 3.71 (OCH, °C NMR 8ypm
Gal: 101.7 (CB), 74.6 (CB), 76.5 (CB), 62.6 (C®); VN: 130.6 (C1), 145.3 (C4),
115.5 (C5), 118.8 (C6), 41.7 (C7), 174.1 (C8), L9), 25.3 (C10), 28.7 (C11), 28.6
(C12), 28.5 (C13), 31.1 (C14), 22.1 (C15), 14.1§55.5 (OCH).

Infra-red and 2D-HSQCT NMR spectra forO4(D-galactopyranosyl)-vanillyl-
nonanamide25ab for amyloglucosidase catalysed products were shovigures 3.24A
and 3.24B respectively. Mass and 2D-HSQCT NMR specfor 4O-(B3-D-
galactopyranosy-vanillyl-nonanamide 25b for B-glucosidase catalysed product are
shown in Figures 3.25A and 3.25B respectively.
3.2.3.3 40-(B-D-Mannopyranosyl)N-vanillyl-nonanamide 26 Solid, mp 96°C, UV
(H20 Amaw): 202 NM 6 - 0%, €200— 7314 MY), 227 nm 6 — TP, €207 — 2633 M), 273 nm
(Ti- %, €273— 969 MY): IR (stretching frequency, ¢t 3280 (OH), 1277 (glycosidic
aryl alkyl C-O-C asymmetrical), 1030 (glycasicryl alkyl C-O-C symmetrical), 1432

(C=C), 1634 (CO), 2928 (CH), optical rotatim0.5, HO): [a]p at 25°C= -15, MS
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(M/2) — 455.3 [M], 2D-HSQCT (DMSOds): 'H NMR dppmMan: 4.61 (H-B, d, J = 3.1
Hz), 3.39 (H-B), 3.38 (H-3B), 3.36 (H-$), 3.38a, 3.22b (H-6)/N: 6.64 (H-2), 6.55 (H-
5), 6.75 (H-6), 2.06 (H-9), 1.48 (H-10), 1.10 (H)}13.10 (H-14), 1.10 (H-15), 0.82 (H-
16), 3.71 (OCH); **C NMR 3 mMan: 101.6 (CB), 72.5 (CB), 73.3 (CB), 67.5 (CB),
62.1 (C); VN: 130.6 (C1), 111.8 (C2), 147.5 (C3), 145.5 (C45K.B (C5), 119.8 (C6),
41.9 (C7), 172.3 (C8), 35.5 (C9), 25.4 (C10), 2€11), 28.6 (C12), 28.6 (C13), 31.3
(C14), 22.1 (C15), 14.1 (C16), 55.6 (OgH
Infra-red and 2D-HSQCT NMR spectra forG4{3-D-mannopyranosyl)-vanillyl-

nonanamid&6 are shown in Figures 3.26A and 3.26B respectively.
3.2.3.4 40-(D-Ribofuranosyl)N-vanillyl-nonanamide 27ab: Solid, UV (HO Amay:
201.5 nm ¢ - 0*, €2015— 3429 M), 268.5 nm {i— T¢*, €265.5— 1194 M), IR (stretching
frequency, cm): 3288 (OH), 1275 (glycosidic aryl alkyl C-© asymmetrical), 1034
(glycosidic aryl alkyl C-O-C symmetrical), 192C=C), 1640 (CO), 2924 (CH), MS
(M2) — 422.3 [M-2], 2D-HSQCT (DMSQd;) Cla-riboside 27a 'H NMR &ypm Rib:
5.25 (H-To, d, J = 3.5 Hz), 3.40 (Hed, 3.50 (H-31), 3.88 (H-41), 3.61 (H-5a)VN: 6.27
(H-2), 6.14 (H-5), 6.78 (H-6), 4.12 (H-7), 2.12 @;1.48 (H-10), 1.32 (H-11), 1.21 (H-
13), 1.21 (H-14), 1.21 (H-15), 0.83 (H-16), 3.7000@), *C NMR &,,mRib: 96.1 (Ch),
72.5 (C21), 71 (C3), 67.1 (C4), 62.5 (CH); VN: 130.5 (C1), 111.8 (C2), 147.5 (C3),
145.4 (C4),115.1 (C5), 119.6 (C6), 41.8 (C7),.17(C8), 35.3 (C9), 25.3 (C10), 28.5
(C11), 28.6 (C13), 31.2 (C14), 21.9 (C15), 14.2655.6 (OCH), C1p-riboside 27h
'H NMR 8,pmRib: 4.90 (H-B, d, J = 6.3 Hz), 3.75 (HB), 3.26 (H-5a);*C NMR &,pm
Rib: 101.4 (CB), 67.1 (CH), 62.9 (CB).

Infra-red and 2D-HSQCT NMR spectra for G¥D-ribofuranosyiN-vanillyl-

nonanamid®7ab are shown in Figures 3.27A and 3.27B respectively.
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3.2.3.5 40-(a-D-Glucopyranosyl-(1’' - 4)D-glucopyranosylN-vanillyl-nonanamide
28ad: Solid, UV (HtO Amay): 198 nm ¢ 0*, €105 — 6023 MY), 225 nm ¢ — 0*, €225 —
826 M%), 279.5 nm - T, €705— 819 MY, IR (stretching frequency, ¢ 3382
(OH), 1254 (glycosidic aryl alkyl C-O-C asymmeti)¢ca 027 (glycosidic aryl alkyl C-O-
C symmetrical), 1405 (C=C), 1631 (CO), 2927 JCMS (m/2) — 639.5 [M+Na], 2D-
HSQCT (DMSOds) Cla-maltoside 28a 'H NMR Jppm Malt: 4.95 (H-Tn, d, J = 3.7
Hz), 3.10 (H-21), 3.32 (H-4x), 3.26 (H-%), 3.68 (H-6a), 4.63 (H &), 2.88 (H-3), 3.65
(H-4'), 3.62 (H-5), 3.55 (H-6a); VN: 6.12 (H-2), 6.22 (H-5), 6.70 (H-6), 4.12 (H-7)12
(H-9), 1.48 (H-10), 1.20 (H-13), 1.20 (H-14), 1.¢0-15), 0.82 (H-16), 3.62 (OCH **C
NMR 3,,mMalt: 100.5 (Ch), 72.8 (C2), 79.2 (C4), 74.5 (CH), 61.2 (Cé), 98.1
(Cl'a), 74.9 (C3), 72.8 (C4), 70.1 (C5), 61.3 (CH); VN: 130.1 (C1), 110.7 (C2), 115.2
(C5), 119.6 (C6), 41.7 (C7), 172.1 (C8), 35.3 (CI,3 (C10), 28.6 (C11), 28.5 (C12),
28.5 (C13), 31.1 (C14), 21.9 (C15), 14.1 (CEH,5 (OCH). C6-O-arylated 28b; H

NMR Glu: 3.68 (H-6a)."*C NMR Glu: 66.1 (C&). C6-O-arylated 28c *H NMR Glu:
3.55 (H-6a),"*C NMR Glu: 67.1 (C8). C1B-maltoside 28d Solid, mp 135C, UV (H,O
Amay: 199.5 Nm ¢ - G*, €190.5— 9300 M), 225 nm ¢ - Tt*, €205 — 2818 M'), 280.5 nm
(Tl- ¢, €2805— 1347 MY), IR (stretching frequency, ¢t 3345 (OH), 1249 (glycosidic
aryl alkyl C-O-C asymmetrical), 1037 (glycasidaryl alkyl C-O-C symmetrical), 1410
(C=C), 1662 (CO), 2917 (CH), optical rotatior Q.5, HO): [a]p at 25°C= +7.3,MS
(M/2) — 615.4 [M-2], 2D-HSQCT (DMSOd): *H NMR 8,pmMalt: 4.88 (H-B, d, J =
6.2 Hz), 3.20 (H-B), 3.42 (H-6a), 4.95 (H:&), 3.05 (H-2), 2.92 (H-3), 3.65 (H-4),
3.61 (H-8), 3.55 (H-6); VN: 6.65 (H-2), 6.60 (H-5), 6.80 (H-6), 4.12 (H-7), 2.(H-9),
1.21 (H-13), 1.21 (H-14), 1.21 (H-15), 0.83 (H-18)70 (OCH); *C NMR &pmMalt:

98.5 (CB), 75 (CB), 61.2 (C®), 100.7 (Cla), 74.1 (C2), 74.2 (C3), 73 (C4), 70.2
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Phenolic glycosides

(C5), 60.8 (C6); VN: 111.7 (C2), 145.3 (C4), 115.2 (C5), 119.6 (CA).84(C7), 172.1
(C8), 35.4 (C9), 25.3 (C10), 28.6 (C11), 28.5 (CBA).2 (C14), 21.9 (C15), 14.1 (C16),
55.6 (OCH).

Mass and 2D-HSQCT NMR spectra forO4e-D-glucopyranosyl-(1-4)D-
glucopyranosyN-vanillyl-nonanamide 28a-c for amyloglucosidase catalysed products
were shown in Figures 3.28A and 3.28B rethgadg. Infra-red and 2D-HSQCT NMR
spectra for 4-(a-D-glucopyranosyl-(1-4)B-D-glucopyranosyli-vanillyl-nonanamide
28d for B-glucosidase catalysed product are shomvnFigures 3.29A and 3.29B
respectively.
3.2.3.6 40-(a-D-Galactopyranosyl-(1'- 4)B-D-glucopyranosylN-vanillyl-nonanamide
29: Solid, mp 126C, UV (HO Amay): 192.5 nm ¢ — 0*, €1025— 9823 M), 222.5 nm
(0 TP, €2025— 5334 MY), 252.5 nm1i— T¢, €250.5— 4553 M%), 283.5 nm 1l Tt*, €283.5—
2877 MY), IR (stretching frequency, ¢t 3345 (OH), 1273 (glycosidic aryl alkyl C-O-
C asymmetrical), 1037 (glycosidic aryl alk§tO-C symmetrical), 1415 (C=C), 1662
(CO), 2918 (CH), optical rotatiorc (0.5, HO): [a]p at 25°C = +16, MS (2) — 615.5
[M-2]*, 2D-HSQCT (DMSOdg): 'H NMR &y Lact: 4.80 (H-B, d, J = 7.4 Hz), 3.15
(H-2B), 3.45 (H-P), 3.48 (H-6a), 4.16 (HB), 3.22 (H-3), 3.81 (H-4), 2.98 (H-5), 3.36
(H-6'); VN: 6.76 (H-2), 6.65 (H-5), 6.80 (H-6), 4.10 (H-7)02 (H-9), 1.21 (H-13), 1.21
(H-14), 1.21 (H-15), 0.84 (H-16), 3.65 (OGH"*C NMR &,,m Lact: 102.9 (CB), 76.5
(C2B), 70.8 (CR), 60.6 (C®), 103.6 (CIB), 73 (C3), 68.2 (C4), 73.5 (C%), 62.6 (C6);
VN: 130.5 (C1), 111.7 (C2), 147.4 (C3), 130.5 (C45.1 (C5), 119.7 (C6), 41.8 (C7),
172.5 (C8), 35.4 (C9), 25.2 (C10), 28.6 (C11), A&%2), 27.3 (C13), 31.1 (C14), 21.9

(C15), 14.2 (C16), 55.4 (OGM
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Infra-red and 2D-HSQCT NMR spectra foiG¥{[3-D-galactopyranosyl-(1- 4)3-
D-glucopyranosyN-vanillyl-nonanamide29 are shown in Figures 3.30A and 3.30B
respectively.

UV spectra ofN-vanillyl-nonanamide glycosides, showed shitis ¢ — o* band
in the 192.5 — 203.5 nm (201.5 nm for freganillyl-nonanamide) regiony - 1 band

in the 225 — 227 nm (225 nm for freevanillyl-nonanamide) region arm- 1 band in
the 263 — 283.5 nm (279 nm for freevanillyl-nonanamide) region, IR C-O-C
asymmetrical stretching frequencies in the 41251279 cnrl region and symmetrical
stretching frequencies in the 1027 -38l0cnt region indicating thatN-vanillyl-
nonanamide had undergone glycosylation. Frown 2D HSQCT spectra of the-
vanillyl-nonanamide glycosides, the followingyapside formation were confirmed from
their respective chemical shift values: frorglucose6 Cla glucoside24ato Cla at
98.7 ppm and H-d at 4.65 ppm, C&®-arylated24bto C6 at 67.2 ppm and H-6a at 3.63
ppm and Cf glucoside24c to C13 at 103.1 ppm and H3lat 4.15 ppm; fronp-
galactose7 Cla galactoside25ato Cla at 95.3 ppm and Hedat 4.95 ppm and @1
galactoside25b to C13 at 101.7 ppm and H3lat 4.87 ppm; fronp-mannose8 C13
mannoside6to C13 at 101.6 ppm and HBlat 4.61 ppm; frond-ribosell1 Cla riboside
27ato Clo at 96.1 ppm and Helat 5.25 ppm and @lriboside27bto C13 at 101.4
ppm and H-f at 4.90 ppm; from maltose2 Cla maltoside28ato Cla at 100.5 ppm
and H-In at 4.95 ppm, C&®-arylated 28 to C6 at 66.1 ppm and H-6a at 3.68 ppm and
C6-O-arylated28cto C6 at 67.1 ppm and H-6at 3.55 ppm and @Glmaltoside28d to
C1B at 98.5 ppm and HBlat 4.88 ppm; from lactoskt C13 lactoside29to C13 at 102.9
ppm and H-B at 4.80 ppm. Mass spectra also confirmexd ftimation of the above

mentioned glycosides.

116



i \ A
I N \ | »
o N
] \ I Y
] \\ \il’“‘ /’\\ [‘/\,
8 ] / \ N J / T\ /
60 | [ \
R A lehs 48
g ] / Il g ) we | Y e
£ | V@] SN =3 o
2 1 | / ‘N - l o ( °°v / el
\ o 3
E 40 \ / ® ‘ o ’l | S in
R \ /R B W Fg
j / g wo P f ©
T O -~
| IO T
20 \ / g IZ e
- -~ (o
' N 3
< 0 v
0] 23 S
4000 T 3000 2000 1000
Wavenumbers (cm-1)
ppm
- 40
o P B
- 50
@ OCH3GY
%{C6Region Free[ 60
C2aFree C4'Free Co Glly
C4'Gly C3'F réz r
S < S Gly
- 70
C40oFre
C5'Free[- gg
= Q@ C2BFree C3'Gly
ClaFree L 90
—_—
J C1BFree
—=
100
R ; .
C1pGly C1'Free
110
T T T i T T T T T T T T
50 48 46 44 42 40 38 36 34 32 30 ppm

Fig. 3.304-O-(B-D-Galactopyranosyl-(1- 4)B3-D-glucopyranosyN-vanillyl-nonanamide

29 (A) IR spectrum an@B) 2D-HSQCT spectrum showing the C1:Gégion. Some of
the assignments are interchangeable.



Phenolic glycosides

3.2.4 Discussion

Syntheses of-vanillyl-nonanamide glycosides with carbohydravesre attempted
under optimum conditions. The spectral characteomaon the products formed (Section
3.2.3) and the vyields are shown in Tabl#13.The following carbohydrates were
glycosylated:D-glucose6, D-galactose/, D-mannoseB, D-ribosell, maltosel?2, lactose
14. The reaction did not occur without thes wf both the glucosidases employed. Of
these, amyloglucosidase catalysis gave risehéo following four glycosides: @-(D-
glucopyranosylN-vanillyl-nonanamide  24a,b 4-O-(D-galactopyranosyl-vanillyl-
nonanamide25a,b 4-O-(D-ribofuranosyIN-vanillyl-nonanamide27a,b and 40-(a-D-
glucopyranosyl-(1- 4)D-glucopyranosyiy-vanillyl-nonanamide 28ac. [-Glucosidase
catalysis gave rise to the following six agigides: 49-([3-D-glucopyranosyN-vanillyl-
nonanamide 24¢,  4-O-(B-D-galactopyranosyl-vanillyl-nonanamide 25b, 4-O-(B3-D-
mannopyranosy-vanillyl-nonanamide 26, 4-0O-(D-ribofuranosylN-vanillyl-
nonanamide 27a,h  4-O-(a-D-glucopyranosyl-(1- 4)3-D-glucopyranosyiy-vanillyl-
nonanamide28d and 40-(B-D-galactopyranosyl-(1- 4)B-D-glucopyranosyN-vanillyl-
nonanamide29. All these glycosides were soluble in water tdedé@nt degrees and also
less pungent. They could hence be used in phartiealeapplications.

Both amyloglucosidase arféiglucosidase did not catalyse the reactioth \mi
fructose 9, D-arabinoselQ, sucrosel3, D-sorbitol 15 and b-mannitol 16. Also, while 3-
glucosidase catalysed reaction with lactdge amyloglucosidase did not-Vanillyl-
nonanamide2 could bind to these enzymes more stronghntthe above carbohydrate

molecules to the nucleophilic phenolic OHNafanillyl-nonanamide2.
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Table 3.11 Syntheses of N-vanillyl-nonanamide gijdes.

Phenolicglycosides

Amyloglucosidase catalysis  B-Glucosidase catalysis

Glycosides Product (% Yields Product (%  Yields
proportionf (%)° proportionf (%)°
HY\/\/\/\CHP, H n\n/\/\/\/\CH3
© N\(\/\/\ACH3 °
O/CHa é\o O/CHs
HoH ¢ H <O o e H O Cla gl ide (70
H HOAS O o glucoside (70), :
7T " AV T C6-O-arylated (30) >0 ClPglucoside 35

24a4-0O-(a-D-GlucopyranosyN-vanillyl-nonanamide
24b 4-O-(6-D-GlucopyranosyN-vanillyl-nonanamide

24¢ 4-0O-(B-D-GlucopyranosyN-vanillyl-nonanamide
H

N\[O]/\WCH3 EY\/\/\/\CH3
o
o e é\o/&b
O omH L H = ould on
HW 1 \
o H HO™ HO
H HO
25a4-0O-(a-D-GalactopyranosyN-vanillyl-nonanamide
25b 4-O-(-D-Galactopyranosyl-vanillyl-nonanamide
H

Cla galactoside (42),

C1p galactosides (58) 14 C1B galactoside 26

NY\/\/\/\CHg
[e]
ChHg
HO L H
o/mH OH
Ol OH
OH,C [}

26 4-O-(-D-MannopyranosyN-vanillyl-nonanamide

C1B8 mannoside 24
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H
N
WCHs NY\W\CH3
o
CH
o 3 CHy
OH CH,OH o~
HO o u 0¢
HH HH
H ot HO H
CH,0H OH

27a4-0O-(a-D-Ribofuranosylj-vanillyl-nonanamide
27b 4-O-(B-D- Rlbofuranosylw vanlllyl -nonanamide

Cla riboside (33),
C1B riboside (67)

Cla riboside (30),

C1B riboside (70) 10

\n/\/\/\/\ o
o~ I—?OHZC 0
o H H o~ ChHy

o
OH'

HOHQC H
_CHy

H OHC HH
H o OH OHH

HoM,C h, OHHOH HH oH
H OH
HoH,c |}

HOH OoH

28a4-0O-(a-D-Glucopyranosyl-(1- 4)0(-D-g|ucopyranosylﬁl-vanilIyI-nonanamide
28b 4-O-(a-D-Glucopyranosyl-(1- 4)6-D-glucopyranosyN-vanillyl-nonanamide
28c 4-0O-(a-D-Glucopyranosyl-(1- 4)6 -D-glucopyranosyN-vanillyl-nonanamide

Cla maltoside (11),
C6-O-arylated (40), 15
C6-O-arylated (49)

C1B maltoside 9

28d 4-O-(a-D-Glucopyranosyl-(1- 4)B-D-glucopyranosyN-vanillyl-nonanamide

N
\n/\/\/\/\CH3
o
_CHy HO—, OH
o H
HOH,C H H

0, H o OH

OH || OHy

), OHy

29 4-O-(B-D-Galactopyranosyl-(1- 4)3-D-glucopyranosyN-vanillyl-nonanamide

C1p lactoside 28

 N-Vanillyl-nonanamide and carbohydrate — 0.5 mmalhe@nzyme concentration 40% w/w of carbohydrasésesit— di-isopropyl ether; buffer — 0.2 mM (2 mL) pH 7
phosphate buffer; incubation period — 72°fihe product proportions were determined from themanf respectivéH/**C signals‘Conversion yields were from HPLC with

respect to free carbohydrate. Error in yield measments ist 10%.
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Amyloglucosidase clearly exhibited its ‘invedl potentiality in the glycosylation
giving rise to thea-D-glucoside - 70% of the-glucoside without thgd component
compared to the 40:68: 3 anomeric composition ai-glucose employedy-D-galactoside
- 42% a and 58%[3 compared to the 92:8: 3 anomeric composition af-galactose
employed andx-D-riboside - 33%a and 67%f(3 compared to the 34:66. B anomeric
composition ofb-ribose employed. Both the glucosidases dawe conversions withp-
ribose and maltose< (10%). Amyloglucosidase catalysis gave €hnd 3 glycosides -
glucose gave exclusively-D-glucoside only) along with C&- aryl derivatives (Table
3.11). However, 3-glucosidase catalysis gave exclusivelyp Cdlycosides with the
exception ofD-ribose, indicating its capability to exhil@kcellent regioselectivity in this
glycosylation with the carbohydrate molecuteglucose6, D-galactose7, D-mannoses,
maltosel2 and lactosd 4 (Table 3.11).

Even the presence of hydrophobic bulkikyl side chain inN-vanillyl-
nonanamide did not pose much of a stendraince when the carbohydrate molecules
were transferred to its phenolic OH wupo About 13 individual glycosides were
synthesized enzymatically using both the glucogigasf which 10 are being reported for
the first time. The new glycosides reportak: 40O-(D-galactopyranosyl-vanillyl-
nonanamide 25a,h  4-O-(B-D-mannopyranosy-vanillyl-nonanamide 26, 4-O-(D-
ribofuranosyiN-vanillyl-nonanamide 27a,h  4-O-(a-D-glucopyranosyl-(1- 4)D-gluco
pyranosyIN-vanillyl-nonanamide 28ad and 40O-(B-D-galactopyranosyl-(1 4)3-D-
glucopyranosyN-vanillyl-nonanamide29.

3.3 Syntheses of curcuminyl-bis-glycosides

Curcumin [1E,6E-1,7-di(4-hydroxy-3-methoxy-phenylB-heptadiene-3,5-

dione], a yellow pigment of turmeric (the driedzdme ofCurcuma longa belonging to

Zingiberaceae) is nobnly used primarily as a food colorabut also as a
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pharmacologically-active principle of turnterin folk medicine with potent anti-
oxidative, anti-inflammatory and anti-leishmdn{@&omeset al. 2002) activities. It is
highly lipophilic and insoluble in watemnvhich limits its further pharmacological
exploitation and practical application. Curtgntvery few reports are available on the
synthesis of curcuminyl glycosides (Hergenhahral. 2002; Kaminagaet al. 2003;
Mohri et al. 2003). Curcumin could be glycosylated enzymaticalsing
amyloglucosidase frorRhizopus mold at both the phenolic hydroxyl groups whiclveya
a bis-glycosylated products (Vijayakumar and Divak@05; Vijayakumagt al. 2006).

Since the bis-glycosides formed were water solthdepresent investigation was
undertaken to usB-glucosidase isolated from sweet almond f@& pineparation of the
glycosides (Scheme 3.3).

The reaction conditions employed were: 0.2athol curcumin, 1 mmob-
glucose, 10-75% (w/wp-glucose)-glucosidase, 0.04-0.2 mM (0.4-2 mL of 0.0
buffer in 100 mL of reaction mixture), pH 4-8 buff@ di-isopropyl ether solvent and 3
to 120 h reflux (Scheme 3.3). After the reactioa $blvent was distilled off and held in a
boiling water bath for 5-10 min to denature #nzyme. Then the reaction mixture was
dissolved in 20-30 mL of water and fiterddrough Whatmann filter paper No. 1 to
remove unreacted curcunihand the filtrate was evaporated to dryne$be reaction
mixture was monitored by HPLC on an aminopropyuowi (250 mnx 4.6 mm), using
acetonitrile:water (70:30 v/v) as a mobileapd and a refractive index detector (Fig.
3.31). The other procedures are as descubegage 74. HPLC analysis showed the
following retention timesD-glucose-7.2 min, 1,0-(bis{3-D-glucopyranosyl)curcumin-
10.3 min, D-galactose-7.1 min, 1@-(bis-D-galactopyranosyl)curcumin-10.1 mim-
mannose-6.7 min, 1@-(bis-D-mannopyranosyl)curcumin-9.9 min, lactose-9.3 @and

1,7-0-(bis3-D-galactopyranosyl-(1 4)-D-glucopyranosyl)curcumin-14.1 min.
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D-glucose-7.2 min and 1,@-(bisf3-D-glucopyranosyl)curcumin -10.3 min.
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Scheme 3.38yntheses of curcuminyl-bis-glycosides
3.3.1 Synthesis of 1,D-(bis--D-glucopyranosyl)curcumin using’-glucosidase
In the present work, synthesis of Q1(bis{3-D-glucopyranosyl)curcumin using
B-glucosidase from sweet almond was optimizederms of incubation period, pH,
buffer, enzyme and curcumin concentration in dprs@yl ether solvent.
3.3.1.1 Effect of incubation period
In presence of 0.1 mM (1 mL), pH 7 buf@end 40% (w/wD-glucose) 3-
glucosidase, a reaction mixture of curcumib fhmol andd-glucose 1 mmol did not
show any significant change in conversionouf? h (3-12 h, yield-18%). Further
increase in incubation period increased theogylation upto 72 h and thereafter the
yield decreased (120 h, yield-17%, Fig. 3.32A, €&l 2).

3.3.1.2 Effect of pH
The added buffer pH was varied from pH 4 twith 0.1 mM (1 mL) of buffer

concentration and the conversion yield showed piaf7 gave the maximum conversion
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Fig. 3.32 (A) Reaction profile for 1,13-(bis{f3-D-glucopyranosyl) curcumin synthesis
by the reflux method. Conversion yields were frofAL& with respect to 1 mmol af-
glucose. Reaction conditions: curcumin-0.5 mnmlucose-1 mmolB-glucosidase-
40% (w/w D-glucose), 0.1 mM (1 mL), pH 7 phosphate buffedyvesot-di-isopropyl
ether and temperature-88 and(B) Effect of curcumin concentration for 10~bis{3-
D-glucopyranosyl) curcumin synthesis. Reaction coma: D-glucose-1 mmol,3-

glucosidase-40% (w/w-glucose), 0.1 mM (1 mL), pH 7 phosphate buffetyesot-di-

isopropyl ether, temperature-68 and incubation period — 72 h
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of 44% (Table 3.12). There was no conversion atdp&hd the yields were low at other
pH values.
3.3.1.3 Effect of buffer concentration

Effect of buffer concentration at pH 7, sleolwthat conversion yield increased
with increase in buffer concentration fron@4.to 0.08 mM (0.4 to 0.8 mL) with the
maximum yield of 44% at 0.08 mM (0.8 mL). Increasevater activity at higher buffer
concentrations (0.08 mM), increased the conweraiore, besides solublisimgglucose
(Table 3.12).

3.3.1.4 Effect of -glucosidase concentration

Effect of increasing-glucosidase concentration from 10 to 75% (vioAglucose)
showed that 40% (w/wb-glucose) enzyme was required to reachmaximum
glucosylation of 44% (Table 3.12). Still, ther increase in enzyme concentrations

decreased the conversion yield (75% enzyme-19%)yiel

3.3.1.5 Effect of curcumin concentration

At the above-mentioned optimum conditions, camcuconcentration was varied
from 0.2 mmol - 2 mmol (Fig. 3.32B, Tal8e12). Higher concentration of curcumin
showed its inhibitory nature to the enzyme (2 mmeld 20%). A 0.4 mmol of curcumin
gave the highest conversion of 33% and amive yield decreased from 0.8 mmol
curcumin (yield-26%) to 2 mmol (yield-20%).
3.3.1.6 Solubility of 1,70-(bis--D-glucopyranosyl)curcumin

Determination of the water solubility of 1Q~bis{3-D-glucopyranosyl)curcumin
showed that it is soluble to the extent of 14 (fBlection 3.7.5) with good lanting color.
Since, curcumin itself was not water soluble theyeratic method was quite effective in

yielding water soluble 1,0-(bis-3-D-glucopyranosyl)curcumin.
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Table 3.12 Optimization of reaction conditions for the syntBe®f 1,7O-(bis{3-D-

glucopyranosyl)curcuminsing3-glucosidase

Reaction conditions

Variable paraméter Yields (%

Incubation period (h)

Curcumin — 0.5 mmol 3 18
D-Glucose — 1 mmol 6 18
pH—7 12 18
Buffer concentration — 0.1 mM (1 mL) 24 22
B-Glucosidase — 40 % w/m-glucose 48 28

72 44

96 35

120 17

pH (0.01M)
Curcumin- 0.5 mmél 4 No yield
D-Glucose — 1 mmol 5 15
B-Glucosidase — 40 % w/m-glucose 6 23
Buffer concentration — 0.1 mM (1 mL) 7 44
Incubation period — 72 h 8 18
Buffer concentration
(mM)
Curcumin — 0.5 mmol 0.04 25
D-Glucose — 1 mmol 0.08 44
B-Glucosidase — 40 % w/m-glucose 0.12 20
pH -7 0.16 15
Incubation period — 72 h 0.2 14
B-Glucosidase
concentration (% w/vb-
glucose)

Curcumin — 0.5 mmol 10 9
D-Glucose — 1 mmol 20 10
pH—7 30 14
Buffer concentration — 0.1 mM (1 mL) 40 44
Incubation period — 72 h 50 23

75 19

Curcumin (mmol)

pH -7 0.2 28
Buffer concentration — 0.1 mM (1 mL) 0.4 33
D-Glucose — 1 mmol 0.8 26
B-Glucosidase — 40 % w/m-glucose 1.2 22
Incubation period — 72 h 2 20

Jnitial reaction conditions’Other variables are the same as under reactioritore] except the specified
onesHPLC yields expressed with respect to 1 mmallucose employed.
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3.3.2 Syntheses of curcuminyl-bis-glycosidesf other carbohydrates using(-
glucosidase

Under the above optimized conditions, curcuminghgliycosides were
synthesized with other carbohydrate&sg{ucose6, D-galactose7, D-mannose8 and
lactose14, 1 mmol). Optimum conditions employed werarcamin 3 (0.5 mmol) with
carbohydrates (1 mmolB-glucosidase (40% w/w of carbohydrate) and 0.1 miMn()
of 0.01 M pH 7 buffer for an incubation period & i in 100 mL di-isopropyl ether. The
work up and isolation procedure was as describepbges 74 and 121.
3.3.3 Spectral characterization

The isolated curcuminyl-bis-glycosides besid@easuring melting point and
optical rotation were also characterized bgording UV, IR, Mass and 2D-HSQCT
spectra, which provided good information on theuretand proportions of the products
formed.
Curcumin 3: Solid; mp 178°C, UV (EthanolAmay): 201.5 nm ¢ - 0*, €201.5— 25829 M
Yy, 224 nm ¢ T, €04— 10845 NI), 256 nm fi—Tt, €56— 12987 NI), 427.5 nm
(n— 1 extended conjugatiores,7s— 56536 M), IR (stretching frequency, ¢t 1628
(CO), 3340 (OH), 1602 (aromatic C=Cl NMR &,om (500.13 MHz): 3.84 (6H, s, 2-
OCHg), 6.05 (1H, s, H-1), 6.76 (2H, d, J = 15.8 Hz, U, 7.57 (2H, d, J = 15.8 Hz, H-
4,13), 7.32 (2H, s, H-6,15), 6.82 (2H, d, J = 82 H-9,18), 7.15 (2 H, dd, J = 1.45 Hz,
H-10,19) (Venkateshwaralet al. 2005). Ultraviolet-visible spectra is shown Hig.
3.33A.
3.3.3.1 1,79-(Bis3-D-glucopyranosyl)curcumin 3Q Solid; mp 148°C, UV (HO,
Amay): 204 NM 6 0%, €204- 1450 MY), 225 nm ¢ - Tt*, €205- 912 M%), 277 nm - T,
€77 — 759 MY), 421 nm (n-T* extended conjugatiores, — 147 MY: IR (stretching

frequency, cil): 1657 (CO), 1029 (aryl alkyl C-O-C symmetricadl25 (glycosidic aryl
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alkyl C-O-C asymmetrical), 1598 (C=C), 3348 (OHptical rotation fi]*p = -13.3(c 1,
H,0), MS (W2) - 691 [M-1], 2D-HSQCT (DMSOds) *H NMR 8ypm (500.13 MHz)Glu:
4.16 (H-B, d, J = 7.8 Hz), 3.28 (HB}, 3.03 (H-B), 3.75 (H-4), 3.10 (H-B), 3.60 (H-
6a),Cur: 3.82 (6H, s, 2-OC}}, 6.10 (1H, s, H-1), 6.53 (2H, d, J = 15.8 Hz, A7), 6.81
(2H, d, J = 8.2 Hz, H-9,18}3C NMR &,y (125 MHz) Glu: 103.2 (CB), 76 (CB), 79
(C3B), 70.5 (CB), 79 (CB), 62.1 (CB), Cur: 56 (OCH), 102 (C1), 183 (C2,C11),
121.3 (C3,C12), 148.4 (C7,C16), 150 (C8,C17), 1169C18).

Ultraviolet-visible, IR and 2D-HSQCT NMR spextrfor 1,70-(bis{3-D-
glucopyranosyl)curcumiBO are shown in Figures 3.33B, 3.34A and 3.34B rdspsg.
3.3.3.2 1,70-(Bis-D-galactopyranosyl)curcumin 31a,b Solid; UV (HO, Amay: 193.5
M (0 - 0%, €1035- 10956 M), 226.5 nm ¢ — Tt*, €2065- 3126 MY), 263.5 nm fi— T,
€2635— 1987 MY, 410 nm (n- ", extended conjugatiorgso— 298 MY, IR (stretching
frequency, cm): 1634 (CO), 1033 (glycosidic aryl alkyl @-C symmetrical), 1230
(glycosidic aryl alkyl C-O-C asymmetrical), 115 (C=C), 3285 (OH), MSn{z) - 693
[M+1] *, 2D-HSQCT (DMSQdq) Bis-Cla-galactoside 31a ‘H NMR &,,m (500.13
MHz) Gal: 4.99 (H-In, d, J = 3.5 Hz), 3.68 (HeD), 3.72 (H-3), 3.75 (H-41), 3.58 (H-
5a), 3.38 (H-6a)Cur: 3.46 (6H, s, 2-OCH}, 6.10 (H-1), 7.20 (H-6,15),°C NMR &y
(125 MHZ) Gal: 95.7 (C1r), 68 (C2x), 70.5 (C2), 69.5 (C4), 69.5 (CH), 62.9 (C&),
Cur: 53 (OCH), 103.7 (C1), 169.5 (C2,C11), 126.4 (C3,C12), {06,C15),Bis-C1p-
galactoside 31b 'H NMR dppm Gal: 4.93 (H-B, d, J = 6.2 Hz), 3.36 (HR3, 3.34 (H-
4B), 3.30 (H-B), 3.39 (H-6a);°C NMR &,m Gal: 102.1 (CB), 74.5 (CB), 73 (CP),
72.5 (CB), 63.2 (C®).

Infra-red and 2D-HSQCT NMR spectra for 7 (bis-D-

galactopyranosyl)curcumiBla,bare shown in Figures 3.35A and 3.35B respectively.
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Fig. 3.34 1,7-O-(Bis-B-D-glucopyranosyl)curcumirB0 (A) IR spectrum andB) 2D-HSQCT
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3.3.3.3 1,70-(Bis-D-mannopyranosyl)curcumin 32a,b Solid; UV (O, Amay): 192 nm
(0 0%, €19o— 11258 M), 224.5 nm ¢ — Tt*, €2045- 4378 M), 269 nm fi— TT*, €260—
2219 MY, 411.5 nm (n.- ¢, extended conjugatiorgsis— 321 MY, IR (stretching
frequency, ci): 1680 (CO), 1073 (glycosidic aryl alkyl @-C symmetrical), 1245
(glycosidic aryl alkyl C-O-C asymmetrical), 9% (C=C), MS 1fv2) - 692 [M]*, 2D-
HSQCT (DMSO#g) Bis-Cla-mannoside 32a*H NMR dppm (500.13 MHz)Man: 5.01
(H-1a, d, J = 1.9 Hz), 3.62 (Hed, 4.52 (H-3), 3.55 (H-41), 3.72 (H-®), 3.42 (H-6a),
Cur: 3.45 (6H, s, 2-OCH, 6.10 (1H, s, H-1)*C NMR &y, (125 MHz) Man: 100
(Cla), 71.5 (C2), 73.3 (C®), 68 (C4r), 71.5 (Ch), 62 (C6x), Cur: 53 (OCH), 101.8
(C1), 109 (C6,C15)Bis-C1B-mannoside 32b*H NMR dppmMan: 4.90 (H-B, d, J =3.4
Hz), 3.42 (H-B), 3.41 (H-4), 3.11 (H-B), 3.52 (H-6a)*C NMR &,,mMan: 102 (CB),
71.5 (CB), 67.5 (C4), 77 (CPB), 62.5 (C®).

Figure 3.36A shows mass spectrum and FigBt86B and 3.36C show 2D-
HSQCT NMR spectrum for 1,0-(bis-D-mannopyranosyl)curcumisa, b
3.3.3.4 1,70-(Bis-a-D-galactopyranosyl-(1'- 4)D-glucopyranosyl)curcumin 33a,b
Solid; UV (0, Ama): 195 Nm ¢ — 0%, €105- 4975 MY), 226 nm ¢ - Tt*, €206— 1469 M
1), 275.5 nm i Tt*, €2755- 684 M?), 410.5 nm (n- T*, extended conjugationgaros—
168 M%), IR (stretching frequency, ¢ 1032 (glycosidic aryl alkyl C-O-C
symmetrical), 1236 (glycosidic aryl alkyl C-O-d3ymmetrical), 3416 (OH), MSn(2) -
1016 [M[, 2D-HSQCT (DMSQds) Bis-Cla-lactoside 33a *H NMR &ym (500.13
MHz) Lact: 5.02 (H-In, d, J = 2.3 Hz), 3.58 (Hed, 3.75 (H-4x), 3.55 (H-H), 3.68 (H-
6a), 4.15 (H-1o), 3.18 (H-2), 3.72 (H-4), 3.52 (H-6), Cur: 3.81 (6H, s, 2-OC}J, 6.68
(2H, H-3,12), 7.35 (2H, H-4,13), 6.90 (2H;%18); °C NMR &ypm (125 MHz) Lact:

95.5 (Ch), 69 (C3), 70.2 (C4&), 73 (C®), 61 (C&), 103.5 (Ch), 70.5 (C2), 69
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(C4), 62.5 (C6), Cur: 53.1 (OCH), 126 (C3,C12), 115.3 (C9,C18), 128 (C10,CH3¥:
C1B-lactoside 33b 'H NMR &,om Lact: 4.92 (H-B, d, J = Hz), 3.30 (HfD, 3.45 (H-
3B), 3.18 (H-B), 3.68 (H-6a), 4.15 (HPB), 3.66 (H-3), 3.31 (H-4), 3.40 (H-6a), °C
NMR &ppm Lact: 102 (CB), 74.2 (CB), 73.1 (CB), 73 (CB), 67 (C@), 103.5 (C1B),
72.1 (C3), 70.8 (C4), 63 (C8).

Mass and 2D-HSQCT NMR spectra for Obis{3-D-galactopyranosyl-
(1’ - 4)b-glucopyranosyl)curcumin33a,b are shown in Figures 3.37A and 3.37B
respectively.

UV spectra of curcuminyl-bis-glycosides, showedtstof o - o* band in the 192
— 204 nm (201.5 nm for free curcumin) range; 1" band in the 224.5 — 226.5 nm (224
nm for free curcumin) ranger— 1 band in the 263.5 — 277 nm (256 nm fiee
curcumin) range and-n* extended conjugation band in the 410 — 421(A8Y.5 nm
for free curcumin) range, IR C-O-C symmetrisaetching frequencies in the 1028 -
1073 cnt range and asymmetrical stretching frequenciefien1225 - 1245 chrange
indicating that curcumin had undergone glyigyn. From 2D HSQCT spectra of the
curcuminyl-bis-glycosides, the following glycdsi formation were confirmed from their
respective chemical shift values: framglucose6 C13 glucoside30to C13 at 103.2 ppm
and H-PB at 4.16 ppm; fronb-galactose/ Cla galactoside8lato Cla at 95.7 ppm and
H-1a at 4.99 ppm and @lgalactoside81bto C13 at 102.1 ppm and HRlat 4.93 ppm;
from D-mannose8 Cla mannoside32ato Cla at 100 ppm and Helat 5.01 ppm and
C1B mannoside32b to C13 at 102 ppm and HBlat 4.90 ppm; from lactoset Cla
lactoside33ato Cla at 95.5 ppm and Helat 5.02 ppm and @@Bllactoside33bto C13 at
102 ppm and H{1 at 4.92 ppm. Mass spectra also confirmed thedtiom of the above

mentioned glycosides.
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3.3.4 Discussion

Curcuminyl-bis-glycosides were synthesized witnbohydrates with the optimized
conditions (Section 3.3.1). The vyields are showitable 3.13. The products formed are
confirmed spectoscopically (Section 3.3.3) falfows: 1,7O-(bis{f3-D-glucopyranosyl)
curcumin 30, 1,70-(bis-0-D-galactopyranosyl)curcumirBla 1,7O-(bis{3-D-galacto
pyranosyl)curcumin3lb, 1,7-O-(bis-a-D-mannopyranosyl)curcumid2a 1,7-O-(bis{f3-
D-mannopyranosyl)curcumin 32b, 1,7-O-(bis{3-D-galactopyranosyl-(1L 4)a-D-gluco
pyranosyl)curcumin 33a 1,7-O-(bis{3-D-galactopyranosyl-(1- 4)3-D-glucopyranosyl)
curcumin33b.

Among the carbohydrates employ@dglucose6 gave rise to (A glucosylated
product, which shows the regioselectivity@glucosidase. A maximum conversion of
44% was obtained for 1(0Hbis{3-D-glucopyranosyl)curcumin30. Although, (-
glucosidase catalysis do not exhibit an isiegr, it had significantly altered tloe [3
composition -D-galactose- 39%i-D-galactoside and 61%-D-galactoside (compared to
92:8 a:3 for free D-galactose) and-mannose - 35%-D-mannoside and 659-D-
mannoside (compared to 27:@3 for free D-mannose). Also, curcumiB, showed bis-
glycosylated products with the carbohydrates wikiictvit reacted.

Among the carbohydrates employedructose9, D-arabinoselO, D-ribose 11,
maltose12, sucrosel3, D-sorbitol 15 and D-mannitol 16 did not react with curcumin
during B-glucosidase catalyses. Stronger binding cafcumin 3 to [-glucosidase
compared to the above mentioned carbohydrate metecould block the facile transfer
of carbohydrate molecules to the phenolic ®Hcurcumin3. D-Galactose7 and D-

mannose8 gave very low conversions (12%). Hence, they could function as efficient
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inhibitors of the-glucosidase or could possess very low bmdiotentiality (low
binding constant value) to the enzyme.

Table 3.13Syntheses of curcuminyl-bis-glycosides ugiaglucosidas®

B-Glucosidase catalysis
Glycosides Product (% Yields
proportionf (%)°

H CH oH HOHZC H H
C1B glucoside 44

301 70—(B|s [3 D glucopyranosyl)curcumln

OH CH,0H HOH,C OH

o]
H H X A = H OH
HO \ OH
HOH = o

O

O

A

3 HyC

_ Cla galactoside (39),
“H%HcinofH Hojjom 2 C1B galactosides (61)

HOR [ Oy OHYy

“CH

31a1l,7-0-(Bis-a-D- galactopyranosyl)curcumin
31b 1,7-0-(Bis-B3- D galactopyranosyl)curcumln

H CH, OH HOH,C H

Cla mannoside (35), 10
HOHH P 0\2:%34” C1B mannoside (65)

o
HH oy “CHy

32a1,7-O-(B|S-0(-D-mannopyranosyl)curcumin
32b1,7-0O-(Bis-3-D-mannopyranosyl)curcumin

HO CH OH HOH,C HO
CH,OH HOH,C H H

% o m&. oH

33a1,70—(B|s-[3-D-galactopyranosyl-(L 4)a-D- Cia lactoside (48)
glucopyranosyl)curcumin B C1p lactoside (52)'

HO CHZOH
H CH OH Z HOHZC H H H
HO it OH
' HO i o OH Ho O

33b 1,7-O-(B|s B D- galactopyranosyl (L 4)B3-D-
glucopyranosyl)curcumin

17

%Curcumin — 0.5 mmol and carbohydrate — lamrenzyme concentration 40% w/w of carbolayey
solvent — di-isopropyl ether; buffer — 0.1 mM L) pH 7 phosphate buffer; incubation period2-h.
Conversion yields were from HPLC with errors inlgieneasurements 5-10%.°The product proportions
were determined from the area of respecti¥e’C signals.
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B-Glucosidase, besides effecting glycosylatimactions, also facilitated the
hydrolysis of the disaccharide like lactasgduring the course of the reaction and the
resultant monosaccharidesD-§lucose and D-galactose) did not show any
transglycosylated product. Presence of dpkobic propanoid groumpara to the
phenolic OH bestows good nucleophilicity ime$e molecules promoting reaction with
quite diverse carbohydrates.

About 7 individual glycosides were synthesizexkzymatically using both the
glucosidases, of which 4 are being repoffi@d the first time. The new glycosides
reported are: 1,0-(bis{3-D-galactopyranosyl)curcumin3lb, 1,7O-(bisf3-D-manno
pyranosyl)curcumin 32b, 1,7O-(bis3-D-galactopyranosyl-(1- 4)a-D-glucopyranosyl)
curcumin33a,h
3.4 Syntheses abL-dopa glycosides

DL-Dopa 6L-3,4-dihydroxy phenylalanine), an aromatic amawd precursor of
dopamine is the most effective drug for Redn’'s disease (Yar 1993). Parkinson’'s
disease is characterized by a sevem pmogressive degeneration of nigrostriatal
dopamine (DA) neurons (Angerlacenci 200&3sociated with the deficiency of
catecholamine and dopamine (Shedtyal. 2002). It is generally accepted that after
administration,L.-dopa in Parkinson’s disease is converted intoadofe by aromatic-
amino acid decarboxylase (AADC) within the serergic (5-HT) fibers in the striatum
andsubstancia nigra pars reticulate (Yamadaet al. 2007). Glucose is the brain source of
energy and this as well as other hexoses areralssférred across the blood brain barrier
(BBB) by the glucose carrier GLUT1 (Mueckl@994). Such a transport will be
facilitated if L-dopa is converted into the glycoside as lthdopa converted product
glucosyl dopamine is able to interact with the gkes transporter (GLUT1) and absorbed

into the central nervous system (CNS) frdm blood stream (Dalpiagt al. 2007).
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During chronic treatment with-dopa, a variety of transport problems likeoluntary
movements occur which can be overcome byetiployment of glucosyl derivatives
(Pardridge 2002; Madridt al. 1991). Side effects of the drugs can be reducéddaug
stability can be increased by modification of tlgdyeon molecule. For example;dopa
and new dopaminergics can be modified torawp bioactivity properties (Pras al.
1995; Giriet al. 2001).

L-Dopa was first isolated froicia faba (Guggenheim 1913; Vered al. 1994)
as af3-anomer (Nagasawa al. 1961; Andrews and Pridham 196%)cia faba has been
incorporated into dietary strategies to manage iRsgkian motor oscillations (Kempster
et al. 1993). A crude extract from the petalshifrabilis jalapa was mixed withcyclo-
Dopa and UDP-glucose to giayclo-Dopa-50-glucoside by the action of glucosyl
transferases (Sasadtial. 2004; Wyleret al. 2004). However, no chemical or enzymatic
methods have been reported yet for the egighofDL-dopa glycosides. Enzymatic
method could be the alternative one which doesrequire protection and deprotection
process (Fernandeet al. 2003; Roodeet al. 2003) and provide milder reaction
conditions, easy workup, less pollution, highelddgeand selectivity. It can also give rise
to stable dopa derivatives with enhanced stalaility pharmacological activity (Suzusi
al. 1996; Vijayakumar and Divakar 2007). Thesent work has been undertaken to
synthesizeDL-dopa glycosides using amyloglucosidase frBzopus mold and (3-
glucosidase from sweet almond in organic mediag®eh3.4).

Synthesis ofbL-dopab-glucoside involved refluxingbL-dopa 4 (0.2-2 mmol)
with 1 mmolD-glucose6, in 100 mL di-isopropyl ether in presence of argldcosidase
(10-75 % w/wb-glucose) and 0.03 mM — 0.22 mM (0.3-2.2 mL) oflONd pH 4-8 buffer
for an incubation period of 72 h at 88 (Scheme 3.4). The solvent was evaporated and

the enzyme denatured at 100 by holding in boiling water bath for 5-16in. The
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residue containing unreacted-dopa4, D-glucose6, along with the product glucosides

were dissolved in 15-20 mL of water and evapardte dryness. The dried residue was

subjected to HPLC (Fig. 3.38) analysis tdedaine the extent of conversion. Other

methods of estimation and isolation are as desgron page 74. HPLC retention times

for the substrates and products are:dopa-8.5 min,D-glucose-6.2 minpL-dopab-

glucoside-13 minp-galactose-7.1 mimpL-dopab-galactoside-11.9 mirp-mannose-6.7

min, DL-3-hydroxy-4O-(3-D-mannopyranosyl) phenylalanine-11.7 min, lact®se min,

DL-3-hydroxy-40-(3-D-galactopyranosyl-(1- 4)B-D-glucopyranosyl)phenylalanine-1.9

min,  D-sorbitol-6.7 min, DL-3-hydroxy-4O-(6-D-sorbitol)phenylalanine-7.9 min,b-

mannitol-6.8 min andL-dopab-mannitol-7.8 min.

Amyloglucosidas§d-Glucosidase

3 2 (% w/w carbohydrate) R0

HO456

Buffer/Di-iso-propyl

DL-DOPA4 ~ Carbohydrate  eher 75 ncubation  popa-glycosid@4-39

4-0-C1-gly/C1-C6-arylated : R= Carbohydrate, R= H
3-O-C1-gly : R = H, R = Carbohydrate

9
HO 1.7 8 _cooH WCOOH
~ 1 +
mz +  ROH rlo NH H0

Carbohydrate:
OH OH CH,0H CH,OH
H ~OH 1 1
HO H _oH H ] H——OH H——OH
A OHo OHO HO 9 :mo Ao HO——H H——OH
HO H H H [e] OH HO W
HO HO HO H H o OH H——OH HO——H
hon  wOoHTERGH oH T OH H H——OH HO——H
CH,0H CH,0H
D-Glucose6 D-Galactos& D-Mannose8 Lactosel4 D-Sorbitol15 D-Mannitol16

Scheme 3.45yntheses dbL-dopa glycosides

3.4.1 Synthesis obL-dopa-D-glucoside using amyloglucosidase

Glucosylation reaction betweenL-dopa 4 and D-glucose 6 catalysed

by

amyloglucosidase frorRhizopus mold was optimized in terms of incubation perio#, p

buffer, enzyme andL-dopa concentration.
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3.4.1.1 Effect of incubation period

Effect of incubation period for the synthesismfdopab-glucoside showed that
there was no significant change in glucosytabetween 12 h to 72 h (yield 58-62%).
Even lesser incubation showed significant glucdsytaat 3 h - 42% yield and 6 h - 48%
yield. Beyond 72 h the conversion yield @ased gradually (120 h - 49% vyield, Fig.
3.39A, Table 3.14).
3.4.1.2 Effect of pH

At a constant buffer concentration of 0.1 mM (1 pthe pH was varied from 4 to
8. The glucosylation yield increased upto fHand thereafter decreased (Fig. 3.39B,
Table 3.14). The conversion yields were 16% (pH38%6 (pH 5), 62% (pH 6), 48% (pH

7) and 22% (pH 8).

3.4.1.3 Effect of buffer concentration

Since pH 6 gave the highest glucosylatiofdyiéhe effect of variation in buffer
concentration from 0.03-0.22 mM (0.3-2.2 mL) wasdstd (Table 3.14). Between 0.06-
0.14 mM (0.6-1.4 mL) the conversion yield did nbbw any significant change (62% to
59% respectively). Beyond 0.14 mM (1.4 mhg tconversion yield decreased to 0.22

mM (47%).

3.4.1.4 Effect of amyloglucosidase concentration

In presence of 0.5 mmalL-dopa and 1 mmab-glucose, amyloglucosidase was
varied from 10-75% (w/wbD-glucose). Upto 40% (w/mb-glucose) enzyme, the
conversion yield more or less remained thes (yields 59%, 65%, 62% and 59% for
10%, 20%, 30% and 40% w/m-glucose enzyme respectively). Further incremase
enzyme concentrations led to a decrease (75% er4yPreyield) in the conversion yield

(Table 3.14).
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Fig. 3.39 (A) Reaction profile forbL-dopab-glucoside synthesis by the reflux
method. Conversion yields were from HPLC with resge 1 mmol ofb-glucose.
Reaction conditionsbL-dopa-0.5 mmolp-glucose-1 mmol, amyloglucosidase-10%
(w/w D-glucose), 0.1 mM (1 mL), pH 6 phosphate buffelysot-di-isopropyl ether
and temperature-68C and (B) Effect of pH for DL-dopab-glucoside synthesis.
Reaction conditionsbL-dopa-0.5 mmolp-glucose-1 mmol, amyloglucosidase-30%
(w/w D-glucose), 0.1 mM (1 mL) - buffer, solvent-di-isopyl ether, temperature-68

°C and incubation period — 72 h.
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Table 3.14 Optimization of reaction conditions for the syntisesf DL-dopab-
glucoside using amyloglucosidase

: " . Conversion
Reaction conditions Variable paraméter Yields (%]
Incubation period (h)
DL-Dopa — 0.5 mmol 3 42
D-Glucose — 1 mmol 6 48
pH -6 12 58
Buffer concentration — 0.1 mM (1 mL) 24 60
Amyloglucosidase — 10 % w/m-glucose 48 63
72 62
96 57
120 49
pH (0.01M)
DL-Dopa — 0.5 mmdl 4 16
D-Glucose — 1 mmol 5 38
Amyloglucosidase — 30 % w/m-glucose 6 62
Buffer concentration — 0.1 mM (1 mL) 7 48
Incubation period — 72 h 8 22
Buffer concentration
(mM)
DL-Dopa — 0.5 mmol 0.03 51
D-Glucose — 1 mmol 0.06 62
Amyloglucosidase — 30 % w/m+glucose 0.1 63
pH -6 0.14 59
Incubation period — 72 h 0.18 52
0.22 47
Amyloglucosidase (%
w/w D-glucose)
DL-Dopa — 0.5 mmol 10 59
D-Glucose — 1 mmol 20 65
pH -6 30 62
Buffer concentration — 0.1 mM (1 mL) 40 59
Incubation period — 72 h 50 47
75 45
DL-Dopa (mmol)
pH -6 0.2 22
Buffer concentration — 0.1 mM (1 mL) 0.4 41
D-Glucose — 1 mmol 0.5 62
Amyloglucosidase — 10 % w/nrglucose 0.8 53
Incubation period — 72 h 1.2 56
1.6 55
2 54

3nitial reaction conditions’Other variables are the same as under reactioritizo s except the specified
onesHPLC yields expressed with respect to 1 mmgjlucose employed.
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3.4.1.5 Effect ofbL-dopa concentration

Under the above determined optimum conditiansdopa was varied from 0.2
mmol 2 mmol. Glucosylation yield did not showyasignificant change in conversion at
higher concentration afL-dopa (2 mmol-54% yield). A maximum conversiof 62%
was obtained at 0.5 mmbL-dopa (Table 3.14).
3.4.2 Syntheses of bL-dopa (glycosides of other carbohydrates using

amyloglucosidase
Syntheses obL-dopa glycosides using amyloglucosidase inwblvefluxing DL-

dopa4 (0.5 mmol) with carbohydrate®-glucose6, D-galactose7, D-mannoses8, D-
sorbitol 15 and b-mannitol 16, 1 mmol) in 100 mL di-isopropyl ether jmesence of
amyloglucosidase (10% w/w of carbohydrate) andn@\ (1 mL) of 0.01 M pH 6 buffer
for an incubation period of 72 h (Scheme 3.4). $blvent was evaporated, the enzyme
denatured at 100C for 5-10 min and the residue containimgeacted carbohydrate
along with the product glycosides were digsolin 20-30 mL water, filtered through
Whatmann filter paper No. 1. The filtrate contagnimnreactedL-dopa4, carbohydrate
and the product glycosides was evaporated to dsyi@$er procedures are as described
on page 74.
3.4.3 Syntheses afL-dopa glycosides of other carbohydrates using-glucosidase

syntheses obL-dopa glycosides usin@-glucosidase involved refluxingL-dopa
4 (0.5 mmol) with carbohydrate®-glucose6, D-galactose7, D-mannoseB and lactose
14, 1 mmol) in 100 mL di-isopropyl ether inegence of 10% w/w of carbohydrdie
glucosidase and 0.1 mM (1 mL) of 0.01 M pH 6 buftar an incubation period of 72 h

(Scheme 3.4) and further as described in Sectib2.3.
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3.4.4 Spectral characterization

DL-Dopa glycosides were characterized by UV, MRss, melting point, optical
rotation and 2D HSQCT, which provided good inforimaton the nature and proportions
of the products formed.
DL-3,4-Dihydroxyphenylalanine 4 Solid, decomposed at 27C, UV (KO, Anay:
199.5 nm ¢ - 0%, €1995— 42716 M), 221 nm 6 - T¢*, €221— 7535 M%), 280 nm fi— T,
€280— 3234 MY, IR (stretching frequency, ¢t 3422 (OH), 1523 (C=C), 1633 (CO),
2961 (CH), MS fV2) — 197.2 [M[, 2D-HSQCT (DMSOdg): *H NMR & 6.69 (H-2),
6.51 (H-5), 6.64 (H-6), 2.98CH.:7), 2.70 BCHa-7), 3.36 GCH-8); "*C NMR Sypm
(125 MHz): 128.5 (C1), 117 (C2), 145.4 (C3), ;4C4), 120.1 (C5), 115.8 (C6), 37
(C7), 56 (C8), 170.8 (C9). Ultraviolet-visible sprecis shown in Fig. 3.40A.
3.4.4.1DL-Dopa-D-glucoside 34ad: Solid, UV (HO, Amay: 192 nm § - 0%, €190— 3319
M™), 226 nm 6 Tt*, €206— 959 M%), 295.5 nm (- TP, €2955— 571 MY), IR (stretching
frequency, cm): 3358 (OH), 1328 (glycosidic aryl alkyl C-© asymmetrical), 1038
(glycosidic aryl alkyl C-O-C symmetrical), 156CO), MS z2) — 359.1 [M], 2D-
HSQCT (DMSOes) DL-3-Hydroxy-4-O-(D-glucopyranosyl)phenyl alanine: 40-Cla-
glucoside 34a'H NMR Oppm (500.13)Glu: 5.04 (H-Io, d, J = 3.4 Hz), 3.21 (Hed), 3.47
(H-3a), 3.05 (H-41), 3.58 (H-®), 3.44 (H-6a)pL-Dopa 6.81 (H-2), 6.80 (H-6), 3.02
(BCHas7), 2.70 BCHy-7), 3.48 (ACH-8), *C NMR &ypm (125 MHz) Glu: 96.1 (Ct),
72 (C2r), 71.5 (C&), 70.5 (C4), 72 (C®), 61.1 (Cé), pL-Dopa: 130.2 (C1), 110
(C2), 116 (C6), 57.4 (C8), 172.1 (CAO-C1 -glucoside 34b Solid, UV (HO, Amay):
192.5 nm ¢ - 0%, €1925— 3012 MY), 225 nm 6 - 1%, €205 — 842 M%), 291.5 nm (n- T¢%,
€2055— 356 MY), IR (stretching frequency, ¢t 3325 (OH), 1330 (glycosidic aryl alkyl

C-O-C asymmetrical), 1026 (glycosidic aryl alk3+O-C symmetrical), 1650 (CO), MS
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(M/2) — 360.2 [M+1], *H NMR Glu: 4.20 (H-B, d, J = 6.3 Hz), 2.94 (HB), 3.13 (H-
3B), 3.68 (H-P), 3.37 (H-B), 3.55 (H-6a)pL-Dopa 6.71 (H-2), 6.40 (H-5), 6.60 (H-6),
3.02 BCHyx7), 2.70 BCHy-7), 3.47 (ICH-8), *C NMR &ppm Glu: 103.4 (CB), 73.5
(C2B), 77 (CP), 72 (CP), 62.8 (C®), DL-Dopa 127.9 (C1), 116.9 (C2), 145.2 (C3),
144.1 (C4), 120.2 (C5), 115.8 (C6), 36.6 (C7), 5&8), 172 (C9)4-O-C6-O-arylated
34c 'H NMR Glu: 3.51 (H-6a)pL-Dopa: 3.55 fiCH-8), 1*C NMR Glu: 66.9 (C&),
DL-Dopa: 55.9 (C8),DL-4-Hydroxy-3-O-(B-D-glucopyranosyl)phenylalanine 34c’H
NMR Glu: 4.55 (H-B, d, J = 5.9 Hz)pL-Dopa: 3.58 (ICH-8), 1*C NMR Glu: 98.5
(C1B), bL-Dopa: 52.4 (C8).

Ultraviolet-visible, IR, mass and 2D-HSQCNMR spectra forbL-dopab-
glucoside34ad synthesised using amyloglucosidase are shown uré3g3.40B, 3.41A,
3.41B and 3.41C respectively. Mass and 2D-HSQCT Ndy&ctra foDL-3-Hydroxy-4-
O-(D-glucopyranosyl)phenylalaning4b,c synthesized usin@-glucosidase are shown in
Figures 3.42A and 3.42B respectively.
3.4.4.2DL-Dopa-D-galactoside 35&e: Solid, UV (HO, Amay: 191.5 nm ¢ - 0*, €1015—
2810 M%), 225.5 nm @ T, €255 — 876 MY), 296 nm (- Tt*, €06 — 624 MY, IR
(stretching frequency, chr 3422 (OH), 1307 (glycosidic aryl alkyl C-O-C
asymmetrical), 1039 (glycosidic aryl alkyl C-O-Qmsyetrical), 1407 (C=C), 1641 (CO),
2940 (CH), MS ii¥2) — 360.2 [M+1], 2D-HSQCT (DMSOds) DL -3-Hydroxy-4-O-(D-
galactopyranosyl)phenylalanine: 40-Cla-galactoside 35a'H NMR dppm (500.13)
Gal: 4.98 (H-In, d, J = 3.9 Hz), 3.55 (Hed, 3.57 (H-3), 3.67 (H-41), 3.35 (H-H),
3.44 (H-6a),pL-Dopa 6.76 (H-2), 6.66 (H-6), 2.9BCH,+7), 2.65 BCHyy7), 3.35
(aCH-8), 1*C NMR &ppm (125 MHz): Gal: 96.3 (Chi), 64 (C2), 68.5 (C®), 68 (C4),

70.7 (C%i), 63 (C@x), DL-Dopa 124.4 (C1), 114.5 (C2), 145.4 (C3), 144.4 (C4R.3
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(C5), 116.8 (C6), 36.8 (C7), 57.1 (C8), 173 (COP-C1B-galactoside 35b*H NMR
Gal: 4.90 (H-B, d, J = 7.1 Hz), 3.56 (HE3, 3.04 (H-B), 3.28 (H-B), 3.46 (H-6a)pL-
Dopa: 6.72 (H-2), 2.68 §CHa-7), 3.45 6CH-8),"*C NMR &,,m Gal: 102.1 (CB), 69.7
(C3B), 72.6 (CB), 74.2 (CB), 63.5 (C®), DL-Dopa: 115.6 (C2), 144.8 (C4), 36.6 (C7),
53.2 (C8);4-0-C6-O-arylated 35c *H NMR Gal: 3.68 (H-6a),**C NMR Gal: 66.5
(C6a), bL-4-Hydroxy-3-0O-(D-galactopyranosyl) phenylalanine: 30-Cla-galactoside
35d: *H NMR Gal: 5.07 (H-Tn, d, J = 3.7 Hz), 3.46 (H-6a)L-Dopa: 6.80 (H-2), 6.70
(H-6), 2.70 BCHa,-7), 3.45 GCH-8), °C NMR Gal: 95.7 (Chi), 63.2 (C6t), DL-Dopa
125.5 (C1), 114.9 (C2), 117 (C6), 29.3 (CoB,2 (C8);3-O-C1p-galactoside 35e’H
NMR Gal: 4.65 (H-B, d, J = 6.1 HzJ’C NMR &,,m Gal: 103.5 (CB).

Mass and 2D-HSQCT NMR spectra for-dopab-galactoside35a-e are shown

in Figures 3.43A and 3.43B respectively.

3.4.4.3 DL-3-Hydroxy-4-O-(-D-mannopyranosyl)phenylalanine 36 Solid, mp: 108
°C; UV (H20, Ama): 192 nm 6 - 0%, €100 — 2433 MY), 224.5 nm ¢ - Tt*, €2045— 931 M
1), 295.5 nm (n- T, €2955— 583 MY), IR (stretching frequency, ¢t 3385 (OH), 1304
(glycosidic aryl alkyl C-O-C asymmetrical)l040 (glycosidic aryl alkyl C-O-C
symmetrical), 1406 (C=C), 1641 (CO), 2946 (CH),icgdtrotation ¢ 0.5, HO): [a]p at
25°C=-29.7,MS (m/z) — 360.2 [M+1], 2D-HSQCT (DMSOds) 4-O-C1B-mannoside
'H NMR Man: 4.69 (H-B, d, J = 3.4 Hz), 3.40 (HB), 3.50 (H-B), 3.55 (H-B), 3.05
(H-5B), 3.45 (H-6a)pL-Dopa 6.77 (H-2), 6.40 (H-5), 6.57 (H-6), 2.98GH,:7), 2.60
(BCHa-7), 3.44 ICH-8), *C NMR &ppm Man: 102.8 (CB), 70.5 (CB), 73.1 (CB), 67
(C43), 73.1 (CB), 63.9 (C®), DL-Dopa 128.7 (C1), 115.5 (C2), 145 (C3), 144 (C4),

120.2 (C5), 116.8 (C6), 36.4 (C7), 56 (C8), 172)(C
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Infra-red and 2D-HSQCT NMR spectra fomDL-3-hydroxy-4O-(p3-D-
mannopyranosyl)phenylalani@é are shown in Figures 3.44A and 3.44B respectively.
3.4.4.4 pL-3-Hydroxy-4-O-(B-D-galactopyranosyl-(1'- 4)B-D-glucopyranosyl)phenyl
alanine 37 Solid, mp: 140°C, UV (KO, Amay): 198.5 nm §— 0*, €1955— 4437 M),
221.5 nm ¢ - T, €2015— 1208 M), 279.5 nm fi— Tt*, €2705— 562 M%); IR (stretching
frequency, cm): 3385 (OH), 1311 (glycosidic aryl alkyl C-© asymmetrical), 1039
(glycosidic aryl alkyl C-O-C symmetrical), 137€=C), 1659 (CO), 2895 (CH), optical
rotation € 0.5, HO): [a]p at 25°C = +32.1,MS (m/2) — 522.3 [M+1], 2D-HSQCT
(DMSO-ds) 4-O-C1B-lactoside *H NMR Lact: 4.92 (H-B, d, J = 7.2 Hz), 3.28 (HB),
3.55 (H-3), 3.38 (H-B), 3.52 (H-6a), 4.21 (H:B), 3.40 (H-2), 3.22 (H-3), 3.62 (H-4),
2.82 (H-3), 3.52 (H-6a), DL-Dopa 6.64 (H-2), 6.45 (H-5), 6.50 (H-6), 2.9BGH.x7),
2.60 BCHa-7), 3.43 (ICH-8), °C NMR &,,m Lact: 102 (CB), 76 (CB), 75 (CP), 76.5
(C5B), 61.4 (C®), 103.9 (CIB), 70.5 (C2), 73 (C3), 64 (C4), 73 (C5), 61 (CB), DL-
Dopa 115.7 (C2), 144.3 (C4), 120.2 (C5), 116.9 (C6)23C7), 55.9 (C8), 172 (C9).

Infra-red and 2D-HSQCT NMR spectra fomL-3-hydroxy-4O-(3-D-
galactopyranosyl-(1- 4)3-D-glucopyranosyl)phenylalanine87 are shown in Figures
3.45A and 3.45B respectively.
3.4.4.5 DL-3-Hydroxy-4-0O-(6-D-sorbitol)phenylalanine 38 Solid, mp: 88°C, UV
(H20, Ama): 192.5 nm ¢ — 0%, €1905— 1204 MY), 224 nm 6 T, €204 — 358 M%), 295
nm (n- Tt*, €205— 158 M%), IR (stretching frequency, ¢t 3050 (OH), 1301 (glycosidic
aryl alkyl C-O-C asymmetrical), 1034 (glycasigryl alkyl C-O-C symmetrical), 1406
(C=C), 1644 (CO), 2946 (CH), optical rotation@.5, HO): [a]p at 25°C = -2.6, MS
(M/2) — 360.2 [M-1], 2D-HSQCT (DMSOdg) 4-O-C6-O-sorbitol: *H NMR Sorb: 3.48

(H-1), 3.62 (H-2), 3.62 (H-5), 3.72 (H-&)L-Dopa 6.70 (H-2), 6.52 (H-5), 6.54 (H-6),
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2.51 BCHa-7), 3.46 (ACH-8), °*C NMR 8ppm Sorb: 63.5 (C1), 72.5 (C2), 72 (C5), 63.5
(C6), DL-Dopa: 128 (C1), 115.9 (C2), 144.3 (C4), 120.2 (C5), 1a6), 29 (C7).

Mass and 2D-HSQCT NMR spectra forbL-3-hydroxy-4O-(6-D-
sorbitol)phenylalanin@8 are shown in Figures 3.46A and 3.46B respectively.
3.4.4.6DL-3-Hydroxy-4-O-(1-D-mannitol)phenylalanine 39ab: Solid, UV (KO, Amay:
198.5 nm ¢ —0*, €1085— 6420 M), 221.5 nm @ T¢", €015 — 1484 M), 297.5 nm
(N—Tt, £207.5— 368 M%), IR (stretching frequency, ¢t 3281 (OH), 1320 (glycosidic
aryl alkyl C-O-C asymmetrical), 1020 (glycasicgryl alkyl C-O-C symmetrical), 1459
(C=C), 1644 (CO), 2939 (CH), MSn(z) — 360.2 [M-1], 2D-HSQCT (DMSOdg) 4-O-
C1-O-mannitol 39a *H NMR Mann: 3.52 (H-1), 3.48 (H-2), 3.61 (H-3), 3.6¢4-4),
3.48 (H-5), 3.60 (H-6)pL-Dopa 6.71 (H-2), 6.64 (H-5), 6.51 (H-6), 3.080H.x7),
2.71 BCHyx7), 3.45 @CH-8), 1*C NMR &,pm Mann: 65 (C1), 70.5 (C2), 72 (C3), 72
(C4), 70.5 (C5), 64.5 (CépL-Dopa 118 (C2), 144.3 (C4), 121 (C5), 115 (C6), 36.5
(C7), 1,6-O-(Bis DL-3-hydroxy-4-O-phenylalanine) b-mannitol 39b: *H NMR Mann:
3.52 (H-1), 3.63 (H-6):°C NMR &,,m Mann: 65 (C1), 64.5 (C6).

Infra-red and 2D-HSQCT NMR spectra for-dopab-mannitol39a,bare shown
in Figures 3.47A and 3.47B respectively.

UV spectra obL-dopa glycosides, showetl o* band ranging from 191.5 to
198.5 nm (199.5 nm fabL-dopa),o — 1 band ranging from 221.5 to 226 nm (221 nm
for bL-dopa) and n 1 band from 295 nm to 297.5 nm (280 nm fa-dopa). IR
spectra showed 1019-1040 tiband for the glycosidic C-O-C aryl alkyl syetrical

stretching and 1307-1320 ¢nband for the asymmetrical stretching frequesncia 2D

HSQCT spectra, the respective chemical slilies showed glycoside formation: from
D-glucoseb 4-O-Cla glucoside34ato Cla at 96.1 ppm and Helat 5.14 ppm, 42-C13

glucoside34bto C13 at 103.4 ppm and HBlat 4.20 ppm, 43-C6-O-arylated34cto C6
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at 66.9 ppm and H-6a at 3.51 ppm an@-&1f glucoside34d to C13 at 98.5 ppm and
H-1B at 4.55 ppm,; fronb-galactoser 4-O-Cla galactoside85ato Cla at 96.3 ppm and
H-1a at 5.01 ppm, £3-C13 galactosid&85bto C13 at 102.1 ppm and HBlat 4.66 ppm,
4-0O-C6-O-arylated35cto C6 at 66.5 ppm and H-6a at 3.68 ppn®Q-&la galactoside
35dto Cla at 95.7 ppm and Hellat 5.07 ppm and 8-C1[3 galactoside85eto C13 at
103.5 ppm and Hfi at 4.65 ppm; fronb-mannose8 4-O-C13 mannoside86to C13 at
102.8 ppm and Hfi at 4.69 ppm; from lactosk4 4-O-C13 lactoside37 to C13 at 102
ppm and H-B at 4.26 ppm; fronb-sorbitol 15 4-O-C6-O-sorbitol38to C6 at 63.5 ppm
and H-6a at 3.72 ppm, frobrmannitol16 4-O-C1-O-mannitol39ato C1 at 65 ppm and
H-6a at 3.52 ppm and bis@-1,6-di-O-arylated39b to C1 at 65 ppm and H-1 at 3.52
ppm and C6 at 64.5 ppm and H-6 at 3.63 ppm. Masstigh data also confirmed product
formation.
3.4.5 Discussion

DL-Dopa glycosides were synthesized withbahydrates by employing the
optimized conditions (Section 3.4.1). The yields ahown in Table 3.15. The products
formed are confirmed spectroscopically (Sect®d.4). Amyloglucosidase catalyses
gave rise to five glycosidesL-dopab-glucoside34ad, DL-dopab-galactoside35ae,
DL-3-hydroxy-4O-(3-D-mannopyranosyl) phenylalaning6, DL-3-hydroxy-4O-(6-D-
sorbitol)phenylalanin€88 and DL-dopab-mannitol 39ab. B-glucosidase catalyses gave
rise to four glycosidesbL-dopab-glucoside34b,c, DL-dopab-galactoside35ae, DL-3-
hydroxy-4-O-(3-D-mannopyranosyl)phenylalanineg6, DL-3-hydroxy-4O-(3-D-galacto

pyranosyl-(1- 4)B-D-glucopyranosyl)phenylalanirgy.
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Table 3.15Syntheses abL-3,4-dihydroxyphenylalanine(-dopa) glycosides using amyloglucosidase Bugicosidasg

Amyloglucosidase catalysis B-Glucosidase catalysis
Glycosides o . Yields  Product (% proportioRl)  Yields
Product (% proportiof) %) (%)
%;@q/ % H L, on 4-O-Cla (24),
34aDL-3-Hydroxy-4-0-(a-D-glucopyranosyl)phenylalanine 4-0-Cl1B (48), 62 4-0-C183 (28), 33

34b DL-3-Hydroxy-4O-(B-D-glucopyranosyl)phenylalanine ~ 4-O-C6-O-arylated (6),
34CDL 3-Hydroxy-40O-(6-D-glucopyranosyl)phenylalanine 3-0-C1B (22)

OOH
H
NH.
HO OH H 2

34d DL -4-Hydroxy-3-O-(3-D- gIucopyranosyl)phenylalan|ne

4-O-C6-O-arylated (72)

COOF
COOF
COOF NH,
% NH,

f?% 4-0-Cla (27),
35aDL-3-Hydroxy-4-O-(a-D-galactopyranosyl)phenylalanine 4-0-C1B (25),

35b DL-3-Hydroxy-4-O-(B-D-galactopyranosyl)phenylalanine 4-0-C6-O-arylated (29)
35cDL-3-Hydroxy-4-0-(6-D-galactopyranosyl)phenylalanine
3-O-Cla (10),

%;@N@;\;@W 3-0-C18 (9)

35d DL-4-Hydroxy-3-O-(a-D-galactopyranosyl)phenylalanine
35eDL-4-Hydroxy-3O-(3-D-galactopyranosyl)phenylalanine

4-0-Cla (17),
4-0-C1B (35),
46 4-0-C6-O-arylated (23), 31
3-0O-Cla (21),
3-0-C1B (4)
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Hi COOF

Ho N\ H 4-0-C13 61 4-0-C13 32

36DL-3- Hydroxy—40— B-D-mannopyranosyl)phenylalanine

37DL-3- Hydroxy—40—([3 D-galactopyranosyl-(1- 4)3-D-
glucopyranosyl)phenylalanlne

- - 4-0-C13 17

COOH

NHy

b Om
o 4-0-C6-O-arylated 12 : .

38 DL-3-Hydroxy-40-(6-D- sorbltol)phenylalanlne

COOH

HO. COOH NH
NH. HCi;
oL 2 e 4-O-C1-O-arylated (70),
§ s Bis 4-O-C1,6-di-O- 20 - ;
" Eron o coon arylated (30)

39aDL-3-Hydroxy-4-O-(1-D-mannitol)phenylalanine
39b 1,6-O-(Bis DL-3-hydroxy-4O-phenylalanine)-mannitol

& DL-3,4-Dihydroxyphenylalanine - 0.5 mmol and carbolayel- 1 mmol; enzyme concentration 10% w/w of chydeate; solvent di-isopropyl ether; buffer — 0.1
mM (1mL) pH 6 phosphate buffer; incubation period2-h."The product proportions were determined from themaf respectivéH/*C signals‘Conversion yields
were from HPLC with respect to free carbohydrateoEn yield measurements1s10%.
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Under the reaction conditions employed,-dopa4 gave a mixture of - and
4-O- glycosylated/arylated products with manytbé carbohydrates employed. The
carbohydrates reacted were: gluc@seD-galactose7, D-mannose8, lactosel4, D-
sorbitol 15 and b-mannitol 16. Amyloglucosidase catalysed the reaction vatglucose
6, D-galactose?7, D-mannose8, D-sorbitol 15 and D-mannitol 16. B-Glucosidase
catalysed the reaction withtglucose6, D-galactose€’, D-mannose3 and lactosé 4.

However, only mono glycosylated/arylatedodqucts were formed. No bis
products with both the OH groups &t @&d 4" positions glycosylated/arylated were
detected. This indicated that steric effe@te responsible for the formation of only
monoglycosylated products. Amyloglucosidase gaeectivity with D-mannose8 to
give 40-C13 andD-sorbitol15 to give 40-C6-O-arylated productp-Glucosidase gave
selectivity withD-mannoseB to give 40O-C13 and lactosd 4 to give 40O-C1[3 product.
Glycosylated/arylated products atB-and 40- positions were detected fropglucose
6 and D-galactose7 in the catalysis with both the enzymé& other reacted

carbohydrate molecule has formed products at the1 position. Hydrolysis of lactose

14 was observed during the course of reactiah the resultant carbohydrate did not
show any transglycosylated product.

Glucosidases employed did not catalyse thactien with D-fructose 9, D-
arabinosel0, D-ribose 11, maltosel2 and sucrosd.3 which could be due to stronger
binding ofbL-dopa4 to the enzymes compared to these carbohydrate atedechereby
preventing their facile transfer to thmucleophilic phenolic OH obDL-dopa 4.
Amyloglucosidase exhibited ‘inverting’ potenitlin reacting withD-galactose7. D-
Galactoser showed 66%@ and 34%3 compared to the 92:@: 3 anomeric composition

of freeD-galactose employed.
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About 14 individual glycosides were synthegdizenzymatically using both the
glucosidases, of which 10 are being repoftedthe first time. The new glycosides
reported are:DL-dopab-galactoside 35ae, DL-3-hydroxy-4O-(3-D-mannopyranosyl)
phenylalanine 36, DL-3-hydroxy-4O-([3-D-galactopyranosyl-(1 4)B3-D-glucopyranosyl)
phenylalanine 37, DL-3-hydroxy-4O-(6-D-sorbitol)phenylalanine38 and DL-dopab-
mannitol39ab
3.5 Syntheses of dopamine glycosides

Parkinson’s disease is a neurodegenerative disdasacterized by bradykinesia,
tremors, rigidity and difficulty in walking (Geng al. 2007; Genget al. 2004). The usual
treatment for this disorder is the useLedopa, which enters the central nervous system
(CNS) trough active transport and is enzycadlii cleaved in the brain to release
dopamine. To overcome the drawbacks @fopa treatment in transport problems across
blood brain barrier (BBB), new derivatives ddpamine able to penetrate the BBB, by
making use of specific transport systems (Pardrig@02; Auduset al. 1992; Madridet
al. 1991) are employed. Glucose is the braswarce of energy and other hexoses are
transported across the BBB by the glucoseecaGLUT1 (Mueckler 1994). Glycosyl
dopamine derivatives bearing the sugar mdieked to either the amino group or the
catechol ring of dopamine through amide, reste glycosidic bonds were synthesised
chemically with potent anti-Parkinsonianoperties (Fernandezt al. 2000). The
glucosyl dopamine derivative is able to iatérwith the glucose transporter (GLUT1)
and absorbed into the CNS from the bloagdash (Dalpiazet al. 2007). Glycosylated
form of dopamine is stable in the periphery an@rafeaching the brain through GLUT1
carrier, gets hydrolyzed by the action of bramzymes to release dopamine (Fernandez
et al. 2003). Employing chemical methods for gymthesis of dopamine glycosides

require protection and deprotection steps (Feleaa al. 2003). Enzymatic method is
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the alternative one which provides mildexaction conditions, easy workup, less
pollution, higher yields and selectivity (Suzukial. 1996; Vicet al. 1992; Vijayakumar
and Divakar 2007).

It is in this context, that the present work hasrbaendertaken where dopamine is
glycosylated using amyloglucosidase froRhizopus mold and immobilized (3-
glucosidase in organic media to prepare dopamigeogides.B-Glucosidase isolated
from sweet almond was immobilized onto calcium radge beads and used for the

preparation (Section 2.2.4).

Amyloglucosidase/
Imm. B-Glucosidase

Hojsél&g (% wiw carbohydrate) Rzom ,
+ R = d H,0
HO 4 6 N R-OH RO NHz 2

He Buffer/Di-iso-propyl
Dopamines ~ Carbohydrate ether, 72 h Incubation  pgpamine-glycosidé0-42

4-O-C1-gly/C6-arylated : R= Carbohydrate, R= H
3-0-Cl-gly : R = H, R = Carbohydrate

H_COH_ HO  oH H OH
Carbohydrate: HO%OHH%O:OWOH
D-Glucose6 D-Galactos€ D-Mannose8
Scheme 3.55yntheses of dopamine glycosides
Synthesis of dopamireglucosides involved refluxing dopamire (0.25-2

mmol) with 1 mmolD-glucose 6 in 100 mL di-isopropyl ether in presenof
amyloglucosidase (10-75 % w/m+glucose) and 0.03 mM to 0.2 mM (0.3-2.5)noif
0.01 M pH 4-8 buffer for an incubation period of @2t 68°C (Scheme 3.5). After the
reaction, solvent was evaporated and the ne@zgenatured at 10TC by holding in
boiling water bath for 5-10 min. The reside@ntaining unreacted dopamiBeand D-
glucose6 along with the product glucosides were disslin 15-20 mL of water and
evaporated to dryness. The products were toredi by HPLC on an aminopropyl

column (250 mmx 4.6 mm) using acetonitrile: water (70:30 v/v) asm@abile phase and

147



8 =
-
&= 4 %
o o ]
5 b 2 2
3 g = a
o [ LD
¢ - 2 . 2
- | w (=] H E
- Q
2 ] % 8 ¢
S 8- 3 ﬂ o
p R =
ol .
o ]
c — -2
E 2 - &
| . - .
s B2 =
(4] -
2 b
o - 2
O g
d -
o o
(=] =
n
G
o _r*'——-"‘_r_“‘-—-w_}---' e R
g
e
o X
11T T LA REER RN AU R AR AR PRI, -
a” __"”"‘IN'TT‘ITTTHWI‘TTL '1@'”Th_ Tﬁ Fu & TG e
Minutes

Fig. 3.48 HPLC chromatogram for the reaction mixtureefjlucose and dopamire-
glucoside. HPLC conditions: Aminopropyl column (i, 250 mmx 4.6 mm), solvent-
CH3CN: H,O (70:30 v/v), Flow rate-1 mL/min, Rl detector. Bation times:D-glucose-

7.1 min, dopamine-8 min and dopamiucoside-9.1 min



Phenolic glycosides

refractive index detector (Fig. 3.48). Othmocedures are as described on page 74.
HPLC retention times for the substrates and pradact: dopamine-8.0 mip-glucose-
7.1 min, dopamin®-glucoside-9.1 minp-galactose-7.1 min, dopamipegalactoside-
9.1 min,D-mannose-6.7 min and dopaminenannoside-9.1 min.
3.5.1 Amyloglucosidase catalysed glucosylation obgamine

Enzymatic glucosylation between dopaminand D-glucose6 was optimized in
terms of incubation period, pH, buffer, enzyme aagamine concentrations using both
amyloglucosidase (Section 3.5.1) and immobili@eglucosidase (Section 3.5.2).
3.5.1.1 Effect of incubation period

The effect of incubation period was studied frorh 8 120 h. Amyloglucosidase
catalysis showed the highest conversion yildb8% at 24 h incubation (Table 3.16).
Further increase in incubation period resulte@ marginal drop in conversion between
48 - 96 h (Fig. 3.49A).
3.5.1.2 Effect of pH

For amyloglucosidase catalysis, the highglsicosylation yield of 35% was
obtained at pH 6. No reaction was observed at jFabéle 3.16).
3.5.1.3 Effect of buffer concentration

At pH 6, varying the buffer concentration from 0.081 to 0.25 mM (0.3 mL to
2.5 mL), resulted in a maximum conversion 3% at 0.06 mM (0.6 mL) buffer
concentration (Fig. 3.49B, Table 3.16).
3.5.1.4 Effect of enzyme concentration

Amyloglucosidase was varied from 10-75% (wbhwglucose) at 1 mmol ab-
glucose and 0.5 mmol dopamine. A 40 % (Wivglucose) amyloglucosidase showed the
highest yield of 45% (Table 3.16) with 0.06 mM (@nk) pH 6 phosphate buffer and 72

h of incubation.
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Table 3.160ptimization of reaction conditions for the syntises dopaminen-glucoside
using amyloglucosidase

, " : Conversion
Reaction conditions Variable paraméter Yields (%
Incubation period (h)
Dopamine — 0.5 mmol 3 44
D-Glucose — 1 mmol 6 45
pH -6 12 47
Buffer concentration — 0.06 mM (0.6 mL) 24 58
Amyloglucosidase — 40 % w/m-glucose 48 48
72 52
96 48
120 37
pH (0.01M)
Dopamine — 0.5 mmbl 4 No yield
D-Glucose — 1 mmol 5 16
Amyloglucosidase — 30 % w/m-glucose 6 35
Buffer concentration — 1 mL (0.1 mM) 7 29
Incubation period — 72 h 8 23
Buffer concentration (mM)
Dopamine — 0.5 mmol 0.03 21
D-Glucose — 1 mmol 0.06 39
Amyloglucosidase — 30 % w/nrglucose 0.1 27
pH -6 0.15 22
Incubation period — 72 h 0.2 9
0.25 9
Amyloglucosidase (% w/w
D-glucose)
Dopamine — 0.5 mmol 10 13
D-Glucose — 1 mmol 20 26
pH -6 30 34
Buffer concentration — 0.06 mM (0.6 mL) 40 45
Incubation period — 72 h 50 19
75 21
Dopamine (mmol)
pH -6 0.25 33
Buffer concentration — 0.06 mM (0.6 mL) 0.5 50
D-Glucose — 1 mmol 0.75 48
Amyloglucosidase — 40 % w/nrglucose 1 31
Incubation period — 72 h 15 25
2 16

3nitial reaction conditions’Other variables are the same as under reactioritzore] except the specified
onesHPLC yields expressed with respect to 1 mmagllucose employed.

3.5.1.5 Effect of dopamine concentration
Dopamine concentration was varied from 0.2Hointo 2 mmol at a fixeo-

glucose concentration of 1 mmol. A 0.5 mmoldopamine gave the maximum vyield of
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50%. Beyond 0.75 mmol increasing dopaminecentration led to drop in the yield

(Table 3.16).
3.5.2 Immobilized [ -glucosidase catalysed glucosylation of dopamine

Optimum conditions for the glucosylation obpémine using immobilized-
glucosidase was worked out. Synthesis of 3-hydeb¢(B-D-glucopyranosyl)phenyl
ethylamine involved refluxing dopamirte (0.25-2 mmol) with 1 mmob-glucose6 in
100 mL di-isopropyl ether in presence of infdaglucosidase (10-75 % w/w-glucose)
and 0.04 mM to 0.25 mM (0.4-2.5 mL) of 0.01 M pH84uffer for an incubation period
of 3-120 h at 68C (Scheme 3.5). All other procedures are as destiibSection 3.5.

Here also, immobilize-glucosidase catalysed synthesis of 3-hydroXy-@3-D-
glucopyranosyl)phenylethylamine was optimized terms of incubation period, pH,
buffer, enzyme and dopamine concentrations.
3.5.2.1 Effect of incubation period

Glucosylation vyield increased gradually upf@ h exhibiting the maximum
conversion of 58% (Table 3.17, Fig. 3.50A). Infaglucosidase showed that conversion
yields increased with increasing incubation periagto 72 h (yield-58%) and decreased
beyond 96 h of incubation period (yield-35%).
3.5.2.2 Effect of pH

In case of imm.-glucosidase, the conversion yield was moreless same
between pH 4 to pH 6 (yield-62%, 64% and 60% for{HbH 5 and pH 6 respectively)
and maximum glucosylation of 64% was observed abgMHable 3.17).
3.5.2.3 Effect of buffer concentration

At pH 5, varying the buffer concentration from 0.0 to 0.25 mM (0.4 mL to
2.5 mL) yielded the maximum conversion &% at 0.04 mM (0.4 mL) buffer

concentration (Table 3.17).
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Fig. 3.50 (A) Reaction profile for 3-hydroxy-O-(3-D-

glucopyranosyl)phenylethylamine synthesis by thituxemethod. Conversion
yields were from HPLC with respect to 1 mmol Dfglucose. Reaction
conditions: Dopamine-0.5 mmol-glucose-1 mmol, immp-glucosidase-25%
(w/w D-glucose), 0.04 mM (0.4 mL), pH 5 phosphate buffeojvent-di-

isopropyl ether and temperature-88 and(B) Effect of buffer concentration for
3-hydroxy-40-(B-D-glucopyranosyl) phenylethylamine synthesis. Reacti
conditions:D-glucose-1 mmol, immp-glucosidase-25% (w/vb-glucose), 0.04
mM - 0.4 mL, pH 5 phosphate buffer, solvent-di-ismyyl ether, temperature-68

°C and incubation period — 72 h.
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Table 3.17Optimization of reaction conditions for the syntisesf 3-hydroxy-40-(3-D-
glucopyranosyl)phenylethylamine using impaglucosidase

, " . Conversion
Reaction conditions Variable paraméter Yields (%
Incubation period (h)

Dopamine — 0.5 mmol 3 9
D-Glucose — 1 mmol 6 12
pH -5 12 12
Buffer concentration — 0.04 mM (0.4 mL) 24 19
Imm. B-Glucosidase — 25 % w/m-glucose 48 26

72 58

96 35

120 14

pH (0.01M)
Dopamine — 0.5 mmbdl 4 62
D-Glucose — 1 mmol 5 64
Imm. B-Glucosidase — 50 % w/m-glucose 6 60
Buffer concentration — 0.1 mM (1 mL) 7 48
Incubation period — 72 h 8 42
Buffer concentration (mM)
Dopamine — 0.5 mmol 0.04 65
D-Glucose — 1 mmol 0.08 57
Imm. B-Glucosidase — 50 % w/m-glucose 0.12 56
pH -5 0.18 35
Incubation period — 72 h 0.25 27
Imm. B-glucosidase
concentration (% w/vb-
glucose)
Dopamine — 0.5 mmol 10 56
D-Glucose — 1 mmol 25 58
pH -5 40 59
Buffer concentration — 0.04 mM (0.4 mL) 50 65
Incubation period — 72 h 75 21
Dopamine (mmol)

pH -5 0.25 26
Buffer concentration — 0.04 mM (0.4 mL) 0.5 58
D-Glucose — 1 mmol 1 15
Imm. B-Glucosidase — 25 % w/m-glucose 15 16
Incubation period — 72 h 2 14

3nitial reaction conditions’Other variables are the same as under reactionitmns] except the specified
onesHPLC yields expressed with respect to 1 mmallucose employed.

3.5.2.4 Effect of enzyme concentration
Effect of imm. 3-glucosidase concentration was studied by ngryhe enzyme
concentration from 10-75% (w/w-glucose) at 1 mmol ob-glucose and 0.5 mmol

dopamine. Upto 50% (w/m-glucose) immf-glucosidase the conversion yield did not
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vary much between 56-65%. A maximum vyield of 65%s waserved with 50% (w/\m-
glucose) immp-glucosidase (Table 3.17).
3.5.2.5 Effect of dopamine concentration

Dopamine concentration was varied from 0.2%i0mto 2 mmol at a fixed-
glucose concentration of 1 mmol. At the mated conditions of pH 5, 0.04 mM (0.4
mL) buffer concentration and 25 % (wihwglucose), the highest conversion yield of 58%
at 0.5 mmol dopamine was obtained. Beyortdl fimol of dopamine, the conversion
decreased and there was no significant chaeggeen 1 mmol and 2 mmol dopamine
(Fig. 3.50B, Table 3.17).
3.5.3 Syntheses of dopamine glycosides of variousarlmohydrates using

amyloglucosidase

Syntheses of the other dopamine glycosidee warried out under optimized
conditions mentioned in Section 3.5.1, with dopaniirand carbohydrate®-glucoses,
D-galactose7 and D-mannose8. The conditions employed for the amylogludase
catalysis are: dopamirte (0.5 mmol) and carbohydra&8 (1 mmol), amyloglucosidase
40 % (w/w carbohydrate), 0.06 mM (0.6 mL) ® phosphate buffer and 24 h of
incubation period in di-isopropyl ether solvefscheme 3.5). Other procedures are
described on pages 74 and 147.
3.5.4 Syntheses of dopamine glycosides of ivas carbohydrates using imm.C-

glucosidase

Syntheses of the other dopamine glycosidere warried out under optimized
conditions mentioned in Section 3.5.2, with dopaairand carbohydrate®-glucoses,
D-galactose’, D-mannose8. The conditions employed for the imftglucosidase are:
dopamine5 (0.5 mmol) and carbohydra&8 (1 mmol), imm.[3-glucosidase 25 % (w/w

carbohydrate), 0.04 mM (0.4 mL) pH 5 acetate budfeadt 72 h of incubation period in di-
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isopropyl ether solvent (Scheme 3.5). Theeottrocedures are described on pages 74

and 147.
3.5.5 Spectral characterization

Isolated glycosides besides measuring meliognt and optical rotation were
also characterized by recording UV, IR, Masd @D-HSQCT spectra which provided
good information about the nature and type of potslu
3,4-Dihydroxyphenylethylamine 5 (Dopamine):Solid, decomposed at 24T, UV
(H20, Amay): 199 nmM ¢ - 0*, €109 — 41488 NI), 218.5 nm @ — ¢, €2155— 7954 MY,
280 nm (n-Tt*, €50 — 3515 MY IR (stretching frequency, ¢th 3368 (OH), 1498
(C=C), 1614 (CO), 2948 (CH), M3nf) — 153.1 [M], 2D-HSQCT (DMSQdq): 'H
NMR Tppm 6.69 (H-2), 6.47 (H-5), 6.63 (H-6), 2.70 (}-2.91 (H-8);"*C NMR &ypm
(125 MHz): 128.1 (C1), 115.9 (C2), 145.4 (C3), PA#C4), 119.3 (C5), 116.2 (C6), 32.4
(C7), 40.4 (C8). Ultraviolet-visible spectra is shoin Fig. 3.51A.
3.5.5.1 Dopamined-glucoside 40a-c:Solid, UV Anay: 191.5 nm ¢ - 0*, €10915— 858
M7, 217 nm ¢ T, €17 — 184 MY), 276 nm fi— T, €276— 84 MY, IR (stretching
frequency, cm): 3348 (OH), 1196 (glycosidic aryl alkyl CG-© asymmetrical), 1028
(glycosidic aryl alkyl C-O-C symmetrical), 13QC=C), 1652 (CO), 2944 (CH), MS
(m'2) - 316.2 [M+1], 2D-HSQCT (DMSQds) 3-Hydroxy-4-O-(D-glucopyranosyl)
phenylethylamine: 4-O-Cla-glucoside 40a8H NMR Oppm (500.13)Glu: 4.65 (H-Tn, d,
J = 3.9 Hz), 3.18 (H®), 3.56 (H-®), 3.42 (H-6a)Dopamine 6.68 (H-2), 6.20 (H-5),
6.45 (H-6), 2.62 (H-7), 3.05 (H-8)%C NMR &ypm (125 MHz) Glu: 95.9 (C), 70.5
(C2a), 70.5 (Ch), 62.6 (C@), Dopamine 115.3 (C2), 145.2 (C4), 115.9 (C6), 30.9
(C7), 49.4 (C8)4-O-C1B-glucoside 40b Solid; mp: 133C, UV (Amay: 192 nm ¢ - o*,

€100 — 3521 MY), 225.5 nm § - T¢*, €2055— 1423 M), 276.5 nm {1 T¢*, €2765— 523 M
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3, IR (stretching frequency, &n 3351 (OH), 1201 (glycosidic aryl alkyl G-©
asymmetrical), 1031 (glycosidic aryl alkyl C-O-Qnsyetrical), 1412 (C=C), 1634 (CO),
2945 (CH), Optical rotationc(0.5 HO): [a]p at 25°C = +12.6, MS 1{V2) — 317.2
[M+2]*, 2D-HSQCT (DMSCdg) *H NMR &ppm (500.13 MHz)Glu: 4.98 (H-B, d, J =
6.5 Hz), 2.91 (H-B), 3.14 (H-B), 3.62 (H-B), 3.42 (H-B), 3.55 (H-6a),Dopamine
6.68 (H-2), 6.58 (H-5), 6.47 (H-6), 2.70 Ti-2.90 (H-8);"*C NMR &,pm (125 MHz)
Glu: 101.8 (CP), 74.8 (CB), 77.6 (CB), 72 (CP), 77 (CP), 63.9 (C®), Dopamine
128.1 (C1), 115.9 (C2), 145.4 (C3), 144.2 (C4), . I1E5), 120 (C6), 40.5 (C7), 52.8
(C8); 4-Hydroxy-3-O-(B-D-glucopyranosyl)phenylethylamine 40c’H NMR Glu: 4.64
(H-1B, d, J = 7.8 Hz), 3.55 (H-6aPopamine 6.20 (H-5), 3.54 (H-8):*C NMR Glu: 99
(C1P), 63.2 (C®), Dopamine 119.3 (C5), 52.4 (C8).

Ultraviolet-visible, IR, mass and 2D-HSQCT NMspectra for dopamine-
glucoside40a-cfor amyloglucosidase catalysed products were shoawnagures 3.51B,
3.52A, 3.52B and 3.52C respectively. Infra-@ad 2D-HSQCT NMR spectra for 3-
Hydroxy-4-O-(3-D-glucopyranosyl) phenylethylamindOb for (3-glucosidase catalysed
product are shown in Figures 3.53A and 3.53B resdy
3.5.5.2 Dopamined-galactoside 41a-d:Solid; UV Amay: 193 nm ¢ - o*, €193 — 1086
M7, 219.5 nm ¢ T, €105 — 301 MY), 284.5 nm (R Tt, €gs5— 110 MY), IR
(stretching frequency, chr 3358 (OH), 1204 (glycosidic aryl alkyl C-O-C
asymmetrical), 1078 (glycosidic aryl alkyl C-O-Qrsyetrical), 1407 (C=C), 1608 (CO),
2940 (CH), MS 1{v2)-316.1 [M+1], 2D-HSQCT (DMSQds) 3-Hydroxy-4-O-(D-
galactopyranosyl) phenylethylamine 40-Cla-galactoside 41a8'H NMR dppm (500.13
MHz) Gal: 4.98 (H-In, d, J = 2.5 Hz), 3.56 (Hed, 3.60 (H-3), 3.70 (H-4x), 3.38 (H-

5a), 3.38 (H-6a)Dopamine 6.68 (H-2), 6.46 (H-5), 6.57 (H-6), 2.70 (H-7)28 (H-8);
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¥%C NMR 8ppm (125 MHz) Gal: 95.5 (Ch), 69 (C21), 70.5 (C&), 68.5 (C4), 70.5
(C50), 62.7 (C@), Dopamine 128 (C1), 115 (C2), 145.5 (C3), 144.5 (C4), 11&9),
116.1 (C6), 37.6 (C7), 49.4 (C8):0-Cla-galactoside 416'H NMR &yom Gal: 4.90 (H-
1B, d, J = 7.7 Hz), 3.12 (H3R 3.60 (H-B), 3.10 (H-), 3.24 (H-B), 3.62 (H-6a);
Dopamine 6.74 (H-2), 6.45 (H-5), 2.80 (H-7), 3.08 (H-8%°C NMR &,,m Gal: 101.9
(C1B), 72 (CB), 73 (CP), 70 (C8), 77 (CB), 63 (C@), Dopamine 115.9 (C2), 123
(C5), 36 (C7), 52.3 (C8§-0O-C6-O-arylated 41c'H NMR &,,m Gal: 3.62 (H-6a);"°C
NMR &,pm Gal: 66.1 (C@), 4-Hydroxy-3-O-(a-D-galactopyranosyl)phenylethyl
amine 41d*H NMR dppm Gal: 4.64 (H-Tn, d, J = 2.6 Hz), 3.55 (H-6alpopamine 6.61
(H-2), 6.57 (H-5), 2.72 (H-7), 3.53 (H-8))C NMR &,,m Gal: 95.8 (Clr), 63.2 (C@),
Dopamine 128.1 (C1), 115.6 (C2), 120.6 (C5), 32.5 (C7)45Z8).

Mass and 2D-HSQCT NMR spectra for doparigalactosided4la-d are
shown in Figures 3.54A and 3.54B respectively.
3.5.5.3 DopamineB-mannoside 42a-cSolid, UV Amay: 201 nm ¢ - o*, €01 — 12868
M?), 222 nm 6 T, €200 — 3376 MY), 286 nm (- Tt*, €256— 1621 MY), IR (stretching
frequency, cil): 3331 (OH), 1200 (glycosidic aryl alkyl C-© asymmetrical), 1079
(glycosidic aryl alkyl C-O-C symmetrical), 1BI4C=C), 1607 (CO), 2944 (CH), MS
(m/2) — 316.1 [M+1], 2D-HSQCT (DMSO-g) 3-Hydroxy-4-O-(D-mannopyranosyl)
phenylethylamine: 4-O-Cla-mannoside 42a8H NMR dppm (500.13)Man: 4.27 (H-1n,
d, J = 1.9 Hz), 3.70 (He®, 3.70 (H-3), 3.50 (H-41), 3.39 (H-%), 3.65 (H-6a),
Dopamine 6.66 (H-2), 6.47 (H-5), 6.55 (H-6), 2.72 (H-7)92 (H-8),°C NMR &ym
(125 MHz)Man: 95.9 (Ch), 69 (C2x), 69.5 (C3), 68 (C4), 73 (CH), 63.9 (Cé),
Dopamine 128.1 (C1), 115.3 (C2), 145.4 (C3), 144%), 121.9 (C5), 119.3 (C6),

35.9 (C7), 51.2 (C84-O-C1B-mannoside 42b'H NMR Man: 4.97 (H-B, d, J = 3.9
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Hz), 3.18 (H-B), 3.39 (H-8), 3.12 (H-PB), 3.55 (H-6a)Dopamine 6.68 (H-2), 3.11
(H-8), *C NMR &,,nMan: 101.8 (CB), 71.5 (CB), 70 (C#B), 76.5 (CB), 62.6 (CH),
Dopamine 129.4 (C1), 116.2 (C2), 52.8 (C8);4-Hydroxy-3-O-(a-D-
mannopyranosyl)phenylethylamine 42cH NMR Man: 4.58 (H-1i, d, J = 3.9 Hz),
3.65 (H-6a)Dopamine 6.80 (H-2), 2.68 (H-7), 2.85 (H-8Y°C NMR Man: 94.8 (Ch),
63.3 (C@r), Dopamine 115.9 (C2), 41.1 (C7), 52.2 (C8).

Infra-red and 2D-HSQCT NMR spectra for dop@m-mannoside42a-c are
shown in Figures 3.55A and 3.55B respectively.

Ultraviolet-visible spectra of dopamine glyaes, showea - o* band ranging
from 191.5 to 201 nm (199 nm for dopamine), T band ranging from 217 to 225.5
nm (218.5 nm for dopamine) amd- 1* and n- 1* band from 276 nm to 286 nm (280
nm for dopamine). IR spectra showed 1028-16m band for the glycosidic C-O-C

aryl alkyl symmetrical stretching and 61P204 crit band for the asymmetrical

stretching frequencies. In 2D Heteronuclegaingle Quantum Coherence Transfer
(HSQCT) spectra, the respective chemical shiftashowed glycoside formation: from
D-glucoseb 4-O-Cla glucosidedOato Cla at 95.9 ppm and Hellat 4.65 ppm, £-C1[3
glucoside40Obto C13 at 101.8 ppm and HBlat 4.85 ppm and 8-C13 glucoside40cto
C18 at 99 ppm and Hfl at 4.64 ppm,; fronb-galactose7 4-O-Cla galactosidetlato
Cla at 95.5 ppm and Hellat 4.98 ppm, 43-C1[3 galactosidetlbto C13 at 101.9 ppm
and H-B at 4.90 ppm, £-C6-O-arylated41cto C6 at 66.1 ppm and H-6a at 3.62 ppm
and 30-Cla galactoside4ld to Clo at 95.8 ppm and Helat 4.64 ppm; fronD-
mannoseB 4-O-Cla mannosidet2ato Clo at 95.9 ppm and Hellat 4.97 ppm, £-

C18 mannoside42b to CI3 at 101.8 ppm and H3lat 4.27 ppm and G-Cla
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mannoside42c to Clo at 94.8 ppm and Halat 4.58 ppm. Mass spectral data also
confirmed product formation.
3.5.6 Discussion

Dopamine glycosides were synthesized witirbohydrates employing the
optimized conditions. The products formed (®&c3.5.5) and the yields are shown in
Table 3.18. Amyloglucosidase catalysis gave rise 3dydroxy-4O-(a-D-gluco
pyranosyl)phenylethylamine 403a, 3-hydroxy-40-(3-D-glucopyranosyl)phenylethyl
amine 40b, 4-hydroxy-30-(B-D-glucopyranosyl)phenylethylamingéOc, 3-hydroxy-4-
O-(a-D-galactopyranosyl)phenylethylamindla, 3-hydroxy-40-([3-D-galactopyranosyl)
phenylethylamine41b, 3-hydroxy-40-(6-D-galactopyranosyl)phenylethylaminélc 4-
hydroxy-3-O-(a-D-galactopyranosyl)phenylethylamine 41d, 3-hydroxy-40-(a-D-
mannopyranosyl)phenylethylamine42a, ~ 3-hydroxy-40O-(3-D-mannopyranosyl)phenyl
ethylamine42b and 4-hydroxy-39-(a-D-mannopyranosyl)phenylethylami2c (Table
3.18). Also, imm3-glucosidase gave the above mentioned glycosideddse3-hydroxy-
4-O-(a-D-glucopyranosyl)phenylethylamine 40a and  4-hydroxy-39-(3-D-gluco
pyranosyl)phenylethylamingOc (Table 3.18).

Only monoglycosides were detected. Bis glycosideslving both the 4-OH and
3-OH phenolic groups simultaneously were detected. Among the carbohydrates
employed, both amyloglucosidase and immobiliBeglucosidase showed glycosylation
with D-glucose 6, D-galactose7 and D-mannose8. Under the reaction conditions
employed, immobilize-glucosidase showed selectivity withglucose6 to give rise to
the 40-C13 product. Dopaminé gave a mixture of 8 and 40- glycosylated
products withD-galactose7 and b-mannose8 with both the enzymes andGiC6-O-

arylated product detected only wibhgalactose.
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Table 3. 18Syntheses of dopamine glycosides using amylogldassiand imnf3-glucosidase

Phenolicglycosides

Amyloglucosidase catalySis

Imm. B-Glucosidase catalySis

Glycosides . Yields Product (% proportion$) Yields
Product (% proportionS) g g
(%) (%)
ST m% ST 4-0-Cla (57),
-O- 58 4-0-C 65
40a 3-Hydroxy-4O-(a-D-glucopyranosyl)phenylethylamine 4-0-C1p (29), 1B
40b 3-Hydroxy-40-(B-D-glucopyranosyl)phenylethylamine 3-0-C1B (14)
40c4-Hydroxy-3O-(3-D-glucopyranosyl)phenylethylamine
o o o 4-0-Cla (21), 4-0-Cla (31),
41a 3-Hydroxy-4O-(a-D-galactopyranosyl)phenylethylamine
41b 3-Hydroxy-4O-(B-D-galactopyranosyl)phenylethylamine 4-0-C1B (32), 32 4-0-C1pB (26), 29
41c3-Hydroxy-40-(6-D-galactopyranosyl)phenylethylamine 4-0-C6-O-arylated (36), 4-0-C6-O-arylated (33),
OHo_ H 3-O0-Cla (11) 3-O-Cla (10)

HQO,

p
M oH
H H NH,

41d 4-Hydroxy-30-(a-D-galactopyranosyl)phenylethylamine
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OHoO_ y

@% é@qfﬁ% ’ iﬁ%}@ﬁ 4-0-Cla (29), 4-0-Cla (29),

4-0-C1B (57), 40 4-0-C18 (55), 28

42a 3-Hydroxy-40O-(a-D-mannopyranosyl)phenylethylamine
3-O-Cla (16)

42b 3-Hydroxy-40O-(B-D-mannopyranosyl)phenylethylamine 3-0-Cla (14)
42c 4-Hydroxy-30O-(a-D-mannopyranosyl)phenylethylamine

#3,4-Dihydroxyphenylethylamine — 0.5 mmol and cangabiate - 1 mmol; amyloglucosidase concentratiov4@w of carbohydrate; solvertdi-isopropyl ether; buffer
—0.06 mM (0.6 mL) pH 6 phosphate buffer; incubateriod — 24 h’3,4-Dihydroxyphenylethylamine 0.5 mmol and carbalayel — 1 mmol each; imnB-Glucosidase
concentration 25% w/w of carbohydrate; solvemti-isopropyl ether; buffer — 0.04 mM (0.4mL) pHabetate buffer; incubation period — 7ZThe product proportions
were determined from the area of respectivf’C signals’Conversion yields were from HPLC with respect efcarbohydrate. Error in yield measurementsiig%.
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Amyloglucosidase exhibited its ‘inverting’ potality in the glycosylation ob-
galactose7 giving rise to 64% 4£O-products and 36% exclusively@C13 product
compared to the 92:8: 3 anomeric composition of the-galactose employed. Both
amyloglucosidase and immobilizgglucosidase did not catalyse the reactioth \wi
fructose9, D-arabinoselO, D-ribosell, maltosel2, sucrosel3, lactosel4, D-sorbitol15
and D-mannitol 16 under the conditions employed. Dopamibiecould be a better
inhibitor to these enzymes compared to the carbalbgdmolecules, thereby blocking the
transfer of the carbohydrate molecules to the piee@d group of dopaminé.

About 10 glycosides were synthesized enzymiitizsing both the glucosidases,
of which 7 are being reported for the fitshe. The new glycosides reported are: 3-
hydroxy-4-O-(a-D-galactopyranosyl)phenylethylamindla  3-hydroxy-4O-([3-D-galacto
pyranosyl)phenylethylamine 41b, 4-hydroxy-30-(a-D-galactopyranosyl)phenylethyl
amine 41¢ 3-hydroxy-40-(6-D-galactopyranosyl)phenylethylaming&ld, 3-hydroxy-40-
(a-D-mannopyranosyl)phenylethylamine 42a 3-hydroxy-40-(3-D-mannopyranosyl)

phenylethylamin&2b and 4-hydroxy-39-(a-D-mannopyranosyl)phenylethylamid@c

3.6 General discussion

In the present work, optimized reaction ctiods were worked out for the
syntheses of glycosides of vanillin;-vanillyl-nonanamide, curcuminpL-dopa and
dopamine. Optimum conditions were determined these glycosylation reactions by
studying the effect of various parameters like bation period, pH, buffer
concentrations, enzyme and substrate coracems. In most of the glycosylation
reactions, the conversion yields increased uetdain range and thereafter remained as
such or decreased significantly. This complex giytation reaction is not controlled by
kinetic factors or thermodynamic factors oater activity alone but by a interplay of

more than one of these factors.
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Effect of incubation period showed that the yigldreased upto a time period of
72 h and then showed a remarkable drop at ggiieni incubation periods, which could
be due to partial hydrolysis of the glycosides fednafter 72 h. Since the enzymes could
not be recovered, they were not reused again. Héneectivity of the enzyme after the
reaction could not be determined. Refluxing di-reqyl ether for a specified incubation
period did not produce any peroxides in these glyladion reactions.

Glycosylation described in the present woitt dot occur without the use of
enzyme. Glycosidase reactions occur only riesgnce of certain amount of water
(Ljunger et al. 1994; Vic and Crout 1995; Vijayakumar al. 2007), whose presence in
the reaction mixture could be regulated cdisefto get a good glycosylation yield.
Besides imparting ‘pH memory’, added wateessential for the integrity of the three-
dimentional structure of the enzyme moleculd #rerefore its activity (Dordick 1989)
in a non polar solvent like di-isopropyl eth(Vijayakumar and Divakar 2005). Water
has been added in the form of 10 mM buffer. Whelfebaoncentration (buffer volume)
was varied, the lower and higher buffer concerdregti(buffer volume) resulted in lesser
conversion yields. A lower buffer concentration nmyt be sufficient to keep the active
conformation of the enzyme and a higher buffer eotr@ations could result in hydrolysis
of the product.

Beyond a critical water concentration, glycosylataecreased due to the size of
the water layer formed around the enzyme retartlisgransfer of the glycosyl donor to
the active site of the enzyme (Humezal. 1998; Camachet al. 2003) besides renders
water layer surrounding the enzymes moreibliexby forming multipleH-bonds and
interacting with organic solvent causimggnaturation (Valivetiet al. 1991). The
protonation of the ionizable groups during the addiof buffer on the enzyme could be

controlled by the type and availability dfet counter ions as well as hydrogen ions
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resulting in ‘pH memory and the increase in iostcength could play a favourable role
in glycosylation (Patridget al. 2001). The carbohydrate molecule could also rediee
water content of the reaction mixture. Adachi &ubayashi (2005) have reported that
the hexose, which is more hydrated, decreased &ber\activity in the system and shifts
the equilibrium towards synthesis. The effect of gitbwed that pH 4 for vanillid and
curcumin 3, pH 7 for N-vanillyl-nanamide2, pH 6 forbL-dopa4 and pH 5, 6 for
dopamine5 are the best for obtaining maximum conversi®he three dimensional
structure of the enzyme upto pH 7 may stitain a highly active conformation.
However, pH 8 was not the optimum one for any efggthenols employed.

At lesser enzyme concentrations, for a given amowit substrates
(enzyme/substrate ratio low), rapid exchange batviimeind and unbound forms of both
the substrates (carbohydrates and the aglycon) thélenzyme (on a weighted average
based on binding constant values of bothdiestrates) leaves substantial number of
unbound substrate molecules at the start of thetiomawhich decrease progressively as
conversion takes place (Romestoal. 2003; Martyet al. 1992). This becomes more so, if
one of them binds more firmly to the enzythan the other (higher binding constant
value) as the respective enzyme/substrate ratieg &kanging (during the course of the
reaction) unevenly till the conversion stapse to complete binding (inhibition) of the
predominant substrate. At intermediatory enzyto@centrations, such a competitive
binding results in favourable proportions of bowmal unbound substrates to effect quite
a good conversion. At higher enzyme concentratiomst of the substrates would be in
the bound form leading to inhibition andsks conversion (higher enzyme/substrate
ratios). Also, the glycosylation reaction regsidarger amount of enzyme compared to
hydrolysis. Effect of enzyme concentration at &din-glucose concentration, showed a

maximum conversion at around 40 % (whaglucose) in many cases. At higher
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concentrations of both glucosidases, caner yields decreased probably due to
inhibition of the enzyme by the phenols employéthile this leads to lesser selectivity,
they also give rise to varying bound andaund substrate concentrations till the
conversion ends. For a given amount of eezgmd substrates there is no increase in
conversion beyond 72 h to 120 h. Longer incubapieriods of especially lesser enzyme
concentrations could also result in partinkyene inactivation. However, not all the
enzyme is inactivated before the end of the reactio

Phenols employed in the present work increbabe conversions upto certain
concentration which thereafter decreased araieed as such. This could be due to
competitive binding between the substratesiiBlb-glucose) the active site (binding
site) of glucosidases, where the more effttyebound phenol displaces the boumd
glucose leading to the formation of the dead-enehphenzyme complex. This may not
happen at lower concentrations of phenols employed.

Both amyloglucosidase arfétglucosidase (native/immobilized) did not cgdel
the reaction withb-fructose9 and D-arabinosel0 with any of the phenols employed.
Also, while B-glucosidase (native/immobilized) catalyseehation with lactosel4,
amyloglucosidase did not. Henafructose9 and D-arabinoselO could not result in
not-so-facile formation of the required oxakmEmium ion intermediate (Chiba 1997)
during the catalytic action of the emey which is an essential requirement for
glycosylation. Since the carbohydrate molecute$ reacting with the five phenols
studied varied with the phenol employedcauld be concluded that the phenols are
better inhibitor of these enzymes comparedthie specific unreactive carbohydrate
molecules. During hydrolysis of amylase, tinel,4 linked glucose units gets hydrolysed
which give rise toB-D-glucose by amyloglucosidase. This cleaslyowed that

amyloglucosidase possess ‘inverting’ potenyialithe same behavior was observed in
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the glycosylation reaction also. In general amidoosidase catalyses gave €and3
glycosides along with C®& aryl derivatives. However, [-glucosidase
(native/immobilized) catalyses gave exclugiveCl3 glycosides in several cases,
indicating its capability to exhibit excellerggioselectivity in this glycosylation with the
carbohydrate molecules.

In curcumin 3, the phenolic OH group present at both phenohg which
underwent glycosylation gave rise to bis-gbydated products. Even presence of an
hydrophobic bulky alkyl side chain as in casenefanillyl-nonanamide2 and curcumin
3 did not pose much of a steric hindrance rwhige carbohydrate molecules were
transferred to its phenolic OH group. Amaihg phenols employed, vanillih and N-
vanillyl-nonanamide2 showed glycosylation with many of the carbolayds employed.
None of the secondary hydroxyl group of ta@bohydrates reacted with the phenols.
Only primary hydroxyl group and the C1 OH reactdét former in some cases and the
latter in many carbohydrate molecules.

All the phenols employed invariably reactedhwaldohexosesbfglucose®6, D-
galactose7 and b-mannose8) employed to yield respective glycosidesegtcin the
reaction betweerN-vanillyl-nonanamide2 and D-mannose8. Dopamine5 showed
exclusively glycosylation only with aldohexoses.

Hydrolysis of the disaccharides maltds® sucrosel3 and lactosel4 during the
course of the reaction has been observedoahdin case of sucrosES the resultant
glucose formed, underwent transglycosylatiorgitee rise to C[ glucosylated and C6-
O-arylated products with vanillid. Other phenols employed did not show amghs
reaction with hydrolysed carbohydrate moleculesgeneral, glucosylated products were
formed in higher proportions compared to otbarbohydrates molecules. The loss of

regioselectivity in many of the glycosylatioractions could be due to the employment
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of large amount of the enzymes. This ivitable, as the reversible reaction required
such large concentrations of enzyme to be employed.

About 61 individual glycosides were synthedizenzymatically using both the
glucosidases, of which 45 are being reported ferfiist time. New glycosides reported
are: 40-(D-galactopyranosyl)vanilinl8a,b 4-O-(D-mannopyranosyl)vanilinl9a,b 4-
O-(a-D-glucopyranosyl-(1- 4)b-glucopyranosyl)vanillin 20a-d, 4-O-(D-
fructofuranosyl-(2-1') a-D-glucopyranosyl)vanillin21ab, 4-O-(3-D-galactopyranosyl-
(' - 4)B-D-gluco pyranosylvanilin 22, 4-O-(D-sorbitol)vanilin  23ac, 4-O-(D-
galactopyranosyl)-vanillyl-nonanamide 25a,h  4-O-(-D-mannopyranosyl-vanillyl-
nonanamide 26, 4-O-(D-ribofuranosyiN-vanillyl-nonanamide 27a,b  4-O-(a-D-
glucopyranosyl-(1- 4)D-glucopyranosyly-vanillyl-nonanamide  28ad, 4-O-(B-D-
galactopyranosyl-(1 4)3-D-glucopyranosyli-vanillyl-nonanamide 29, 1,7O-(bis{3-D-
galactopyranosyl)curcumi@l1b, 1,7-O-(bis{3-D-mannopyranosyl)curcumiB2b, 1,7-O-
(bisf3-D-galactopyranosyl-(L 4)a-D-glucopyranosyl)curcumin  33a,h  DL-dopab-
galactoside 35a€e, DL-3-hydroxy-4O-(3-D-mannopyranosyl)phenylalanin@6, DL-3-
hydroxy-4-O-(3-D-galacto pyranosyl-(1. 4)B-D-glucopyranosyl)phenylalanin@7, DL-
3-hydroxy-40O-(6-D-sorbitol)phenylalaning8, bL-dopab-mannitol 39ab, dopamines-
galactosidella-d and dopamin&-mannosidel2a-c.

All the phenols employed in this study posssssne or two phenolic groups —
one invariably at the™position and another as suph-dopa4, dopamine5 or modified
to a OCH group (vanillin1, N-vanillyl-nonanamide2 and curcumir3). However, both
the OH groups have reacted giving monoglyEssiand arylated products but no bis
derivatives in case afL-dopa4 and dopamin& were observed. In curcumgboth the
phenolic OH groups on either side reacted to gibes groducts. Hence, the presence of

bulky groupspara to 4-OH did not hinder formation of glycoside. Thttas study shows
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that selected phenolic glycosides, could be syibes enzymatically using
amyloglucosidase frorRhizopus mold andf3-glucosidase (isolated from sweet almond
and immobilized) to produce more water s@ubhd stable derivatives with diverse
carbohydrate molecules. A reasonable extensetdctivity exhibits by these enzyme
have been utilized for the preparation of the ghydes, thereby eliminating the need for
elaborate protective and de-protective stratedte®(@eet al. 2003).
3.7 Experimental
3.7.1 Glycosylation procedures

Proceduree for the syntheses of vanifjycosides, N-vanillyl-nonanamide
glycosides, curcuminyl-bis-glycosidesl -dopa glycosides and dopamine glycosides are
described in their respective Sections (3.1, 32,34 and 3.5).
3.7.2 Response surface methodology

A Central Composite Rotatable Design (CCRDgswemployed for response
surface methodology study with five variable aeflevels. The five variables employed
were vanillin concentration, glucosidase conceioma buffer volume, pH and
incubation period, in case of both the glucosidasEse experimental design included 32
experiments of five variables at five levels (-2, 0, +1, +2). The variables employed
range of vanillinl - 0.5-2.5 mmol, maltos&é2 - 0.5 mmol and amyloglucosidae/
glucosidase - 10 to 50% w/w maltose. These wetexexf in a 150 mL two necked flat
bottomed flask containing 100 mL of di-isopropyhet solvent and 0.04 mM — 0.2 mM
(0.4 mL - 2 mL) of 10 mM pH 4 to 8 buffevith stirring for specified incubation
periods of 24 to 120 h.
3.7.3 High Performance Liquid Chromatography

HPLC analysis on a Shimadzu SLC 6A, Kyoto, Japaas amployed for HPLC.

Two measurements amino propyl columns - LiChrodd@® A, 5m, 300 mnx 3.9 mm
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and Phenomenex 100 A, Bm, 250 mmx 4.6 mm were employed. They were
equilibriated and eluted with acetonitrile:waf€0:30 at a flow rate of 1mL/min and

detected using Refractive Index Detector.

3.7.4 Size exclusion chromatography

Glycosides were separated using a Sephadéx (B cmx 1 cm) column,
eluting with water at a flow rate of 1 mL/h. Thadtions were pooled by performing thin
layer chromatography by spotting individual flrans on silica plate. Silica plates were
prepared by dissolving 8 g of silica geleéim 60-120) in 20 mL of water spreaded
uniformly over a 20x 20 cm glass plate. Air and oven driedtgdawere used for
separation of the compounds by usmgutanol: acetic acid: water (v/v/v 70:20:10) as
mobile phase. The spots were identified by spragingar spray and kept in hot air oven
at 100°C for 20 minutes to obtain colored spots. Sugaayspras prepared by dissolving
1.46 g ofa-napthol in 41 mL of ethanol to which was addedr8l4of water and 5.6 mL
of concentrated sulfuric acid. The frao containing product glycoside were

evaporated on a water bath and subjected to spelstiacterization.

3.7.5 Solubility

A known amount of glycoside was saturated with asneed amount of water at
25 °C. Atfter the saturation, the undissolved giide was removed by filteration from
the solution and dried. The dried residues weeighed from which the amount of the
dissolved glycoside was determined.
3.7.6 Spectral characterization
3.7.6.1 UV-visible spectroscopy

Ultraviolet-visible spectra were recorded on a Stiru UV-1601, Kyoto, Japan
spectrophotometer. Known concentrations of the &srp the range 5-10 mg dissolved

respective solvents (indicated in spectral datapweed for recording the spectra.
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3.7.6.2 IR spectroscopy

Infra-red spectra were recorded on a Nicolet-FTIRladison, USA
spectrophotometer. Isolated solid glycoside pdasn(5-8 mg) were prepared as KBr
pellets and employed for recording the IRctf@e Phenol standards were employed as
such between KBr plates to obtain IR spectra.
3.7.6.3 Mass spectroscopy

Mass spectra of the isolated glycosides wepsrded using a Q-TOF Waters
Ultima, instrument (No.Q-Tof GAA 082, Wate@orporation, Manchester, UK) fitted
with an electron spray ionization (ESI) source. Wnaconcentration of the samples were

dissolved in water and injected for recording theess

3.7.6.4 Polarimetry
Specific rotation of the isolated glycosides wasasouged at 25C using Perkin-

Elmer 243, West Germany, polarimeter with a 0.5de®us solution.
3.7.6.5 Melting point

Melting point of the glycosides was deterrdiney the capillary method. A
capillary tube containing the sample was stieka thermometer and suspended in the
paraffin liquid in a beaker. The paraffiquid was heated slowly and evenly with the
help of a Bunsen burner. The temperature range whigh the sample was observed to
melt was taken as the melting point.
3.7.6.6'H NMR

'H NMR spectra were recorded on a Brikker DBOO MHz NMR, Fallanden,
Switzerland, spectrometer (500.13MHz). Protarse width was 12.2%s. Sample
concentration of about 40 mg of the samgiksolved in DMSQds was used for

recording the spectra at 86. About 100-200 scans were accumulatedetoaggood

spectrum. The region between 0-10 ppm wasrded for all the samples. Chemical
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shift values were expressed in ppm relativenternal tetra-methyl silane (TMS) as the

standard.

3.7.6.7°C NMR

3¢ NMR spectra were recorded on a Brilker DRI 5Hz NMR, Fallanden,
Switzerland, spectrometer (125MHz). Carbor? @@ilse width was 10.pis. Sample
concentration of about 40 mg dissolved in DM8{was used for recording the spectra
at 35°C. About 500 to 2000 scans were accumulated fdn spectrum. A region from
0-200 ppm was scanned. Chemical shift valkwese expressed in ppm relative to
internal tetramethyl silane (TMS) as the standard.
3.7.6.8 2D HSQCT NMR

Two-dimensional Heteronuclear Single Quantum Catesrdl ransfer Spectra (2-
D HSQCT) were recorded on a Briker DRX 300z NMR, Fallanden, Switzerland,
spectrometer (500.13 MHz fdH and 125 MHz forC). A sample concentration of
about 40 mg in DMSW@s was used for recording the spectra. Othemarpeters

employed were described in Section 2.2.9.6.
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Enzymatic syntheses of riboflavin, ergocalciferol

and a-tocopherol glycosides



Vitamin glycosides

Introduction

Vitamins are organic compounds that are requin small amounts for the
normal functioning of the body and mainterammdé metabolic integrity. As with many
other biologically active compounds, glydes derivatives of vitamins have been
identified and their properties investigatedeTarmation of glycosylated derivatives of
vitamins-whether naturally in plants, anspalor microorganisms or by intentional
chemical modifications-represents a procésast may cause dramatic changes in
chemical, nutritional and metabolic properties.axiins, like riboflavin (vitamin B2) is a
water-soluble one belonging to the B-complex grthgt is important for optimal body
growth, erythrocyte production and helps releasing energy from carbohydrates
(LeBlaneet al. 2005; Bates 1993). Ergocalciferol (vitamin D2nhat only a nutrient, but
also a precursor of a steroid hormone witihange of activities that include roles in
calcium metabolism and cell differentiatiorts Iderivatives can be useful agents for
treatment of several forms of cancer. Their d#ifeiating and antiproliferative activities
are undergoing intense scrutinity currently (Sreitlal. 1999; Jamest al. 1999; Peehdt
al. 2003; Wiedert al. 2003 and Chent al. 2003).a-Tocopherol (vitamin E) has been
shown to be a very important component of biolalgnnembranes, where it acts mainly
as a potent antioxidant and radical scaveriBerton et al. 1983) and contribute to
membrane stabilization (Witkowski 1998). Somtamins are prone to degradation and
some have very less bio-availability in theman system like fat-soluble vitamins. In
order to overcome such type of problems pghesent work attempts to develop their
glycosylated forms.

This chapter describes the glycosylation itdmins. Glycosylation of both fat
soluble and less water soluble vitamins rendersithere water soluble, thereby aiding

in bioavailability, stability and accessibility biological systems. Hence, glycosylation
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of riboflavin (vitamin B2), ergocalciferol (vitami®2) anda-tocopherol (vitamin E) are
investigated in the present work. All thestamwins possess OH groups present in their
structure in the form of ribitol OH in rifb@vin, acyclic OH in ergocalciferol and
phenolic OH in a-tocopherol. Glycosylating efficiency of woglucosidase from
Rhizopus mold and-glucosidase isolated from sweet almond hasn bevestigated in
detail. These results are presented below.
Present work
The present chapter describes optimization syndheses of selected vitamin
glycosides of riboflavin (vitamin B2%3, ergocalciferol (vitamin D244 and a-
tocopherol (vitamin EX5 by reflux method using amyloglucosidase fr&mzopus mold
and B-glucosidase from sweet almond in di-isoprogiler solvent. The carbohydrate
molecules employed for the glycoside prepanatiare: aldohexosesD-glucose6, D-
galactose7, D-mannoseB, ketohexose b-fructose9, aldopentoses b-arabinoselo, D-
ribose 11, disaccharides - maltod®, sucrosel3, lactosel4 and sugar alcohols b-
sorbitol 15 and D-mannitol 16. Glycosylation reaction was conducted as desciibede
previous Section in the presence of 0.01 M buffepleying acetate buffer for pH 4 and
pH 5, phosphate buffer for pH 6 and pH 7 and bobaféer for pH 8. The reactions were
investigated in terms of incubation periodH, buffer, enzyme and substrate
concentrations, regio and stereo selectivitl}. the experiments were performed in
duplicate. Unless otherwise stated, the glgessiprepared were analyzed by HPLC on
an aminopropyl column (250 mm4.6 mm) eluted with 70:30 (v/v) acetonitrile:watdr
a flow rate of 1 mL/h and monitored usiagRI detector. Conversion vyields were
determined from HPLC peak areas of the glycosidefeee carbohydrate and expressed

with respect to free carbohydrate concentrationorvased on HPLC measurements are
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of the order of £ 10%. Glycosides were satgd to column chromatography using

Sephadex G25/G15/G10 columns (1901 cm), eluting with water at 1 mL/h rate.

Although the glycosides were separatedmfrunreacted carbohydrates by these
procedures, individual glycosides could not ibelated in pure forms due to similar

polarity of these molecules.

The isolated glycosides were subjected tosomeanent of melting point and
optical rotation and were also characterized bgnming UV, IR, Mass and 2D-HSQCT
spectra. Unless otherwise mentioned, in 2D RNMata of the present work, only
resolvable signals are shown. Some & #ssignments are interchangeable. Non-
reducing end carbohydrate units are primed. Glgessare surfactant molecules, which
form micelles above certain critical micellasoncentrations (CMC). Since the
concentrations employed for 2D Heteronucleargl® Quantum Coherence Transfer
(2D-HSQCT) spectral measurements are very mugiehithan their respective CMCs,
the proton NMR signals were unusually broad suelh, tih spite of recording the spectra
at 35°C, the individual coupling constant values could Io® determined precisely.

4.1 Syntheses of riboflavinyl glycosides

Riboflavin [1-deoxy-1-(3,4-dihydro-7,8-dimethyl-2dloxobenzo{g}pteridine-
10(2H)-yl)-D-ribitol], vitamin By, is a constituent member of the vitaminc@nplex
(LeBlaneet al. 2005). Riboflavin is a necessary growth fashgportant for erythrocyte
production (Bates 1993). As a prosthetic graaf oxido-reductive flavoenzymes, it
functions as a flavin nucleotide in the procetglectron transport leading to oxidative
degradation of pyruvate, fatty acids and aminosafilerneret al. 2005). Riboflavin is a
potent antioxidant, protective against marseadses including cancer (Sengoegtal.

2003). Also it degrades nicotin into a pharmacalally inactive substance (Dickersen
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al. 2004). Recent researches focus on the abjglasma riboflavin in determining the
homocysteine concentration, which is a rigktdr in cardiovascular diseases (Powers
2003). Because of its limited gastrointestinal apson, large doses of riboflavin remain
unabsorbed.

Riboflavin is synthesized in plants and few micigaorisms (Bacheet al. 2000).
It is also obtained from animal source (Whitby 19 As early as 1952, Whitby reported
5'-D-riboflavinyl-D-glucopyranoside from riboflavin by using hogenates of rat liver.
Enzymes from different microorganisms haveo dieen employed (Suzuki and Uchida
1969) for the preparation of-B-riboflavinyl-a-D-glucopyranoside. Uchida and Suzuki
(1968; Suzuki and Uchida 1983) have repopegparation of riboflavin glucoside in
growing cultures ofAshbya gossypii, Eremothecium ashbyii and in germinating barley
seeds. Tachibana (1955) has reported preparafioiboflavinyl{3-D-galactoside in cell
suspension cultures @fspergillus oryzae. In 1971, Tachibana again showed riboflavin
glucoside and other oligosaccharides friassherichia coli, Clostridium acetobutyricum,
Leuconostoc mesentroids and cotyledons oPumpkin curcurbita pepo and of sugar beet
Beta wulgaris. However, no systematic work on exelsienzymatic synthesis of
riboflavinyl glycosides were carried out so far.

It has been established that glycosides more water soluble than their
respective aglycons (Suzudti al. 1996). Only 0.2 mg/mL of riboflavin can be disgad
in water at room temperature (Whitby 1954). Glydaigyn improves the
pharmacokinetic properties of water insolubléyaans, like facile cell permeability and
accessibility (Kren and Martinkova 2001). Attang a glycosidic moiety into riboflavin
increases its hydrophilicity and stability (Josepid McCormick 1995).

Chemical methods of glycosylation involve maiion and deprotection steps
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which are tedious (Rood# al. 2003). The present work deals with enzymaticlsses
of riboflavinyl glycosides using amyloglucdase from Rhizopus mold and (3-

glucosidase from sweet almond in di-isopropyl eti@n-polar medium.

12 melz 10a N o Amyloglucosidasg¥-Glucosidase
9 gNH 0, H3C NH
15 \ 7 +R-OH (% w/w carbohydrate) _ +H,0
13 me lAaN 15a [gj - N
| CHZ Carbohydrate Buffer (0.01M), |CHZ
2 Di-isopropyl ether, [
Ao 72 h Incubation H=(oH
H-C—-OH H_(I:_OH
H-C-OH H_IC_OH
CH,0H CH20R
Riboflavin 43 Cla/f3 and/or C6
Riboflavinyl glycosides16-52
Carbohydrate: oH
H
)ﬁ:ﬁ OHOM
1 OH
/é; /ﬁi /ﬁ @OH m HO HO§ HE : i
\ §4 H OH
H OH OH OH 1 OH
D-Glucoses D-Galactos& D-Mannose8 D-Ribosell Maltose12 Sucrosel3 Lactosel4

Scheme 4.1Syntheses of riboflavinyl glycosides

Synthesis of 33-(D-glucopyranosyl)riboflavin was studied in detah typical
synthesis involved reacting riboflavii8 (0.25-2 mmol) and-glucose6 (1 mmol) in
reflux with stirring in 100 mL of di-isopropyl ethaen the presence of 10-75% (w/
glucose) enzyme and 0.03-0.25 mM (0.3-2.5 mL) ofrlM of pH 4-8 buffer for a period
of 72 h (Scheme 4.1). Workup involved disgl off the solvent and the enzyme
denatured at 100C by holding in boiling water bath for 5-1@in. The residue
containing unreacted riboflavié3 and D-glucose6 along with the product glucosides
was dissolved in 40-50 mL of water, filterdarough Whatman filter paper No.l to
remove unreacted riboflavié3 and the aqueous layer containing unreacteglucose6
and the product glucosides was evaporated to dsyié®e dried residue was subjected to
HPLC (Fig. 4.1) and the conversion yieldsreveletermined from HPLC peak areas.

Other procedures are as described on page 171.
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Fig. 4.1 HPLC chromatogram for the reaction mixture of OFb-
glucopyranosyl)riboflavin. HPLC conditions: Aminagmyl column (10zm, 300 mm
x 3.9 mm), solvent-CkCN: H,O (70:30 v/v), Flow rate-1 mL/min, RI detector. Rea
retention times: solvent peak-4.4 min, riboflavi®-Bnin,D-glucose-6.5 min and 6-

(D-glucopyranosyl)riboflavin-8.2 min.
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HPLC retention times for the substrates and pradaoct: riboflavin-5.5 minD-
glucose-6.5 min, ®-(D-glucopyranosyl)riboflavin-8.2 minp-galactose-7.1 min, &-
(D-galactopyranosyl)riboflavin-12.4 mirp-mannose-6.7 min, &-(D-mannopyranosyl)
riboflavin-13.4 min,D-ribose-7.4 min, %3-(D-ribofuranosyl)riboflavin-9.1 min, maltose-
11.5 min, 50-(a-D-glucopyranosyl-(1-4)D-glucopyranosyl)riboflavin-17.2  min,
sucrose-9.6 min, ®-(1-D-fructofuranosyl-(2-1')a-D-glucopyranosyl)riboflavin-16.1
min, lactose-9.3 min and 50©-(B-D-galactopyranosyl-(1- 4)3-D-glucopyranosyl)
riboflavin-15.1 min.

4.1.1 Synthesis of $-(D-glucopyranosyl)riboflavin using amyloglucosidase

Optimum conditions for the synthesis oDHD-glucopyranosyl)riboflavin using
amyloglucosidase froniRhizopus mold was studied in detail in terms of ipation
period, pH, buffer, enzyme and riboflavin concetirras.
4.1.1.1 Effect of incubation period

Synthesis of 33-(D-glucopyranosyl)riboflavin was studied at vasoincubation
periods of 3, 6, 12, 24, 48, 72 and 9@\myloglucosidase catalysis gave a maximum
yield of 25% between 12 to 72 h (Table 4.1, Fi@A}. The yields decreased at longer
incubation periods which could be duwe ibactivation of the enzymes at longer
incubation periods.
4.1.1.2 Effect of pH

Effect of pH on the extent of glucosylation wasdstd by varying pH from 4 to
8 at a fixed buffer concentration of 0.1 mM (1 mR}. pH 7, amyloglucosidase catalysis
showed the highest conversion of 17%. The yieldemsed gradually from pH 4 to 7 and

dropped to 14% at pH 8 (Table 4.1).
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Fig. 4.2 (A) Reaction profile for 33-(D-glucopyranosyl)riboflavin synthesis by the
reflux method. Conversion yields were from HPLChmespect to 1 mmol ab-
glucose. Reaction conditions:D-glucose-1 mmol, riboflavin-0.5 mmol,
amyloglucosidase-50% (w/w-glucose), 0.1 mM (1 mL) pH 7 phosphate buffer,
solvent-di-isopropyl ether and temperature2@8 (B) Effect of buffer concentration
for 5-O-(D-glucopyranosyl)riboflavin synthesis. Reaction atinds: D-glucose-1
mmol, riboflavin-0.5 mmol, amyloglucosidase-40% \w/D-glucose), pH 7

phosphate buffer, solvent-di-isopropyl ether, terapge-68 °C and incubation
period — 72 h.



Table 4.1 Optimization of

reaction conditions for
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glucopyranosyl)riboflavin using amyloglucosidase

the syntisesof 5-O-(D-

Reaction conditions Variable paraméter  Yield (%)°
Incubation period (h)

Riboflavin — 0.5 mmol 3 18
D-glucose — 1 mmol 6 17
pH-7 12 25
Buffer concentration — 0.1 mM (1 mL) 24 25
Amyloglucosidase — 50% w/w-glucose 48 23

72 25

96 8

pH (0.01M)
Riboflavin — 0.5 mmdl 4 11
D-glucose — 1 mmol 5 14
Amyloglucosidase — 40% w/-glucose 6 15
Buffer concentration — 0.1 mM (1 mL) 7 17
Incubation period — 72 h 8 14
Buffer concentration (mM)
Riboflavin — 0.5 mmol 0.05 17
D-glucose — 1 mmol 0.1 19
Amyloglucosidase — 40% w/w-glucose 0.15 6
pH-7 0.2 5
Incubation period — 72 h 0.25 2
Amyloglucosidase
concentration (% w/vip-
glucose)

Riboflavin — 0.5 mmol 10 18
D-glucose — 1 mmol 20 19
pH-7 30 23
Buffer concentration — 0.1 mM (1 mL) 40 24
Incubation period — 72 h 50 25

75 21

Riboflavin (mmol)

pH-7 0.25 19
Buffer concentration — 0.1 mM (1 mL) 0.5 25
D-glucose — 1 mmol 1 31
Amyloglucosidase — 50% w/w-glucose 15 25
Incubation period — 72 h 2 25

Anitial reaction conditions’Other variables are the same as under reactioritizoTs] except the specified
ones HPLC yields expressed with respect to 1 mmalucose employed.

4.1.1.3 Effect of buffer concentration

About 0.05 mM to 0.25 mM (0.5 mL to 2.5 mL) of berffconcentration at pH 7

for amyloglucosidase was employed. A maximum yald 9% was obtained at 0.1 mM
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(3 mL) buffer concentration. Thereafter thields showed considerable reduction at
higher buffer concentrations (Table 4.1, FigureBj.2
4.1.1.4 Effect of enzyme concentration

Under the above mentioned optimum conditions ofgoiel buffer concentrations,
amyloglucosidase concentration was varied frtdfo to 75% (w/w ob-glucose) to
study the effect of enzyme on glucosylatigvhen amyloglucosidase was varied from
10% to 50% (w/w ob-glucose), the yields increased steadily (Table) exhibiting a
maximum yield of 25% at 50% (w/@-glucose) amyloglucosidase. At higher enzyme
concentrations, the conversion vyield decreasedchwitould be due to larger
concentrations of enzymes being available feedisubstrate (riboflavin arolglucose)
concentrations and as substrates bind ditfiatsnto the enzyme to varying degree of
firmness, the tightly bound riboflavin (compareaD-glucose) could be unavailable for
facile transfer ta-glucose molecule.
4.1.1.5 Effect of substrate concentration

Effect of riboflavin concentrations on the wersion yield was studied between
0.25 to 2 mmol. Amyloglucosidase gave the dswyield of 19% at 0.25 mmol
riboflavin which increased steadily upto a maximoi31% at 1 mmol (Table 4.1).
4.1.2 Synthesis of %-(-D-glucopyranosyl)riboflavin using C-glucosidase

Optimum conditions for the synthesis BO-(3-D-glucopyranosyl)riboflavin
using B-glucosidase isolated from sweet almond wss atudied in detail in terms of
incubation period, pH, buffer, enzyme and riboflewoncentrations (Scheme 4.1).
4.1.2.1 Effect of incubation period

Synthesis of 359-(B-D-glucopyranosyl)riboflavin  was studied at various

incubation periods of 3, 6, 12, 24, 48, && 96 h.[3-Glucosidase catalysis gave a
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maximum vyield of 22% at 72 h (Table 4.2, FigureA).3The yields decreased here also
as in amyloglucosidase at longer incubatioriogds which could be due to inactivation
of the enzyme at longer incubation periods.
4.1.2.2 Effect of pH

Variation in pH did not affect the yield ofuin -glucosidase catalysis (Table
4.2), where invariably very low yields of886 were obtained irrespective of the pH
employed.
4.1.2.3 Effect of buffer concentration

In case of3-glucosidase catalysis, at pH 6, buffer concemtratvas varied from
0.03 mM to 0.25 mM (0.3 mL to 2.5 mL). i@ersion yields decreased drastically to
zero beyond 0.1 mM (Table 4.2). The yiellidsreased at buffer concentration beyond
0.1 mM indicating the onset of hydrolysis (backweeéction).
4.1.2.4 Effect of enzyme concentration

Under the above mentioned optimum reactiomditons of pH and buffer
concentrationsp-glucosidase concentrations was varied from 160%%5% (w/w ofD-
glucose) to study the effect of enzyme on the gyiedion. 3-Glucosidase at 30% (w/w
D-glucose) enzyme, showed the highest convengeld at 23% (Table 4.2). At higher
enzyme concentrations, the conversion yield deetkas
4.1.2.5 Effect of substrate concentration

Effect of riboflavin concentrations on tlenversion vyield was studied by
varying riboflavin concentration from 0.25 @ mmol. B-Glucosidase showed the
maximum conversion yield 24% at 0.5 mmol ribofla¢irable 4.2, Fig. 4.3B).
4.1.3 Solubility of 5O-(D-glucopyranosyl)riboflavin

Determination of water solubility of ©-(D-glucopyranosyl)riboflavin showed
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Fig. 4.3 (A) Reaction profile for 83-(B-D-glucopyranosyl)riboflavin synthesis by the
reflux method. Conversion yields were from HPLC hwiespect to 1 mmol ob-
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ether and temperature-6&€. (B) Effect of riboflavin concentration for &-(3-D-
glucopyranosylriboflavin synthesis. Reaction ctiodis: D-glucose-1 mmol, 3-
glucosidase-30% (w/\w-glucose), 0.1 mM (1 mL) pH 6 phosphate bufferyeot-di-

isopropyl ether, temperature-868 and incubation period — 72 h.
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that it is soluble to the extent of 8.2 d&ection 4.5.1) at room temperature (Z5.

Hence, 50-(D-glucopyranosyl)riboflavin was found to be magoluble than riboflavin

itself (0.2 g/L at 25C) in water under identical conditions.

Table 4.2 Optimization of reaction conditions for the syntlkesof 5-O-(3-D-

glucopyranosyl)riboflavin usinf-glucosidase

Reaction conditions Variable paraméter  Yield (%)
Incubation period (h)
Riboflavin — 0.5 mmdl 3 11
D-glucose — 1 mmol 6 13
pH -6 12 14
Buffer concentration — 0.1 mM (1 mL) 24 16
B-Glucosidase — 30% w/m-glucose 48 18
72 22
96 18
pH (0.01M)
Riboflavin — 0.5 mmol 4 6
D-glucose — 1 mmol 5 7
B-Glucosidase — 50% w/m-glucose 6 8
Buffer concentration — 0.1 mM (1 mL) 7 8
Incubation period — 72 h 8 7
Buffer concentration (mM)
Riboflavin — 0.5 mmol 0.03 8
D-glucose — 1 mmol 0.06 11
B-Glucosidase — 50% w/m-glucose 0.1 18
pH -6 0.14 8
Incubation period — 72 h 0.2 No yield
0.25 No yield

B-Glucosidase concentration
(% w/w D-glucose)

Riboflavin — 0.5 mmol 10 5
D-glucose — 1 mmol 20 12
pH -6 30 23
Buffer concentration — 0.1 mM (1 mL) 40 20
Incubation period — 72 h 50 17
75 10
Riboflavin (mmol)
pH -6 0.25 21
Buffer concentration — 0.1 mM (1 mL) 0.5 24
D-glucose — 1 mmol 0.75 17
B-Glucosidase — 30% w/w-glucose 1 16
Incubation period — 72 h 15 13
2 13

Anitial reaction conditions’Other variables are the same as under reactioritimns] except the specified

ones."HPLC yields expressed with respect to 1 mmagjlucose employed.
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4.1.4 Syntheses of riboflavinyl glycosides of othercarbohydrates using

amyloglucosidase

Syntheses of riboflavinyl glycosides with athsarbohydratesb¢glucose6, D-
galactose/, D-mannoseB, D-ribosell, maltosel2 and sucrosé&3) were attempted under
the above determined optimum conditions (Schdr¢. Thus the optimum conditions
determined for amyloglucosidase catalysed synthesisf 5-0-(D-
glucopyranosylriboflavin (Table 4.1) were: aftavin — 0.5 mmol, carbohydrate — 1
mmol, pH 7 of 0.1 mM (1 mL) buffer in 100 mL of diepropyl ether solvent, 50% (w/w
D-glucose) amyloglucosidase concentration and #lbiation period. Other procedural
condition described on page 174 was followed for rkwaup, isolation and
characterization of the glycosides.
4.1.5 Syntheses of riboflavinyl glycosides of othearbohydrates using’-glucosidase

Syntheses of riboflavinyl glycosides usifigglucosidase was carried out. The
optimum conditions employed for tleglucosidase catalysed synthesis oD-§3-D-
glucopyranosylriboflavin (Table 4.2) were: aflavin — 0.5 mmol, carbohydrate b-(
glucose6, D-galactose’, D-mannoseB and lactosd 4, 1 mmol), pH 6 of 0.1 mM (1 mL)
buffer in 100 mL of di-isopropyl ether sahte 30% (w/w D-glucose)3-glucosidase
concentration and 72 h incubation period. Othecgdaral condition described on page
174 was followed for work up, isolation and chaesiziation of the glycosides.
4.1.6 Spectral characterization

Riboflavinyl glycosides besides measuring mgltipoint and optical rotation
were also characterized by recording UV, Mgss and 2D-HSQCT, which provided

good information on the nature and proportionshefggroducts formed.
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Riboflavin 43 (Ribo): Solid; decomposed at 27&; UV (Amay): 191 nm ¢ - 0*, €191 —
15423 MY), 224 nm 6 - Tt*, €204 — 21864 M), 266 nm fi— Tt*, €:66— 22102 M), 373
nm (n- T, €373— 8382 M), 444.5 nm (n- T¢*, extended conjugatiortssss— 9794 MY,

IR (stretching frequency, chr 3496 (OH), 3333 (NH), 1580 (C=C), 1649 (CO), 303
(CH), Optical rotation ¢]%, = -120.2 (c 0.5, H0), 2D HSQCT NMR (DMSGd): *H
NMR [ppm 4.06 (H-1a), 4.24 (H-1b), 3.43 (H-2), 3.48-3) 3.26 (H-4), 3.70 (H-5a),
4.15 (H-5b), 6.62 (H-11), 7.55 (H-14), 2.(I2-CH), 2.07 (13-CH), *C NMR &ppns
47.3 (C-1), 68.8 (C-2), 73.6 (C-3), 72.8 45-63.4 (C-5), 155.5 (C-7), 159.9 (C-9),
136.8 (C-9a), 134 (C-10a), 130.7 (C-11), I38-12), 18.8 (C-12-C¥), 146 (C-13),
20.8 (C-13-CH), 117.4 (C-14), 132.1 (C-14a), 150.8 (C-15a). &jiiwlet-visible spectra
is shown in Fig. 4.4A.

4.1.6.1 50-(D-Glucopyranosyl)riboflavin 46a-c: Solid; UV (Anay: 193.5 nm ¢ - o*,
€1035— 6461 M), 230.5 nm @ - Tt*, €2305— 1090 MY), 253.5 nmfi— ¢, €2535— 752 M

1), 270.5 nm 1i— 1%, €2705— 660 M), 283.5 nm (n- T¢", €283.5— 658 MY), IR (stretching
frequency, cm): 3381 (OH), 1031 (glycosidic alkyl-alkyl C-O symmetrical), 1262
(glycosidic alkyl-alkyl C-O-C asymmetrical), 85 (C=C), 1647 (CO), 2929 (CH), MS
(m/2) — 538.2 [M], 2D HSQCT (DMSGd): Cla-glucoside 46a'H NMR Oppm Glu:
4.67 (H-1o, d, J = 3.8 Hz), 3.30 (Hed), 3.43 (H-3), 3.65 (H-4x), 3.61 (H-H), 3.45 (H-
6a) 3.48 (H-6b)Ribo: 4.26 (H-1b), 3.42 (H-2), 3.64 (H-3) 3.29 (H-4)68 (H-5a), 6.17
(H-11), 6.60 (H-14), 2.39 (12-GH 1.90 (13-CH); *C NMR &ppm Glu: 98.3 (C-),
70.5 (C-21), 73.7 (C-31), 70.3 (C-4), 72.5 (C-®), 61.5 (C-&), Ribo: 47.6 (C1), 69.9
(C2), 73.5 (C3), 70.6 (C4), 66.5 (C5), 156 (C7)6.X3(C10a), 131 (C11), 134.2 (C12),
18.9 (C12-CH), 146.5 (C13), 20.1 (C13-GH 117.8 (C14), 131.3 (Cl4af1p-

glucoside 46b Solid; mp 143°C, UV (A\may): 194 nm ¢ - 0*, €104— 198 M%), 264.5 nm
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(- Tt, €26a5— 12 MY, IR (stretching frequency, én 3316 (OH), 1039 (glycosidic
alkyl-alkyl C-O-C symmetrical), 1148 (glwidic alkyl-alkyl C-O-C asymmetrical),
1603 (C=C), 1630 (CO), 2931 (CH), Optical rotatifm]*,= -40.7° (c 0.5, HO), MS
(M) — 537.2 [M-1], 2D HSQCT (DMSCHs): "H NMR 8ppm Glu: 4.21 (H-B, d, J =
7.5 Hz), 3.30 (H-B), 3.45 (H-B), 3.68 (H-), 3.62 (H-B), 3.46 (H-6a) 3.49 (H-6b),
Ribo: 4.28 (H-1b), 3.43 (H-2), 3.66 (H-3) 3.30 (H-4)68 (H-5a), 6.65 (H-14), 2.41 (12-
CHa), 1.95 (13-Ch); **C NMR &,pm Glu: 103.2 (CB), 70.5 (CB), 73.6 (CB), 70.2
(C4B), 72.6 (CB), 61.6 (C@), Ribo: 45.6 (C1), 69.2 (C2), 73.4 (C3), 70.7 (C4), 63.9
(C5), 157.2 (C7), 136.8 (C10a), 130.9 (C11), 1&€92-CH;), 145.5 (C13), 20.1 (C13-
CHs), 117.5 (C14), 130.1 (C14ay6-O-arylated 46¢ "H NMR 8yom Glu: 3.50 (H-6a),

3.55 (H-6b), *C NMR &,,mGlu: 66.3 (C®).

Ultraviolet-visible, IR, mass and 2D-HSQCNMR spectra for ®-(D-
glucopyranosylriboflavind6a-c for amyloglucosidase catalyzed product arewshan
Figures 4.4B, 4.5A, 4.5B and 4.5C respectivelyralired and 2D-HSQCT NMR spectra
for 5-O-(D-glucopyranosyl)riboflavimt6b for B-glucosidase catalyzed product are shown
in Figures 4.6A and 4.6B respectively.
4.1.6.2 50-(D-Galactopyranosyl)riboflavin  47a,b: Solid; UV Qmnay: 193.5 nm
(0 0*, €1035— 4186 M), 230.5 nm ¢ — %, €2305— 1029 M), 253.5 nm fi— Tt¥, €2535
— 767 M%), 270.5 nm fi— T, €705— 709 M%), 283.5 nm (- TP, €2g35— 713 MY), IR
(stretching frequency, chr 3421 (OH), 1071 (glycosidic alkyl-alkyl C-O-C
symmetrical), 1298 (glycosidic alkyl-alkyl C-O-asymmetrical), 1548 (C=C), 1647
(CO), 2966 (CH), MSr(¥2) — 537.2 [M-1], 2D HSQCT (DMSOds): Cla-galactoside

47a 'H NMR &8ppm Gal: 4.98 (H-1o, d, J = 2.2 Hz), 3.56 (Hed, 3.53 (H-21), 3.66 (H-
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4a), 3.48 (H-®), 3.38 (H-6a) 3.43 (H-6bRibo: 4.22 (H-1b), 3.42 (H-2), 3.68 (H-3)
3.28 (H-4), 3.70 (H-5a), 6.15 (H-11), 7.05-14), 2.41 (12-Ch), 1.35 (13-CH); °C
NMR 3,m Gal: 97.1 (Ch), 69.5 (C2), 70.5 (C#&), 68.6 (C4), 71.1 (CH), 62.5
(Céa), Ribo: 47.5 (C1), 69.7 (C2), 76.5 (C3), 70.7 (C4), 66€5), 136.8 (C10a), 131.2
(C11), 134.5 (C12), 19.1 (C12-@H146.5 (C13), 21 (C13-GH 117.6 (C14), 132.2
(Cl4a);C1p-galactoside 47b*H NMR dppm Gal: 4.93 (H-B, d, J = 7.9 Hz), 3.75 (H-
4B), 3.55 (H-6a),°C NMR &ppmGal: 102.1 (CB), 68.5 (C$), 61.6 (C®).

Infra-red and 2D-HSQCT NMR spectra forO5D-galactopyranosyl)riboflavin
47a,bare shown in Figures 4.7A and 4.7B respectively.
4.1.6.3 50-(D-Mannopyranosyl)riboflavin 48a,b: Solid; mp 137°C, UV (Anay: 193.5
nm (0 - %, €1935— 6840 M), 230.5 nm ¢ - T, €2305— 2218 MY), 254 nm fi- ¢, €54
— 1615 MY, 270.5 nm fi— T&*, €2705— 1520 M), 283.5 nm (R T¢*, €2g35— 1450 MY):;
IR (stretching frequency, ¢ 3378 (OH), 1069 (glycosidic alkyl-alkyC-O-C
symmetrical), 1254 (glycosidic alkyl-alkyl C-O-asymmetrical), 1547 (C=C), 1647
(CO), 2935 (CH), Optical rotationa]?’, = +12.5 (c 0.5, HO), MS (/z) — 538.3 [M],
2D HSQCT (DMSOde): Cla-mannoside 48a*H NMR SppmMan: 4.98 (H-In, d, J =
1.8 Hz), 3.55 (H-&), 3.56 (H-3), 3.47 (H-%), 3.49 (H-6b),Ribo: 4.20 (H-1b), 3.44
(H-2), 3.63 (H-3) 3.12 (H-4), 3.62 (H-5a), 6.15 (), 6.60 (H-14), 2.36 (12-Gj{ 1.90
(13-CHy); *C NMR 3ypm Man: 97.1 (Cti), 70.8 (C&), 70.5 (C#&), 73 (CH), 62.5
(C6a), Ribo: 43.5 (C1), 67.9 (C2), 72.8 (C3), 70.5 (C4), 6{CA), 156.5 (C7), 130.9
(C11), 19 (C12-Ch), 146 (C13), 21 (C13-Gj 118 (C14), 130.2 (Cl4aL1p-
mannoside 48b'H NMR &p,mMan: 4.91 (H-B, d, J = 3.9 Hz), 3.41 (H®, 3.38 (H-

4B), 3.45 (H-6a),°C NMR §ymMan: 102.2 (CB), 71 (CB), 67.2 (CH), 61.9 (C®).
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Vitamin glycosides

Figure 4.8A shows mass spectra and Figur@B 4nd 4.8C show 2D-HSQCT

NMR spectra of 39-(D-mannopyranosyl)riboflavid8a,h
4.1.6.4 50-(D-Ribofuranosyl)riboflavin 49a,b: Solid; UV Amay: 193 nm § - 0%, €193
— 7877 MY, 230.5 nm ¢ — %, €2305— 2688 M), 253.5 nm fi— T¢*, €2535— 1918 MY),
270.5 nm {i— T¢", €705— 1864 MY), 283.5 nm (n> Tt*, €2535— 1772 MY); IR (stretching
frequency, cm): 3360 (OH), 1042 (glycosidic alkyl-alkyl C-O symmetrical), 1257
(glycosidic alkyl-alkyl C-O-C asymmetrical), 86 (C=C), 1646 CO), 2932 (CH), MS
(M) — 506.1 [M-2], 2D HSQCT (DMSQd): Cla-riboside 49a *H NMR &ppm
Ribose 5.06 (H-In, d, J = 3.5 Hz), 4.03 (Hed, 4.64 (H-31), 3.61 (H-5a), 3.78 (H-5b),
Ribo: 4.06 (H-1a), 4.26 (H-1b), 3.42 (H-2), 3.67 (HBP8 (H-4), 3.73(H-5a), 3.89 (H-
5b), 6.15 (H-11), 7.06 (H-14), 2.35 (12-§/H1.85 (13-CH), *°C NMR &,,m Ribose
96.9 (CI), 70 (C2x), 75.7 (C®), 60.7 (CH), Ribo: 47.6 (C1), 69.9 (C2), 74.5 (C3),
72.4 (C4), 65 (C5), 155.8 (C7), 160.2 (C9), 13€Ida), 130.1 (C11), 134.2 (C12), 18.8
(C12-CHy), 146.4 (C13), 20.5 (C13-GH 117.6 (C14), 132.3 (Cl4a), 150.9 (Cl5a);
C1p-riboside 49k *H NMR &, Ribose 4.93 (H-B, d, J = 6.1 Hz), 4.03 (HB), °C
NMR ppm Ribose 101.6 (CB), 75.1 (C#8).

Figure 4.9A shows IR spectra and FigureB4a@d 4.9C shows 2D-HSQCT
NMR spectra of 59-(D-ribofuranosyl)riboflavird9a,h
4.1.6.5 50-(a-D-Glucopyranosyl-(1’- 4)D-glucopyranosyl)riboflavin  50a-c: Solid;
UV (Amay: 194 nm 6 - %, €104— 9982 M), 230.5 nm § - Tt*, €2305— 1553 M'), 253.5
nm (M- T, €2535— 976 MY), 270.5 nmi— 1%, €2705— 899 M%), 283.5 nm (R T%, €835
— 935 MY, IR (stretching frequency, ¢t 3223 (OH), 1046 (glycosidic alkyl-alkyl C-
O-C symmetrical), 1263 (glycosidic alkyl-alkyl C-O-asymmetrical), 1548 (C=C), 1647

(CO), 2929 (CH), MS{V2) — 701.2 [M+1], 2D HSQCT (DMSOdq): Cla-maltoside
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Vitamin glycosides

50a 'H NMR &ppmMalt : 4.67 (H-Tn, d, J = 3.3 Hz), 3.25 (Hed), 3.48 (H-3x), 3.58 (H-
40), 3.61 (H-®), 3.48 (H-6a) 3.48 (H-6b), 4.96 (Hel, 3.10 (H-3), 3.03 (H-4), 3.45
(H-6'a), Ribo: 4.02 (H-1a), 4.28 (H-1b), 3.43 (H-2), 3.66 (H329 (H-4), 3.68 (H-5a),
6.15 (H-11), 6.90 (H-14), 2.40 (12-@H2.10 (13-CH), *C NMR &ppm Malt: 98.5
(Cla), 70.6 (C21), 73.5 (C®1), 71.8 (C4x), 72.4 (C®), 61.5 (Cé), 98.9 (Cla), 72.8
(C3), 71 (C4), 61.5 (C6), Ribo: 47.5 (C1), 69.9 (C2), 73.4 (C3), 70.7 (C4), 66B),
155.5 (C7), 137 (C10a), 131 (C11), 134.52C19 (C12-Ch), 146 (C13), 21 (C13-
CHs), 118 (C14), 130.5 (C14ap6-O-arylated 50b: "H NMR &ppm Glu: 3.71 (H-6a),°C
NMR &ppm Glu: 67.4 (C6);C6'-O-arylated 50c 'H NMR Oppm Glu: 3.62 (H-6a),
%C NMR 8,pmGlu: 67.6 (C6).

Infra-red and 2D-HSQCT NMR spectra folO5a-D-glucopyranosyl-(1- 4)D-
glucopyranosylriboflavirbOa-care shown in Figures 4.10A and 4.10B respectively.
4.1.6.6 50-(1-D-Fructofuranosyl-(2 — 1")[J-D-glucopyranosyl)riboflavin 51: Solid;
mp 145°C, UV (\may): 194 NmM 6 - 0%, €104— 8481 MY), 230.5 nm ¢ — Tt*, €2305— 1785
M?), 254 nm {i— 1%, €254— 1244 MY), 270.5 nm fi— ¢, €705— 1187 M), 283.5 nm
(N—Tt, €2835— 1218 MY, IR (stretching frequency, ¢t 3233 (OH), 1052 (glycosidic
alkyl-alkyl C-O-C symmetrical), 1259 (glysidic alkyl-alkyl C-O-C asymmetrical),
1550 (C=C), 1643 (CO), 2934 (CH), Optical rotatipa]>, = +33.3’ (c 0.5, HO), MS
(M2) — 723.1 [M+Na], 2D HSQCT (DMSGQd): C1-O-arylated: *H NMR &ppm Suc
3.69 (H-1), 3.78 (H-3), 3.86 (H-4), 3.55 (H-5); B.8H-6a), 5.22 (H-T), 3.71 (H-2),
3.18 (H-3), 3.12 (H-4), 3.48 (H-B), 3.61 (H-6a) 3.64 (H-6b), Ribo: 4.05 (H-1a), 4.29
(H-1b), 3.48 (H-2), 3.62 (H-3) 3.28 (H-4), 3.78 @4), 3.83 (H-5b), 6.20 (H-11), 7.10

(H-14), 2.40 (12-Ch), 2.15 (13-CH), *C NMR &p,mSuc 66.8 (C1), 104.3 (C2), 76.5
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Vitamin glycosides

(C3), 74.5 (C4), 82.2 (C5), 62.5 (C6); 92.2 (€)1 72.6 (C2), 71.8 (C3), 70.5 (C4), 73
(C5), 61 (C8), Ribo: 47.3 (C1), 70.5 (C2), 72.5 (C3), 71.5 (C4), 6(8), 155.5 (C7),
136.8 (C10a), 130.1 (C11), 135.9 (C12), 18.8 (CH2)C20.8 (C13-CH), 117.5 (C14).

Mass and 2D-HSQCT NMR spectra forO5-1-D-fructofuranosyl-(2- 1')a-D-
glucopyranosyl)riboflavirb1l are shown in Figures 4.11A and 4.11B respectively.
4.1.6.7 50-(B-D-Galactopyranosyl-(1'- 4)B-D-glucopyranosyl)riboflavin 52: Solid;
mp 153°C, UV Qma): 196.5 NM §— 0%, €1065— 10678 NI), 223 nm ¢ - ¢, €23 —
1924 M%), 255 nm fi- T, €55 — 612 MY), 278.5 nm 1t—T¢*, €7s5— 506 MY); IR
(stretching frequency, chr 3372 (OH), 1044 (glycosidic alkyl-alkyl C-O-C
symmetrical), 1247 (glycosidic alkyl-alkyl C-O-asymmetrical), 1548 (C=C), 1660
(CO), 2937 (CH), Optical rotationa]?, = -7.35°(c 0.5, HO), MS (Wz2) — 698.1 [M-2],
2D HSQCT (DMSOds): C1pB-lactoside *H NMR SppmLact: 4.92 (H-B, d, J = 7.6 Hz),
3.16 (H-B), 3.48 (H-B), 3.47 (H-B), 3.60 (H-B), 3.50 (H-6a) 3.47 (H-6b), 4.16 (H-
1'B), 3.25 (H-3), 3.83 (H-4), 3.94 (H-5), 3.42 (H-6a), Ribo: 3.96 (H-1a), 4.29 (H-1b),
3.44 (H-2), 3.69 (H-3) 3.28 (H-4), 3.73 (H-5a), B(H-11), 6.92 (H-14), 2.42 (12-GH
2.15 (13-CH)), °C NMR §ppmLact: 102.1 (CB), 76.9 (CB), 75.4 (CB), 71 (CH), 76.9
(C5B), 61.6 (C@®), 103.3 (CIB), 72.9 (C3, 68.4 (C4), 73.6 (CH), 62.9 (CH), Ribo:
43.5 (C1), 68.8 (C2), 73.6 (C3), 71 (C4), 63.9 (OH5.5 (C7), 130.9 (C11), 19 (C12-
CHs), 22 (C13-CH), 117.5 (C14), 130.1 (Cl14a).

Figure 4.12A shows IR spectra and Figures 4.12B4ah8C shows 2D-HSQCT
NMR spectra of 39-([3-D-galactopyranosyl-(1L 4)B3-D-glucopyranosyl)riboflavirb2.

Ultrviolet-visible spectra of riboflavinyl glycases, showed shifts io— o* band
in the 193 — 196.5 nm (191 nm for free riboflaviahge, o — 1 band in the 223 — 230.5

nm (224 nm for free riboflavin) range amd- ™ band in the 253.5 — 283.5 nm (266 nm
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Vitamin glycosides

for free riboflavin) range and IR glycosidic C-Osgmmetrical stretching frequencies in
the 1031-1071 cthrange and glycosidic C-O-C asymmetrical stiatphirequencies in
the 1148-1298 cihrange indicating that riboflavin had undergagigcosylation. From
the 2D HSQCT spectra of the riboflavinyl glycosiddse following glycoside formation
were confirmed from their respective chemighlft values: fromb-glucose6 Cla
glucoside46ato Cla at 98.3 ppm and Helat 4.67 ppm, (A glucoside46bto C13 at
103.2 ppm and Hf3 at 4.21 ppm and C6-arylated46cto C6 at 66.3 ppm and H-6a at
3.50 ppm, H-6b at 3.55 ppm; fromgalactose/ Cla galactosidet7ato Cla at 97.1
ppm and H-t&r at 4.98 ppm and @@Blgalactosided7bto C13 at 102.1 ppm and HBlat
4.93 ppm; fromd-mannose3 Cla mannosidel8ato Cla at 97.1 ppm and Helat 4.98
ppm and Cf mannosidet8bto C13 at 102.2 ppm and HBlat 4.91 ppm; fronp-ribose
11 Cla riboside49ato Cla at 96.9 ppm and Hellat 5.06 ppm and @Glriboside49b to
C13 at 101.6 ppm and HRlat 4.93 ppm; from maltosE? Cla maltoside50ato Cla at
98.5 ppm and H4 at 4.67 ppm, C&®-arylated50bto C6 at 67.4 ppm and H-6a at 3.71
ppm and CBO-arylated50cto C6 at 67.6 ppm and H-& at 3.62 ppm; from sucro4&
Cl-O-arylated51 to C1 at 66.8 ppm and H-1 at 3.69 ppm fradh lactosel4 C13
lactoside52 to CI3 at 102.1 ppm and HBlat 4.92 ppm. Mass spectra also confirmed
the formation of the above mentioned glycosideso-Idmentional HSQCT data clearly
indicated that the glycosylation has occuradthe 5-CHOH of ribitol moiety of
riboflavin.
4.1.7 Discussion

Riboflavinyl glycosides have been formewnd many of the carbohydrates
employed. The yields are shown in Table 4.3. O$¢h@amyloglucosidase catalysis gave

rise to six glycosides: &-(D-glucopyranosyl)riboflavim6a-¢ 5-O-(D-galactopyranosyl)
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riboflavin  47a,h 5-O-(a-D-mannopyranosyl)riboflavin 48a  5-O-(D-ribofuranosyl)
riboflavin 49a,b, 5-O-(a-D-glucopyranosyl-(1-4)D-glucopyranosyl) riboflavin50a-c
and 50-(1-D-fructofuranosyl-(2- 1')a-D-glucopyranosyl)riboflavin 51.  B-Glucosidase
catalysis gave rise to the following fouyagisides: 59-([3-D-glucopyranosyl)riboflavin
46b, 5-O-(D-galactopyranosyl)riboflavin 47a,b  5-O-(D-mannopyranosyl)riboflavin
48a,b and 50O-(B-D-galactopyranosyl-(1-4)B-D-glucopyranosyl)riboflavin 52.  All
these glycosides were soluble in water to high¢ereg than riboflavin itself. They could
hence be used in pharmaceutical applications.

Out of 13 glycosides prepared, eleven glycosatesreported for the first time.
New glycosides are: 6-(D-galactopyranosyl)riboflavid7a,l 5-O-(D-mannopyranosyl)
riboflavin  48a,h 5-O-(D-ribofuranosyl)riboflavin 49a,b, 5-O-(a-D-glucopyranosyl-
(' > 4)b-glucopyranosylriboflavin 50a-g  5-O-(1-D-fructofuranosyl-(2- 1')a-D-gluco
pyranosylriboflavin 51 and 5O-(B-D-galactopyranosyl-(1- 4)B-D-glucopyranosyl)
riboflavin 52.

In spite of possessing a ribitol group, ribofladiBis soluble to the extent of only
0.2 g/L (Whitby 1954), which is due to tk&rong non-polar nature of the aglycon
molecule. However, attachment of a monosaatdaunit to ribitol improved the water
solubility of riboflavin to 8.2 g/L. This skws that glycosylation is capable of counter-

acting the non-polar aglycon characteristics toemigextent.
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Table 4.3Syntheses of riboflavinyl glycosides using amylmgisidase anf-glucosidase.

Vitamin glycosides

Amyloglucosidase catalysis

B-Glucosidase catalysis

Glycosides Product (% Yields Product (% Yields
proportion§ (%) proportion§ (%)
I e O Lo
ﬁﬁx NS b
| CH, H-+—oH .
- o o Cla glucosides (43),
%23 ﬁ_.fjHoH on S u bheoy C1B glucosides (22), 25 C1B glucoside 24
)| o C“ZOwZ‘\M%H ~ifon H%%OH wifor C6-O-arylated (35)

46a5-0O-(a-D-Glucopyranosyl)riboflavin
46b 5-O-(3-D-Glucopyranosyl)riboflavin

46¢5-0O-(6-D-Glucopyranosyl)riboflavin

0
N HiC NS
H3C X NH 3:@[ /’E
HyC X
HyC \/g s N SN o
P ‘

CH,
CH,

wlon o o o Cla galactosides (52), 14 Cla galactosides (47), 9
T LT A O C1B galactosides (48) C1B galactosides (53)
47a5-0O-(a-D-Galactopyranosyl)riboflavin
47b 5-O-(B-D-Galactopyranosyl)riboflavin
SOOLY,  HOCL
‘ CH,
Lon o, iLon : Cla mannoside (59)
ﬁgz s /o T o OHHOH Clo mannoside 11 C1B3 mannoside (41) !

48a5-0O-(a-D-Mannopyranosyl)riboflavin
48b 5-O-(3-D-Mannopyranosyl)riboflavin
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0 0
N N,
H3C:©: fNH HSC:©: \rkNH
NS
HaC ,‘V N/JQO HC X /go

ron " Cla riboside (23), 40 )
H OHO OH o H C;H OH C:I.B r|b05|de (77)
49a5-0O-(a-D-Ribofuranosyl)riboflavin
49b 5-O-(3-D-Ribofuranosyl)riboflavin
o H3C©[N\rkNH :i@[’\j\%’\t’l’;
) e s Ko I
Hic@[ iNio L, ofor
L, o5 il on o Cla maltoside (35),
P o, TR T Vi ;1277 Ce-O-arylated (48), 5 -
m Yﬁ?ﬁ? C6-O-arylated (17)
50a5-O—(or-D-GIucopyranosyl (1- 4)a-D- gIucopyranosyl)riboflavin
50b 5-O-(a-D-Glucopyranosyl-(1- 4)6-D-glucopyranosyl)riboflavin
50¢5-O-(a-D-Glucopyranosyl-(1- 4)6'-D-glucopyranosyl)riboflavin
4884
C1-O-arylated 12 -

\
CH, HO, H
OH
H-—OH o
HO
HoH [ MO,

H-—OH

CHy—
2 OH

51 5-O-(1-D-Fructofuranosyl-(2. 1")a-D-glucopyranosyl)riboflavin

190



Vitamin glycosides

[e)

N
H3C©[ \]kaH
HaC S )*o

N N

CH, .
wloon - - C1B lactoside 9
H-—OH H OH
H4-OH  HOy H H

CH,—0 m\o OH

OH 4 OHH
& OHH

52 5-O-(B-b-Galactopyranosyl-(1- 4)B-D-glucopyranosyl)riboflavin

®Riboflavin — 0.5 mmol; carbohydrate — 1 mmol; angilcosidase concentration 50% w/w of carbohydrsabent— di-isopropyl ether; buffer — 0.1 mM (1 mL) pH Rgsphate
buffer; incubation period — 72 PRiboflavin — 0.5 mmol; carbohydrate — 1 mm@lglucosidase concentration 30% w/w of carbohydrsaézent— di-isopropyl ether; buffer — 0.1
mM (1 mL) pH 6 phosphate buffer; incubation perie@2 h.“Conversion yields were from HPLC with respect ®efcarbohydrate. Error in yield measurements5s10%.%The
product proportions were determined from the afeaspectiveH/**C signals.
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Amyloglucosidase catalysed the reactions wiitblucose6, D-galactose7, D-
mannose8, D-ribosell, maltosel2 and sucrosd3. It did not catalyse the reaction with
D-fructose9, D-arabinoselO, lactosel4, D-sorbitol 15 and D-mannitol 16. Similarly, (3-
glucosidase catalysed the reactions witplucose6, D-galactose7, b-mannose8 and
lactosel4. It did not catalyse reactions withfructose9, D-arabinosel0, D-ribose11,
maltosel?2, sucrosel3, D-sorbitol 15 and D-mannitol 16 under the conditions employed.
In both glucosidases catalyzed reactions abofl43 could bind strongly to active site
of enzyme than the above mentioned non-reactarbohydrate molecules, thereby
preventing the facile transfer of these carbohydrablecules to the nucleophilic primary
OH of riboflavin 43. In case of amyloglucosidase catalysisO-&-ribofuranosyl)
riboflavin 49a,b was found to give the highest vyield (40%) andO%e-D-
glucopyranosyl-(1- 4)D-glucopyranosyl)riboflavin50a-c gave the lowest yield of 5%
(Table 4.3). This clearly showed thatribose being a smaller carbohydrate molecule
acts as a better acceptor than the bulkier malfs§ducosidase gave the highest yield of
24% for 50-(B-D-glucopyranosyl)riboflavimd6b and the lowest yield of 7% for &-(D-
mannopyranosyl)riboflavin 48a,h  Also, while [B-glucosidase favoured lactoside
formation, amyloglucosidase did not.

Amyloglucosidase gave the followiray3 proportions:D-glucose6 - 66% ofa-
D-glucoside and 449-D-glucoside compared to the 40:G(3 anomeric composition of
free D-glucose 6, D-galactose7 - 52% a-D-galactoside and 4893-D-galactoside
compared to the 92:8:p of free D-galactoser andD-ribosell - 23% a-D-riboside and
77% [-D-riboside compared to the 34:@8(3 of free D-ribose 11. Although, -
glucosidase in general do not exhibit inwersihad significantly altered the- (3

composition: D-galactose7 - 47% a-D-galactoside and 5398-D-galactoside anad-
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mannose8 - 59% a-D-mannoside and 41%-D-mannoside comparable to 27:@3 of
free D-mannose.

Amyloglucosidase catalysis showed selectivilly case ofb-mannose8 by
yielding the C#&i-D-mannoside and with sucro4® yielding C1O-arylated product. It
gave Chi and[3 glycosides in case a-glucose6, D-galactose/ and D-ribosell. With
D-glucose6 and maltosel2, C6-O-arylated products were also form@dGlucosidase
showed selectivity withD-glucose 6 yielding CI-D-glucoside and with lactos&4
yielding CI3-lactoside. However it gave a mixture ofdCandf3 glycosides in case @-
galactos€&/ andD-mannoses.

4.2 Syntheses of ergocalciferyl glycosides

Ergocalciferol (vitamin D2) is a plant sterol, dexd from ergosterol which is the
most common dietary source (Mello 2003). Vitamins not only a nutrient, but also a
precursor of a steroid hormone with a wide rangaativities that include an important
role in calcium metabolism and cell differentat Vitamin D derivatives can be useful
in treatment of several forms of cancer &meir mode of action are currently under
scrutinity (Smithet al. 1999; Jamest al. 1999; Peehdt al. 2003; Wiedeket al. 2003 and
Chen et al. 2003). Ergocalciferol prevents infantile kets, capable of healing adult
osteomalacia and osteonecrosis during renalglamtstion (Houghton and Vieth 2006;
Scholzeet al. 1983). Active metabolite of vitamin D3 1s, 25-dihydroxyvitamin D3
which regulates a wide variety of biologicaliaties like intestinal calcium absorption,
bone resorption and mineralization (Feldngnal. 2000). 1,25-Dihdroxyvitamin D3-
glycoside has been identified in the plant. Faaneple Solanum malacoxylon possess a
vitamin D-like calcinogenic principle, whicls water-soluble (Haussleet al. 1976).
However, no reports are available on theth®ges of ergocalciferol (D2) glycosides.

Therefore the present work deals with enzigmsyntheses of ergocalciferyl (vitamin
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D2) glycosides using amyloglucosidase fremzopus mold in di-isopropyl ether non-

polar medium.

D-Glucose6

Ergocalciferol44

Buffer (0.01M),
Di-isopropyl ether,
72 h Incubation

Amyloglucosidase
(% w/w carbohydrate)

H
H CH,OH H
HO " CH, H CH,OH
HON\ HO 72
A HONLEL

20-O-(a-D-Glucopyranosyl) 20-O-(B-D-Glucopyranosyl) 20-0O-(6-D-Glucopyranosyl)
ergocalciferol53a ergocalciferol53b ergocalciferolb3c

Scheme 4.5ynthesis of 2@-(D-glucopyranosyl)ergocalciferol

Synthesis of 2@-(D-glucopyranosyl)ergocalciferol was studied detail. A
typical synthesis involved refluxing ergocadedl 44 (0.5 mmol) andD-glucose6 (1
mmol) with stirring in a amber coloured 18@. round bottomed flask fitted with a
amber coloured condenser containing 100 mL ofajispyl ether in the presence of 10-
75% (w/w D-glucose) amyloglucosidase and 0.04-0.2 mM (0.4k2 af 10 mM of pH
4-8 buffer for a period of 72 h (Schem&)4.The reactions were carried out under a
nitrogen atmosphere. Workup involved distilligf the solvent and denaturing the
enzyme at 100C by holding in boiling water bath for 5-10 min. & hesidue containing
unreacted ergocalcifer@l4 and D-glucose 6 along with the product glucosides was
extracted with hexane to remove unreactedaaigiferol 44 and the aqueous layer
containing unreacted-glucose6 and the product glucosides was evaporated to dsynes
Workup and isolation of the compound was carriedimdark as ergocalciferol is a light

sensitive compound. The glycoside was alswedt in dark. The dried residue was
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subjected to HPLC and the conversion yieldse determined from HPLC peak areas
(Fig. 4.13). Other procedures are as describedage a71. HPLC retention times for the
substrates and products are: ergocalcifefol min, D-glucose-6.5 min, 20-(D-
glucopyranosyl)ergocalciferol-9.3 min. An attédmgras madeto synthesize the
ergocalciferyl glycosides using various otlearlier mentioned carbohydratésl6 also
but no other carbohydrate excem-glucose 6 underwent glycosylation with
ergocalciferol.
4.2.1 Synthesis of 2@-(D-glucopyranosyl)ergocalciferol using amyloglucosidse

Optimization conditions for the synthesis of @OMD-glucopyranosyl)
ergocalciferol using amyloglucosidase was sidn detail in terms of pH, buffer and
enzyme concentrations.
4.2.1.1 Effect of pH

Buffers of different pH ranging from 4 to 8, 0.1 m(¥ mL) of buffer were added
to 100 mL of di-isopropyl ether solvent and reacsigperformed (Table 4.4). Maximum
glucosylation of 32% vyield was obtained at pH Bdgphate buffer) and the conversion
yield decreased beyond this pH values (Fig 4.14A).
4.2.1.2 Effect of buffer concentration

At pH 6, buffer concentration was varied from 0t640.2 mM (0.4 to 2 mL of 10
mM acetate buffer). With increase in buftncentration, conversion yield increased
from 30% for 0.04 mM (0.4 mL) buffer to 43% forl@. mM (1.2 mL) buffer. Beyond
0.12 mM (1.2 mL) concentration, the conversiondygécreased significantly.
4.2.1.3 Effect of amyloglucosidase concentration

Between 10 to 75% (w/w-glucose) of enzyme concentration, 40% enzyas
found to give the best conversion yield 8f&} but all the other enzyme concentrations

gave lesser conversion vyields (Table 4Hg 4.14B). Further increase in enzyme
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di-isopropyl ether, temperature-88 and incubation period — 48 h.
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concentration beyond 40% w/m+glucose decreased the conversion yield to 29%0% 5
enzyme and 11% vyield at 75% enzyme concentration.

Table 4.4 Optimization of reaction conditions for the syntisesof 20O-(D-
glucopyranosyl)ergocalciferol using amyloglucoselas

Reaction conditions Variable paraméter Yield (%)
pH (0.01M)
Ergocalciferol — 0.5 mmal 4 23
D-glucose — 1 mmol 5 27
Amyloglucosidase — 40% w/m-glucose 6 32
Buffer concentration — 0.1 mM (1 mL) 7 27
Incubation period — 48 h 8 21
Buffer concentration (mM)

Ergocalciferol — 0.5 mmol 0.04 30
D-glucose — 1 mmol 0.08 37
Amyloglucosidase — 40% w/w-glucose 0.12 43
pH -6 0.16 30
Incubation period — 48 h 0.2 8

Amyloglucosidase
concentration (% w/vip-

glucose)

Ergocalciferol — 0.5 mmol 10 10
D-glucose — 1 mmol 20 27
pH -6 30 30
Buffer concentration — 0.12 mM (1.2 40 42
mL)
Incubation period — 48 h 50 29

75 11

3nitial reaction conditions’Other variables are the same as under reactioritimTs] except the specified
onesHPLC yields expressed with respect to 1 mmajlucose employed

4.2.2 Solubility of 200-(D-glucopyranosyl)ergocalciferol

Determination of water solubilty of 2D4D-glucopyranosyl)ergocalciferol
showed that it is soluble to the extent6od g/L (Section 4.5.1). Hence, @B(D-
glucopyranosyl)ergocalciferol was found tme soluble than the water insoluble
ergocalciferol.
4.2.3 Spectral characterization

20-O-(D-Glucopyranosyl)ergocalciferol was characterizsdrecording UV, IR,
Mass and 2D-HSQCT, which provided good informationthe nature and proportions

of the products formed.
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Ergocalciferol (Ergo) 44 Solid; mp. 114C, UV (DMSO,Amay: 194 nm § - 0*, €194—
406 MY), 216.5 nm ¢ — Tt*, €2165— 2140 MY), 265.5 nm fi— T, €2655— 3091 MY), IR
(stretching frequency, ¢t 3285 (OH), 1641 (aromatic C=C), 2D-HSQCT (DM$g)-
'H NMR [ppm (500.13 MHz): 1.71 (H-4), 6.58 (H-5), 5.87 (H-6)85 (H-8), 5.02 (H-9),
5.02 (H-10), 1.82 (H-11), 2.02 (H-12), 1.94 (H-13)75 (H-14), 2.33 (H-15), 4.83 (H-
16a), 5.07 (H-16b), 1.88 (H-17), 0.64 (H-19)54 (H-20), 1.60 (H-21), 1.77 (H-22),
2.05 (H-23), 1.62 (H-24), 0.95 (H-26), 0.9%-27), 0.81 (H-28),°C NMR &om (125
MHz): 43.4 (C1), 135.9 (C3), 56.7 (C4), 130.2 (CH3.2 (C6), 116.6 (C8), 136 (C9),
132.5 (C10), 24.2 (C11), 28.3 (C12), 40.8 (C13)2414), 30.7 (C15), 110.9 (C16),
43.1 (C17), 11.9 (C19), 71.3 (C20), 30.5 (C21)532:22), 17.6 (C26), 20.4 (C27), 20.4
(C28). Ultrviolet-visible spectra is shown in Fg15A.

4.2.3.1 200-(D-Glucopyranosyl)ergocalciferol 53a-c Solid; UV (HO, Amay: 193 nm
(0 0%, €103— 204 M%), 216 nm - Tt*, €216— 95 M%), 265 nm f1— T, €265— 10 M),

IR (stretching frequency, ¢t 1033 (C-O-C aryl alkyl symmetrical), 1258 (C-Oayl
alkyl asymmetrical), 3360 (OH), 1620 (aromatic C=®IS (Wz) — 557.31 [M-1], 2D-
HSQCT (DMSO#dg) Cla-glucoside 53a'H NMR dppm (500.13 MHz)Glu: 5.21 (H-Tn,

d, J = 3.7 Hz), 3.30 (Hed, 3.44 (H-3), 3.67 (H-41), 3.63 (H-%), 3.46 (H-6a)Ergo:
1.85 (H-4), 6.50 (H-5), 5.87 (H-8), 5 (H-9), 5 (H)1.1.90 (H-11), 2.02 (H-12), 1.93 (H-
13), 1.85 (H-14), 2.30 (H-15), 4.83 (H-168)06 (H-16b), 1.97 (H-17), 0.50 (H-19),
3.50 (H-20), 1.62 (H-21), 1.90 (H-22), 2.10 (H-23)56 (H-24), 0.88 (H-26), 0.99 (H-
27), 0.81 (H-28);*C NMR &ypm (125 MHZz) Glu: 96.5 (C1), 70.7 (C2), 73.5 (C3),
69.9 (C41), 72.6 (C®), 61.6 (C6)Ergo: 136.9 (C3), 53.7 (C4), 125.7 (C5), 144.7 (C6),
117.5 (C8), 136 (C9), 136.6 (C10), 24.5 (C11), 2&12), 40.7 (C13), 40.3 (C14), 30.7
(C15), 110.8 (C16), 43.3 (C17), 11.5 (C19,37(C20), 29.9 (C21), 31.5 (C22), 17.4

(C26), 21 (C27), 20.7 (C28§1B-glucoside 53b*H NMR [ppm Glu: 4.85 (H-B, d, J =

197



f".ﬂ[’]t‘% ' 4 4 ————t :
- 265'.011111 A
L2 A
SN -
(0,500 | | \
/i) }\ \
i
18/Y |
- |
.
U‘D['w' H, - } ¢ —t - i
198, B Coalddiyy  ha0, B
TS SRR VAR
193.0nm
T% 1
(0,200 11
.f"dlh’} I g
IRE
P i
) g
\

0,004

|

¥ i

190.6m C M07diyy 500, 0mm

Fig. 4.15 Ultraviolet-visible spectra ofA) Ergocalciferol44 and (B) 20-O-(p-

Glucopyranosyl) ergocalciferéi3a-c



Vitamin glycosides

7.1 Hz), 2.94 (H-B), 3.17 (H-B), 3.68 (H-B), 3.46 (H-B), 3.46 (H-6a)*C NMR Sppm
Glu: 103 (CB), 76.5 (CB), 76.4 (CB), 71.5 (CP), 76.6 (CB), 61.6 (C6),C6-O-
arylated 53¢ 'H NMR &,mGlu: 3.62 (H-6a),°C NMR &,om Glu: 66.7 (C6).
Ultraviolet-visible, IR, mass and 2D-HSQCNMR spectra for 20-(D-
glucopyranosyl)ergocalciferdb3a-c are shown in Figures 4.15B, 4.16A, 4.16B and
4.16C respectively.
Ultraviolet-visible spectra of 20Q@-(D-glucopyranosyl)ergocalciferol, showed

shifts ino - o* band at 193 nm (194 nm for free ergocalciferad),» T band at 216 nm

(216.5 nm for free ergocalciferol) amd- ™ band in the 265 nm (265.5 nm for free
riboflavin), IR glycosidic C-O-C symmetricatrstching frequency at 1033 ¢nand

glycosidic C-O-C asymmetrical stretchingeginency at 1258 ¢mindicating that

ergocalciferol had undergone glycosylation. kr@D HSQCT spectra of ZDHD-
glucopyranosyl)ergocalciferol, the followinglucoside formation was confirmed the
respective chemical shift values -cCdglucoside53ato Cla at 96.5 ppm and Helat
5.21 ppm, Cf glucoside53b to CI3 at 103 ppm and HBlat 4.85 ppm and OB-

arylated53cto C6 at 66.7 ppm and H-6a at 3.62 ppm. Mass spatsp confirmed the

formation of the above mentioned glucosidéaio-dimensional HSQCT data clearly
indicated that glucosylation has occurrat the acyclic OH of 20position of
ergocalciferol.
4.2.4 Discussion

Ergocalciferylb-glucosides 53a-c  [20-O-(a-D-glucopyranosyl)ergocalciferol
53a 20-O-(B-D-glucopyranosyl)ergocalciferol53b and 200-(6-D-glucopyranosyl)
ergocalciferol53d were detected in the reaction when amylogidase was employed
(Table 4.5). However, amyloglucosidase did sbbw much regioselectivity in this

reaction. Amyloglucosidase did not catalyze teaction with the other carbohydrate
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molecules. This could be due to eitlgeric hindrance caused by the bulkier
hydrophobic vitamin B molecule when the carbohydrate molecules weresterred to

its acyclic OH group or due to the stronger bindwigyitamin D2 compared to the other
carbohydrate molecules employed. The maximum esion was found to 42% for 20-
O-(Dp-glucopyranosyl)ergocalciferd@3a-c. Being ‘inverting’ in nature, amyloglucosidase
gave the followinga:3 proportions - 48% ofi-D-glucoside and 529%B-glucoside
compared to the 40:68:3 anomeric composition of tieglucose employed.

Table 4.5Synthesis of 2@-(D-glucopyranosyl)ergocalciferol using amyloglucosigla

Amyloglucosidase catalySis
Glycosides Product (% Yields
proportiony (%)°

H CHOH
(o}
H

H OH

53a20-O-(a-D-Glucopyranosyl)ergocalciferol
( ucopy yherg I Cla glucoside (22),
53b 20-O-(B-D-Glucopyranosyl)ergocalciferol C18 glucoside (52) 42

C6-O-arylated (26)

53¢20-O-(6-D-Glucopyranosyl)ergocalciferol

# Ergocalciferol — 0.5 mmolp-glucose — 1 mmol; amyloglucosidase — 40% (wAglucose); solvent — di-
isopropy! ether; buffer — 0.12 mM (1.2 mL) pH 6 gpbate buffer; incubation period — 48°fihe product

proportions were determined from the areaasipective'H/**C signals.°Conversion vyields were from
HPLC with respect to free-glucose. Error in yield measurementsiS-10%.

4.3 Syntheses afi-tocopheryl glycosides

a-Tocopherol  [2,5,7,8-tetramethyl-2-(&,12 -trimethyltridecyl)-6-chromanol,
vitamin E], an oil soluble vitamin, is aery important component of biological
membranes (Witkowsket al. 1998), stabilizing them by acting as a pbtantioxidant

and free radical scavenger (Burtenal. 1983). Vitamin E, has been frequently used
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since 1970 to treat various diseases (Sat@h 2001), which includes treatment against
gynecological internal secretion, control againstilgy, heart circulation, liver diseases,
peripheral blood circulation, thrombosis, drpgisoning, radiation damage, aging and
carcinogenesis. Vitamin E is also used abhemapeutic agent against acute lung and
aspirin induced gastric mucosal injuries (Ockiaal. 2002; Isozaket al. 2005; Ichikawa

et al. 2003).

Vitamin E has been reported to exhibit poeater solubility, stability and
absorbtivity. Glycosylation improves the phacwlagical property by increasing the
water solubility of vitamin E. Attachment @Fglucosyl, f-maltosyl andB-oligomaltosyl
units via 6-OH group ofi-tocopherol (Trolox) was achieved by Lahmaml & hiem
(1997). One-step enzymatic glycosylation iefulsfor the preparation of glycosides
rather than chemical glycosylation, whigkequires large number of protection-
deprotection steps. Water soluldetocopherol derivatives 2,5,7,8-tetramethyl-2-(4-
methylpentyl)chroman-6-\-D-glucopyranoside and 2,5,7,8-tetramethyl-2-(4methyl
pentyl)chroman-6-yl-83-B-D-glucopyranosyB-D-glucopyranoside using cultured plant
cells of Phytolacca americana and Catheranthus roseus (Hamadaet al. 2002; Kondoet
al. 2006; Shimodat al. 2006) were prepared. Enzymatic glycosylatidnvitamin E
using aa-glucosidase frongaccharomyces sp. (Muraseet al. 1997) showed that the
glycosylated product is water-soluble (>1 gm/mLJl &s free radical scavenging activity
is similar to that ofa-tocopherol. However, a detailed study onlestee enzymatic
glycosylation of a-tocopherol has not been reported. Herbe, present study is
attempted to prepare water solulleéocopheryl glycosides enzymatically usifig

glucosidase isolated from sweet almond in di-ispgrether non polor medium.
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5a

CHz
Ho_ A 4a 5 21
6 9 11 13 15 17
. 10 12 14 16 18 20 CHg + R-OH
7N gBaNg 2 ey CH
ne L, T G 8 o Carbohydrate
8b
a-Tocopherol5
B-Glucosidase (i sopropyl ther.
% w/w carbohydrate . - '
( y ) 72 h Incubation
CHg
RO
CHg
+ H,0
HaC 0" CHg CH3 CHs CHg 2
CH3
a-Tocopheryl glycoside§54-56
H cH,oH OH cH,0H H CH,0H
_HO 7 © H " HO o
Carbohydrate: Ho\_H oh no\_H off HO oH
j OH 4 OH b H
D-Glucose6 D-Galactoser D-Mannose8

Scheme 4.3Byntheses afi-tocopheryl glycosides

Syntheses oéi-tocopherol glycosides involved refluxingtocopherol45 (0.25-
2.5 mmol) with 0.5 mmol carbohydrate®-glucose6, D-galactose’ and D-mannoses)
in a 150 mL amber coloured round bottom&skf fitted with a amber coloured
condenser containing 100 mL di-isopropyl etimempresence oB-glucosidase 10-75%
(w/w D-glucose) and 0.05 — 0.25 mM (0.5 — 2.5 mt)0.01 M pH 4-8 buffer for an
incubation period of 72 h at 6&€ (Scheme 4.3). The reactions were carried outrunde
nitrogen atmosphere. The solvent was evaporatedthe enzyme denatured at TG0
by holding in boiling water bath for 5-10 mifihe residue containing-tocopherol45,
D-glucose6, along with the product glucosides were dissoimet’5-20 mL of water and
the reaction mixture after extraction withxéee to removen-tocopherol45 was
evaporated to dryness. Workup and isolation efglycosides were carried out in dark
asa-tocopherol is a light sensitive compound. Thegbdes were also stored at dark.
The dried residue was subjected to HPLC analys@etermine the extent of conversion

(Fig. 4.17). Other procedures are as describedage ft72. HPLC retention times for the

201



5
2
(=
~ - a
2 8 o
o
8 -
g -
= =
a &
=1 g 3
= &
o =
B £ o 3
M~ = 1
= % = 5
S pail) =
=9
-1 (=]
(=]
wn == Q
2 o 2
g S 3
= = )
= g
@ N =
2 o - Z
—ow 3
g 3 =
2 " <
i . 2
A o 5 4
o ] = S
00 =9 !
o _| 2 A
= Qo
S 8
Hi g 8
-
B | 2
= 3
o B —j\/
D_ e e -
i -
A
AL BRSNS LR AR ARRE RARRN ARRRE KARRRORRRL R ARRR,
© = N v <+ v o0 ~ o o 2 T o
Minutes

Fig. 4.17HPLC chromatogram for the reaction mixture cDgf-D-glucopyranosykx-
tocopherol. HPLC conditions: Aminopropyl column (1&n, 300 mmx 3.9 mm),
solvent-CHCN: H,O (70:30 v/v), Flow rate-1 mL/min, RI detector. Re@tention
times: a-tocopherol-4.3 min, solvent peak-5.2 mimglucose-7.5 min and 6-([3-D-

glucopyranosykx-tocopherol-9.3 min.
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substrates and products acetocopherol-4.3 minp-glucose-7.5 minp-galactose-7.1
min and D-mannose-6.7 min, ©-(D-glucopyranosyl) a-tocopherol-9.3 min, &-(D-
galactopranosy)-tocopherol-10.1 min and ®&-(D-mannopyranosy)-tocopherol-9.1
min.
4.3.1 Synthesis of &-(1-D-glucopyranosyl) -tocopherol using-glucosidase

B-Glucosidase isolated from sweet almoratalgzed synthesis of @-D-
glucopyranosytx-tocopherol was optimized in terms of incubatperiod, pH, buffer,
enzyme ana-tocopherol concentrations (Scheme 4.3).
4.3.1.1 Effect of incubation period

Effect of incubation period studied from 3 h to ®&8howed that the highest yield
was achieved at 72 h incubation period. The c@mweryields increased with increasing
incubation periods from 3 h to 72 h and de@dast 96 h of incubation period (Table
4.6, Fig. 4.18A). Incubation period résdl in attaining maximum equilibrium
conversion at 72-96 h, which decreased due to pgeld incubation at 68C, the boiling
temperature of di-isopropyl ether solvent.
4.3.1.2 Effect of pH

At a fixed buffer concentration of 0.1 mM (L) the conversion yield was the
highest at pH 6, being 24% (Table 4.6). At highdryalues (above pH 6) the conversion
yield decreased.
4.3.1.3 Effect of buffer concentration

Glucosylation occurred in presence of a vemalsamount of buffer. Since the
highest conversion yield fd3-glucosidase was obtained at pH 6, varying eotration

of pH 6 buffer from 0.05 mM to 0.25 mM (0.5 nbh 2.5 mL) resulted in a maximum

yield of 23% at 0.1 mM (1 mL) buffer concentratifrable 4.6, Fig. 4.18B).
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glucosidase-40% (w/vp-glucose), pH 6 phosphate buffer, solvent-di-ispgto

ether, temperature-6& and incubation period — 72 h.
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Table 4.6 Optimization of reaction conditions for the syntisesof 6-O-(3-D-

glucopyranosylx-tocopherol using-glucosidase

. . : Conversion
Reaction conditions Variable paraméter Yields (%)
Incubation period (h)
a-Tocopherol — 0.5 mmbdl 3 17
D-Glucose — 0.5 mmol 6 17
pH -6 12 16
Buffer concentration — 0.1 mM (1 mL) 24 16
B-Glucosidase — 40% w/m-glucose 48 18
72 22
96 20
120 17
pH (0.01M)
a-Tocopherol — 0.5 mmol 4 18
D-Glucose — 0.5 mmol 5 20
B-Glucosidase — 40% w/@o-glucose 6 24
Buffer concentration — 0.1 mM (1 mL) 7 20
Incubation period — 72 h 8 17
Buffer concentration (mM)
a-Tocopherol — 0.5 mmol 0.05 21
D-Glucose — 0.5 mmol 0.1 23
-Glucosidase — 40% w/w-glucose 0.15 19
pH -6 0.2 13
Incubation period — 72 h 0.25 8
B-Glucosidase
concentration (% w/vio-
glucose)
a-Tocopherol — 0.5 mmol 10 10
D-Glucose — 0.5 mmol 20 18
pH -6 30 17
Buffer concentration — 0.1 mM (1 mL) 40 23
Incubation period — 72 h 50 8
75 7
a-Tocopherol (mmol)
pH -6 0.25 18
Buffer concentration — 0.1 mM (1 mL) 0.5 21
D-Glucose — 0.5 mmol 0.75 17
B-Glucosidase — 40% w/wm-glucose 1 15
Incubation period — 72 h 15 15
2 15
2.5 16

3nitial reaction conditions’Other variables are the same as under reactionitimrs] except the specified

onesHPLC yields expressed with respect to 0.5 mmglucose employed.
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4.3.1.4 Effect of enzyme concentration

Effect of increasing enzyme concentration waslistl by varying3-glucosidase
concentrations from 10 to 75% (w/m+glucose) at 0.5 mmol ab-glucose anda-
tocopherol. A 40% (w/wb-glucose)B-glucosidase at 0.1mM (1 mL) pH 6 buffer gave
the maximum conversion yield of 23% (Table 4.6).
4.3.1.5 Effect ofa-tocopherol concentration

o-Tocopherol concentration was varied from 0.5 mtoo2.5 mmol at a fixea-
glucose concentration of 0.5 mmol. The above op#nhiconditions of pH 6, 0.1mM (1
mL) buffer concentration and 40% (wfxglucose) B-glucosidase, gave the highest
conversion yield of 21% at 0.5 mmattocopherol. There was no significant conversion
beyond 0.5 mmol ofi-tocopherol, which remained more or less tamisat higher
concentrations of-tocopherol (Table 4.6).
4.3.2 Solubility of 6O-(D-glucopyranosylx-tocopherol

Determination of water solubility of &-(D-glucopyranosykx-tocopherol
showed that it is soluble to the extent of 25.9 @kction 4.5.1). Hence, a water soluble
6-O-(D-glucopyranosytx-tocopherol was prepared in the present windm water
insolublea-tocopherol.
4.3.3 Syntheses odfi-tocopheryl glycosides of other carbohydras using3-

glucosidase

Syntheses of the other-tocopheryl glycosides were carried out a¢ #bove
determined optimized conditions, withtocopheroM5 and carbohydrates-glucose6, D-
galactose7 andD-mannoseB. The conditions employed f@-glucosidase catalysis are:

tocopherol 45 (0.5 mmol) and carbohydrate (0.5 mmdg)glucosidase 40% (w/w
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carbohydrate), 0.1 mM (1 mL) pH 6 phosphbtdfer and 72h of incubation period
(Scheme 4.3). Other procedures are as describpdgm?201.
4.3.4 Spectral characterization

a-Tocopheryl glycosides besides measuring ngelpoint and optical rotation
were also characterized by recording UV, Mgss and 2D-HSQCT, which provided
good information on the nature and proportionshefgiroducts formed.
a-Tocopherol (@-Toco) 45: Viscous liquid; bp 220C, UV (DMSO, Amay: 199 nm
(0 0%, €199— 730 MY), 228 nm 6 - Tt*, €205— 4330 M), 292 nm (n- T¢*, €29o— 2580
M7, IR (stretching frequency, €h 3472 (OH), 1616 (aromatic C=C), 2D-HSQCT
(DMSO-ds) *H NMR [y 1.22 (H-2a), 1.71 (H-3), 2.45 (H-4), 1.96 (H-58)98 (H-7a),
2.05 (H-8b), 1.35 (H-9), 1.36 (H-10), 1.22 (H-11)35 (H-12), 0.78 (H-12a), 1.05 (H-
13), 1.15 (H-14), 1.22 (H-15), 1.23 (H-16), 0.851Ba), 1.22 (H-17), 0.80 (H-18), 1.42
(H-19), 1.48 (H-20), 0.85 (H-20a), 0.80 (H-253€ NMR &, (125 MHz): 73.9 (C2),
23.8 (C2a), 31.4 (C3), 20.5 (C4), 116.8 (C4a), 3205), 11.7 (C5a), 144.6 (C6), 122.6
(C7), 12.8 (C-a), 121 (C8), 145.2 (C8a), 11.8 (C&8.9 (C9), 23.7 (C10), 37 (C11),
32.1 (C12), 19.7 (C12a), 36.8 (C13), 24.2 (C14)(BI5), 32 (C16), 19.6 (C16a), 37
(C17), 24.2 (C18), 39.1 (C19), 27.5 (C2®@,62(C20a), 22.5 (C21). Ultrviolet-visible
spectra is shown in Fig. 4.19A.
4.3.4.1 60-(B-D-Glucopyranosyl)a-tocopherol 54: Semi solid; mp. 104, UV (H.O,
Ama): 195 nmM ¢ - 0%, €105 — 2542 M), 223 nm ¢ - T, €23— 753 MY, 270.5 nm
(- T, €:705— 348 MY), IR (stretching frequency, € 1028 (glycosidic C-O-C aryl
alkyl symmetrical), 1259 (glycosidic C-O-C kakyl asymmetrical), 3346 (OH), 1603
(aromatic C=C), 4]*> = -5.7 (¢ 1, H:0), MS (W2 - 615 [M+Na], 2D-HSQCT
(DMSO-ds) *H NMR 8ypm Glu: 4.20 (H-B, d, J = 7.8 Hz), 2.98 (HR), 3.18 (H-B),

3.76 (H-@), 3.02 (H-B), 3.43 (H-6a), 3.48 (H-6bly-Toco: 1.22 (H-2a), 2.5 (H-4), 1.92
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(H-5a), 1.96 (H-7a), 1.99 (H-8b), 0.90 — 1.32 (H-8i-20), 0.70 (H-12a), 0.81 (H-16a),
0.82 (H-20a), 0.70 (H-21}°C NMR 3, Glu:103.2 (CB), 73 (CB), 76 (CP), 70.3
(C4B), 73.5 (CB), 61.2 (C®), a-Toco: 23.6 (C2a), 20.5 (C4), 120.4 (C4a), 121 (C5), 14
(C5a), 150 (C6), 123 (C7), 11.5 (C7a), 116.8 (A4p.2 (C8a), 11.5 (C8b), 37.1 (C9),
20.2 (C10), 37 (C11), 32 (C12), 19.4 (C12a) 39 (C28 (C14), 37.9 (C15), 32.2 (C16),
19.4 (C16a), 23 (C18), 39 (C19), 27.2 (C20), 2&:80a, C21).

Ultraviolet-visible, IR, mass and 2D-HSQCNMR spectra for ©-(p3-D-
glucopyranosyiy-tocopherol54 are shown in Figures 4.19B, 4.20A, 4.20B 4r2DC
respectively.
4.3.4.2 60-(D-Galactopyranosyla-tocopherol 55a,b:Semi solid; UV (HO, Ayay: 193
nm (0 - 0%, €105— 4717 M), 224.5 nm § - Tt*, €2045— 1001 M), 273.5 nm K- T¢*,
€735 — 407 MY, IR (stretching frequency, ¢ 1083 (glycosidic C-O-C aryl alkyl
symmetrical), 1260 (glycosidic C-O-C arglkyl asymmetrical), 3404 (OH), 1624
(aromatic C=C), MSrtVz) — 592 [M], 2D-HSQCT (DMSOds) Cla-galactoside 55a
'H NMR 8ppm Gal: 5.03 (H-Tn, d, J = 3.8 Hz), 3.72 (He), 3.57 (H-%), 3.74 (H-4),
3.71 (H-1), 3.37 (H-6a)p-Toco: 1.68 (H-3), 2.50 (H-4), 1.98 (H-5a), 2.02 (H-72)18
(H-8b), 0.90 — 1.41 (H-9 — H-20), 0.81 (H-12a),®(8l-16a), 0.92 (H-20a), 0.83 (H-21),
%C NMR 8,,m Gal: 95.7 (Chi), 68.6 (C21), 69.2 (C®), 69.5 (C4), 70.8 (CH), 62.9
(C60), a-Toca: 73.8 (C2), 32 (C3), 20.3 (C4), 120.4 (C5), 1{C5a), 145.3 (C6), 12.5
(C7a), 121.1 (C8), 11.7 (C8b), 40.2 (C9),836C11), 21.5 (Cl2a), 37.2 (C13), 21.5
(C16a), 22.7 (C20a), 23.7 (C21)1B-galactoside 55b*H NMR Oppm Gal: 4.94 (H-B,

d, J = 6.7 Hz), 3.36 (H®, 3.34 (H-8), 3.30 (H-B), 3.39 (H-6a)1*C NMR 5, Gal:

102.1 (CB), 69.2 (CB), 73.2 (CB), 72.5 (CB), 63.2 (CR®).
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Figure 4.21A shows IR spectra and Figures 4.21B4a#lC shows 2D-HSQCT
NMR spectra for 89-(D-galactopyranosyd)-tocopherob5a,h
4.3.4.3 60-(D-Mannopyranosyl)a-tocopherol 56a,b: Semi solid; UV (HO, Anay:
194.5 nm §—0*, €1045— 8779 M), 223.5 nm ¢ T¢*, €2035— 1837 M), 272 nm
(- T¢, €7.— 570 MY, IR (stretching frequency, & 1084 (glycosidic C-O-C aryl
alkyl symmetrical), 1260 (glycosidic C-O-C kakyl asymmetrical), 3354 (OH), 1624
(aromatic C=C), MSni/z) - 615 [M+Na], 2D-HSQCT (DMSQCds) Cla-mannoside
56a: '"H NMR 8yom Man: 4.87 (H-1n, d, J = 1.8 Hz), 3.65 (Hed, 3.55 (H-%), 3.18 (H-
40), 3.51 (H-®), 3.61 (H-6a)a-Toco: 2.38 (H-4), 1.96 (H-5a), 1.98 (H-7a), 0.86 — 1.41
(H-9 — H-20), 0.68 (H-12a), 0.94 (H-16a)94.(H-20a), 0.68 (H-21).)C NMR &ppm
Man: 102 (CIn), 71 (C2x), 69.5 (C®), 67 (C4), 75 (C®), 63.5 (Cé), I-Toco: 20.3
(C4), 120.3 (C5), 13.5 (C5a), 145.2 (C6), 121 (AR5 (C8b), 36.8 (C9), 20.5 (C10),
33.5 (C12), 19.6 (C12a), 38 (C13), 23.8 (C149)61(C16a), 24.5 (C18), 22.8 (C20a),
22.5 (C21),C1B-mannoside 56b:'H NMR dppm Man: 4.62 (H-B, d, J = 3.8 Hz), 3.40
(H-2B), 3.38 (H-$), 3.17 (H-B), 3.47 (H-6a)°C NMR &,,m Man: 100.1 (CB), 72
(C2B), 68.5 (CH), 75 (CB), 63.5 (CH).

Infra-red and 2D-HSQCT NMR spectra for G8{D-mannopyranosyd-
tocopherob6a,bare shown in Figures 4.22A and 4.22B respectively.

Ultraviolet-visible spectra ofi-tocopheryl glycosides, showed dn- o* band in
the 193 to 198.5 nm (199 nm fartocopherol) rangeg - 1 band in the 223 to 224.5
nm (228 nm fora-tocopherol) range and- 1 band in the 270.5 to 273.5 nm (292 nm
for a-tocopherol) range, IR spectra showed 1028-1068# range band for the

glycosidic C-O-C aryl alkyl symmetrical stretchimnd 1259-1260 chrange band for

the asymmetrical stretching frequencies indigatthat a-tocopherol had undergone
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glycosylation. In 2D HSQCT spectra, the esdjwve chemical shift values showed
glycoside formation: fronp-glucose6 C1B3 glucoside54to C13 at 103.2 ppm and HBL

at 4.20 ppm; fronb-galactoser Cla galactosidéb5ato Cla at 95.7 ppm and Hel at
5.03 ppm and (A galactosidéb5bto C13 at 102.1 ppm and HBlat 4.94 ppm; frond-
mannose8 Cla mannosides6ato Cla at 102 ppm and Hedat 4.87 ppm and @1
mannoside56b to CI3 at 100.1 ppm and H3lat 4.62 ppm. The phenolic carbon
chemical shift value at 150.5 ppm (145.4 pfamn free a-tocopherol) indicated that
glucosylation occurred at the phenolic OH ugroof a-tocopherol. Mass spectral data
also confirmed product formation.

4.3.5 Discussion

a-Tocopheryl glycosides have been synthesizedyusiglucosidase. The yields
and product proportions are shown in Tablé B-Glucosidase 40% (w/w-glucose)
gave a maximum conversion yield of 23% foOg{3-D-glucopyranosyly-tocopherob4
at 0.1mM (1 mL) of pH 6 phosphate buffer, indicagadellent regioselectivity.

The o and B form of glycosides were determined basedtlm'H and **C
chemical shift values of the anomeric protomd carbon signals respectively. Besides,
the coupling constant values of the anomiigorotons were also useful in arriving at
the anomeric configuration. In am configuration, the anomeric carbon exhibite
chemical shift values between 92-94 ppm. I eonfiguration, such values are between
96-104 ppm. In am configuration, the coupling between the anomenit @2 proton is
equatorial-axial corresponding to coupling ¢ans values of 2-4 Hz. In case ofia
configuration, the coupling between theoraeric and C2 proton is axial-axial

corresponding to a value of 6-8 Hz. Howevemimannose, since the OH at C2 position
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is axial, the coupling for the C2 and the anomprtons are equatorial-equatorial (1-2
Hz) for thea configuration and axial-equatorial (2-4 Hz) foe fhconfiguration.

Table 4.7Syntheses afi-tocopheryl glycosides usirfiyglucosidase

B-Glucosidase catalysis
Glycosides Product (% Yields
proportion (%)°

H  cH,0H
Ho/wzHo . S
H
H OH Kj\/}\/\/\/\/\/\(CH3 i
He [, O CH G cH o C1B glucoside 23

54 6-O-(B-D-Glucopyranosykx-tocopherol

OH

CH2OH
H H
H
oH CHg
H o}
CHg
HgC 0" CHz  cH CHg CHg

CH 3

OH o ) Cla galactosides (41), ;4
"N\ o £ C1B galactosides (59)
HaC CHgo CHg CHg CHy CHs3
55a6-O-(a-D-Galactopyranosyt)-tocopherol
55b 6-O-(3-D-Galactopyranosyt)-tocopherol
HO@H CHzg:‘):
H H
fH S CHg
C O CHz  Chy CHg CHg .
Cla mannoside (46), 18

HC Ty
H CH20H, :
HO’HOwOH: o S C1B mannoside (54)
H CHg

CHg
56a 6-O-(a-D-Mannopyranosyb-tocopherol
56b 6-O-(3-D-Mannopyranosyt-tocopherol

%a-Tocopherol — 0.5 mmol; carbohydrate — 0.5 mnfbglucosidase concentration 40% (wiwglucose);
solvent— di-isopropyl ether; buffer — 0.1 mM (1 mL) pHoBosphate buffer; incubation period — 72Fhe
product proportions were determined from the areaespective'H/**C signals.°Conversion yields were
from HPLC with respect to free carbohydrate. Einoyield measurements is5-10%.

Under the reaction conditions, 11%O0O4e-D-galactopyranosy)-tocopherol
55a and 60O-(B-D-galactopyranosy)-tocopherol 55b and 18% 69-(a-D-
mannopyranosy)-tocopherol 56a and 60O-([3-D-mannopyranosyl)-tocopherol 56b
were also obtained witB-glucosidase (Table 4.7). In case efalactose’, the a/f3

proportions were found to be 41:5@:[8) with respect ta/ proportions of 92:8, for the
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free D-galactose, thus favouring a slight exces§-ofFgalactoside formation. However,
B-glucosidase only marginally favouredbd-mannoside formation as evidenced from the
o/ proportions of 46:540(p) for the glycosides compared to @8 proportion of
27:73 for freed-mannose.

Out of five glycosides prepared, four of them aparted for the first time. They
are: 60-(a-D-galactopyranosy)-tocopherol 55a and 60O-([3-D-galactopyranosyl)-
tocopherol 55b, 6-O-(a-D-mannopyranosy)-tocopherol 56a and 66©-(-D-manno
pyranosyly-tocopherob6b.

Syntheses of the othear-tocopheryl glycosides with carbohydrate molesu
showed that except for the three aldohexoses eeyloyfructose9, D-arabinoselo, D-
ribose 11, maltosel2, sucrosel3, lactoseld, D-sorbitol 15 and D-mannitol 16 did not
undergo glycosylation under the conditions leyed. a-Tocopherol45 could bind
strongly to the enzyme than the above mentionedobgdrate molecules which did not
react, thereby preventing the facile transérthese carbohydrate molecules to the
nucleophilic phenolic OH ofi-tocopherol45. B-Glucosidase is not an inverting enzyme.
In the present workpB-glucosidase gav@-glucoside anda/ff anomeric mixture of
glycosides withD-galactose and-mannose. In the oxo-carbenium ion mechanism

(Chiba 1997), a planar carbenium ion center formid D-galactose/ andD-mannose3
could be available for attack by the nuclelaplu-tocopherol phenol from both above
and below the plane giving rise to a mixturendd anomeric products. With-glucoses,
B-glucosidase gave its natufiglucoside. Sinc®-galactose’7 andD-mannoseB are not
natural products op-glucosidase, the same selectivity could Ibetachieved by this

enzyme.
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This could be the first report for the emey mediated glycosylation ai-
tocopherol by the reverse hydrolytic meth&ghrlier reports using plant cell culture
(Hamadaet al. 2002; Kondcet al. 2006; Shimodat al. 2006) have shown only very low
yields. The selectivity of these enzymes hbheen utilized for the preparation of the
glycosides, thereby eliminating the need ®&aborate protective and de-protective
strategies (Roodet al. 2003). Thus, the results show that a lipopmiclecule likea-
tocopherol could be glycosylated under thactien conditions employed to produce
pharmacologically and therapeutically active wat@ublea-tocopheryl glycosides.

4.4 General discussion

In the present work, optimized reaction ctiods were worked out for the
syntheses of glucosides of riboflavin (vitanB2), ergocalciferol (vitamin D2) and-
tocopherol (vitamin E) by studying the effeat various parameters like incubation
period, pH, buffer concentrations, enzyme aunbstrate concentrations. In most of the
glycosylation reactions, the conversion yields eased upto certain range and thereafter
remained as such or decreased significantly.

Out of 21 individual glycosides prepared, 15 ghides are reported for the first
time. The new glycosides are:OBfa-D-galactopyranosyl)riboflavird7a 5-O-([3-D-
galactopyranosyl)riboflavind7b, 5-O-(a-D-mannopyranosyl)riboflavind8a, 5-O-([3-D-
mannopyranosyl)riboflavin 48b, 5-O-(a-D-ribofuranosyl)riboflavin 49a, 5-O-(B-D-
ribofuranosyl)riboflavin  49b, 5-O-(a-D-glucopyranosyl-(1- 4)a-D-glucopyranosyl)
riboflavin 508 5-O-(a-D-glucopyranosyl-(1- 4)6-D-glucopyranosyl)riboflavin50b, 5-
O-(a-D-glucopyranosyl-(1- 4)6 -D-glucopyranosyl)riboflavin  50¢ 5-O-(1-D-fructo
furanosyl-(2- 1')a-D-glucopyranosyl)riboflavin 51, 5-O-(B-D-galactopyranosyl-(1- 4)

[-D-glucopyranosyl)riboflavin52, 6-O-(a-D-galactopyranosyd)-tocopherol 55a 6-O-
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(B-D-galactopyranosy®)-tocopherol 55b, 6-O-(a-D-mannopyranosyd)-tocopherol 56a
and 6O-(B-D-mannopyranosyd)-tocopherob6b.

Both amyloglucosidase arfétglucosidase did not catalyze the reactioth \wt
fructose9 and D-arabinosel0 for any of the vitamins employed. This could belaialy
due to not-so-facile formation of the reqdirexo-carbenium ion intermediate (Chiba
1997) by these carbohydrate molecules,ictwhs an essential requirement for
glycosylation during the catalytic action thie enzyme. Amyloglucosidase catalyze the
hydrolysis ofa-1,4 anda-1,6 glycosidic linkages from the non-reducmgds of starch
and related oligosaccharides (Meages 19E8ari-Aghdamet al. 2005) with the
inversion of the anomeric configuration twoguce -D-glucose (Norouzian 2006;
Thorsen 2006). In these glycosylation reactioss,aamyloglucosidase clearly exhibited
its ‘inverting’ potentiality giving rise to ome of the -D-glucoside. B-Glucosidase
catalyses gave onfy-D-glucoside withD-glucose6 indicated its regioselectivity with the
carbohydrate molecules. Amyloglucosidase catalggave Cla and[3 glycosides along
with C6-O- aryl derivatives in most of the aldohexoses enygalo

Riboflavin 43 showed glycosylation with many of the carbohydratespared to
the other vitamins employed (ergocalcifeddland a-tocopheroM5) in spite of the bulky
acceptor molecule. This could be due to the presehprimary OH present at the ribitol
moiety in riboflavin43, nucleophilic enough to serve as an efficiacceptor towards
certain carbohydrate molecules which get glycosglat

Among the carbohydrates employed disacchandakosel2, sucrosel3 and
lactosel4 showed glycosylation only with riboflavi3. Other than C1 and C6 hydroxyl
group of the carbohydrates, none of the secondaisokyl groups were found to react.
Hydrolysis of the disaccharides maltds2 sucrosel3 and lactosel4 has been observed

during the course of the reaction and #sultant transglycosylation reaction did not
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occur with the respective vitamins. Ridah 43 and a-tocopherol 45 showed
glycosylation with all the aldohexoses empthysvhereas ergocalcifer@l4 showed
glycosylation only withD-glucose 6. The highest conversion of 40% forOHDb-
ribofuranosyl)riboflavind9ab and 42% for 2@-(D-glucopyranosyl)ergocalciferd3a

c were observed for the amyloglucosidase cs#al-Glucosidase on the other hand
showed 24% for ®-(B-D-glucopyranosyl)riboflavin46b and 23% for &-([3-D-
glucopyranosyix-tocopherol54 were obtained. In general, the yields wens for (3-
glucosidase catalyses and the selectivity masginally higher than amyloglucosidase
catalyses.

Thus, this study shows that selected vitaghmosides, could be synthesized
enzymatically using amyloglucosidase frd®hizopus mold and[3-glucosidase isolated
from sweet almond to produce more water ldeland stable vitamin derivatives with
diverse carbohydrate molecules. This could the first report on glycosylation of
riboflavin (vitamin B2), ergocalciferol (vitamin ) anda-tocopherol (vitamin E) using
enzymes in a non-polar media.

4.5 Experimental
4.5.1 Glycosylation procedures

Syntheses of riboflavinyl glycosides, ergodatgi glycosides andax-tocopheryl
glycosides are described in their respective Sestid 4.1, 4.2 and 4.3.

High Performance Liquid Chromatography (HPLC), sizexclusion
chromatography, solubility and spectral rabterization were the same as earlier

described in Chapter 3 Sections 3.7.3-3.7.6 angt€h& Sections 2.2.7-2.2.9.
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Kinetic

Introduction

Kinetic studies on few enzymatic hydrolytieactions are known (Hironet al.
1983; Tanakaet al. 1983; Ohinishi and Hiromi 1989; Gosb al. 1994). However, kinetic
studies on the glycosylation reaction esplgcidiose involving a carbohydrate and
aglycon molecules are practically nil. Argonihe kinetic reports available on the
hydrolytic enzymes in reverse reactions, thoseigasés, show that lipases follow Ping-
Pong BIi-Bi mechanism in several esterificatiggactions (Kiran and Divakar 2002;
Jansseret al. 1999; Martyet al. 1992; Yadav and Lathi 2004). This mechanism inwlve
binding of acid and alcohol in successivepstreleasing water and the product ester
again in succession. However, no such mestmiias been reported in glycosylation
reactions.

Glucoamylases possessesgd()s barrel fold structure which is different frometh
(B/a)s barrel fold structure obi-amylase,3-amylase andx-glucosidase (Chiba 1997,
Svenssoret al. 1990; Aleshinet al. 1992). In the catalytic domain, two glutamada
Glu314 and Glu544 iRRhizopus oryzae (Aleshin et al. 1992; Ashikariet al. 1986) are
reported to be the catalytic amino acid residuesctly involved as acid base catalysts in
the hydrolytic reaction (Chiba 1997; Sierdtsal. 1990). It has also been shown that oxo-
carbenium ion mechanism is the most suitablehe hydrolytic reaction for both
“retaining” and ‘“inverting” enzymes. Althgh, no decisive mechanism has been
proposed so far for the glycosylation reawjoit is generally believed that the oxo-
carbenium ion mechanism could be the most prolmaide

In this chapter an attempt has been miadecarry out a detailed Kkinetic
investigation on the glucosylation reaction betweanilin 1 and D-glucose6 involving
an amyloglucosidase fronRhizopus mold leading to the synthesis ofO4b-

glucopyranosyl)vanilliil7a-c. The results from these investigations are desdriizlow.
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Present work

To graphically evaluate the apparent values okihetic parameter¥max Ki, Kn
vanilin aNd K b.glucose INitial rates (specific reaction rate) were eaddd by measuring of
4-O-(D-glucopyranosyl)vanillin formation at differemicubation periods. A typical time
course of amyloglucosidase catalyzed reactis shown in Fig. 5.1. For each
concentration of vanillirl (5 mM to 0.1 M) and-glucose6 (5 mM to 0.1 M) individual
experiments were performed for incubation period3 b, 6 h, 12 h and 24 h (304 for
each system). The experiments were perforinediuplicate. Initial ratesv) were
determined from the initial slope values of thetplof the amount of the glucoside (M)
formed versus incubation period (h)> Wlues obtained from least square analysis fo
the initial velocities in both the cases weranid to be around 0.95. Effect of external
mass transfer phenomenon involving internal antéreal diffusion (Martyet al. 1992),
if any, were not tested in the present wofke plots shown in this work were
constructed from all the experimentally detesd and few computer generated initial
rate values.
5.1 Kinetic experiments on amyloglucosidaseatalyzed synthesis of @-(D-

glucopyranosyl)vanillin

Kinetic experiments were conducted by reflgxivanilin 1 and D-glucose6 in
the concentration range 5 mM to 0.1 &bng with 90 mg amyloglucosidase
(corresponding protein content-54.5 mg) in 100 misapropyl ether solvent containing
0.1 mM (1 mL) of 0.01 M pH 4 acetate buffer. Kime&ixperiments were carried out at
the refluxing temperature of di-isopropyl ether6&8t°C. After work up as described on
page 74. The reaction mixture was subjected to H&ha&lysis to determine the extent of

product formation.
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Amyloglucosidase exhibited good activity onlytime presence of water present
as buffer. The water of reaction also cooteld to the water activity essential for the
enzymatic action. Only vanillid dissolved in di-isopropyl ether and the reactiortune
remained largely heterogenous due to insdlbdf the enzyme and-glucose 6.
Experiments were conducted by maintaining ¢bacentration of one of the substrate
constant and varying the concentration of ohieer andvice versa. Since a constant
amount of enzyme was employed for all the reastidine enzyme/substrate ratio varied
with varying substrate concentrations. Theyemz lost only 10% of its activity after
incubation for 24 h.

A typical rate plot for vanillin glucosidieactions is shown in Fig. 5.1 and the
initial velocities {) were found to be in the range 0.17 to 18.50° M/h.mg protein. At
initial periods of incubation, the reactios nelatively fast and slows down at longer
incubation periods beyond 24 h whichuldoindicate attainment of steady state
equilibrium conditions.

Double reciprocal plot was constructed byttplg 1A versus 1/[vanillin]. The
plot is shown in Fig. 5.2, which shows exies of curves obtained for different fixed
concentrations ob-glucose6 at varying vanilinl concentrations, where slight increase
in initial rates at lower vanilin concentratiorssabserved and at higher concentrations of
vanillin 1 the rates reduce drastically. Also, increasp-glucose6 increased the initial
rate at all vanillin concentrations. Figure 5.3\8B@ series of lines obtained for different
fixed concentrations of vanillid at varyingD-glucose6 concentrations where at fixed
lower vanillin 1 concentrations, the lines were parallel andfieed higher vanillin
concentrations, lines with different slopes websesved. The plots in Figs. 5.2 and 5.3
showed that the kinetics could be best describeGbgel 1993) Ping-Pong Bi-Bi model

(Scheme 5.1) with competitive substrate inhibiliesding to dead-end inhibition.
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A P B Q
i by T
E (EA==FP) F  (FB==EQ) F
Ki

Scheme 5.Ping-Pong Bi-Bi model with competitive substratkilaition

Where, A =D-glucose, P = kD, B = vanillin, F = glucosyl-amyloglucosidase cdexp

E = amyloglucosidase, EA = amyloglucosa&lglucose complex, FP = glucosyl-
amyloglucosidase-water complex, EB = amylogsidase-vanilin complexK; =
dissociation constant of amyloglucosidase-inhibitaomplex, FB = glucosyl-

amyloglucosidase-vanilin complex, EQ = amyaglsidase-glucoside complex, Q = 4-

O-(D-glucopyranosyl)vanillin.

This model could be described by the following regeation,

v [A] [B]

Vmax KmA[B] (1+[B] / Ki) + KmB [A] + [A] [B] (1)

where,v = initial rate, Vmax = maximum velocity, A =D-glucose concentration, B =

vanillin concentrationsKya = Michelis-Menten constant for the amylogludaseb-

glucose complexK; = dissociation constant of the amyloglucosidab#itor (vanillin)
complex, Kmg = Michelis-Menten constant for the amylogludase-vanillin complex.
Since the initial rates are in M/h.mg o€ throtein,Vmax iS expressed algq as Keat =
Vma{€nzyme concentration.

The four important kinetic parametefs vaniiin, Km o-glucose Km vanitin @Nd Keatvanitin
were evaluated graphically. Intercept of tlesifive slope of Fig. 5.2 on the Y-axis,
especially, at the highest concentratiorpgjlucose (0.1 M) employed, gave K4 for

vanillin (Table 5.1).
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Table 5.1Kinetic parameters for the synthesis adD4b-glucopyranosyl)vanillin

kcat105 M/h. mg Km D—glucose(mM) Km vanilin (mM) Ki (mM)

Graphical method 10.0+1 65.0+ 6.7 45.6+ 4.4 12.5+1.3

Computer simulated

values 35.0+ 3.2 60.0+ 6.2 50.0+ 4.8 10.5+1.1

Figure 5.4 shows the replot of slope of BE (1/p-glucose] versus [vanillin]
plot) from which slope K o-glucosé(Keat Ki), Y intercept =K, p-giucosékearand X intercept
= K, where K; represents dissociation constant for #myloglucosidase-vanillin

complex.Knvaniiin Was obtained from equation 2 generated by reamgregjuation 1,

keat[B]  Kma[B] K [B]?
- : - [B]
v A] [A] Ki 2)

Kmg =

where,Kms = Michelis-Menten constant for the amyloglucosidaagillin complex.

The values of the four important kinetic pagdens,k..: Ki, Kma and Ky, were
also estimated mathematically through compsigulation. The range of values tested
for these parameters and the constraints ogeqbl for the iteration procedure is as
follows: Keatvanitin < 0.01 M/h.mg Ki vanitin < Km vaniltin, Km vanitin < Km p-glucose @N0 K p-glucose
< 0.1 M. The iteration procedure involvedatmination of initial velocitiesvfed by
incrementing the above mentioned four kingt@rameters in eq. 1 from their lowest
approximations (bound by the above mentiomedstraints) and subjecting tiWgeq
(obtained for all the concentrations mglucose and vanillin) to non-linear optimization,
by minimizing the sum of squares of deviatia@tweenvyeq and Vexpn . The set of four
kinetic parameters which resulted from minimaom of squares of deviation between
Vpred 8N Vexp Were considered to be the best set and they arensimoTable 5.1 which
lists graphical as well as the computer simulat@ides for comparison. Table 5.2 shows

the comparison between experimental and preglianitial rate values obtained under
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different reaction conditions. Computer simulatigowedvpeq values with R values of
0.85 for vanillin reaction emphasizing that thisdabis reasonably good in explaining
the kinetics of this reaction.

Table 5.2 Experimental and predicted initial rate values tioe synthesis of O-(D-

glucopyranosyl)vanillin

D-Glucose Vanillin Vexperimental Vpredictive
(M) (M) 10°M.h.mg* 10°M ht.mg?*
0.005 0.005 0.218 1.219
0.005 0.01 0.300 1.189
0.005 0.02 0.280 0.913
0.005 0.035 0.214 0.643
0.005 0.05 0.168 0.492
0.01 0.005 0.506 1.763
0.01 0.01 0.774 1.976
0.01 0.02 0.702 1.672
0.01 0.035 0.422 1.231
0.01 0.05 0.366 0.957
0.02 0.005 1.003 2.269
0.02 0.01 1.746 2.952
0.02 0.02 1.666 2.866
0.02 0.035 1.033 2.269
0.02 0.05 0.917 1.815
0.035 0.005 2.069 2.587
0.035 0.01 4.128 3.745
0.035 0.02 2.757 4.128
0.035 0.035 1.987 3.551
0.035 0.05 1.774 2.947
0.05 0.005 3.475 2.741
0.05 0.01 1.618 4.195
0.05 0.02 4.968 5.010
0.05 0.035 3.027 4.588
0.05 0.05 2.401 3.926
0.1 0.005 6.110 2.945
0.1 0.01 7.340 4.881
0.1 0.02 7.510 6.676
0.1 0.035 9.170 6.961
0.1 0.05 10.480 6.414

5.2 Discussion

This kinetic data clearly shows the inhibitory matuof vanillin 1 towards
amyloglucosidase fronRRhizopus mold. With increasing concentrations bfglucose
(Fig. 5.2), the rate increases at lower concewinatof vanillin. At higher concentrations

of vanillin corresponding to minimum Vlthe rate decreases, the plots tend to become

219



Kinetic

closer to A axis. Figure 5.3 also reflect the sabmehaviour, where at lower
concentrations of vanillin, the lines appear patgtobably so for aK; > Kz. However
at higher fixed concentrations of vanillimetslopes vary drastically whekg < K.
Thus the kinetic data clearly shows thehbmbry nature of vanilinl in this reaction.
Competition betweerp-glucose and vanilin for the activetesi(binding site) of
amyloglucosidase could result in predominaailin binding at higher concentrations,
displacingD-glucose, leading to the formation of the dead-emyloglucosidase-vanillin
complex.

In this reactionKy, p-giucose(60.0 = 6.2 mM, Table 5.1) is always higher thisips
(50.0 £ 4.8 mM) which shows that while glucose dbug could lead to product
formation, vanilin binding to the activeite could result in inhibition ofhe
amyloglucosidase activity.

Catalysis occurs mainly between subsites 1 and dlucbamylase. Active site of
glucoamylase froniRhizopus mold could be identical to that d®hizopus oryzae (Stoffer
et al. 1995). Carbohydrate OH groups are held firmly ia Hctive site subsites 1 and 2
of Rhizopus oryzae through hydrogen bonds with Argl91, Aspl192u312, Trp313,
Glu314, Glu315 and Arg443 (Aleshet al. 1992; Ashikariet al. 1986). The above
mentioned residues can also stabilize plasaanillin bound to the active site through
hydrogen bonds. Also, vanilin phenolic hydyloxand aldehyde carbonyl could form
effective hydrogen bonds with Arg191, Aspl192p313, Glu315 and Arg443. Hence,
higher concentrations of vanillin are capabfedisplacing the glucose-oxo-carbenium
ion from the active site and occupy its ipms instead, leading thereby to dead end
inhibition. This may not happen at lower concerbrag of vanillin.

Several lipase catalyzed esterification reastithave been described to follow

Ping-Pong Bi-Bi mechanism, which deals with twosttdites (acid and alcohol) and two
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products (water and ester). So far, enzyrediated glycosylation, especially the one
involving a carbohydrate molecule and a aglyenolecule has not been reported to
follow Ping-Ping Bi-Bi model. This could be thesfirreport of its kind.
5.3 Experimental
5.3.1 Kinetic experiments

Kinetic experiments were carried out by refigxk5 mM to 0.1 M of vanillinL
and 5 mM to 0.1 M ob-glucose6 along with 90 mg amyloglucosidase in 100 mL di-
isopropyl ether solvent containing 0.1 mM (1 mL)G®1 M, pH 4 acetate buffer for an
incubation period of 3-24 h. Workup involvestidling off the solvent and maintaining
the reaction mixture at boiling water temperatime5-10 min to denature the enzyme.
The residue was repeatedly extracted with chloroftor remove unreacted vanilliy the
dried residue consisting of @{D-glucopyranosyl)vanilin and unreact@&dglucoses,
was subjected to HPLC analysis on an aminoprogiinen (300 mmx 3.9 mm) eluted
with 80:20 (v/v) acetonitrile:water at a floste of 1 mL/h and monitored using a RI
detector. Conversion yields were determined froniEiReak area of the glucoside and
free carbohydrate and expressed with respedree D-glucose concentration. Error
based on HPLC measurements are of the order o4 Tverall uncertainity in kinetic
rate constant measurements will be of the orderii%.

For each concentration of vanillin(5 mM to 0.1 M) and-glucose6 (5 mM to
0.1 M) individual experiments were performed iacubation periods of 3 h, 6 h, 12 h
and 24 h (30x 4 for each system). The experiments were performelliplicate. Initial
rates ¢) were determined from the initial slope valueshs plots of the amount of the
glucoside (M) formed versus incubation perit)l. (The plots shown in this work were
constructed from all the experimentally detiesd and few computer generated initial

rate values.
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Antioxidant and ACE inhibition activity

Introduction

Phenolic glycosides found in a variety of fruitdaregetables have been studied
extensively for their antioxidant propertiddoon et al. 2007). Antioxidative action is
reported to protect living organisms from oxidatd@mages, resulting in the prevention
of various diseases such as cancer, cardiovastisases, diabetes and aging (Azwna
al. 1999). Flavonols and their glycosides pebteed blood cells against free radical-
induced oxidative hemolysis (Ddi al. 2006). The key role of phenols as antioxidant
stem from the presence of hydroxyl groups attacbetheir aromatic rings, which enable
them to scavenge free radicals (Kefaaal. 2003; Villanoet al. 2007).

Angiotensin converting enzyme (dipeptidyl catyjmeptidase, EC 3.4.15.1) is a
zinc containing nonspecific dipeptidyl carboxypdpe widely distributed in
mammalian tissues (lat al. 2004). Angiotensin converting enzyme (ACE) regudatee
blood pressure by modulating renin-angisitensystem as shown in Scheme 6.1
(Vermeirsseret al. 2002). This enzyme increases the blood pressy converting the
decapeptide angiotensin | into the potenty@mstricting octapeptide, angiotensin II.
Angiotensin 1l brings about several centriéats, all leading to a further increase in
blood pressure. ACE is a multifunctional enzythat also catalyses the degradation of
bradykinin (blood pressure-lowering nanoppti and therefore inhibition of ACE
results in an overall antihypertensive effectélal. 2004; Johnston 1992).

Several synthetic drugs and bio-molecules agaladle for ACE inhibition. One
such drug is enalaprii a successfulthgic anti-hypertensive drug. Similar such
molecules captopril, perindopril, ceranopramipril, quinapril and fosinopril also show
ACE inhibitory activities (Hyuncheadt al. 2003; Dae-Gillet al. 2003; Chong-Qiamet al.
2004). Hypothetical representation of inhibitoramely hydrolyzed products of peptides

like glycine, valine and leucine at the cay terminus of the peptide inhibitor are
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considered the potent inhibitors (De-Lima 1999; & Ding 2002; Kirret al. 2001) of

ACE.
Rennin-angiotensin system Kallikrein-Kinin System
Angiotensinogen Kininogen
Rennin Kallikrein
_ _ o Increased
Angiotensin | Bradykinin— prostaglandin synthesis

e R

Vasodilatation

/\ Inactive fragments l

Vasoconstriction Aldosterone secretion

Decreased peripheral

Increased peripheral |5 coq Neand vascular resistance
vascuITjstance water retention l
Increased blood pressure Decreased blood pressure

Scheme 6.Role of angiotensin converting enzyme (ACE) in tating blood pressure

Some naturally occurring 'biologically active péles' also act as ACE inhibitors.
Deloffre et al. (2004) reported that a neuro-peptide frontHeérain showed ACE
inhibition with an 1G, value of 19.8uM. The N-terminal dipeptide (Tyr-Leu) op-
lactorphin was found to be the most potent inhibftdullally et al. 1996). Many peptide
inhibitors are derived from different food pems like Asp-Leu-Pro and Asp-Gly from
soy protein hydrolysis (Wu and Ding 2002)d aGly-Pro-Leu and Gly-Pro-Val from
bovine skin gelatin hydrolysis (Kimt al. 2001). Glycosides from the leaves of
Abeliophyllum distichum like acteoside, isoacteoside, rutin and ukins moderately
inhibited the angiotensin | converting zgne activity (Hyuncheolet al. 2003).
Glycosides like 3-methyl crenatoside froriMicrotoena prainiana also showed more
than 30% ACE inhibitory activity (Chonge@ et al. 2004). Phenyl propanoid

glycosides fromClerodendron trichotomum such as acteoside, leucosceptoside A,
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martynoside, aceteoside isomer and isomartgaoalso showed ACE inhibitory effect

(Dae-Gillet al. 2003).

Several bioactive water insoluble phenolic enales have been converted in to
their respective glycosides through glycosglat{Lohith et al. 2006; Vijayakumar and
Divakar 2007), thereby enhancing their pharmacautiapplications. Similarly,
glycosylation is also reported to improve thieactivity of several vitamins (Kren and
Martinkova 2001). Although few glycosides sfich phenols and vitamins prepared
chemically and enzymatically were reportedrlier (Kren and Martinkova 2001;
Vijayakumar and Divakar 2005; Badmath al. 1990), reports on their biological
activities are scanty. The present work dessrthe ACE inhibition and antioxidant
activities of the synthesized glycosides, repoimedhapter 3 and 4 in detalil.

Present work

Totally 39 glycosides were tested for antioxidactivity and 48 glycosides tested
for angiotensin converting enzyme (ACE) infuby activities. ACE was isolated from
pig lung. The enzymatic reactions were caroed under optimized conditions worked
out for these reactions. Thus, the present worlsdeigh investigation of antioxidant and
ACE inhibitions activities of phenolic dnvitamin glycosides synthesized using
amyloglucosidase fronRhizopus mold and (-glucosidase (native/immobilized) isolated
from sweet almond in organic media. Phemawmld vitamins subjected to this study are
vanillin 1, N-vanillyl nonanamide2, curcumin3, DL-3,4-dihydroxyphenylalanind (DL-
dopa), 3,4-dihydroxyphenylethylamin® (dopamine), riboflavin43 (vitamin B2),
ergocalciferol44 (vitamin D2) anda-tocopherold5 (vitamin E). Of these many phenols
and vitamins are either less soluble in wétanillin 1 2 g/L, riboflavin43 0.2 g/L) or
insoluble in water at alN¢vanillyl-nonanamide2, curcumin3, ergocalciferod4 and a-

tocopherol45) or susceptible to heat, light and oxidatipL-dopa 4, dopamineb).
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DPPH (2,2-diphenyl-1-picrylnydrazyl) was eoydd to evaluate the free radical
scavenging effectiveness of the phenolic ait@min glycosides (Chat al. 2000). The
absorbance of DPPH decreases when the odd elegftratrogen in DPPH is paired off
and therefore DPPH can be used as a stédta studying free radical scavenging
activity (Leeet al. 2003). ACE inhibition activity of the ab®vmentioned glycosides
were determined by the Cushman and Cheung mett8xdY1Since hippuryi-histidyl-
L-leucine (HHL) mimics the carboxyl dipeptide of @tgnsin I, it has been used as the
substrate for screening ACE inhibitors.
6.1 Antioxidant activity

DPPH (2,2-diphenyl-1-picrylnydrazyl) is a highly loced commercially
available radical source, widely used for roughnesion of the ability of antioxidants to
trap potentially damaging one-electron oxidanés the number of DPPH molecules
reduced by one molecule of an antioxidanbtié? et al. 1999). Many methods to
evaluate the antioxidative activity of speciiompounds have been described, but the
most widely documented one deals with DPPH radiéalteset al. 2007; Rochet al.
2005). The radical scavenging efficiency d¢iemolic and vitamin glycosides tested in
this investigation is listed in Table 6.1.

Table 6.1 Antioxidant and angiotensin converting enzyme iitbity activities of various
phenolic and vitamin glycosidés

Antioxidant ACE
Value (mMY  ICs, Value
(mM)°

Butylated Hydroxy Anisole (BHA) 0.046 £ 0.002
Enalapril - 0.071 £ 0.004
Vanillin 1 1.65 +0.08 1.87 £0.09
4-O-(D-Glucopyranosyl)vanillinL7e-c 2.66 £0.13 1.11+0.06
4-O-(B-D-Glucopyranosyl)vanillirl 7b 0.9+£0.45 0.61+0.03
4-O-(a-D-Galactopyranosyl)vanillii8a 1.62+0.08 1.12+0.06
4-O-(D-Galactopyranosyl)vanillid8a,k 1.18 £ 0.06 0.61 £0.03
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4-O-(a-D-Mannopyranosyl)vanillii9a 1.55+£0.08
4-O-(D-Mannopyranosyl)vanilliri9a,k 1.08+0.05
4-O-(a-D-Glucopyranosyl-(1- 4)b-glucopyranosyl)vanillirROa,c,d 1.17 £ 0.06
4-O-(a-D-Glucopyranosyl-(1- 4)B3-D-glucopyranosyl)vanillir20b 2.64 £0.13
4-O-(D-Fructofuranosyl-(2, 1")a-D-glucopyranosyl)vanillir1la,b 1.23 £0.06

4-O-(B-D-Galactopyranosyl-(1- 4)B-D-glucopyranosyl)vanillir22 0.8+0.04
4-O-(D-Sorbitol)vanillin23e-c 1.24 £0.06
N-Vanillyl-nonanamide2 0.054 £ 0.003
4-O-(D-GlucopyranosyN-vanillyl-nonanamide4a,k 1.18 £ 0.06
4-O-(B-b-Glucopyranosyl-vanillyl-nonanamide4c 1.4 +0.07
4-O-(D-Galactopyranosyl-vanillyl-nonanamide25a,k 29+0.15
4-O-(B-D-GalactopyranosyR-vanillyl-nonanamide25b 0.94 £0.05
4-O-(B-pD-MannopyranosyN-vanillyl-nonanamide6 1.14 £ 0.06
4-O-(a-D-Ribofuranosylj-vanillyl-nonanamide7a,b 0.98 £0.05
4-O-(a-D-Glucopyranosyl-(1- 4)b-glucopyranosyi-vanillyl-
nonanamide@8a-c 06004
4-O-(a-D-Glucopyranosyl-(1- 4)B3-D-glucopyranosyN-vanillyl- 0.75 + 0.04
nonanamide8d
4-O-(B-p-Galactopyranosyl-(1 4)B-D-glucopyranosylN-vanillyl- 1044005
nonanamide9
Curcumin3 0.053 + 0.003
1,7-O-(Bis{3-D-glucopyranosyl)curcumiBO 0.8 +0.04
1,7-O-(Bis-D-galactopyranosyl)curcumilla,k 0.92 £0.05
1,7-O-(Bis-D-mannopyranosyl)curcumida,k 0.75+0.04
1,7-O-(Bis{3-D-galactopyranosyl-(1- 4)D-glucopyranosyl)curcumin 0.95 + 0.05
33a,b
DL-Dopa4d 0.045 + 0.002
DL-3-Hydroxy-4-O-(D-glucopyranosyl)phenylalanir@ie-d 1.11 +0.06
DL-3-Hydroxy-4-O-(D-glucopyranosyl)phenylalanir@ib,c 0.98 £0.05
DL-3-Hydroxy-4-O-(D-galactopyranosyl)phenylalanii®®e-e 2.26£0.11
DL-3-Hydroxy-4-O-(3-D-mannopyranosyl)phenylalanii3® 1.13+0.06
DL-3-Hydroxy-40-(B-D-galacto_pyranosyI-(1_. 4)3-D- 0.9 +0.05
glucopyranosyl)phenylalaniidy
DL-3-Hydroxy-40O-(6-D-sorbitol)phenylalanin88 1.86 + 0.09
DL-Dopab-mannitol39a,t 1.9+£0.09
Dopamineb 0.04 £ 0.002

1.02 £0.05
23%0.1
1.63 +£0.08
1.89 £0.09
15.7+£0.79
0.92 +£0.05
0.81 £0.04
1.53 +0.08
1.33+0.07

3.33+0.17
205+0.1

2+0.1
2.57+0.13
1+0.05

241+0.12

0.8 +0.04

1.82 £0.09

0.83 £0.04
1.09 £0.05

0.88 £0.04
19+0.1

0.67 £0.03

0.6 £0.03
1.2 +0.06
1.26 + 0.06
1.71+0.08
1.87 £0.09

3.33+0.17

0.56 +0.03
1.58 +0.08
1.93+0.1
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3-Hydroxy-40-(D-glucopyranosyl)phenylethylamim®e-c 1.45+0.07 1.27 £ 0.06
3-Hydroxy-40-(3-D-glucopyranosyl)phenylethylamir®b 0.98+0.05 2.38+0.12
3-Hydroxy-40-(D-galactopyranosyl)phenylethylamidée-d 0.93£0.05 2.38+£0.12
3-Hydroxy-40-(D-mannopyranosyl)phenylethylamid@e-c 1.8+0.09 1.93+0.1
Riboflavin 43 - 1.08 £0.05
5-O-(D-Glucopyranosyl)riboflavir6e-c - 1.27 £ 0.06
5-O-(B-D-Glucopyranosyl)riboflavir6b - 1.75+£0.09
5-O-(p-Galactopyranosyl)riboflavid 7a,t - 0.83+0.04
5-O-(a-D-Mannopyranosyl)riboflavid8a - 2.08+0.1
5-O-(D-Mannopyranosyl)riboflavi8a,k - 1.92+0.1
5-O-(D-Ribofuranosyl)riboflavird9a,k - 1.11+£0.06
5-O-(a-D-Glucopyranosyl-(1- 4)b-glucopyranosyl)riboflavirbOa-c - 0.8 +0.04
5-0O-(1-D-Fructofuranosyl-(2, 1')a-D-glucopyranosyl)riboflavirb1 - 1.03 £0.05
5-O-(B-D-Galactopyranosyl-(1. 4)B-D-glucopyranosyl)riboflavirb2 - 1.09 £0.05
Ergocalciferol44 - 1.2+0.06
20-O-(p-Glucopyranosyl)ergocalcifer@l3e-c 0.9+£0.05 1.17 £0.06
o-Tocopherok5 0.054 +£0.003 1.07 £0.05
6-O-(B-D-Glucopyranosyli-tocopherob4 1.2 +0.06 1.33+£0.07
6-O-(D-Galactopyranosyt)-tocopherol 55a,b 072+0.04 259+0.13
6-0O-(D-Mannopyranosyt)-tocopherol56a,b 0.5+0.03 1.8 +0.09

%Glucosidases catalyzed synthesis of phenolic gigessof vanillin-Table 3.3n-vanillyl-

nonanamide-Table 3.11, curcumin-Table 3d3dopa-Table 3.15, dopamine-Table 3.18 and
vitamin glycosides of riboflavin-Table 4.3, ergomtdrol-Table 4.5 andx-tocopherol-Table
4.7 where the conversion yields and product propustare shown. Carbohydrates did not
show any antioxidant and ACE inhibition activity.rr&r in measurements i 5%.
bAntioxidant activityvalues determined by DPPH radical scavenging methiodn and Tearo
1998).°ACE activity determined by Cushman and Cheung nue(h671).

Butylated hydroxy anisole (BHA) was usedaagontrol. The plot obtained is
shown in Fig. 6.1. Plots for the antioxidant atyiof a few selected glycosides,GH[3-
D-glucopyranosyl)vanillinl7b (Fig. 6.2A), 40-(-D-galactopyranosyl-(1-4)B-D-gluco
pyranosylvanillin 22 (Fig. 6.2B), 40-(B-D-galactopyranosyl)-vanillyl-nonanamide

25b (Fig. 6.2C), 40-(a-D-glucopyranosyl-(1-4)B-D-glucopyranosyly-vanillyl-nona
namide28d (Fig. 6.2 D), 1,70-(bis{3-D-glucopyranosyl)curcumi8O (Fig. 6.2E), 1,70-
DL-3-hydroxy-40O-(D-gluco

(bis-D-mannopyranosyl)curcumin 32a,b  (Fig. 6.2F),
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pyranosyl)phenylalanine84b,c (Fig. 6.3A), DL-3-hydroxy-4O-([3-D-galactopyranosyl-
(1’ - 4)B-D-glucopyranosyl)phenylalanine37 (Fig. 6.3B), 3-hydroxy-43-(3-D-gluco
pyranosyl)phenylethylamine40b (Fig. 6.3C), 3-hydroxy-43-(D-galactopyranosyl)
phenylethylaminetla-d (Fig. 6.3D), 200-(D-glucopyranosyl) ergocalcifer@3a-c (Fig.
6.3E) and 69-(D-mannopyranosy)-tocopherol56a,b (Fig. 6.3F) are shown.
6.2 Angiotensin converting enzyme inhibitory activiy

ACE was isolated from pig lung. The isolated ACEte¢d for lipase and protease
activity (Table 6.2), showed a small exteftprotease activity (13.3%) compared to
ACE activity but no lipase activity. In presencegbfcosides prepared, the isolated ACE
showed 8.2% protease activity (Table 6.2) comp#wetie ACE activity. This confirmed
that the ACE inhibition observed in the preseatglycosides prepared is more due to
ACE inhibition rather than protease inhibition.

Table 6.2Inhibition of protease in ACE by glycositie

System Protease activity Percentage of
Unit min'mg® protease activity
enzyme protefh  with respect to

ACE activity
Control: ACE- 0.5 mL + 0.5 ml of 0.6% 0.044 13.3
hemoglobin + 0.5 mL Buffer
Glycoside: 0.5 mL glycoside + ACE - 0.5 mL 0.029 8.2

+ 0.5 mL of 0.6% hemoglobin

%Conditions: ACE — 0.5 mL (0.5mg), All the solutionsre prepared in 0.1 M pH 7.5 Tris-HClI, incubation
period — 30 min, temperature — 3¢, 0.5 mL of 10% trichloroacetic acid added to strithe reaction;
Blank performed without enzyme and glycoside; Abance measured at 440 nm; glycoside — 0.5 mL of
0.8 mM; Average absorbance values from three individuaterpents Percentage protease activity with
respect to an ACE activity of 0.38nol/min.mg protein.

Table 6.1 shows the glycosides tested feir tACE inhibitory activities. ACE
inhibition plot for enalapril, a known synthetilrug, used as a control is shown in Fig.
6.4. Typical ACE inhibition plots for few represative glycosides 4O-(D-
galactopyranosyl)vanilliil8a,b (Fig. 6.5A), 40-(D-sorbitol)vanilin 23a-c (Fig. 6.5B),

4-O-(a-D-ribofuranosyiN-vanillyl-nonanamide 27a,b (Fig. 6.5C), 40©-(a-D-gluco
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pyranosyl-(1- 4)B-D-glucopyranosyN-vanillyl-nonanamide 28d (Fig. 6.5D), 1,79-

(bis-D-galactopyranosyl)curcumin3la,b (Fig. 6.5E), 1,79-(bis{3-D-galactopyranosyl-
(' > 4)D-glucopyranosyl)curcumin  33a,b (Fig. 6.5F), DL-3-hydroxy-4-(D-gluco
pyranosyl)phenylalanine34a-d (Fig. 6.6A), DL-3-hydroxy-40O-(6-D-sorbitol) phenyl
alanine 38 (Fig. 6.6B), 3-hydroxy-49-(D-glucopyranosyl)phenylethylamindéOa-c (Fig.

6.6C), 3-hydroxy-49-(D-mannopyranosyl)phenylethylamiria-c (Fig. 6.6D), 50-(D-

galactopyranosyl)riboflaviid7a,b (Fig. 6.6E), 50-(a-D-glucopyranosyl-(1- 4)D-gluco
pyranosylriboflavin 50a-c (Fig. 6.6F), 200-(D-glucopyranosyl) ergocalciferdb3a-c
(Fig. 6.7A), 60O-(B-D-glucopyranosytx-tocopherol 54 (Fig. 6.7B) and @2-(D-

mannopyranosy)-tocopherol56a,b(Fig. 6.7C) are shown.

6.3 Discussion

About 39 glycosides were tested for antiomidactivity and 48 glycosides for
angiotensin converting enzyme (ACE) inloibft activities. Enzymatic glycosylation
produced only monoglycosides and no diglycsidvere detected except curcumin,
which showed bis glycosylation. In spite pbssessing OH groups af’ Znd &'
positions,DL-dopa and dopamine gave a mixture of 4-OQH8 and 4©-C6-arylated
compounds (Table 6.1) but no bis glycosid&th many phenols and vitamins, €1
and/or CB glycosides were formed and in some caseOcdylated products were also
formed.

The aglycon phenols and free vitamins wdse gubjected to measurement of
antioxidant activity and ACE inhibitions acontrols. Antioxidant activities were
determined (Table 6.1) for phenols and also vitamiossessing phenolic OH group and
alicyclic OH group like ergocalciferol (@min D2). Antioxidant activities of the

phenolic and vitamin glycosides were in thé £ 0.03 mM to 2.66 0.13 mM range

when compared to the free aglycons whose values mech higher (0.053 0.003 mM
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to 1.65+ 0.08 mM). Butylated Hydroxy Anisole (BHA) showedktlowest 1G, value at
0.046+ 0.002 mM and no other glycosides could come clasehis value. Many of the
glycosides showed lessers¢Gralues of< 1 mM (Table 6.1). The best sfCralues €
0.75 mM) observed are: @«a-D-glucopyranosyl-(1- 4)B3-D-glucopyranosyN-vanillyl
-nonanamide28d - 0.75 £ 0.04 mM, 1,8 (bis-D-mannopyranosyl)curcumi32a,b -
0.75 + 0.04 mM, 62-(D-galactopyranosyd)-tocopherol 55a,b- 0.72 £ 0.04 mM and 6-
O-(p-mannopyranosy)-tocopherol56a,b- 0.5 + 0.03 mM.

ICs5o values for ACE inhibition of glycosides range fré®b6+ 0.03 mM to 3.33
+ 0.17 mM (Table 6.1). Enalapril, a known syntheliag, showed an Kgvalue of 0.071
+ 0.004 mM but no other phenolic or vitamin glycesiccould exhibit such a low value.
However, the best ACE inhibitory activitiesr fthe glycosides<(0.75 mM) detected
were: 40-(B-D-glucopyranosylvanilin 17b - 0.61 =+ 0.03 mM, 40-(D-galacto
pyranosyl)vanilin18a,b - 0.61+ 0.03 mM, 1,79-(bis{3-D-galactopyranosyl-(1- 4)D-
glucopyranosyl)curcumi®3a,b -0.67 + 0.03 mM anaL-3-hydroxy-4-O-(6-D-sorbitol)
phenylalanine38 - 0.56+ 0.03 mM. Among the glycosides tested, pherglycosides
showed better ACE activities than the vitarglgcosides. Both phenolic and vitamin
glycosides showed comparablesd(values to aglycon units. Derivatization the
introduction of carbohydrate molecule to the phefaltoholic OH had very little effect
on the 1Gyvalues compared to the control. Hence, it can Ioeladed that the presence
of free phenolic or derivated OH groups am essential for ACE inhibition. Many
commercial inhibitors like enalapril are peps containing the essential prolyl units.
Among the carbohydrates employed, aglycons modiigld D-glucose6, D-galactose’
and D-sorbitol 15 showed less 1§ values (0.56: 0.03 mM to 0.75: 0.04 mM) than

those modified with the other carbohydrate molexule
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Among the phenols employed vanilin N-vanillyl-nonanamide2, curcumin3,
DL-dopa4 and dopaminé possess structural similarity by having hydroxy gy at the
4" position and hydroxyl or methoxy group &t Bosition besides having a CH= or €H

carbonpara to the 4 OH position. Such a structural similarity rissponsible better

antioxidant activities of the free phenolsmpared to their glycosides which also have
not lost much of their activities even after gigglation. However, these glycosides did
not show high ACE inhibition activities. Sontike vanillin andDL-dopa glycosides
showed reasonable extent of ACE inhibitioivaes. Phenolic OH was found to be
very essential for antioxidant activity. Althoughtroduction of a carbohydrate molecule
at the phenolic OH decreases the antioxidant agtsome of the glycosides still possess
substantial amount of antioxidant activiti®esence of free OH group in casebbf
dopa4 and dopaminé did not show good antioxidant activity of the ggigides where
one of the OH group is modified leaving tbiher free. Since riboflavid3 did not
contain a phenolic OH group, its antioxidautivities was not measured. However,
introduction of the carbohydrate moleculestra phenolic OH did not alter the ACE
inhibition activities much.

Since the reaction conditions employed were milderpther side products were
detected in the reaction. However, the phermhd vitamin glycosides tested in the
present work, showed that they could be accodated in the hydrophobig &nd $
subsites of angiotensin | converting enzyrticlfaud et al. 1997). Carbohydrates in
glycosides could also bind to the hydrophobic antiydrophilic subsites of angiotensin
| converting enzyme, as they possess both pyaoc and hydrophilic groups in their
structure. ACE preparation of the present worknfroig lung is ACE | (Sanchezt al.
2003) and it showed a low protease inhigitactivity but no lipase activity. This

indicated that ACE is inhibited rather than proteas protease exists a very low activity
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which could not be construed to be ACE inhibitiomhese results suggest that both the
phenolic and vitamin glycosides hold promisipgtential as antioxidants and ACE
inhibitions although the kg values are slightly on the higher side awdrack which
could be corrected through suitable modifications.
6.4 Experimental
6.4.1 Glycosylation procedure

Glycosylation procedure has been described forlvafij N-vanillyl nonanamide
2, curcumin 3, DL-3,4-dihydroxyphenylalanine4 (bDL-dopa), 3,4-dihydroxyphenyl
ethylamine5 (dopamine), riboflavird3 (vitamin B2), ergocalcifero#i4 (vitamin D2) and
a-tocopheroM5 (vitamin E) in their respective Sections of 3.12,3.3, 3.4, 3.5, 4.1, 4.2
and 4.3.
6.4.2 Antioxidant activity by DPPH method

Antioxidant activity of the glycosides was evaluiatey the DPPH (2,2-Diphenyl-
1-picrylhydrazyl) radical scavenging method (Moamd Tearo 1998). Absorbance of a
solution in duplicate, containing 0.1 mL of testmple (5-10 mM) and 1 mL of DPPH
(0.36 mM in ethanol) was measured with the findure made upto 2 mL with 0.1 M
Tris-HCI buffer (pH 7.4). After incubation at rooteamperature for 20 minutes in dark,
absorbance was measured at 517 nm on a UV-Vigielet®photometer (Shimadzu, UV
1601). Decrease in absorbance compared taHDBRIf was a measure of the radical
scavenging ability of the test sample. Bugdahydroxyanisole (BHA, 5.6 mM) was
used as a positive control. Error in measuremeititbev+ 5%. 1G, value was expressed
as the amount of the glycoside required to bringrdthe absorbance of DPPH by 50%.
6.4.3 Extraction of ACE from pig lung

ACE was extracted from pig lung using thetmod described by Andujar-

Sanchezt al. (2003). A 100 g of pig lung was minced and homazghiusing a blender

232



Antioxidant and ACE inhibition activity

with 10 mM HEPES buffer (pH 7) containing 0.4 M N&Ct a volume ratio of 5:1 (v/w
of pig lung) at 4°C. The homogenate was centrifuged at 900@rg60 min. The
supernatant was discarded and the precipitatewasbed twice with 200 ml of 10 mM
HEPES buffer (pH 7) containing 0.4 M NaCl.eTimal precipitate was resuspended in
200 ml of 10 mM pH 7 HEPES buffer contagni0.4 M NaCl, 1QuM ZnCh, 0.5 %
(w/v) Triton-X-100 and stirred over night 4t°C. The solution was centrifuged to
remove the pellets. The supernatant was dialyzashstgwater and later lyophilized. The
protein content of ACE determined by Lowryieethod was found to be 8.3 %. The
specific activity of the enzyme was found to bedQuihol/min/mg of enzyme protein.
6.4.4 Angiotensin converting enzyme (ACE) inhibitia assay

ACE inhibition assay for the glycosides pregphwas performed by Cushman
and Cheung (1971) method. Aliquots of glycessblutions in the concentration range
0.2t0 1.8 mM (0.1 mL to 0.8 mL of 2 mM stock saduf) were taken and to this 0.1 mL
of ACE solution (0.1% in 0.1 M phosphate buffer, B8 containing 0.3 M NaCl) was
added. To this solution a further 0.1 mL of 2.5 rhidpuryl-L-histidyl-L-leucine (HHL)
was also added and the total volume made upte rhl2with phosphate buffer (0.1 M
pH 8.3 containing 0.3 M NaCl). The solutiomsmvncubated on a Heto-Holten shaking
water bath for 30 min at 3. Blanks were performed without the enzymedking
only the glycoside solution (0.1 to 0.8 mL) alonghw0.1 mL of 5 mM HHL. The total
volume was made upto to 1.25 mL with the same huffee reaction was terminated by
adding 0.25 mL of 1 M HCI. Hippuric acid formedtime reaction was extracted with 1.5
mL of ethyl acetate. One mL of ethyl acetltyger was evaporated to dryness and
treated with equal amount of distilled water anel éfvsorbance was measured at 228 nm
for hippuric acid. The hippuric acid formed 1.5 mL of ethyl acetate was determined

from a calibration plot prepared using a standa&80 nmol hippuric acid solution in 1
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mL of distilled water. Specific activity waxmgessed agimol of hippuric acid formed

per min per mg of enzyme protein.

Ats— Ablank
Specific activity = ———
TXSXE

A = absorbance of test solution,Anw = absorbance of blank solution, T = incubation

period in min, S = slope value of the calibratidot 0.011 Abs. units/nmol of hippuric
acid), E = amount of the enzyme in mg protein.

Percentage inhibition was expressed as ttie ad specific activity of ACE in
presence of the inhibitor to that in its absenbe, latter being considered as 100%s,IC
value was expressed as the concentration of thigitethrequired for 50% reduction in
ACE specific activity. Error in measurements wél-b5 %.

6.4.5 Protease and lipase assay

Protease activity for the ACE inhibitor was deteraa by the method described
by Dubey and Jagannadham (2003) andsdipactivity by the tributyrin method
(Vorderwulbeckeet al. 1992) in presence of glycoside (0.8 mM in 0.1M “HiSI buffer,
pH 7.5). Specific protease activity was expressetha increase in absorbance at 440 nm
per min per mg of the protein empthyeSimilarly specific lipase activity was

determined agmol of butyric acid formed per min per mg of thetain employed.
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The important findings of the present investigationare:

1. The present work is the first detailéddg on the glycosylation of phenols like
vanillin 1, N-vanillyl-nonanamide2, curcumin3, bL-dopa4 and dopaminé and
vitamins like riboflavin (vitamin B2Y3, ergocalciferol (vitamin D2$4 and a-
tocopherol (vitamin EX5 with the following carbohydrate molecules: aldohse® -
D-glucose6, D-galactoserZ, D-mannose8, ketohexose b-fructose9, aldopentoses -
D-arabinoselo, D-ribose 11, disaccharides - maltode, sucrosel3, lactosel4 and
carbohydrate alcoholsB-sorbitol 15 and D-mannitol16. Phenols employed for the
glycosylation possesses 3,4-dihydroxy phenylvdévies, where a substituepdra
to the hydroxyl group at position 4 of the pylering is substituted by -CHO or -
CH=CH- or -CH and the 3 position substituted with -OGHand -OH.

2. Amyloglucosidase fromRhizopus mold, 3-glucosidase isolated from sweet almond
and the samef-glucosidase immobilized onto calcium add@n beads were
employed in the reverse hydrolytic/transglytat®on reaction in non-polar di-
isopropyl ether solvent media.

3. A novel experimental setup was dgwedb for even large-scale synthesis of
glycosides using lesser enzymes and largecesdrations of substrates to give
higher yields. This set up involved refluxitlge reaction mixture containing the
phenol/vitamin and carbohydrate with appropriate ncemtrations  of
amyloglucosidase anfl-glucosidase (native/immobilized) in presendespecified
pH and buffer concentrations in 100 mL of di-isqpyloether solvent at 68C for a
specified incubation period. This setup géngher yields and selectivity than the

conventional shake flask experiments.
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4. Optimization of reaction parameters for tlyatlsesis of above mentioned phenolic
and vitamin glucosides were carried out imte of incubation period, pH, buffer,
enzyme and phenol/vitamin concentrations.

5. In most cases C1 glycosylated productsewdetected. Only few carbohydrate
molecules showed QOQ-/C6-O-arylation. D-Sorbitol 15 and D-mannitol 16 gave
arylated products by reacting only to the primaiy @oups. No reaction occurred
at the secondary hydroxyl groups of thebchydrate molecules. Only mono
glycosylated or mono arylated products weetected. No carbohydrate molecule
gave bis products. Among the phenols emplogaly curcumin3 showed bis
glycosylated products by reacting at both the hygrmoieties of the feruloyl units.
EvenDL-dopa4 and dopaminé did not give bis product$3-Glucosidase showed
generally B-glycosides and in very few cases @AC6-O-arylated products.
However, amyloglucosidase on the othendhahowed both @1 and Cp-
glycosylated and/or C6 arylated products. BlerOH at the % position readily
reacted with the carbohydrate molecules emplamd wherever possibia -dopa
4 and dopamin® underwent reaction at th& phenolic OH also.

6. Totally hydrophobic acceptor molecules Ikgrcumin3, ergocalciferod4 and a-
tocopheroM5 reacts with only very few carbohydrate moleculks b-glucose6, D-
galactose?7, D-mannose8 and lactosel4 where as the remaining hydrophilic
phenols and vitamins employed vanilln N-vanillyl-nonanamide2, DL-dopa 4,
dopamineb and riboflavin43 reacts with large number of carbohydrate molecules.

7. The glycosylation yields were better wphenols compared to those with the
vitamins employed. Vitamins could not be eethucleophiles compared to the

phenols employed.
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8. Both amyloglucosidase arfttglucosidase did not catalyze the reactioth v
fructose9 andD-arabinosel0. This could be probably due to not-so-facile faotiora
of the required oxo-carbenium ion intermedibte these carbohydrate molecules,
which is an essential requirement for glycosylatituming the catalytic action of the
enzyme.

9. In both the glucosidases catalysed reactiahgr ahand-fructose9 andD-arabinose
10 the remaining above mentioned carbohydrates wederglycosylation/arylation
with different phenols/vitamins to differenktents. Such selective reactions could
be due to stronger binding of the phenols/vitartinthe active site of enzymes than
the respective unreacted carbohydrate molectheseby preventing facile transfer
of the carbohydrate molecules to the nucléiopphenolic OH of vanillinl, N-
vanillyl-nonanamide2, curcumin 3, DL-dopa 4, dopamine5, a-tocopherol 45,
primary OH of riboflavird3 and acyclic OH of ergocalciferdy.

10. Amyloglucosidase fronRRhizopus mold gave higher yield with lesser selecyivit
and B-glucosidase from sweet almond gave lessdd yand greater selectivity. In
general, conversion yields ranging from 5% to 6@%¥%amyloglucosidase catalyses
and 7% to 65% fopB-glucosidase (native/immobilized) catalyses wertainkd for
various phenols/vitamins. InvariabbL-dopa4 and dopaminé gave high yields
with less regioselectivity with both the glucosidas employed. Loss of
regioselectivity in many of the glycosylation/atyten reactions could be due to the
employment of large amount of the enzymdss Ts inevitable, as the reversible
reaction requires such large concentrations ofraagyfor conversions.

11. Hydrolysis of disaccharides - maltads2 sucrosel3 and lactosel4 during the

course of the reaction has been observed. @ntase of sucrosk3 the resultant
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glucose formed underwent trans-glucosylatiith vanilin 1 in presence of
amyloglucosidase to yield Blglucosylated and C®-arylated product.

12. Thus water insolublg-vanillyl-nonanamide2, curcumin3, ergocalciferol44 and
o-tocopherol45 and less water soluble vanillhand riboflavin43 were converted
to more water soluble glycosides thereby owmyg their potential bioavailability
and pharmacological properties.

13. Phenols/vitamins underwent glycosylatior&ign with the following respective
carbohydrate molecules: vanilih™ D-glucose 6, D-galactose?, D-mannoses,
maltose12, sucrosel3, lactosel4 and D-sorbitol 15; N-vanillyl-nonanamide2 D-
glucose6, D-galactose7, D-mannose8, D-ribose 11, maltosel2 and lactosel4;
curcumin3 D-glucosed, D-galactose?, D-mannose8 and lactosd 4; DL-dopad
D-glucose 6, D-galactose?7, D-mannose8, D-sorbitol 15 and D-mannitol 16;
dopamine5 D-glucose 6, D-galactose7 and D-mannose8. riboflavin 43 - D-
glucose6, D-galactose7, b-mannose8, D-ribose 11, maltosel2, sucrosel3 and
lactosel4; ergocalciferok4 only with D-glucose6 anda-tocopherol5 — D-glucose
6, D-galactos& andD-mannoses.

14. Out of 82 individual phenolic and vitamglycosides synthesized enzymatically
using both the glucosidases, about 60 aneghbeported for the first time. New
glycosides reported are: @-(D-galactopyranosyl)vanilin 18a,b  4-O-(D-
mannopyranosyl)vanilinl9a,b, 4-O-(a-D-glucopyranosyl-(1- 4)D-glucopyranosyl)
vanilin 20a-d 4-O-(D-fructofuranosyl-(2-1') a-D-glucopyranosyl)vanillin21ab,
4-O-(B-D-galactopyranosyl-(1 4)B-D-glucopyranosyl)vanillin 22, 4-O-(D-sorbitol)
vanilin 23ac, 4-O-(D-galactopyranosyl-vanillyl-nonanamide 25a,b 4-O-(p3-D-
mannopyranosy-vanillyl-nonanamide 26, 4-O-(D-ribofuranosyIN-vanillyl-nona

namide 27a,h 4-O-(a-D-glucopyranosyl-(1- 4)D-glucopyranosyiy-vanillyl-nona
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namide 28ad, 4-O-(B-D-galactopyranosyl-(1-4)B-D-glucopyranosyli-vanillyl-
nonanamide 29, 1,7O-(bis{f3-D-galactopyranosyl)curcumir3lb, 1,7O-(bisf3-D-
mannopyranosyl)curcumin32b, 1,70-(bis{3-D-galactopyranosyl-(1- 4)a-D-gluco
pyranosyl)curcumin33a,hh DL-dopab-galactoside35ae, DL-3-hydroxy-40O-(3-D-
mannopyranosyl)phenylalanine 36, DL-3-hydroxy-4O-([3-D-galactopyranosyl-
(' > 4)B-D-glucopyranosyl)phenylalanine 37,  DL-3-hydroxy-40-(6-D-sorbitol)
phenylalanine 38, DL-dopab-mannitol 39ab, dopamineb-galactoside 41ad,
dopamineb-mannoside42ac, 5-O-(a-D-galactopyranosyl)riboflavid7a 5-O-(3-D-
galactopyranosyl)riboflavim7b, 5-O-(a-D-mannopyranosyl)riboflavim8a, 5-O-(3-
D-mannopyranosyl)riboflavid8b, 5-O-(a-D-ribofuranosyl)riboflavin 49a, 5-O-((3-
D-ribofuranosyl)riboflavin 49b, 5-O-(a-D-glucopyranosyl-(1- 4)a-D-gluco
pyranosylriboflavin  50a ~ 5-O-(a-D-glucopyranosyl-(1- 4)6-D-glucopyranosyl)
riboflavin 50b, 5-O-(a-D-glucopyranosyl-(1- 4)6'-D-glucopyranosyl)riboflavins0g,
5-O-(1-D-fructofuranosyl-(2- 1')a-D-glucopyranosyl)riboflavin -~ 51, 5-O-(B-D-
galactopyranosyl-(1. 4)3-D-glucopyranosyl)riboflavin 52, 6-O-(a-D-galacto
pyranosyly-tocopherols5a 6-O-(3-D-galactopyranosyl)-tocopherols5b, 6-O-(a-
D-mannopyranosyl)-tocopherol 56a and 60O-(3-D-mannopyranosyl)-tocopherol
56h.

15. Response surface methodological study &maployed for the optimization of
4-O-(a-D-glucopyranosyi-(1- 4)D-glucopyranosyl)vanillin synthesis using
amyloglucosidase ang-glucosidase. A Central Composite Rotatablesign

(CCRD) involving vanillin, enzyme and buffeoncentration, pH and incubation

period as variables at five levels were eygdl to get optimized conditions for
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both the enzyme catalysed reactions. Predictivatens were developed to predict

the maltosylation yields.

16. Kinetic studies of glucosylation betweamillin 1 and D-glucose6 catalyzed by
amyloglucosidase showed that the kineticoovadld Ping-Pong Bi-Bi mechanism
with competitive substrate inhibition by vanillin higher concentrations leading to
dead end amyloglucosidase-vanillin inhibitormpiex formation. The values of
four important kinetic parameters values eatad through computer simulation
are:kear= 35.0+ 3.2 10°M/h.mg, Ki = 10.5+ 1.1 mM, Kmp.giucose= 60.0% 6.2 mM,

Km vanilin= 50.0£ 4.8 mM.

17. Totally 39 glycosides were tested foricidant activity by DPPH free radical
scavenging method. Antioxidant activities phenols were reduced due to
glycosylation. G values of the glycosides were in the &.9.03 mM to 2.66
0.13 mM range. Best ¥g values £ 0.75 mM) observed are for: GHa-D-
glucopyranosyl-(1- 4)B-D-glucopyranosyli-vanillyl-nonanamide 28d - 0.75 =+
0.04 mM, 1,70©-(bis-D-mannopyranosyl)curcumi@2a,b- 0.75 £ 0.04 mM, &-
(D-galactopyranosyl)-tocopherol 55a,b - 0.72 £ 0.04 mM and 6-(D-manno
pyranosyly-tocopherol 56a,b- 0.5 = 0.03 mM. Free phenols tested for antioxidan
activity showed Ig values ranging from 0.053 0.003 mM to 1.65 0.08 mM.
Expectedly free phenols showed better antioxigemivities than the glycosides as
the available phenyl groups were reduced due twogiyation.

18. About 48 glycosides were tested #fogiotensin converting enzyme (ACE)
inhibition activities. Introduction of the carbohtie molecules to the phenolic OH
did not alter the ACE inhibition activities muchieé phenols/vitamins showedsiC
values ranging from 0.6 =+ 0.03 to 1.93 .2 @M. IG, values of the glycosides

were in the 0.56 0.03 mM to 3.33t 0.17 mM range. Best ACE inhibitory
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activities for the glycosides<(0.75 mM) detected were: @-(3-D-glucopyranosyl)
vanilin 17b - 0.61+ 0.03 mM, 40O-(D-galactopyranosyl)vanillii.8a,b - 0.61 £
0.03 mM, 1,70-(bisf3-D-galactopyranosyl-(1L 4)D-glucopyranosyl)curcumin
33a,b -0.67 = 0.03 mM anaL-3-hydroxy-4O-(6-D-sorbitol)phenylalanine38 -

0.56+ 0.03 mM.

Thus the present work has brought out thétifaceted characteristics of
amyloglucosidase fronRhizopus mold and (B-glucosidase (native/immobilized) from
sweet almond in the glycosylation of selecf@@nols and vitamins with structurally

diverse carbohydrate molecules employed.
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In the present work amyloglucosidase fr&mzopus mold and3-glucosidase
isolated from sweet almond were employedsyothesize few selected phenolic and
vitamin glycosides. The phenols employed possésalmxyl group at the % position of

phenyl ring along with another hydroxyl cd®GH; group at the "3 position besides

possessing a -CH=CH-, -Ghr -CHO grouppara to the A -OH like vanillin 1, N-
vanillyl-nonanamide2, curcumin3, bL-dopa4 and dopaminé&. The vitamins employed
are riboflavin 43 (vitamin B2), ergocalcifero#4 (vitamin D2) anda-tocopherol45
(vitamin E). All these vitamins possess OH grouptheir structure in the form of ribitol
OH in riboflavin 43, acyclic OH in ergocalciferat4 and phenolic OH im-tocopherol
45. The results from these investigations are presentdetail.

Chapter THREE describes amyloglucosidase froRhizopus mold and 3-
glucosidase from sweet almond (native/immaoduliz catalysed syntheses of selected
phenolic glycosides of vanillid, N-vanillyl-nonanamide2, curcumin3, bL-dopa4 and
dopamineb with D-glucose6, D-galactose/, D-mannoses, D-fructose9, D-arabinoselo,
D-ribose 11, maltosel?2, sucrosel3, lactoseld, D-sorbitol 15 and D-mannitol 16 by
reflux method in di-isopropyl ether solveat 68 °C. Reaction parameters were
optimized for the synthesis of respective glucasideonversion yields were in the range
10% to 65%. Solubilty in water of GKD-glucopyranosyl)vanillin, 43-(D-gluco
pyranosyIN-vanillyl-nonanamide and 1,@-(bis-{3-D-glucopyranosyl)curcumin were
found to be 35.2 g/L, 7.7 g/L and 14 g/L respedtyive

Under the optimized conditions determinedcg$des of vanillinl, N-vanillyl-
nonanamide2, curcumin3, bDL-dopa4 and dopaminé were synthesized with various
carbohydrates molecules. Product glycosides werelated through column
chromatography and characterized by measumifing point and optical rotation

besides subjecting them to a detailed spemis investigation by UV, IR, Mass and
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2D HSQCT NMR. Phenols underwent glycosylatinostly and in few cases arylation
also with conversion yields were in the range 6%6%66. About 61 individual glycosides
were synthesized enzymatically using both ¢heécosidases, of which 45 are being
reported for the first time. Two-Dimemtad NMR studies confirmed the linking
between phenolic OH of aglycon and @fd/or C1O©-/C6-O- position of the
carbohydrate molecules. Amyloglucosidase frehizopus mold andf3-glucosidase from
sweet almond, catalysed synthesis of O4a-D-glucopyranosyl-(1-4)D-gluco
pyranosyl) vanillin was optimized using responsdasie methodology.

B-Glucosidase exclusively yielde@-glycosides and in very few cases Q6-
arylated products. However, amyloglucosidase onother hand showed both &€Xnd
C1B-glycosylated and/or CO-/C6-O-arylated products. In most cases C1 glycosglat
products were detected. Only few carboditygd molecules showed CRC6-O-
arylation.D-Sorbitol 15 and b-mannitol 16 gave arylated products by reacting only to the
primary OH groups. No reaction occurred la@ secondary hydroxyl groups of the
carbohydrate molecules. Also, only mono glytategl or mono arylated products were
detected. No carbohydrate molecule gave tslycts. Both amyloglucosidase afd
glucosidase did not catalyze the reaction withuctose9 and D-arabinosel0. Among
the phenols employed only curcundrshowed bis glycosylated products. Phenolic OH
at the 4 position readily reacted with the carbohydraelecules employed and
wherever possibleL-dopa4 and dopaming underwent reaction at thé’ phenolic OH
also. Thus water insoluble-vanillyl-nonanamide2, curcumin3 and less water soluble
vanillin 1 were converted to more water soluble glycosides.

Chapter FOUR describes amyloglucosidase anf-glucosidase catalysed
syntheses of glycosides of riboflav3 (vitamin B2), ergocalciferof4 (vitamin D2) and

a-tocopherol45 (vitamin E). Since ergocalciferdld and a-tocopherold5 are light and
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air sensitive, the reaction was carried out in @bexr coloured 150 mL round bottomed
flask under nitrogen atmosphere. Work-up @udation of the compound was also
carried out in dark. Reaction parameters werenopgid for the syntheses of glucosides
of riboflavin 43, ergocalcifero44 and a-tocopherol45. Conversion yields were in the
range 23% to 42%. Water solubility of@{D-glucopyranosyl)riboflavin, 2@-(D-gluco
pyranosyl)ergocalciferol and ®-(3-D-glucopyranosytx-tocopherol were determined to
be 8.2 g/L, 6.4 g/L and 25.9 g/L respectively.

Under the optimized conditions, glycosidesribbflavin 43, ergocalciferol44
and a-tocopherol45 with various carbohydrates like-glucose6, D-galactose?, D-
mannose8, D-ribose 11, maltosel2, sucrosel3 and lactosel4 were synthesised.
Vitamins underwent glycosylation/arylation withe conversion yields in the range 5%
to 40%. Out of 21 individual glycosides prepare8,glycosides are reported for the first
time. Here also the glycosides were isdlatey column chromatography and
characterized by measuring melting point and aptiotation and by recording UV, IR,
Mass and 2D HSQCT spectra. Two-Dimentional RIgtudies confirmed the linking
between primary/acyclic/phenolic OH of theyagh and the C1 and/or @/C6-O-
position of the carbohydrate molecules.

B-Glucosidase exclusively vyieldefl-glycosides only and no Barylated
products were detected. However, amyloglucosidasth® other hand showed bothdC1
and CJB-glycosylated and/or C®O-/C6-O-arylated products. Here also, no reaction
occurred at the secondary hydroxyl groups of thbataydrate molecules and only mono
glycosylated or mono arylated products weetected. Both amyloglucosidase gd
glucosidase did not catalyze the reaction withuctose9, D-arabinoselO, D-Sorbitol 15
and D-mannitol 16. Among the vitamins employed ergocalciferdd showed

glycosylation/arylation only witip-glucose6. Thus the water insoluble ergocalcifedal
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and a-tocopherol45 and less water soluble riboflavi#8 were converted to more water
soluble glycosides thereby improving their potdritiaavailability and pharmacological
properties.

Chapter FIVE describes kinetic study of the glucosylation reactbetween
vanillin 1 andD-glucose6 catalyzed by amyloglucosidase fréhizopus mold leading to
the synthesis of O-(D-glucopyranosyl)vanillinl7ac in detail. Graphical double
reciprocal plots showed that kinetics of the amlglogsidase catalyzed reaction followed
Ping-Pong Bi-Bi mechanism where competitive sultstnahibition by vanillinl led to
dead-end amyloglucosidase-vanillin complexes atdrigoncentrations of vanillih An
attempt to obtain best fit of this kinetic modetdiigh computer simulation yielded in
good approximation, the values of four importamiekic parametersc, = 35.0+ 3.2 10
5M/h.mg,Ki =10.5+ 1.1 mM,Kn p.glucose= 60.0+ 6.2 MM, K, vanilin = 50.0+ 4.8 mM.

Chapter SIX describes evaluation of antioxidant and angioternverting
enzyme inhibition activity of phenolic and vitamghycosides. About 39 enzymatically
prepared phenolic and vitamin glycosides were sidjeto antioxidant activities and 48
glycosides were tested for angiotensin convertingyme (ACE) inhibition activity.
Introduction of a carbohydrate molecule to the piienOH decreased the antioxidant
activity. Comparable ACE inhibition values only werobserved between free
phenol/vitamin and the respective glycosides. Amtmg glycosides tested, phenolic
glycosides showed better antioxidant and ACE a@tithan the vitamin glycosides.
Thus the present investigation has brought outlgi¢he glycosylation potentialities of
amyloglucosidase fronkhizopus mold andp-glucosidase from sweet almond in the
reaction between selected phenols/vitamins withuctitrally diverse carbohydrate

molecules employed.
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