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Chapter 1 Literature review 

These systems are illustrated diagrammatically below in Figure 1-1. 

(i)(i)(i) I I I 
I I 

Organic rna"" I II I 
I I II (i)(i) r-- BiocotoJy,t I I I IIIII 

AqueoU6 phase 0(i) I I I 
, , 3 

Figure 1-1. ReprQsentation of organic water·immlsclblQ sol~Qnt systems. White areas 

represent aquQous phasQ, black dOti ImmoblllsQd enzymQ and grey represents organic 

solvent. Biphaslc system (1), inverse micellar iystem (2), and organic sol~Qnt system (3) 

(Taken from Carrea and Riva, 2000). 

1.3.1.1 Biphasic biocatalytic reaction systems 

Biphasic reaction syslern.~ arc favourcd when there i~ a difference in hydrophobicily 

between substrates and their products. Tbe presence of two phases can increase tbe 

turnover of the reaction as the removal of the product from !he enzyme surface can dlive 

the reaction to completion (Faber, 1995). Enzymes are prone to substrate or product 

inhibition, and a biphasic reaction syslem may alleviate this problem by allowing higher 

concentrations of ~ub~trates 10 be u<;ed a.~ Ihe sub~trates (lI" product~ sepanlle inlO a 

different phase, lo'Wering their concentration in thc cnvironment of the enzyme. A classic 

example is that of thc dccarboxylation of fcrulic acid by whole cells of Bacillus pumulis 

(Lee el al. 1998). In a hiphasic reaction systcm femlic acid decarboxylasc catalyses the 

decarboxylation of ferulic acid, bul i<; subjed to bolh ~ub~lrate and product mhihition. 

The substrate, ferulic acid, i<; hydrophilic, whereas the product, 4-vinylguaiacol, is 

lipophilic. The product yield was reported to be lO-fold higher in the biphasic reaction 

system of buffer and hexanc (Lee el al., 1998). 

Effic ient rna<;s transfer is neccssary in biphasic reaction systems (Lilly, 1982). The 

distribution of the subslrates and products could potentially present a rate-limiting factor 

and thllS the partition co-efficient and the ma<;s tran<;fer coeflicicnl could dominate over 
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the Icc .. of tim em.yme in inlluencing yield. Thus, the overall reaction nile would be 

dependent on thc physical properties of the system rather than thc enzyme catalytic 

power (Faber, 1995). This may rcsult in a limitation on the reaction rate if the mass 

transfer is insufficient. Thus, strirring is essential in orucr to improve the mas, transfer 

ratc. However, inactivation of the cnzyme can result if thc stirring rate is too high. 

Biphasic reaclion :;y:;lems can ,ucce%fuily lransfonn hydrophobic Mlbstrate, such as fats 

and steroid, (Faber, 1995). 

1.3.2 Non aqueous enzymology - Monophasic biocatalytic reaction 

systems 

Enzymatic rcactions conducted in organic solvent with up to 98 % bulk watcr removed 

arc tenned monophasic reaction systems and the mcthod is referred to as non·aqucous 

enzymology (Zaks and Klihanov, (988). It is interesting to note that the tirst reports of 

enzyme reactions in organic media wcre publishcd in 1900 (Kastel and Loevenhart, 

19(0). Howcvcr, rcsearch in thi, field only developed aoout 80 yean; later (Klibaoov, 

1986). Proteins are unable to unfold in non·aqueous media due to the low dielectric of 

most organic solvent.. Coupled with an increase in protein intramolecular hydrogen 

bonding, this cffect results in enzymes being trapped in their native confonnation, 

allowing them to remain catalytically active (Hartsough and Mertz, 1993). As a result, 

protein stability in organic r.olvenls is different from that in waler. Suhstralc"enzyme 

interactions are dependent on water, and thus it follow, that the substrate specificity of 

substratcs in organic 5Olven\> would be diiTerenl from thai in water (Zaks, 19%). This 

phenomenon presenls the possibility of many intercsting applications and is explored 

fl.lrther in the following section (Section 1.3.2.1) on medium engineering. 

Several advantages exist for conducting enzyme rcactions in monophasic organic 

sol vents, somc of which will be e~plored fl.lrther in the procceding sections, including: 

• Inqeascd thenno,tability: at low water contenl, the thermostability of the enzyme 

is oftcn illi'reased in (Carma and Riva, 2000; Zah, 1996); 

6 
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• Recycle and recovery of the insoluble enzyme; the enzyme can bc:: easily 

recovered and JXlssibly reused in some cases, especially if immohili~ed; 

• pH: pH is an imJXlTlant factor in aqueous en;-;ymalic reaclions. In organic solvcnts 

a phenomenon known as 'pH memory' has bt:en found to govem enryme catalytic 

proc~sses, in which ~n;-;ymes behav~ in a manncr that reflects the pH they were 

last ~xposed (Zaks and Klihanov, 1988; Klibanov 2001); and 

• Reversal and control of elWime a<;ljvjty; This is explained in the following 

sedion (section 1.3.2.1). 

1.3.2.1 Medium engineering 

A v~ry significant advantage of conducting biocatalysis in organic solvent is the potential 

to shift themmdynamic eqnilibria, to reverse 'namml' enzyme reactions that are 

unfavourable in water. This allows. lor ~xamplc. synthesis reactions to take place mstead 

or hydrolysis by lipases. e~terases and proleases (Faber, 1995). These reactions are very 

slow in aqueous systems. but in anhydrous solvCllts, with the addition of alternative 

ncutrophiles such as alcohols, amines, and thiols, trans esterification, aminolysis and 

Ihiolran!;l:sterifications, respectively can take place (Zab and Kilibanov, 1985). In 

addition. it is pos~ihle to manipulate enzyme selectivity using different solvents, which 

can provide an aitemativc to protein engine~ring (Wescott and Klihanov, 1994). An 

example of solvcnt-depend~nl enan\ioseleclivity has been demonstrated by lipase­

catalysed desymmetrization ot' prochiral dihydropyridine dicarboxylates, sho"lIl in 

Figure 1-2. The S-moooesters were obtained when di-isopropyl ether was used and the R­

isomer tomled when cyclohexane was used (Hirose el at., 1992). Various hypotheses 

have been formulated to account lor the solv~nt enccl~ on enzymes and the mechanisms 

are lhought to be due to more than a single mcchanism (Carrea and Riva, 2000). 
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Pseudomonas Bp. 

lipase 

~ ... ----
Literature review 

Cydohexane 

• 
NO, 

Disopropyl ether 

'" 
ROOC,.~,(S/} COOR 

I 

Figure 1-2. Lipase catalysecl asymmetric hydrolysis of dihydropyridine carboxylates using 

medium enginQering (Hirose.t al., 1992). adaptQd from Carrea and Rlva (2000). 

It IS clear that the use of enzymes as biocatalysts has been accepted due to the range of 

applications and advantages that are possible. Many industrial processes have been 

adapted to use solely, or in part, biocataly,i" for example, in the fields of amino acid 

production and polymer synthesis (Klibanov, 2001; KoelJer and Wong. 2001; Walsh, 

2001). The use of enzymes as biocatalysts abo provides insight that can be invaluable 10 

~ynlhelic organic and inorganic chemists attempting to reproduce antI expand nature', 

chemical processes (Walsh, 2001)_ 

This thesis will explore the u,e of biocatalysis for dle production of bioactive 

compounds, specifically antioxidants, from ferulic acid, a plant phenolic compound. 
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Flgur, 2·1. Schematic diagram of an air·lift bioreactor used for the growth of fungi in order 

to haI'Vestthe extracellular enzyme, laccase (from Ryan et al., 2005). 

2.3.3 Laccase purification 

2.3.3.1 Acetone precipitation 

To purifY the laccase from th~ fungal growth medium, an equal volume of cold acetone 

1,vas added slowly 10 la~easc·eonlainmg medium, while slirring genlly. The mi"lun: was 

allm,cd to stand for lh and centrifuged at 17,675 x g (10 I){)O rpm in a 11\-10 Beckman 

rotor) for 10 mmutes. The pellet was washed with distilled waler, and r~suspended ill 

O.lx to O.2x the initial volum~, in O.IM sodium a<;dm~ buffer, pH 5. 
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2.3.3.2 Successive acetone precipitation of laccase from medium 

Medium containing lacca.lc produced in the air lift reactors with 1: pubescens was treated 

wlth mcreasing propol1ion.1 of cold acetone. Cold 10, 30, 50 or 70 % viv acetone was 

added slov.!ly to the lacca.le containing growth medium and gently stirred, The mixture in 

cach case was left for 30 minutes on ice and 1hen centrifuged at 17,675 x g (10 000 rpm 

in a 1A-I 0 Beckman rolOrj lor 10 minute>, 

2.3.3.3 Ammonium sulphate precipitation of protein from medium 

Medium containing laccase produced in the air lift reactor> from T pubescens was trea1ed 

using ammonium ,ulphate. Succes<;ive amounts or ammonium mlplwte (to reach 10, 30, 

50, 70 and 90 % saturation) when: added in order to precipitate the protein. The 

proccdure was perfomled on ice and the pellets obtained by centrifugation at 17,675 x g 

(10000 rpm in a JA·l0 Heckman rotor) lor 15 minutes. TIle pellets were resu>pended in 

0.1 M sodium acetatc buJ1"er (pH 5) and the collected protein was dialy.led again.lt water 

at 4"<: for ISh. 

2.3.4 Protein quantification of enzyme samples 

The Bradford a>say (Bradford, 1976) wa, used for the detenmnation of protein 

concentration. 0.1 mL of protein >ample or standard was reac1ed with 2.9 mL 01' 

Bradford's reagent. The mixtuTe was mixed genlly by inver,ion and wa.1 incubated at 

room temperature i<.lr 5 minute,. The optical den,i1y of the ,olutions was determined at 

595 nm. Solutions of bchveen 0,1 and 1.5 mgimL bovine serum albumin (BSA)in 

phosphate-buffered ,aline were u,ed as standards. TIle standard Curve used 10 quantitate 

the protein i.1 shown below in Figure 2-2 and the compo>ition of Bradford's reagent is 

given in the Appendix, 
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Figure 2-2. Standard curve for protein determination. R'. 0.992 

2.3.5 5DS-PAGE analysis 

]0 % vertical polyacfJ'lamide gel electrophoresis in 0.1 % SDS was perfomled to 

sepanlle and visualise purified protein, as described by Lacmmlj (1970). 20-50 ).lg protein 

samples were Ixliled for 5 mimdes in dis~(JCia!ion buffer and run at 100 tol2DV for an 

hom at room tcmperaturc. Coomassic ~taining solution (See appendix) was uscd to 

visualise the protein bands on the gel. Rainbow markcrs (Sigma) or low range molecular 

weight marker:; (Roche) were also run in order to confirm the molecular weIght. 

Commercial T. l'ersicolor laccase wa:; run as a referell~e, 

2.3.6 L.accase assay 

Lacca.le activity was determincd spectrophotomcU'ically based on its oxidation of the 

chromophore 2-2' -azinobi:;(3-ethylbenzthiazoline-6-sulfonic acid, ABTS) (\Voltcnden 

and Will:;on, 19R2). Oxidation of the ABTS wa.I dClermined by mea:;uring the increase in 

absorbance of ,ill assay mixture at 420 mn (£=36 ()()) M- L
), Onc unit of laccase activity 

was defined as the amount of enzyme required to oxidise 1 ).lmol of ARTS per minute. 
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0.17 mL of ~ample was added to 0.5 mM ABTS in 3 mL 0.1 M sodium acetate btllTer pH 

5 (Roy-Arcand and Archibald, 1991). All measurement8 were carried out using an ll­

Helios Hclicam spectrophotometer, at room temperature. 

2,3.6.1 Concentration of purified enzyme 

A concentrated enzyme solution was prepared. by removing exces~ watcr from the 

soltltion by ab~orption with polyethylene glycol, PEG. Snake skin (iialysls tubing (Piercc) 

with a molecular weight cm olT of 3500 Da ,",·as soakcd in distilled water o\'ernight. 25 

mL 01' diltltc purified cnLyme solution was placcd in it and tied 8ecurcly with ~tring and 

placcd in 20 % wlv PEG solution. The dialy~js was performcd overnight at 4"C until 

approximately 1 mL of solutioo was left. The enzyme activity and protein concentration 

of the enzymc was determined I.lsing the methods (iescribed previotlsly. 

2.3.6.2 Enzyme immobilisation 

The method uscd was a modification of that described by 1)' Annibale er at. (2000). 50 

mg Eupcrgit'" C was mixed with 308 U (10 mg) laccase enzyme, and binding bufler 

(potassium phosphate btlfler, 1.5 M at pH 7 and pH 5.7, or ~odium acetate buffcr at pH 

5). Thc polymer was placed in a 1.5 rnL Eppendod' tube with 500 I--'L of concentrated 

enzyme. 0.5 mL binding buffer was added and the mixture was vOl1excd for 2 min. Thc 

mixture wa~ th<cn put on a rocker at 2S"C for 24h, The beads wcrc washed sequentially 

with 1 mL dc-ioniscd water and 1 M NaCl. Thc washes were retame(i an(i assayed (or 

any rcsidtlal enzyme activity. The washed beads wcrc stored at 4°C in binding buffer. 

Some bead~ were lyophilised and stored at 4"C. Morc enzymc was immobilised tlsing a 

~cale-up of the procedure described to obtain more immobihsed biocataly~L 
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2.3.7 BiocataJytic reactions with Jaccase 

2.3.7.1 Aqueous reactions 

Non-immobilised laccase (1, lU or 2U L) was addcd to sodium acelale bulrer (PH 5, 0.1 

M: 4U mL) containing femlic acid (W lnM). In most cases, organic solvent (THL MeGH 

or acetonc) was included, making up 2.S % y/v of the buffer VOhILllC. Reactions were nUl 

ovcrnight (19h) or for 48h. When a mediator was induded, U.S mM AllTS was added to 

the readion. Readion midures ,,·ere exlracted wilh ethyl acetme and extracts were 

analy~ed by high pcrformance liquid chromatography, HPLC, liquid chromalography­

mass spe~troscopy, LC-MS, ~Ild thill laycr chromatography, TLC in some ca~es (see 

below lor methods). 

2.3.7.2 Reactions in organic media 

The ellcct or dillcrent media on the rcaction product~ wa~ a~f:Cs~ed. IU mM lerullc ~cid 

(10 LllL) was re~ctcd with 100 mg 1". pubcsccns l~ccase immobiliscd in different bufl"crs 

(at pHS, S.7 and 7), in 100 % cthyl a~e!ate, a hiphasic system comprising equal amounts 

ethyl acetate and 0.1 1'>1 sodium acetatc buffcr (pH 5.7) or in sodiuLll acetate buffer only, 

all al 4U'C. 

2.3.8 Analysis of products 

2.3.8.1 High Periormance Liquid chromatography (HPLC) 

A L~Chrom L-7400 (Merck, HiLacJn, GemmTlY) lIPLC system was u~ed for allllPLC 

an~lysis. Tln~ wa~ equipped with a UV/VIS detector. all 80 sample ~utosampler and a 20 

j-LL auto injcctor. Optimisation of ditTerenl ml>hile phases was perli.mned, lTlduding 

gradient elution of ~ cetoni !rile ~nll addified water (pH 3), and vatious ratios or melhaTlOI. 

water and ~cctic acid (68:40:2 and 60:40:2 waler: mc!hanol: acelic acid, viv). A 5 ."m 

C18 \\'alcrs (250 mm X 4.6 mm) reverse phase column and guard column were u~ed_ 10 

pL samples werC mn with a flow mte ot" I mL/min and de!ecled at 2S0 or 30U urn 10 
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mM pure phenolic standard compounds Were dissolved in methanul and analy,ed to 

confirm the identity of the peaks in the reaction mixtures by comparison 

2.3.B.2 Thin Layer Chromatography (TLC) 

TLC of the products of biocatalytic conversion of 10 m.M ferulic ,lCidilacciise reaction 

was conducted using aluminium-hacked silica gel 60 F240 (Merck) platc, with 

henzene/dioxane/acetic acid (90:25:4; viv) ii' the mobile ph<l8e The compounds Were 

visualLsed by exposure to UV light ,mdior element,lIlOdine. 

2.3.B.3 Liquid chromatography - mass spectroscopy (LC-MS) 

Full 8(:,m LC-ESlvlS was conducted in the neg,nive mode scanning between 0-1000 or 0-

7()() m/z. Initially, 25 % iicetonitriie wa, used a<; a mohile phase, and subsequently 35 % 

acctonitrile/O.025 % fonnic acid in water. The COhllllll used was Luna CIR; 31-'; 2XI50 

mm. The flow rate wa<; I (}() ~ILimin, aml51-'L SilJl1pic, wcre iniected. A volwge of 3.0 kV 

wa, applied to the c<lpillul}' tube. The temperature of the source was kept at 70°C. Ions 

were genenlled using nitrogen and nebuli81l1g gases at flmvrates of 250 Uhr and 13 

mUmin. Vollage \Vas set at 25V. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2 BioconVf)fsioll of ff)llJlic acid using iacc8se 

2.3.8.4 Analysis using gas chromatography 

A Thermofinigan Focus GC with an ALPHA DEXTM 120 capillary column (30 m x 0.25 

mm x 0.25 11m film) was ulled under the following conditions: 

Initial temperature 135"C 

Colunm hold time 10min. 

Final column tempera lure 220"C 

Ramp Rate 10°C/min. 

Injector temperature 2HO"C 

Detector temperature 300"C 

Total run lime 40 min. 

2.3.8.5 Gas Chromatography-Mass Spectroscopy, GC-MS 

The GC-MS instrument used was an Agilent 6890 N GC-MS using helium as the carrier 

gas. The MS was conduc(ed in the negative mode scanning from 50-450 mz. The column 

used was an HP5 MS column (30 m x 250 ~ J\ 0,25 j.lIll). The method followed was as 

below: 

Initial temperature 60 °c 
Cornmn hold time 1 min. 

Final column temperature 300"C 

Ramp rate 25"C/min 

Final column hold time S min. 

Injector temperature 250"C 

Total run time 15.6 min. 

63 
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2.4 Results and Discussion 

2.4.1 Production of laccase and recovery from growth medium 

In order to obtain laccase enzyme to use as a biocatalyst, a concentric draught-rube 

internal loop airlift bioreactor was used to grow tbe 1'W1gi T. pHbescens and T. versicolor. 

These fungi were chosen as they are guud laccase producers and are used routinely by 

our research group. Lacca~e i~ an extraccllular enzyme and was secreted into the medium 

by the fungi used. It has been found that laccase production can be induced by lhe 

ad(j,tion of several cbemicals. including, but not exclusively, lignin-like compounds 

(Gianfreda er III, 1999). A cresolic effiuenl was previously found to have a prolonged 

induclive effecl on lac,case produclion in Trllmele5 spp. (Ryan ['I al., 2(05) and for 

CDnvenience (his method was used inlhi~ study to indl/C,e laccase production. The inducer 

was added on day 6 and ihe laccasc activities of (he bioreactors were assayed over (ime. 

The results are sbov.-n in hgure 2-3 below. After 13 days 1'. versicolor had produced 

higber laccase activity (4.9 'L'!mL) than T pubescens (1.5 UlmLJ. Botb laccases were 

kept for further use 

, 
~ 3 -

• ~ 2 , 
< , , , 

___ T versicokx -' ... T pl1bescens 

Figure 2-3. Laccase production from Tram"tes species in an air lift bioreactor. 
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2.4.2 Laccase enrichment from growth medium 

Laccase was purified in order to separate Ihe enzyme from the medium so as to use it 

without interference from medium components and to separale it Irom other proteins. 

Precipitation steps in enzyme purification procedures are used to separate a desired 

enzyme Irom solution. The solution is then centriruged \0 form a protein pelleL which 

can then be resuspended in a huffer. Proteins ditferentially precipitate out of solution at 

different concentrations of precipitating agent (ac~ording to their nature). This allows the 

isolation or a desired protein from inactive protein hy using dilTeren! amounl:; of 

precipitating agents. Successive ammonium sulphate and acetone protein precipitation 

procedures were investigated, but redissohing the pre~ipil,aled proteins in solution 

he~ame increasingly difficult for the fractions con taining lac~ase. Predpitation of laccase 

from the supernatant using 50 % acetone was fOllnd to be adequate for enrichmelll, as 

sho\'.'ll by the single bands of (he lacca'le mono-subunits obtained by SDS-PAGE, shown 

in Fib'llre 2-4. The absence of conlflmmadng protein bands was taken to indicate that the 

prolein samples were sufficiently pure tor use in hiocatalysis reactions. 

p p c M 

'" 

Figure 2-4. SDS·PAGE showing bands from 50 % acetone precipitated protein. Rainbow 

moLecuLar weight markers (M), commercial (e)and purified (P) fl'llCtiORS are shown. 

65 
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A spec,J;(: arl",ily of 278 Vimg WIIS obl~llleoJ for the tan:Olsc after pun fiC;otiOllt,{omp~rcd 

to t 2_06 Ulmg obtamed for ,he (rude elI,tro ... (Table 2-1). 

T.ble 2·1. Protllin purification hble fOf , .. cc;ase motation from f"",,enhUon medium 

'" FntCllon 

Crude 

F)ltract 

PunlicJ 

, e~,nLcl 

wp. 

PUrl lied , 
C)l trocl 

pellet 

~ 

'" 
~ 

• • ,~ "" , .' 
0 

Volume Proteill 

(mL) (mg/mL) 

.. 

200 0.83 

400 O.04J 

200 0.048 

i 
, 

/ 
M"'iJm (CrLOde e o,rmo) , 

I 

Act ivity 

(Ulm!.) 

10 

0.3 

, 

. . 

" 

SjX"(Ltk Tota l Total "J icld Fold 

. fi . I activity act;;-ily prtlteLJ)' % pun 1caHon , 
(U/mg) (U) (mg) 

. 

12.06 2000 2411.6 100 I 

" ... - .. 
7.1 4 122.8 17.2 6. 1 1.7 . 

, , 
I 

, 

- 2-n1.7 2000 9.6 100 23. I 
I 
I __ I , , • 

i , _._. 

FIgure 2·5. Specific activities of I.Iccue Wl1ples L1sed for the SOS·PAGE analytls and 

immoblliulia'n of lacca!le On EUJlu ,g;~ C. 
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2.4.2 Laeclise enrichment from growth medium 

Laccase wu pmificd in order to 1JC1lan.~ the enzyme from lhe mediwn 110 as 10 use il 

without interfcreoce from medium components and to scparr.te it from other protein!, 

pTl:cipilalion steps in enzyme purification plocedures are nsed [0 separate II desired 

enzyme from solution. The solution ill tllcn antrifuged to fonn a prottin pellet, which 

can then he P,!>lIspcr.:lal in a buffer. PrClcins diffeTellliaJIy precipitate 0111 of solution 81 

diffeTl:n1 conccntJationo; of precipitating agent (aetording to their IUlture). This allows the 

isolation of 8 de'ired prOlein from inactive protein by using dliTerent amO\Jl1t5 of 

precipilJ.lting agcnb;. Suc~sii\'e ammonium .ulphate lUld acetone protein precipillltion 

pmttdures were inv.:sligated. hut red issolving the prreipitated proteins in solution 

bcGame increasingly difficu ll for the fractions cOlllaining laCCll.5O. l'Teeipilalion of lactase 

from the supernatant using SO % acctO!lC was found to he adequate for enrichment, as 

,!!own by the lingle bands of the laccase mono·~ubunits obtained by SD$-PAGE, shown 

in Figure 2-4. The absence of contaminating protein blUlds was taken to indicate that \he 

P[()~in samples WC':'c sufficiently ~ for nsc in bioeatal}'5ill reaction5. 

p p c M 

Figur. 2", SDS·PAGE GI>cw~U b.nds from 50 '4 Ketone prvclpltllltd protein. R.lnbow 

moIecuI ... W9ighl marb" (101), eommflclal {eland purined (P) frlldiooll ... • hown. 
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A specific activity of 278 Uimg was obtained for the laccase after puri ficntioll, comp ared 

to 12.06 V/mg obtained for the crude extract (Table 2_1). 

Table 2·1. Pro II/in purification table lor lac~~~e i501~tion from fl/rml/ntation medium 

, Fraction Volume rProle ~l Activit)" Sp~cific Total I Total Yield Fold , , 
(rnl.) (mg/mL) (1JimL) activity acti,it)' protein % purification 

(U/mg) (U) 1 (mg) 

~rod'e ----- ----._--
200 0.83 10 12.06 2000 1 241 1.6 100 1 

Extract 
, 

I - ---,. __ . 
! Purified 400 0.043 0.3 7.14 122.8 , 17.2 I 6.1 1.7 

, 
extract , 

I , 
I 

, 
I sup. , 

- ----- - -
Purified 200 O,04R 

1

10 278.7 2000 9.6 100 23.1 

e~tract I 

I 

, 
pellet in 

buffer, 
I . --- -

m 

'" 
<00 

• , ,. 
" 

'00 

Figure 2-5. Specilk acti\litie~ of laccaM samples uSI/d for the SOS·PAGE an~lysi .. and 

immobHiutton of I~cc~se on Euperg~~ C. 
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2.4.3 1m mobilisation of laccase on Eupergitll!: C. 

The method or immobilis<l(ion used W,lS as described hy O"Annihale el al. (2()()2). The 

ilmnobili8<1tion nI' lacease on Eupergit" C was sm;ccssful with loss of less than 15 (~;" of 

the initial total enzyme activity left unbound. 98 % (263.4 t:) of the J;1<:~,l~ e WU8 bl)lmd on 

50 mg ,olid ~upporL The residuul unbound cnzyme was removed during the w<l~he s and 

the en~yme ,Jetivity 108( per wash is shown inliigurc 2-6 (some enzymc W,18 left unbound 

beforc the wa,he8 (unhound enzyme in Figure und some was removed during the 

washes). The a,8e8sment of the activity of the immobili,ed c<ltuly~t wa, problematic 

be~au8e (he ABTS-luccase re<l<:tion produ<:t ,1ppeared (0 be ItlC<ll"ed on (he beads and (he 

readion products did not diffuse wellllllO the >(Jlution, thus making the calculation of the 

,Jetivity 01' (he bound cutalyst llla~Curlite. DilTu810nul hmitations due to immobilisation 

resuit,ed in very low activities being obt.ained for the immohili8ed bi(lCatalyst and have 

been ob,erved in other studies. The>e nece,~itated the modification of assay 

methodologies (Davis <lnd Bum" 1992; Wilson el a/" 1994, and Ncanana S,'). As 

different assay metlll>dologie~ were not possihlc during the course of this ,tudy, the 

residuul a~tivity lo,t was calculated und un amount of immobili,ed enzyme u8ed W,l, 

stated in each ~a~e ,p, others have done (Barrato "1 al., 20(6). for the 8ub,equem 

reactions, 50 % 108, of laccase activity dUling immobdi~ution wa, assumed, a8 

D"Anmb<lle er ul _, (2000) observed a 56 % loss of la~ca.';e ,1divity in their study on the 

imnl<)bilisation of laccase on Eupergit'''' C, (he 8tudy on which this work was hased. 

1 Personal communication 
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Figu, .. 2·6, Laccas .. activity durlnllimmobilisation of laccase on Euperg't€- C in washes. 

2.4.4 Reactions of ferulic acid catalysed by non-immobilised laccase in 

aqueous medium 

This section describes an investigation of the ferulk acid reaction catalysed by lae~a,e in 

aqueous m~dium_ Reactions of non·ilmnobilised la~case with ferulic add in buffer. althe 

optimal pH for la~case were performed, Femhc acid dimers were prevlou~ly reported a, 

the initial products of this reaction by Carunchio el al.. (200 [)_ M u,tafa et at. (2005). 

rep0l1ed the formation of coloured produd, from Ihe reaelion. and reeenHy Tranchimand 

et ai, (2006) reported the ~ynth esis of a lignol from f~mlic acid (Figure ]·22), Th!, 

pT",,<~nt '>tudy was conducted to investigate and characterise the ferulic add· T pubescens 

laccase reaction produd~ over time. and lo oJ:>,;erv~ II", efl"ets of different media on the 

reaction produel~, 

The re adion~ belween j"rulic acid and laecasc were conducted at variou~ enzyme to 

~ub~trate ralios, in ordcr to determine a ,uitable ferulie acid con~entration to enzyme 

activity ratio, in whkh readion~ were compl~t~ within 24 hours. fhis was done in order 

to facilitate ~ampling to assess formation of produel~ ()veT tim~, without eXlCnding the 

reaction time beyond 24 hours A ratio of ] U of lacca~e adivlty to I mM j"mlic acid 
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was found to yidd the best r~sult, m 1I controllabk manner, in reasonable time. AI thi> 

rlltio, the detection ofinkrm~dillte products WlI, possIble, as the reactions did not proceed 

too fa,!. \\1)en only Ih~ end products of the reliction were deSlred for analysis, twice thc 

enzyme activity wa, used in ord~r, to d~crease the time of reaction. 

Addition ofsmalilimounts oracetone (up to 36 %) or methanol (2.5 %) for the purposes 

of lIchievin ~ sol ution of the terl.llic acid did not decrease the conversions, but th~ lIddition 

or THF rcsulted in inhibition or the reaction. Of the threc solvcnts (mcthanol, aceton~ and 

THF) assessed for solubilisation of femlie acid for the reaction, methanol was 

subsequently used as the solvent of choice as the least amount was required. Not only 

was THF tound to inhibit lacease activity, but it also led to the formation of a cloudy 

white precipitate in the reaction mixture. 

2.4.4.1 TLC analysis of the reaction of ferulic acid with non-immobilised 

laccase products formed in aqueous medium 

In onkr to analyse the products of the reactions, 10 tuM femlic acid (0.25 mmoles) was 

rcactcd with 20 U non-immooilised lliccase mitially. Thin lay~r drromlltogrllphy was 

us~d as 1I pr~hminary tool to assess the pmgrc8s of the rcactions (Figurc 2-7). Two 

product, were visible under UV light and a smear, presumed to be due to polymers (Wilh 

low mobihty), were observed. 
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Product 2 

Polymeric 
compound 
Smear 

• 
• 

,- - Product 1 

r 
Ferulic acid 
substrate 

Figure 2-7, Thin layer chromatogram of the products of biocatalytlc conversion of 10 mM 

ferulle acid (0.25 mmoles) by 20 U laccase. 

Lane 1: Separation of the reaction mixture. 

Lane 2: Ferulic acid showing a different Rl value from the products. 

Lane J: Separation of the aqueous layer of an ethyl acetate extraction of the reaction. 

Lane 4: Separation of the organic phase of an ethyl acetate extraction showing two 

product peaks. 

2.4.4.2 HPLC analysis of the reaction of ferulic acid with non-immobillsed 

laccase in aqueous medium 

HPLC analysis was performed in order to separate and identily the variow; reaction 

products offemlic acid with non-immobiliscd laccase in aqueous medium. The n:acti()IJ~ 

n:~u1ted in 100 % conversion of the femlic acid when the ratio of fcrulic acid 

concelllration to laccase activity unit~ ",'a~ 1 m M: 1 U ,,,ithin 24 how's (~ction 2.4.4). 

The 10 mM ferulic acid (0.25 m1Tl<lle~) reaction with 20 V non-immobilbed lacca~e 

reaction product~ wa~ sampled periodically and analy~ed by TI.C to obwin the proouct 

fonnation profile. The reaction was found to have reached 100 % fi.->rlLlic acid conver~ion 
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after 1 ~h of reaction time. Separation uf components in the reaction product mixture hv 

HPLC is sho ..... n in Fig"re 2-8 helow. Table 2-2 shows the approximate retention times of 

the products lonn~d. 

I I 

A.T=O 

, J 

_'_' _~ J ~ / ~ 'J,,' 
-'"'T" ,- ""-, 'w,_·~ __ "_'" 

" . . .. . ... 

B_ T=270mI1s 

~ 
-'-'--_::'J) 'I, 

I 

.• I)' • '].1' ' j' 
• -. " L ,_ ··,_,_.L ,1._ L __ _ 

--,-'" '_'""-"r·",,,,,',',", . . " . . .... . 

C. T=420 mils D. 18 hrsrrnction 

Figure 2-8. HPLC chromatograms showing reaction course for the reaction of 10 mM 

ferulic acid (0.25 mmoles) with 20 U of purified laccase samplod afoor 0, 210, 420 min. and 

18h. (Mobile phase: methanollwaterla~eti~ acid (30:68:2 vlv); detection at 280 nm). 

A.: Chromatogram obtalnod boforo tho roaction showing the ferulic acid peak_ 

8.: Decrease in the intensity of the ferulic acid poak and formation of threo product peaks 

after 4.Sh reaction time. 

C.: Further decrease in the ferulic acid peak and increase in the product peaks after 1h 

D.: No ferulic add poak was deooctad after 18h showing complete conversion. 

Table 2-2_ HPLC retention times of the products formed for the reaction of 10 mM ferulic 

acid (0.25 mmoles) with 20 U of purified laccase, with mobile phase methanol/water/acetic 

acid (30:68:2 vlv) and detection at 280 nm. 

, Retention time 
------- . --_. 

Substrate ferulic acid I 11_19min 

Product 1 15.9B min. 
---- ., 

Product 2 1847 min 
-

Product 3 24.07 min. , 
-- -
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2.4.4.3 HPLC analysis of standard compounds 

In order to identily the reaction pwduct peaks, several standard phenolic compound~ 

were analy~ed by HPLC, and the retention times of the different compollnd, were 

dcternlined (Table 2-3). The standards choscn were either phenolic compounds or 

possible reaction product,. The products were found to have retention time~ dilferent 

from the standard compounds Crable 2-2) indicating different identitie~, and hence, mas, 

~pectrometry was used to further characterise the products. The~e produc1~ were !llllnd to 

be more non-polar compared to ferullc acid as their retention times were more than tho~e 

of femlic acid. The target compound~ vanillin and vanillic acid, were demonstrated to be 

more polar than ferulic acid (lower retention times, Table, 2-2 and 2-3). 

Tabte 2-3. HPLC retention times (mlnut2s) of standard phQnolic compounds in different 

mob~e phases 

Mobile phase 80:20:2.5 68:30:2 

methanol:water:acetic methanol:water,acetic 

acid vlv acid vlv 

Benzaldehyde 12.63 

Catechol 5.78 4.65 

Phenol 9.55 6,55 

3-MethylcatQchol 10,69 

4·Methoxyph2nol 11 ,01 6,97 

p·Cresol 19,1 11.07 

Protocatechuic acid 5.85 4.32 

Gallic acid 4.1 fi 3.47 

m· Coumaric acid 22m 11,65 

Ferullc acid 30.29 13,31 

Vanillin 16,84 8M 

Vanillic acid 11.75 

Caffeic acid 12.81 7.43 

Syringlc acid 15.6 

Phthalic acid 7.23 

p_Hydroxyphenylacetic acid 5,26 4.88 

p- Hydroxybenzoic acid 8,88 5.91 

n 

, 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2 Bioconversion offerulic acid using /accase 

3,4-Dihydroxy phenylacetic acid 5.23 

1,2,4,5-8 .. n2.on. tetracarboxyllc 3.16 

acid 

Salicin 

Isoeugenol 

5.02 

3.96 

'" 

2.4.4.4 LC-MS analysis of the reaction of ferulic acid with non-immobilised 

laccase In aqueous medium 

The identities of the products could not be coofinned using HPLC and TLC as they had 

different retcntioo times or Rl values to the standards tested. From the HPLC analysis, it 

was observed that the compounds were less polar than ferulic acid, the desired products 

vanillin and vanillic acid, and thcrefOl"e, the identities of the products were investigated 

by LC-MS. 

Laccase is known to polymerise phenolic compounds and dimeric compounds have 

previously been reported to be formed as the initial products under some conditions 

(Canmchio e/ al .. 2001). Fcrolic acid wmers were also observed as intenncdiate and end 

products of the laccase catalysed ferulic acid reactions in aqueous medium (Lundquist 

and Kristcrsson, 1985). The oxidation of phenols hy laccase generates quinonoid 

intermediates. The quinones are very reactive species and can undergo spontaneous non­

enl)'matic polymerisations (Lundquist and Kristcrsson, 1985). 

The figure below (Figure 2-9) shuws the LC chromatogram of the fcrulic acid reactions 

with free laccase in aqueous media and the mass sp..:;:tra of the resultant product peaks. 

Three main product peaks were identified. The MS rC$ull~ showed that the two main 

products, 20 and 22, had a molecular weight of 771 (Figures 2-10 and 2-16) which 

indicated the presence of two different fcrulic acid tetramcrs, ooe with a retention time of 

9.71 minutes and the other 17.88 minutes. A lower concentration product, 21, was also 

observed with a retwtiOll time of 11. 87 minutes. 
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Several free radicals from ferulie acid are possible, depending on the position of the 

unpaired electron and hence different pcrtlIutations and combinations can result in 

different polymers. Several different regio-iwmers of fcrulic acid dimers and polymers 

produced by the fcrulic acid catalysed by laccase catalysed were indicated by our LC-MS 

re,ults. The presence of several ions with the ~ame molecular weights, but different 

retention times, indicated the presence of several iscmer~. 

'" " 

Figure 2-9. Total Ion chromatogram (run Over 60 min.) of an 1Sh (25 ml) aqueous reaction 

of 10 mM (0.25 mmol"s) f.rullc acid with 20 U of laccasu. Three main peaks (20, 21 and 22) 

wero Identified. 

2.4.4.5 Analysis of product 20 

The proposed suueture of the tetrameric product 20 is ,hown below (Figure 2-11). It is 

proposed that the product is a dimer of the dimer P2 reported by Carunehio et ai" (2001) 

(Figure 2-1la). The fragmentation patterns of product 20 and P2 are almo~t identical 

(Table 2-4, Figure 2-12 and Figure 2-10), with the exception of the abundances of the 

fragments, which varies depending on the ionisation of the sample, and this indieate~ 

their identity. 

The proposed fragmentation of product 20 which results in fragments with molecular 

weights similar to P2 is ,hown in Figure 2-13, The name of the tetramer (found using 

Chemdraw) is 3-carboxy-2'-(3-earboxy-2-(4-hydroxy-3-rnethoxyphenyl)-7-methoxy-2,3-
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<Iihydrobenzoruran-~·ylH2-<;llrboxyvinyl)-7, 7' -dimethoxy-2,2' ,3,3' ·lclmhydro_l,5'_ 

biocnzofuran -3' -camox yl~le, This is tl1e first report uf lhis ~umpUlmd's synthesis to the 

be,t of tIle author's knowledge (confirmed by sc~rching in SCIFINDER ch<:Jllical 

dalab~,e and th~ literature). 

Figure 2_10. Moss spEctrum of product 20. Produ~t 20, with a retention time of 9.41 min. 

w3S 5ubject .. d to mass s p~~trometry. The molecul.r ion w •• found to bu 711 indlc"Ung ~ 

lelr3mer of feruli~ a~id. 
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o 

A. OM, 

M'O·~Y 

B. 

Figure 2_11. Structure of C~runchio's product P2 (A), and (B), product 20, 3-carboxy-2'-(3-

carhoxy-2-(4-hydroxy-3-tnNhoxyph"'nyl)-7-rn~ thoxy-2,3-dihydrob~nzofuran-5-yIH2_ 

ca rboxyvinylJ-7, 7' _dim~thoxy_2,2' ,3,3'-t~trahydro-2 ,5' -hibenzofuran_3' -carboxylate, mlz 

_771 
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Figure 2-12. DecompOsition of the products of a ferulic acid reaction with laccase after 30 

min. reaction tim ... , reported by Carunchio et al., 2001_ (This figure is taken from Carunchio 

et a/ .. 2001). 

Table 2-4. Mass spectra peaks comparing product 20 with P2 of Carunchlo "I al., (2001). 

Fragm 

'" 
'" m 

ent size (m/z) P2 (Carunchio at a/ .. 2001) 
-----

Presenl 

Present 
---- ----

Presenl 

----------
Product 20 

Present 
------

Present , , 
Presenl 

I 

I , 

" ----- --"' " --- ------

'" 
'" '" 

----

Present 

Present 

Present 

Present 
, 

Present , 
Present , 

,---
Present 

Present 
-
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'" 

Figu ... 2-13. PropOSed IragmvnlaHon pattern of prodllcl 20 based on Ca,unchio ,,[ at 

(2001). 

" 
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The catalytic ability ol'laccase rdies on it, abihty to fmm free radicals. There are three 

possible intermediate radical, (hat ~an be fonned from ferulic acid. shown in Figure 2-15 

below, which explain, and ,how, the me~hanism of polymerisalion. These radicals arc 

de~ignaled \1(i, M~ and M~ and a, a re,ult there are 6 pos~ible dimeric combinations 

namely jj-ft 0-5, fI-O, 5-5 5-0and 0-0 (Figure 2-15, the numbers designating the 

position of the frce eloctron) (Canmchio el al., 2001). From cach Ii possible 

~ombination,_ 6 othcr arc possible in the formalion ol'lhc telramer. giving a lolal 01' 21 

possible letramerie products. 

~(o 
0 HOyO 

~oc~, • • • • • 
OCH, OC~; 

OH 0 0 d 

Ferulic ~cid "I' M, MO 

F1gure 2_14. Formation of ferulic acid radicals, Mu, M, and M, (Adapted from Carunchio et 

at, 2001 and Ralph et al., 1992), 

The dimerisation 01' M;I and M, forms lhe monomer 01' ProduCl 20. This f~-5 linkage of 

feruli~ add re~ull~ in lhe fonnalion of 2 primary site, (Figure 2-16) on the phenolic ring 

l"or further radical coupling forming different tri and lCtramcrs (Ralph Cl ai., 1'i92). 

Product 20 is proposed to be a tetramcr \vith idcntical linkages (i.e. 13-5 and 0-5) as 

evidenced by (he (ragmenlation in which the cleavage results in idcntieally ,ized 0-5 

feruli~ acid din...;r monomer,. The rcaetion mechanism is shown in the Figurc 2-16. 
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HOyO 

6'l·~ \J OCH, 

OC", 

-
C 

• 

Figura 2·15. Proposad raaction machanlsm for tha formation of Product 20 and 

intermediates via 5-jllinkages of ferulic acid 

2.4.4.6 Analysis of product 22 and 21 

Product 22 had the same molecular weight as Product 20 indicuting that they ""ere 

isomers_ Their lragmenlalion pallmn<> wme ,imilar, except l'or the smaller molecular 

weight frag_ments. This indicated different types of fewlic a~J(llinkage~ to those proposed 
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for compound 20. The dimerisation patterns of feTlllic acid were outside the seope of this 

project. thus, the stmcture of Product 22 was not elucidated. 

The fragmentation of product 21 is not similar to any previol.lsly repurted dilller or 

tetramer. Its molecular weight was 745, unlike the 771 m!, obtained for pwducrs 20 and 

22. The mass spectTll1l1 0 f prodoct 21 (Fi gure 2-1 7) was alsu very different from those of 

repurted by CaTllnChlO et al .. (2001) (P I and P2) as well as other products isolated in this 

stlldy. indicating a different type of dimer formation. Produd 21 is u ferulic acid 

polymeric compound, bur its m1z indicates the loss of a CH grollp (molecular weighl 13) 

during each dimerisarion (Fignre 2-17). Thus, it represents another femlie acid tetramer 

lwmer. 

"'" 

Figure 2-16. Mass spectrum of product 22, with a retention time of 17.88 min. The 

molecular weight was found to 771 indicating a ferulic acid tetramerlc Isomer. 
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" 

Figura 2-17. Mass sPQCtrum of product 21. The spectrum shows a product with molecular 

Ion of mass 745. 

2.4.5 Reactions of ferulic acid catalysed by non-immobilised laccase in 

aqueous medium, in the presence of ABTS as mediator 

ABTS is a weil known iacea<;e medialor (Thurston. 19')4). As discussed in Chapter I, 

mediators have been shown to increase the calalylic abilily ol'laccases to include a wider 

subslrale range (Riva, 2(06). The work de,cribcd in this section involved invesligalion of 

the effect of the presence or the laecase n",diator ARTS, on the reaction of non­

immobilised laccase with furulic acid in aqueous n",dium. 

0.5 mM ABTS was used for the reactions, and in order to ~horten the reaclion time, 0.6 

111M (9 mlTwies) ferulic a~id;20 U wa, used. The reaction took place rapidly. Upon the 

addition of ferulic acid to the green Solulion or enzyme and ABTS m bun",r, Ihe ,olution 

lost its colour and then after 3 minutes, the solution darkened to a deep green indicalive 

or oxidiocd ABTS wilhin 5 minute~. The progrefi.~ion 01' 111<: r~action wa, monitored by 

HPLC, which showed the formation of a single produd instead of the 3 previously 
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ohscrved in the aqueoliS reactions earned out under the same conditions without tbe 

mclusion or ABTS. Sample, or this pnxluct were further charactcrised by LC-MS 

(Flgures 2-IR, 2-19 and Table 2-5) 

The single product peak was iOllnd to he a polymeric compound of approximate miz 

5RRA From the iragmcntalion pattern (Figure 2-19) it wa, found to be a compollnd wilh 

a base peak or 113 and alleast 7 repeats or6R mas, unIl,. Tbe miz =68 repeat units could 

be dearly distin£uisheu. The complexity of tbe ma,s >pectra of the product obtained, 

precluded further condu,ions on the structure oftbe product. 

100 , "J 

l::""'" " ~~'---% ' ,~ '-----------

o I Iii iii 
5 00 10,00 15,00 20. 00 25,00 :noo 35.00 

, 
40. 00 

, 
45, 00 

, 
55,0 

Figure 2·18. Total ion chromatogram of 0.6 mM ferulic acid reaction catalyud by 20U non· 

immobi~sed T. puooscens laccau In the presence of 0.5 mM ASTS aftar lah reaction time. 

<.0,. 5 

Figure 2·19. Mass sp,ctrum of the product from 0.6 mM ferulic acid reaction catalysed by 

20 U non"immoblHsed T. pubesc"ns laccase in the presence of 0.5 mM ASTS after 18h 

reaction time. 
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Table 2·5. Masses of significant product peaks detected from the mass spectra of the 

product of ferulie acid reaction with non-immobilised laeease in the presenel of mediator. 

Mass of significant peak Difference in mass 

detected 

181 58 

249 68 
C,""'----~---- - 68 ~~~----1 

385 68 
i453-------------h,.,--------1 
~-
. 521 68 
~----

SB8A 674 
~-~-~___l 

""'"'---------1,",,'"" ------

2.4.6 Reactions of ferulic acid with immobilised laccase in aqueous 

medium 

The effect of iacea~e immohili~ation on feruJi~ a~id reaction~ wa, investigated. In order 

to as~es<; th~ efr~~t of la~ca,~ immobilisation pH on reaction prodncts, iaccase was 

immohili~ed on Eupcrgit'~ C at different pH'~. A sample of I Omg la~~as~ jmmobihs~d in 

potassium phosphate buffer pH 7 on Eupcrgil'"' C biocataly~1 was rca~ted with t mM 

(0.015 mmoks) feruli~ acid and the products formed were anaiy<;cd u<;ing HPLC and LC­

MS_ Product<; were formed rapidly. with the first products being detected Jess than 5 

minute<; alier the addition of <;ub~lrate, namely onc major product (23) and 3 smaller 

intensity product<;. The mass spectrum of compound 23 i~ <;hown below in Figllre 2-20. 

Th~ product had an m-'z of 385 indicating it to be a ferulic acid dimcr a<; descrihed by 

Carun~hjo f't III. (200]), but olh~I'Ivi,e had a fragm entation pattern identical to thai of 

~omJl<.)Und 20 pnHluccd in non-immobih,ed la<xa,e r~actions shown earlier. This produc( 

~orrc'Jl<.md~ with produd P2 dekded by Carun~hlO et III. (200]). 
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Figure 2-20. M~s. _IWelra of initial product 23 produced by the reaction of 1 mM ferol1c 

acid with irnrnobilised laccau In aqueous medium. 

The other product formed initially was 4-vinylguaiaool (10). This was detected as a low 

intensity product and the mass spectnlm (Figure 2-21) showed the corresponding mass of 

150 and fragments diagnostic of 4-,·inylguaiaeol (Jeong e/ ai., 2(04). Tberefore, Prodnel 

23 and 10 were detected lIS initial ferulic acid reaction prodncts. Product 23 was al!lO 

reported by Carunchio e/ <II. (2001) as an initial product of the ferulie acid reaction with 

laeease. We report the here, for the fIrst time the formation of 4-vinylguaiacol as a 

product of this reaction. 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 2 Biocoflversiofl of ferutic acid using laccase 

STBU10tG 

Figure 2-21. Mass spectrum 01 4-vlnyl!ilu~laeol (10) produced from tlHl 1 mM re~ction of 

f"Tulie ~eld with Immoblilnd laeease In aqueous media. 

After 5 minutes of reaction at room temperature. the total ion chromatogram of the 

reaction mixture showed a broad peak (Figure 2-22) and the mass spectrum of the peak 

labelled C. (compound 24) on the chromatogram is shown below (Figure 2-23). The 

fragmentation pattern indicates a compound with a molecular weight of approximately 

300 and the product was identified to be the dimer of the ferulic acid decruboxylation 

product, 4-vinylguaiacol, which has a molecular mass of 300. 4-vinylguaiacol is known 

to polymerise readily due to the reactive unsaturated vinyl moiety (Dorfher e/ al .• 2003). 

Based on this and literature reports. this product was identified as the 4-vinylguaiacol 

dimer (24) (Rizzi and Bodley, 1992; Newton 2005). Newton (200~) also reported the 

formation of two 4-vinylguaiacol dimer isomers when detected by LC-MS, and the 

presence of isomeric fonns may explain the broad peak observed (Figure 2-22). Further 

maSS spectral analysis of peaks A and C gave identical maSS spectra, confinning this 

result. The proposed mechanism for the dimerisation of 4-vinylguiacol is shown below in 

Figure 2-24. This result is in agreement with later results obtained from GC-MS of 

reaction products [rom immobilised laccase reactiOllS (Section 2.4.7). 
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Fi9ur~ 2_22. Chromatogram showing the products, after 5 min. reaction time in aqu,ou$ 

rnlldlum, between ferulic acid and immobilised laccase. 

'''.11 

'. 

''', 'i • • . 00 

Figure 2·23. Mass spectra of one isomer of the product 2.( (peak C In Figure 2-22) formed 

after 5 min. reaction time, of 1 mM ferulic acid with immobili$~d laccase in aqueous 

medium. 

"' 
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Biocollversion of ferulic acid using /accase 

-

I 

" 
Figure 2-24. Formation of 4-vinylguaiacol dime, (24) (Rini and Boekley, 1992). 

After 10 minules, 2 main products were delecte<l; one, a polymer with a mass of347. The 

frag"",ntllion pattern showed Ihat Ihis polymer was compoBed of a fragmenl with a 

molecular weight of 95 and fourte en repeats of 18 miL (Figure 2-25). The other major 

product peak waj identical 10 that found in the 5 minul~ sample (compound 24). 

Figure 2-25. Mass spectrum of Ih~ product produced after 10 min. reaction lime of 1 mM 

I"rulic acid reaction in aqueous media calalysed by immobilised laccase. 
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2.4.7 Effect of solvent and immobilisation pH on reactions of ferulic acid 

with immobilised laccase 

Sin~e feru1i~ ~~ld is not VeT}' soluble in water, the use of organic solvent media w~s 

mveslig~led. feruh~ a~ld readions were ~onducted Llsing immobilised lacease in 100 % 

reagenl grade eth) I a~etale. a sodium ~~etate buffer/ethyl a~etate biphasic system, and in 

sodIUm a~etate hLlflh. 

Sodium ~cetate bLiffer (pH 5) had previously been established as an optilnal buffer for 

laccase activity, hLil the eJfed of using enzyme immobihsed at different pH was assessed 

in order to lllvesligate a possible correlation hetween the pH ofimmobilis~tion and the 

type oj" prodllCt~ tormed for our biocatalytic synthesis of the proouc(s. The pH studies 

were based on the fact that enzymes used in organic media have been found to have "pH 

memory". This is a phenomenon in which enzymatic catalytic activity is affected by lhe 

pH of the last aqueous solution to which they were exposed (laks and Klibanov, 1985). 

The progress of the readions was monitored by HPLC and then analysed by GC-MS. 

2.4.7.1 HPLC analysis of reaction products produced from ferulic acid with 

immobilised laccase in different media 

In reactions conducted l.ISing ethyl a~etate and lor sodiLim a~el~te buffer. 10 mM (0.1 

mmoles) JCrlLlic acid was reacted with 100 mg (approx. 300 U) immobili,ed laccase, and 

samples were taken periodically for analysis by HPLC. H was observed from HPLC 

analysis that most of the feruli~ a~id was not utihsed even after 60 mmutes readion time 

in ~Il medi~. Tables 2-6 and 2-7. below show a comparison of the peak areas identified 

for ditl"erent products with specific retention time afler ~n approxim~tely 18 and 36 hours 

reaction time respe<:tively. 
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Table 2-6. Products formed after lBh reaction offerulic acid with immobilised laccase in 

various solvent media. The different products were identified by their HPLC retention 

times (Rt). 

.. 
Peak intensities(uV'sec) using laccase 

immobilised at different pH's 

"iF-has.·· 
... _ ... ._-- -

Reaction Peak identity ,H 7 pH 5.1 ,", 
.. ----- ._ .. _ .•. _ ...• --- -- - . 6ii43623S'--Ethyl acetate Orgsnic Ferulic scid 50429478 93212915 

only sortent " 11.56 6546597 -

Biptm~ic Organic Ferulic acid 108000000 119300000 81624678 

reaction; solvent Rt -30.53 3548776 3450587 , 3582200 
.. _. __ . __ .- - - --_. 

I ethyl acetate Aqueous Ferulic acid 14530308 1615718 9992944 

,", sodium phsse R' 22.99 B866507 - . 
scetate " 26.62 - : 630()457 7548934 

--- 3732940--buffer Rt-3076 3561~469 3718109 

(pH 5) Rt = 42.99 259211 -

" 45.13 - 303474 297482 

Aqueous . Aqueous Ferulic acid 72502784 . 94130636 91469843 

resetion 
, 

" 23.52 6731724 , - . 

! 

, 

" 28.11 . 6478389 -

J -- -
Rt -32.6 . - 6998261 

. 

00 
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Table 2·7. Products formed after J6h reaction ollerulic acid with immobilisad laccase in 

various solvant media. Tho different products were identified by thair HPLC retention 

times (Rt). 

-- , 
Peak intensities (uV'sec) using laccase 

immobilised at different pH's 

Reaction Phase Peak identity ,H' pH 5.7 ,H' ._-. 
, Ethyl acetate Organic Ferulic acid - - 51328489 

-----

"" solvent R. 13.14 10028130 74857158 -
- -_._-

Biphasic ' Organic Ferulic acid - 50360051 

resction; I solvent R. 13.73 62120153 81098732 -

ethyl acetate Rt =2299 4693799 5269446 -

-

-

------
-4947096--""" sodilIT1 R. 25.99 -

acetate RI- 30.63 414381 - -
buffer Rt z 59.05 1685112 - -

I (pH 5) 
-- ----_._- -~05557i4 - -- ----

AqLJeoUS Ferulic acid 8772534 5456364 
-

phase m 4.61 - 3642102 -

, R' 8.57 - - 4453633 

Rt z 22.99 5575742 - -
----------- _._---- .. --- -

458721 --Rt=2544 - 5185177 

RI = 30.76 423133 - -

Rt = 36.35 - 441392 
-

Aqooous AqLJeoUS Ferulic acid - l 79055001 75714073 

reactioll R' 0.0« - 3276601 -
-- ----_._. - -

Rt~10_02 - 3441939 

R. 13_93 57178323 , - 6998261 
- -'----

One prtdominant reaction product was nowd for the reactions ~ataly~ed by immobili~td 

lacease, which was less polar than IcruJie acid (Rt - 13.14 for 36h reactions). Thi, was 

the only protluet formed when the reaction was ptrforme!l in ncat ethyl acetate when 

~atalys~d by lacca,e immobilised at pH's of 5.7 and 7 (l'igure 2·26). This sam~ product 

was fonned a~ wdl in reactions perfonn~d in the bipha~ic media and only in the aqueou~ 

readion catalys~d by laccase at pH 7_ This product was confirmed by GC·MS analysis in 

the following section a~ 4-vinylguaiacol (10). 
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! '~ I 
j -~ I 

l occas. pH 7 1.-'1= .. pH ~.7 l llCCO"" pH 2 

P •• k. in Et~yI acetat. 

Figure 2-26. Products formed after 3Sh reaction of ferulic acid with immobilised laccas" in 

"thyl acetate 

Whcn the reaction was eatalysed by laceasc immobilised at pH 7 in sodium acetate 

buffer, the same product (Rt=13.14 min.) discussed above was observed as well as small 

amounts of another product with a relenlion time of 49 minules. Previous reactions of 

ferulic with non immobilised laccase yielded isomers of femlic acid tetramers in section 

2.4.4.4 and the less polar compound is presumed to he a femlic acid tetramcr as observed 

when non-immobilised femlic acid was used. When the reaction was catalysed by laccase 

illllllobilised at pH 5.7 <Uld 2, very lillie cOllversioll of femlic acid was noticed after 36h. 

Most of the ferolic acid was left UJ]collverled, products with higher polarity than femlic 

acid compounds being detected (Rt - 6.@ and 13.93 min. respectively, Figure 2-27). 

These possibly were 4-vinylguaiacol dimers (isomers of product 24) as detected 

previously in Section 2.4.6. 
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01---
L, ro .. ., pH ~.7 

Pe.>.k. 01 products cata/y. od in sodiI..m .~to.te buttw 

ON, """tale buller F",u l c acid DNa "",tile bull« Rt-\O.02 • N, OV!\oI. blft .. RT.13.!/3 
ON • ..,.til l<! buff .. RI-6.6a .N. aeeto .. bu~ Rt-49 

Figure 2·27. Products formed after 36h reaction offerulic acid with immobilised laccase irl 

sodium acetate 

The prodoct with the retenlion lime of 13.73 minutes form ed in ethyl acetate previously, 

was detected as the predominant product of Ihe reactions catalysed by laccase 

immobilised at pH 7 and 5.7 in biphasic medium. Other prodocts were detected as well 

with higher retention times than fcrulic acid (Figure 2·28). These were also presumed to 

be ferutic acid polymers. Several of the polymenc products were fOillled, and their 

lormation was found to reflect the pH's in which the laccase was immobilised in. It was 

interesting to note that not all the lendic acid was utilised in the biphasic reactions. 

Fcrulic acid catalysed by laccase iuunobilised at pH 5 was barely utilised, and the same 

applied lor reactions catalysed by laccase immobiliscd at this pH in sodilliTl acetate 

buffer. 

Fcrulic acid is more soluble in the aqueous phase as it is a polar molecule. Lee el aI., 

(1998) calculala;! the fcrulic acid partition coefficient in ethyl acetate and phosphate 

buffer to be 0.8 and for 4-vinylguaiacol to Ix: 120. This indicales that in an aqueous: clhyl 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chepler 2 BiocOflversion of ferulic ecid using leccase 

~et&le 1"'0 phase sysrern, mo .. fcnll ic :Kid WQuld be readily transferred 10 the !l<jueow; 

phase and .... \-inylgual:Kol in the OrganiC phase (Lee el 01 .• 1998). The fi ndings reported 

here CUllcur with ihe abovc. The prodUCT tha i was identiGed lIS 4.-\"inylguai3001 ,,·as fonnd 

in (~c urganic phase of thc reactions that wcre perfonnCll in biphasic media lIIld its 

syl1thcsis from ferolic acid was enhanced in ethyl a.;;elate. The polymers were also found 

to be predominantly localised in the aqueous phase of the reaction. The fOl1n~tion of 

ferulic acid polymers was enhanced in lI(.jueou.s conditions. This partirionmg of the 

prodUClli was observed when the produl;!s were tested for antioxidant a<:lj\ity <Jescnbed in 

seclion 4.3.5.6 . 

• 
~ .. pH7 

.E""I_I~~ ""elale t.J1f ... F«ullo ",d 

.erlyi """!;ilo'N. """,.1. boJlI' ... R"25.ge orgotIi<: "" .... 

• Et\yl ....,.1 ... Na ""elale t.Jlfor R;t-'22, 1/Il <)IgII<"oC ,,"Ui' 

• EI'l)o1 _."'.N~ ""eale bu/ler Rl·J(l.7~ 1<1'-'" ~N 
o E~ _~'N;I "",,!;i l. I>iJIIer Rt-25." "'lu<WI _ 

• Er.,1 _ .... N.>. """tate oollror RtaM7 1<1""""" INoM 

• ~1I»1""""I. ·Na -"'" bIJ~ ... R;1"13.71 otg.:JI'Iic ~ 

C EI~y l AoeI>.lo:Na oatBl4I boJlIe< IU.30 63 """'''''' phose 
[] Elllyi AceI.":Na """ .. te blJff.,. Flt-~i,0!5 ~"'" pn..., 

II! EIh)'1 ...... I..,,:Na "" ... ,., blJff.,. Fit-< O'a~. pilose 
• EIhjo1 Acelale:N ....... 141 boJl'Ier ~i-"34.92 ~. 9/1 ... 
. E!!¥ ",,"_:Na ..,.. .. ,., bIJlIer Rl><36,~ _, p/lase 

Figul. :l-U.Products loom .... Hi ... 36to INction 01 lerotic uid with immoblll~ lacc ..... in 

blpl'la";c sodium ac"'~t-"hyt ae",.I. m .... !lIm 
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These results demonslrale lhal fOlmation of speeifie products was alfected by the reaction 

medium. These findings <lgree with the observation by Intra e/ ul. (2005) lhallaccases are 

amenable to 'medium engineering.' a phenomenon only previoU'.ly noted f'or hydrolase 

type enzymes (Riv<I. 2006). A more divero.c set of products wa, f'onned in the biphasic 

system. fo!lowed by the aqueous buffer system and more specific products were f'ormed 

in the organic solvent system. It was also observed that the pH at which the laccase was 

immobilised h<ld an effect on the reaction products formed. 

2.4.7.2 GC-MS analysis of reaction products produced from ferulic acid 

with immobilised laccase in different media 

The TLC resllits of the feru lic acid non-immobi1io.cd laccase reaction described in section 

24,4.1 showed the formation of 2 types of products: <I product that was more polar than 

rerulic acid and secondly, less pelar pelymeric products (Figure 2-7). 111ese pelymers 

were identified as ferulie <lcid tetr<lmers (20, 21, <lnd 22) by LC-MS in section 2.4.4.4. In 

o.cction 2.4.6 preliminaJY re<lctions 01' rerulic acid with laccase immobiilsed at pH 7 

yielded 4-vinylguaiaeol (10) and a femlie acid dimer. product 23. From the IIPLC 

analysis of the reactions or immobilised laccase and ferulic acid. described m the 

prevlous ,ection. one majOl', more polar than ferulic acid product (Rt. of approx 13 

minute,). wa, detected and lower concemr"-tion. Less pelar than fefIJilc acid products 

were observed as well after 18 <lnd 36h reaction time (Tables 2-6 <lnd 2-7). The identity 

of the less pol ar predominant product was unidentifiable using HPLC analysis based on 

retention times of standard compounds. Therefore, GC-MS with a NIST library database 

was used to identify the compound. The product W<lS identified to be 4-vinyl-2-methoxy 

phenol. commonly n<lmed 4-vinylguaiacol. Figure 2-29 'ibows the gas chromatogram of 

the product oI'the reaction catalysed by pH 5.7 immobilised l<lccase in ethyl acetate. The 

identity wa, confirmed (93 %) using lhe KIST database (Figure 2-30). The negative 

control of the re<lction (no enzyme added) showed no reaction products. 
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Table 2_8. Summary of the products formed from the ferulic acid r"actions with laccase 

under different reaction conditions. 

-_.-
Ferulic acid with 

laccase reaction 

conditions 

Aqueoo. medium with 

non-immobilised 

laccase 

-
Aqueous medium v..ith 

non-immobilised 

laccsse with mediator 

Products fOITTl"d 

Formation 01 product 

20. ferulic acid 

lelramer and 2 

unkoown telrameric 

Isomers 

predominant 

Gen"ral comments '1 Comm"nts on 

product. formed 

; Structure not resolved 

product I 
113 plu. 7 repeats of I 

" c.·k====---+'~====--Aqueoos medium With I~"hal product formed Immobilisation i 4-Vinylguaiacol 

imrnob~ised laccase was ferulic acid dimer resulted in formation formed in only laccase 

23. and 10 formed; of mainly one product. immObilised at pH 

after 5 min. isomers of a nan- polymer and 7.lerulic acid polymers 

24 after 10 min. lower 

compound with mlz of af 

, , 
concentratlOl1s 'I 

polymeric 

347 and 24 compauoos 

in others; 

Putative ,. 

b==-=cI~=~·· .. · Biphas;c medium with 4-'iinylguaiacoi 4-

vinylguaiacol dimers 

formed 

4·Vinylguaiacol 

produced in reactions 

catalysed by laccase 

immobilised laccase vinylguaiacol dimers + 

femlic acid polymers 

Organic medium~CwC"",+~,c.,c;c"",=c"c.c,,c"c,~Oc"",~+---------+ 
immabilised laccase 

imrnobilised at pH 7 

and 5.7 only. Ferulic 

acid polymers i 
detected. 

4-Vinylguaiacol 

produced in reactions 

catalysed by laccase 

immobilised at pH 7 

and 5.7 only 
.. ____ .1..... ___ '---_'----_ 
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Chapter 4 Biological activity of the synthesised products 

All but two of the compounds symhesised biocatalytically, wheu assessed for antioxidant 

activity I.lsiug the DPPH" antioxidant assay, were round to rail into the last group. This 

was based on the hyperbolic kinetic curves obtained as shown in Figllre 4-3, lilr these 

compounds. The pareut compound, ferulic acid, was previously reportoo, and also 

observed in this study, to belong to this group (Brand-Williams et ai., 1995). Slow kinetic 

behaviour was observed and steady state was reached after 20 mmutes. The ranking order 

ofthe antioxidants is showu In Table 4-2. Figure 4-3 shows the decreasc in absorbance at 

• 
515 urn of the reactions due to the queuching of the DPPH by the antioxidants. The 

• bighest coucentmtion of DPPH quenched by 15 ).1M antioxidant was by the 1:4 Icrulic 

acid: 3B-O-Feruloyl-17B-hydroxy-5u-androstane, and the least by arbutin rerulate 

(Figures 4-3 and 4-4). Thc l11ixrnre or rerlllic acid and compound 35 was obtained aftcr a 

partial purification or C0111POUnd 35, or which NMR analysis showed thc composition 

(shown in appendix 7.3) 

, , 
, • " T ..... (frio) 

" 1.5 mioromol'" 33 
X 15 rr-;cramcior 35 . 00 1 mi<lLJI"e __ 1 ~ m"rorool", 1 

.-.&-1 ~ """'<;M"<><lI", 39 
+ 7,~ rr-; oromol'" 35 

x 7.5 rnic:rorrolar J.4 

Figure 4·3. Decreas" in absorbance at 515 nrn of DPPH' frOXl radical chrornophore due to 

quenching by various antioxidants. 
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Chapter 4 Biological activity of the synthesised products 

Table 4-2. Tile antioxidant activity of 15j.i.M antioxidant products 

Compound I Name V, DPPH" Time " % DPPH" 

. remaining after reacll steady " steady. 

: 20 minutes state state , , . Ferulic acid 62.92 : 50 minutes i 60.23 

" i Dihydrocholester~ ferulate 69.90 80 minutes : 6499 

" . Sa,-androstane 3~, 17~ di~ 93.59 . 4.5 minutes ,9369 
... _--- ,---'" 

" 31)- O-Fe ru I oyl-171l-hyd roxy- 76.97 I 0.5 minute3 ·76,97 , , , 
Sa-androstane , 

,-

'" Arbutin ferulate 87.74 0,5 minutes 88,99" 

1:4 1,35 1:4 Ferulic acid:3~-·O- 56.73 "', reached 3732 

[:ture 
Feruloyl-17!'>-hydroxy-5a- after '50 

arJdrostane minutes 
, . -,- ----• , there was a small Increase 1)1 absorbaoce beh~een 5 and 20 min . 

The reaction~ of DPPH" with femlic acid esters produced biocatalytically continued 

longer than the antioxidant ~tarting compounds, ferulic acid and Sa,-androstane 3~,17~ 

dio!. JimthemlOre, the reaction between the mix1llre or rerulic acid and 3~-O-feruloyl-

17~-hydroxy-S'1-andro~tane with DPPH" had not reached steady state after 160 mmutes, 

compared to steady state for ferulic acid being reached after 50 minute~ as ~hown in 

Figure 4-3 and T~ble 4-2. It is proposed thai slo'Wef kinetics are more beneficial iJ1 vivo 

and antioxidants th~t po~sesse~ activity over a longer period of time would provide 

su~tained antioxidative protection against the vanety of cellular ROS, 

,"' 
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Chapter 4 Biological activity of the synthesised products 

r 
::~ 

! , 
I 

" ~ 
* 

0 ~ ~ 00 00 '00 "" ,~ '00 
TOITl'I{Mn) 

__ 7,5m:crormI", 33 -.- 15m:r;mrrd", 33 ........... 15 rricrorml,.- 3\) 

----*- 15 m:anrm ar 1 and 35 m>1lre ---'- 15 nic:r<:tt"d ar 1 ........... 7,5 nicrom:li", 35 

-e-- 15 nicrom:liar 35 """*"" 15 mc:rorrdar 34 -- 7.5 maOOlJlar 34 

Figure 4-4. Percentage DPPH' remaining over time after reaction with various compounds 

The results obtained with the 1:4 ferulic acid: 3j3-0-feruloyl-17j3-hydroxy-5a-

androstane mixture suggests a possible synergistic antioxidant effect. After 2.Sh the 

ferulic acid alone had stopped reacting and had quenched 39.77 % of the initial DPPHo 

radical whereas Ihe mixture quenched 62.68 % after Ihe same period of lime. 3j3--O-

• 
Feruloyl-17/:I-hydroxy-Sa-androstane alone quenched 23 % of Ihe initial DPPH after 20 

min, compared with 43.3 % quenched after the same period of time by the mixture. (11te 

reaction between the DPPH and pure 3j3-0-feruloyl-17j3-hydroxy-Sa-androstane had 

reached steady state at 20 min. but its mixture with ferulic acid had not reached steady 

state even after 2.Sh). Only 30.98 % DPPH (Table 4-3) would have been quenched if the 
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Chapter 4 Biological activity of the synthesised products 

amount q""nched was due to an additive e lrect with no synergistic effect, however, 

double that amount oI'DPPH ITee radical wa:; quenched by the mixture. 

Table 4-3. Results of DPPH free radical quenched by ferullc acid (1) and 3Jl--O-feruloyl-l1Jl­

hydroxy-5o:-androstane (35), 

I-COmpound Amount DPPH quenched 

1- after 2,5h 

I 151'M35 39,77 ~, 

11 in 1:4 15f>M 1,35 mixture--
-- ,"", -, - ---- - --,--
7_95 '7'0 

15"M 35 alone 23 03 % 

Calculated ''''" " "" 30.98 % 

quenched by addlfive effect, 
- ---- - -

Actual DPPH quenched , 62.68 % 
-

Similar synergistic effects have been observed previously (Packer et al_. 1995; Lu and 

Liu, 2(02), where it was reported that antioxidants can lIlteract with each other to give 

antioxidant errects amounting to more than just an additive effect. Lu and Liu, (2002) 

found that certain hydroxyeinnamic acids (HeA), induding ferulie acid, recycled the 

antioxIdant lipoic acid (LipSS) from its free radical LipSS ~' by donating electrons to it, 

thereby increasing its antioxidant capacity (Figure 4-5) _ 

" LipSS + HCA 
___ > • pH>5 • 

• LipSS + HeA t HCA (-H) 

Hydroxycinnamic acid 
phenoxyl radical 

In the present ,tlldy, the antiradical effectiveness of ferulic acid was markedly increased 

by the presence of3~-O-FGruloyl-17~-hydroxy-5a-androstane. The ester itselfexhibitcd 

stronger Iree radical quenching ability than ferulic acid (its precur><lr). A synergistic 

relationship between ferulic acid and its ester, similar to that between lipoic acid and 
--------
, DPPH quenchod by 1 in 1:4 ] :33 mixture - 0,2 x DPPII quen<bed b)' I 
' Calculated DPPH quenched b)' 1:4 ]:35 mixture from additiv. eff"'t~DPPH ql"'llCh«l by 1+ DPPH 
quenched by 35 
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Chapter 4 Biological activity of the synthesised products 

fel1.llic acid as demonstrated by Lu and Liu (2002). is pos,ible_ The nuture of the eieCtl'on 

donming partnership octween lipoic acid and femlic acid is illustrated in Figure 4-4, and 

it is prt>p("ed lhat a ,imilar interaction occurs oct ween ferlLlic acid and its eSler. 

11\is hypolhesi, could he validalcd by the measurement of lhe redox potential, of the 

product and comparing it to that of ferulic acid. becau,e compounds with ~ lower redo.>. 

potential can donate eieetmn, to those with higher one,. a, lhi, is thermodynamically 

favourable_ However, the assessment of redox pOlentials did not fall into the >cope of lhis 

,tudy_ 

[A] 

IB] 

LipSS 
Lipoic acid 

LipSS'+ 

Lipoic acid radical 
,,,,linn 

J'"rulic acid 

Jierulic acid 
Radical cation 

Vitamin E 

Vitamin E 
radical 

Other 
antioxidant 
interaction 

e.g ferulic 
arid. 

(35) 

) 

(3S) 

radical cation 

Figure 4-5 Modet of proposed synergy 01 [AJ. lipoic ~cid with exogenous ferulic acid and 

endogenous vitamin E ~ntioxidants (Lu and Liu. 2002) and [BI. the proposed synergy 

between ferulic acid with product 35. 
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Chapter 4 [Jiu/ogicat activity of the synthesised products 

Synergistic interactions of antioxidant> play an important role in the prevention 01 

oxidative damage in cells. This is observed for example in disease and ageing (Packer et 

al., 1995), where there is interaction betwllCn endogenous and exogooous antioxidants in 

cells. which is dependent on their respective redox potentials (Buettener. 1993). The 

novel products synthesised in thi:; study apparently >how such intenlCtiO!J:; and thus may 

have therapeutic significance. Antioxidant synergi:;m incre;u;e:; antioxidant effectivene:;s 

as lower antioxidant concentration can be u>ed (Moure et al., 2(01). 

Compared with ferulic add and the 1:4 ferulic acid:compound 35 mixture, athutin 

ferulate 39. and 31!-0-feruloyl-17j)- hydro~ y-5o:-andro>lane, 35 :;ho",-ed different kinetics 

• in reaction:; with DPPH . Both products, unlike the othen; tested (for exampk 33 

dihydrocholestcrol ferulate), reached steady state within one minute reaction time at the 

reaction conditions used in this study (Figure 5-3 and Table 5-2). The reaction kinetics 

did not form a hyperbolic curve as the others did and therefore it was concluded that they 

possessed a different kinetic behaviour. Accord ing to Brand-William el al. (1995), this 

behaviour may be classified as rapid kinetic behaviour. since the reactions of the 

• 
antioxidants with DPPH reach steady ,tate within a minute and do not form a hyperbolic 

• 
curve. The compounds 39 and 35 also possessed the lowest anti- DPPH free nidieal 

quenching capabilities (II and 23 % DPPH" quenched at steady state respectively). There 

• 
was a slight increase over time in the ahsorhance of the reaction mixture of DPPH and 

39 hetween 5 and 10 minutes, which indicted an inerea<;e of DPPH" froo radical (Figure 

4-3). This possible pro-oxidant behaviour was minimal (1.25 %) and wa, di ,r~garded. 

4.3.1.1 Relationship between structures of compounds tested with 

antioxidant activity. 

It is well under;,lOod that structural conformation of compounds has an effect on the 

• 
reaction hetween DPPH and the compound:; (Brand-Williams et al .. 1995) and this effect 

was observed with the compounds tested in this study_ Arbutin ferulate had the least anti-

'" 
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Chapter 4 Biological activity of the synthesised products 

DPPH aclivity (11 % [)PPIl quenched) and this may be due 10 the ~ugar moiety in it> 

<;(meture, The sterOId esters or fenllic acid had heller activity, with the dihydroehoiesterol 

ester, 33, posse~,ing beILer activity lhan the androstane es(er of feruiie acid, 35. (Sec 

hgure 4-5 for structures ofcompmUlds). This difference may be due to the alkyl branch 

on pnxlucl 35, which 33 docs not possess. Funher investigation would determine the 

effect of the alkyl group on anti- DPPH' activity bllt the number of compound<; m;ed for 

this study were insufficient to commcnt on thc effect" 

4.3.2 Antioxidant capacity of ferulic acid by laccase reaction products 

In view of the potential for the ferulic acid-laccase product, to have higher antioxidant 

capacity than that of !"enllic acid it~elf. a ,tandanl antioxidant a~,ay was first used in a 

preliminary ,tlllly. to compare the free-radical quenching capacity of the product with 

that of ferulic aCJ(L Thus. lhe DPPH a<;~ay wa, u~ed !O a~,es~ thc produ<.-"t, obtained by 

readmg fcmlic acid with lacease. 

TIle proouct mixture from the aqueoll, reaction of 10 lTJll.-! ferulic acid by laccase was 

used for the analy,i~. The product, weTe prcviou~ly fOlind !O hc ferulic acid polymers 

(ChapleT 2). Phenolic polymer~ have in some cases hcen fOlind !O he mOTe eflcdive 

antioxidants lhan (he monomer.; (Ting, 2004). The a<;says indicated that on the basis of 

equivalent amoums of convened and unconverted ferulic acid. the antioxidant activity of 

the product is approximately twice dlat offerulic acid, Results are shown in FigliTC 4-6 
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Chapter 4 Biological activity of the synthesised products 

'''' 1 , 
, ~ ~ 
0 • '"-I 00 , 
00 < 
0 , 

00 

, ~.- .. 
--~ , 

" " , , • , ., ,. 21) " 00 'ro ~ 00 ,00 "" 

lin-e(rrin$) 

__ .~ 0< CPPH r"""""09 1 reM FIiIlk a:id 

--a- %o<CPPH r<mIirir-.. rrcrn 11hl.1 F<niica:id_ 

Figure 4-6. Assay of antioxidant capacity offerulic acld-Iaccase reaction products, as 

compared with ferulic acid, using the DPPH anay. 

4.3.3 TEAC antioxidant assay 

The TEAC assay was conducted as described by Re el al. (1999). The extent or 

deeolourisation of the ABTS' ~ radical due to the scavenging of the radical cation by 

antioxidants was measured at 734 nm and the results plotted as shown in figur e 4-7. The 

addition of compounds synthesised during the course of this sttldy resulted in a de~rease 

in the absorbance, due to the quen~hing of the free radical by the antioxidants. The 

p er~entage quenching of ABTS" was determined by measuring the decrease in 

ab,orbance of the cation, and calculated as the percentage inhibition of absorbance at 734 

nm (Re e/ ai" 1999). The reduction of the cation (which results in a decrease in 

absorbance) is dependent on antioxidant con~entralion and time (Re el al., 1999; 

Antolovich et al .. 2002). Figure 4-8 and Table 4-4 ,how the percentage inhibition of 

absorbance elicited by the test compounds, 

''0 
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Biological activity of the synthesised products 

• 

T ..... I"' '' i 
- . __ O. B Mcr",,"' , - 1 ......:l 35 mixt"r~ 
---+- Q. 6 ,-.ie,,,,,,, , -].1 
--'+-1 ,,,",, ,,))oj,, "010, 

Fig wre 4-7. TEAC antioxidant ass~y: effect of th~ addition of test ~ nt,oxidants on the 

absorbance of the ABTS • radical cation at 734 nm ov~r time A decrease in absorbanco 

of ABTS • radical was dUll to $cavenging of the radical by antioxidants_ 
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, 1 
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F~ure 4-8. Changes in ~bsorbance of ABTS" at 714 nm elicited by addition of 0.6 f-IM 

antioxidants and trolox over 6 minutes. 

Table 4-4. Order of ABT$' radical cation scavenging ability of various compounds 

tested. 

Rank Compound Compound final •• inhibition 

concentration absorbance 
---- -, 1:41,35 mixture 06 jLM,4 " , " 0.6 j!M e, 

, , 0,6 ~M ,e 
, Troia" , ." " , " 0.6 j!M 4.94' 

, Trolox 0.6 ~M <3.42' , " 0.6 ~M " 
• calculated 

'" 

• 

• 

", 
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The highest delTeasc in absorbance due to the ABTS radical cation was due to the 

addition of the 1;4 1,35 mixture. The decreasc was evcn greater than that of trolox at a 

higher ~oncenlration (Figure 4-~). The second highest decrease wa~ elicited by the 

addition of pl"lldud 39. which WaS higher than that of ferulic add, its precursor, The 

sleroid, Sa,-androstane 3~,17~ diol (34), by Itself had vcry little inhibitory cffect on the 

aboorbance, (a maximum of 1.1 %), A calculatcd dccrease of less than 10 % would Ix: 

duc to produd 35 by il~c114, If onc assumed a synergistic cffe~t was in dfed a:; in the 

Dl'l'H assav, the calculaled decrease in absorbance would be 4,94 %J. a value similar to 

that of feruh c acid (Ii. ~ %), and trolox (5,7 %), These result~ are presen led In Table 4-4. 

To calculate the IEAC the gradient of the graph of thc percentage inhibition of 

absorbance vs. ~on~entralion plot ("concentralion rc~pon~e curvc") for the antioxidant in 

questlOn wa~ divided by the gradient of thc plot for trolox (Rc eI al. I'N9), The 

concentration response curves for thc antioxidant products were plottcd as shown in 

Figure 5-S, and thc IEAC values were calculated, Ihis wa~ done for ~ompounds 1. 35 

and trolox. The TbAC of the mixlure of 1 and 35 wa, higher than that of felulk acid 

(Table 4-5), 

CorrciallDn waS found bct\veen the DPPH and TbAC antioxidant activities in terms of 

frce radical qucnching ability, ex~ept for the arbutin ferulate pn){]ud (39). This was 

expe<:ted 1"lC~ause bOlh melhods meaSme the free radical qucnching capacity of the tcst 

~ompollnds llsing the Same mcchani~ms, Thus, arbutin femlate was found to havc higher 

ABTS" free radical scavenging ability in comparison with the values obtained liull the 

Dl'.PH assay, Usmg thc Dl'PH assay, the arbutin ferulate was also found to have a lower 

free radical qucnching ability than reruli~ add, but its ABTS' , ~~avenging wa~ higher 

than that of tCrulic acid, This indicalCs that product 39 has a beller anti-radical activity 

'Thi' W1\.S calculated a., liw cnrnp("itinn "ftlle mLxrur~ wa, dCkrmined to be . 1:4 1:35 ratio fromKMR 
Malysis. TheretllT. tho ,leero,,",o UOC to 3S wa," ().~x thaL OfUlC mLxlUIe. It was le;; thm' O.8x of the 
mix!",e a, antioxidaTIt ,ym,rgy betwe"" 1 .nJ 3S wo> ocmom.(rakd in the Dl'l'lI ''''y. A; a resultth" 
achYity due to 3S oy i(,olfwn·ulu be Ie" ul:ln Ihe "akul",~d value. os mUf~ thon an addjti,'~ effect accounts 
tilr tile s}l1ITgi,tio . divity . 
. 1 Tile TEAC ""Iivi'), uf 3S .1orlC consid~ring identical synergi,tic etlect to that ooserved with DPPH 
a,,"}- SYTICT"i,tio [acjQt x c.lculmd non synergi,tic TEAC value 005. 
Svnw;;!ic filC\Q[ Calculatod DI'I'H "ctivity ... adual DPPH ""tivity "b.",,",,"oJ 
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against the ABTS free radical than the Dr-PH free radical. The differences between the 

activities of arbl.ltin ferulate in the different assays can be explained by the "polar 

parad<Jx" (P<Jrter, 1993). The polar paradox explains that "P<J[ar antioxidants arc more 

aC\ive in liP<Jphllic mediums whereas [ipophilic antioxidants are more active in polar 

mediums" (Brand-\\,illiams el al., [9(5). Arbutin ferulate was foond to be a very polar 

compoond fwm TLC analysis during its synthesis and the stewid c<Jlnpowlds were fOl.llld 

to be lifl<Jphillc (Table 4-6). The p<Jlarity <Jf arbl.l(in ferulate is c<Jnferred by lhe sl.lgar 

moiety in its Struclure, and the steroid {krivalives are nOIl-p<Jlar dl.le to lheir steroidal 

parent compounds which are lip<Jphilic.The TEAC assay is perf<Jm-.ed III buffered waler. 

and the DPPH assay is conducted in methanol which is less polar (more lipophilic) than 

water (water has a p<Jlarity index of 9 and methanol has an index of 6,6 according to the 

Snyder polarity index, 

lll-tp: //holJl~.rlan Cl "l/-sJ..ok/lc~hni<l,,~\/hDk/e I LJQ ltopic $uie\ ex le"dcd.hlml :;;3). As a 

result, arbutin feru[ate would be expected to be more active in the TEAC assay 

(performed in a p<Jlar medium) than in the DPPli assay (perfonned in a more lipophilic 

medium), The same effed was observed by Brand-Williams el ai, (1995) when they 

C<Jmpared anlioxidant adivities obtained using the DPPH assay and the methyllinoleate 

assay, an assay conducted in more lipophilic c<Jllditions than lhe f<Jnl1er 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Chapter 4 Biological activity of the synthesised products 

• 

• 
" 

Coneen""_ {Micromolorj 

Figure 4-9. Effects of the antioxidant concentration on the Inhibition of absorbance due to 

the reduciion of ABTS + (concentration response curves). 

Tabl • .(_~ The measurement of the quenching of the ABTS· • free radical by various 

antioxidants and the corresponding TEAC. 

Compound Maximum •• decrease ., TEAC 11M 

Absorbance (0.6 11M) after 6 

minutes 
---

Trolox 4.15 , 
, SIS 1.49 

1;4 1,35 mixtlMC 12.15 2.70 

" '" 2.16· 

• calculated 

4.3.4 Inhibition of LDL oxidation initiated by Cu2+ by antioxidants 

The ability of the biocatalytically synthesised compounds to inhibit WL oxidation was 

assessed by adding them to a reaction mixture containing copper (to initiate oxi<lation) 

'" 

" 
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and LDL, and then noting the effect on the lipid peroxidation-associated diene 

conjugation. An increase in the absorbance at 234 nm indicated diene conjugation. The 

results of the reactions arc reported below in Figure 4-10. Of the compounds tested, 

arbutin femlate (39), was found to confer the highest inhibition of LDL oxidation, higher 

than that of its precursors. femlic acid (1), and arbutin, (38). Therefore, the esterification 

of arbutin with ferulic acid increased the arbldin antioxidative activity towards copper 

induced oxidation ofLDL by 10 %. The compound 35, 3~-O-Femloyl-17~-hydroxy-5a­

androstane also had an antioxidative effect as did the steroid from which it was derived 

from, compOlllld 34. 

All of the antioxidants tested had an absorbance-decreasing effect, (prevention of diene 

conjugation due to lipid pcroxidation) except for the 1:4 ferulic acid: 3~-O-feruloyl-17~­

hydroxy-Sa-androstane mixture, and dihydrocholesterol ferulate (33). It was lmexpccted 

that the mixture wOlild have an absorbance-increasing effect indicating accelerated diene 

congugation and further investigations into these results would need to be pursued in 

order to provide an explanation. It was also interesting to observe the increased oxidation 

effect (indicative of formation of diene conjugates due to lipid peroxidation) of 

dihydrocholesterol ferlilate 33. This may be explained on the basis of the structure and 

chemistry of LDL particles. LDL particles arc composed of cholesterol esters, which are 

hydrophobic and arc encapsulated by a layer of phospholipids and unesterifled 

cholesterol, which much mere polar than esters 

(hup: //www.li)lidlibrar ... co.llk/Ll)1lds/!;\crol.l/index hlm!,ice, illustrated ill Figure 4-1 [ 

below). The polar theory could be used to explain the low activity observed for 

compound 33. It is a very lipophilic compound and the LDL particles in which it \<·as to 

exert antioxidant activity are also lipophilic. As a result it exerted no protective effect on 

LDL oxidation. Hence, the increase in absoroance was due to the oxidation of WL 

which took plac ~ , llninterrupled by compound 33, as It had no activily when exposed to 

lipophilic conditions. This hypothesis is supported by the TLC results obtained in the 

course of this study, which showed that compound 33, \Vas a highly non-polar compowld 

(Table 4-6 tabulates the R, values obtained from TLC of the products llsing 10:1 

chloroform:ethyl acetate obtained during the course of this study) with an R,-yaluc of 0.7 
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compared to that of 35 (Rr of 0.25). It is proposed that this product, due to its non­

polarity, enters into the lipophilic LDL particle lipophilic core with the other ferlJlic acid 

esters, prevcnting it from exerting much antioxidant activity as explained by the polar 

theory. The LOL oxidation mocharnsm 1S not understood and further knowledge would 

provide insight into dle results obtamed for the product 33 and the ferulic acid product 35 

mixture (.t\oguehi 2002; Gra[lmann el al.. 20()S). Other triterpene androgens and 

progestins such as testosterone and progesterone were fOood to have pro-oxidant acti\ity 

on LOL as dley accelerated the rate of LOL oxidation initiated by Cu2+(Zhu et al .. 1999) 

as obsen'ed for compound 33. Therefore, lipophilic compOl.lllds, such as compound 33, 

are poor inhibitors of LDL oxidation, a linding which has significant reperclJssions on 

therapeutic in vivo LDL oxidation inhibitors . 

• LDl+Cu +MeOH 
. LDL+Cu+ 35 
DLDL"'Cu +34 

DlDl+Cu + 1 
. lDl+Cu+ 38 
. lDl+Cu+ 33 

o LDL +Cu +1:4 1 :35 mixture 
. LDl+Cu + 39 

Figure 4-10. Changes in absorbance due to the Cu" induced formation of conjugated 

dienes In LDL samples. An increasu in ~bsorbance Indicated the formation of conjugated 

dlenes and a negativu change indictud an Inhibition of the formation of conjugated dienes. 
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Table 4_6. R, values of the steriod derivative compounds in descending order of polarity 

obtained from TLC uSing 10,1 chloroiorm'ethyl acetate as mobile phase. 

Compound , 
" -

" 

" -

" 

--

-

lai 

P~Q,."h Olir·~ 
m" ,,,,I~y ... 

-

Compound name R, valu .. 

Ferulic acio 0075 

50 AA Grosla'w 3~. 17~ d,oI 005 
--- - --

'C O-F eruloyi-l 7~- 0.25 

hydroxy-5o-a:loroslar>c 

Dihydrocholcstcrol 0.325 

Dihnrocholesterol ferul"te 'J 

CI"'I~","m l ""~ ,, 
,1500 mole cule. ; 

--

-

-

Figure 4-11. Schematic diagram of an LDL particle. An outer monol~yer of phospholipids 

and unesterified cholesterol covers a hydrophobic cholesterol fatty acid ester and 

triglyceride core. Emoodd .. d in the phospholipid and cholesterol layer, is the prot .. in Apo­

B. (Figure tak .. n from Lodish .. 1 al., 2000). 
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4.3.5 NADH oxidase assay. 

The cofactors NADH and NADPH have been reported to be intramolecular antioxidants 

in the cell cytosol (Kirsh and Groot, 2(01), and these compounds are hydride donors in 

many enzymatic processes. They are recognised as indirectly·acting antioxidants in this 

role, as they arc involved in the redudion of proteins sw:;h as glutathione, some of which 

have antio~idant functions. Evidence has emerged that NADH and NADPH themselves 

can a<;t as directly operating antioxidants; they have been reported to quench radicals 

derhed from peroxynitrite and other UIlstable free radicals and to "repair" harmful 

radicals such as glutathiyl and tyrosyl radicals (Kirsch and Groot, 2001). This 

independent (directly operating antio~idant) function complements the coenzyme 

(indirecUy operating antioxidant) role. 

The enzyme NADH oxidase (NOX), converts NADH to NAD~. It is a membrane 

associated protein, reported to be responsive to anticancer drugs. Studies have suggested 

that se"erru phenols in wine could prevent the oxidation ofNADH from peroxynitrite, a 

free radical that is linked to various human diseases (Valdez et al., 1998). A tumour· 

associated NOX gene, tNOX, has been identified which was found to be upregulated in 

and associated with cancers. Therefore, it was suggested that phenols which can inhibit 

NADH oxidase CO\.lld playa major role in the inhibition of the expression of NO X genes, 

thereby decreasing uncontrolled growth of tumour cells in cancer (Morre et. al., 1995). 

Based on these and other findings, a hypothesis was proposed in this study, that the 

inhibition ofNADH oxidase is a physiologically relevant antioxidant assay. As a result, 

several compounds, including those prodw:;ed biocatalytically during this study, were 

assessed for their ability to inhibit NADH oxidase (NOX) activity. A bacterial, water­

forming NOX isolated from Laclobacillus sanfrancisnensis was used for the assays 

described in this study. L. sanfrancisnen.<is NOX accepts both NADPH and NADH as 

,-ubstrate (Loontos et aI., 2005). NADH was used as a substrate and the en0'llle activity 

assay was conducted according to Riebel el al., 2002. NOX was added to NADH in TEA 

buffer and the decrease in NADH levels was measured spectroscopically at 340 nm. 

'" 
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Del:rease in NOX activity over time was noted and hence all results show NOX activity 

at specific times. 

4.3.5.1 Effect of solvent on the NOX assay 

The phenolic compounds uscd in this study did not dissolve well in water, but they 

dis.<;()lved well in organic solvent. Thus, an investigation into the effect of two organic 

solvents was conducted in order to find one that did not interfere with the NOX assay. 

Ethyl acetate was found to inhibit enzyme a<:tivity at I % vlv whereas methanol did no! at 

I % or 3 % vlv (Figure 4-12). Subsequently, all compounds were dissolved in methanol. 

.-

• • • • • • • 
T .... (mnl 

--NOX acIMI)' __ NOX+' '''' "'lII"-' -+-NOX+3'4 ot¥ .-.. 

Figure 4·12. Effect of ethyl acetate and methanol on NOX activity. Methanol was found to 

ha.ve no int .. rfenmce ~t 1 a.nd 3 % vlv on the assay and was used to dissolve all 

compounds used. 

4.3.5.2 Phenolic compounds with no inhibitory effect on NOX activity 

Addition of some phenolic compounds to NADH solution did not increase the absorbance 

of the solution at 340 nm. These compounds were also found not to affect NOX activity, 

when they were added to the assay mixture. Thesc compounds were p-arbutin, catechin, 

catechol, eugenol and ascorbic acid. The decreases in absorbance due to NOX activity, 

w, 
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were the ~~mc for j\' OX with or withollt the addition of these compo undo (Figure. 4-13), 

Thm" the, e compo lind, did not ~fTect NOX activity ,ignificantly (Figure. 4-14). 

,--------------------------------, 
H , 
" 0 , , , , 

0 0.' < , 
'0 0.6 
< 

~ M 

I 0.' 
0 • 

0 '" " • 00 '" 00 

__ ~X __ NOX+ eugemlo:x:. tw "" ___ NOX_l<>Chlo~ 

.......-~x + p-;ort:x." oI"""b/woce --0-- 20"M ~ ockI +~x 

Figure 4-13. Eff~ct of th~ addition of non-NOX inhibiting phenolic compounds In NOX 

~ss~y on ab~ orb~nce. Th .. ~b50rb ~nce at 340 nm did not chang .. when 10 mM c~ techin {a 

flavonoid), eugenot, p-arbutin or 20 mM ~ scorbic acid was ~ dd"d. 

'" 

I 
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Biological activity of the synthesised products 

T""'{~J 

Figur~ 4_1". Activities of NOX Mter ~ddl!iOll of non-inhibiting phenolic compounds. NOX 

~clivlty was nol significantly affected by the addition of 10 mM catechol, catvchln. 

eugenol, p-arbutin or 20 mM ascorbic add 

4.3.5.3 Effect of phenolic compounds with putative inhibitory effect on 

NOX activity 

The assay us~d in this study detected NAOH l~v~ls via iI., absorbance at 340 nrn, .,inc~ 

NADH nbsorbs at that wavc]ength but oxidised NAO+ does nolo S~y",al of the 

compounds Ihal were ass~yed, upon addition 10 NADH, resulled in an increase in the 

abS(II"bance of the reaction mixture. These w~rc termed "Absorbance increasing 

compound,". figllre 4-15 .,hows the effect oflhe,,", compounds on the absorbance. Most 

of the ~e incr~3Sed the abs<Jrbanc~ by an amount much more than their own absorbance at 

340nm 

'" 
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" 

• r"'* =t '! ,,, 
~ 

* " • ~ uj 
~ , 

• , < " 

0.< .' 

-- .- .. - -.----- - .- - ' - ' -~ 
• . --- -_._-, • < < • • • • • • 

T""" (oocoods) , ---+- 1crnM Res"""""'" ~ ---++---- 1CinMVor¥ FenUe~ 

-_ 1OrMFen.jicadd ~ --+- 1CinM FerUic add + NOX ~ 

----n- 10mM Gaff,," Acid Ab$o::rlxInce --e- - 1CinM C;lfftoic oc:id + D7 ~ 

---*-10:rt.4 NairlJQl ~ • ~,-
-+-1:1 F"",", oc:id!lOl nix 1;1 FmJic6l'Jid+NOX~ 

Figur~ 4·1~. Eff~ct of putativ~ NOX inhibitors on NADH absorbance at 340 nm. 10 mM 

fgrulic acld, naringen, caffeic acid, vinyl ferulatg, res.vgratrol and products. from a 10 mM 

ferulic acid reaction caus~d an increase in absorbance at 340 nm. D1 was the name of the 

NOXuud. 

It was considered that an increase in absorbance at 340 run may have indicated increased 

levels ofNADH. In order to ascertain this, NOX. ,,"hich converts NADH to NAD~, was 

added to the mixture. However, the increase in absorbance due to the addition of 10 mM 

phenolic compounds was not significantly affected by the addition oflhe NOX enzyme to 

the reaction mixture. This may have been due to an increase in NADH concentration to 

levels that ,,"ere inhibitory to the enzyme, or more likely due to absorbanee"increasing 

complexes of NADH with phenolic acid compounds having been fonned, that ""ere not 

substrates of the enzyme used. An addition of NOX did not alter the increase in 

absorbance observed. 

'" 
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As ,m alternative explanation, the increase in absorb,mce at 340 nm caused by the 

addition of acidic phcnolic acids (eaiTeic ,md ferulic acids) could havc becn duc to either 

a chemical reaction bctv.'een residllal ;-rAD' in the NADll, or a reaction bctween the 

NAOH and the phenolic acid<;_ To te,\ this hypothesis. ;-rAD- was reacted with the 

respective absorbancc-increasing compOlmds_ This did r~'Sult in an increase in absorbance 

at 340 nm C-lAO~ doc<; not havc an absorbance at that wavelength)_ This may po,sibly 

havc bcen dliC the formation of ;-rAD-phenolic complexes which absorb at 340 nm_ 

ACIdic phenolic acids such as ferulic acid and caffeic acid showed this absorbance 

increasing effect, whereas eugenol (which is identical to fenllic acid except for the 

carboxylic acid moiety on the para-substituted subumt) did not. Thll<;, ellgenol doe<; not 

have the carboxylic group that wOlild rcact with NAO- and so does not cause an increase 

in absorbance whereas caftcic acid docs. Caficic acid ha:; the para-sub,tituted carboxylic 

acid group like fcmlic acid and has an identical effed. 

The chemical reaction that explains thi<; i<; illu<;tratcd in Figure 4-16. The investigation 

into the effect of the methyl group or the methoxy group on the phenolic ring wa, 

conducted using catechol. Catechol has the samc phenol ring with a methoxy group on it, 

but unlike caffeic acid it docs not have thc para-substituted moiety. Catechol did not 

havc an effect on the NAOIl, again sugge,ting that the acidic moiety is respon,ible for 

the increase in absorb,mce effect. 
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A) Absorbance increasing compounds 

o 

""O~~ I 0" 

eo / 
Ferulic acid 

o 

HO~OO 
HOV 

+ 

" 0 

¢tNH' 
P;o,,1 

o-~-o ~ NH 
I 011011£' 9 N "'N 

o-~=o t:: I ) 
0-0 " 

00 C " 

Increase in absorbance 

• 

+ 

Caffeic acid NAD+ 

B) Non-absorbance increasing compounds 

+ 
Eugenol 

+ 

Catechol 

(l J NH, D 
r-l(:v1 

o-i-o 
00 ~~~ 

o-~=o t:: -Z . .J 
0-

0 
N 

011 011 

NAD+ 

--------. No reaction 

No Change 

in absorbance 

Figure 4-16. Effect of selected compounds on NAO+. A) Addition of phenolic acids such as 

ferulic acid to NAO+: An increase in absorbance was observed. It is postulated that the 

acids react with NAO+ leading to the formation of a phenolic.NAO complex which absorbs 

at 340 nm like NAOH. 8) Addition of non·acidic phenolic compounds where no change in 

absorbance at 340 nm was observed. 
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4.3.5.4 Effect of the addition of the organic phase reaction products of 10 

mM ferulic acid reaction with immobilised laccase in biphasic 

reaction system: addition of NOX after test compounds 

The cflecl of the laccase synthesized products of f~rulic acid on NOX was investigated. 

The r~action pro<iClCts in the ocganic phas~ of the biphasic (ethyl acetate/<;odium acetak 

bClfTer) 10 mM tCrulic acid reaction mixtClr~ with lacca~e that had been immobilised at pH 

7 w~r~ used. The synthesis is explained in Chapter 2. Section 2.3.7.2 and product 

characteri~ation in ~ection 2.4.7.1 The products were chamctemcd to he 4-vinylgCllliacol 

(10) (section,2.4.7.1) and small qnantities of fenllic acid dimers. The effect of thi~ 

product mixture on ).lOX activity was inve,tib'llted, 'Dle reaction products from the 

conversion of 0.2 ruM and 0.02 mM~ f~rulic acid by lacca,e w~", t~,ted. These 

concentrations Were equal and 0.1 x lh~ concentration ofNADH Cl<;cd. 

The prodClct mutures were added to ).IADH solution as previou, in order to determine 

whether an increase in absorbance would result There was an increa<;e in ah<;nrhance due 

to the product mixtures, as in the case of femlic acid which is their substrate (Figure 4-

16)' U n~xpecl~dl y, the ditf~",nce bdw~en tll<' increases in ab,orbance of the respective 

concentrations was minimal. The overall increase of both concentration, was small and 

wa, ~asily ft'v~r,ed by tll<' addition of NO X enzyme, Thus, the results showed that there 

wa<; no inhihitory effect 011 ).lOX activlty du~ to the ferulic acid-laccase reaction 

product<;, at the concentmtiom k<;ted (Figur~ 4-17). 

'Conversion of lOmM lerulic acid w"s conducted and a ,'olume «juiv,lIent to 0.2 and O,02m.\j fen,lic acid 
eom'erted wa, u,ed 
, "Acti ,'ilb" uf compound' WeIe calculated using the extin.tiun co-efficient ufKADII u'ed for the 
em:yme a,,,,y'. This wa, dune in <>I"d.cr to have a cumpariWll f(}[ levels of incre.,e not.d for e""h 
cumpound .nd to oo,en'. the effect the ,,,Jdition of NO X would have on tho high .h,orhaTIoe', ootaiTIed 
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Figur. 4_17. Effect of laccasell0 mM !erullc acid rgaction on absorbance of NADH solution 

at 340 nm. There was no significant difference between thg incr~asgs in absorbance 

caused by an equal or 0.1 x concenlrali on of ferulic acid reaction conversion products. 
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Figure 4·18. Effect of lacc~5e/10 mM f~rulic acid reaction product mixture on NOX activity. 

NOX activity was not ~ffected by th~ addition of the products. as thu NOX activity curve 

was unaff~cted ~s shown. 

4.3.5.5 Investigation into the effect of different substrate mixing sequences 

on NOX activity: adding resveratrol simultaneously, or before the 

addition of NOX 

There W'1> a significant difference ubserved between the NOX activitie,< obtaine<J wflen 

resveratrul was added simultaneously ur before tfle additiQn QfNOX. TWQ CQncentrariQns 

Qfre,<Yeratrol were used during the investigation, e'luallO ur O.lx the euncentration uf 

NADH used in the as,ay, Figure 4-18 below show, the results obtained, The addition Q[ 

resvcratrol resulted in an inne",," in absorbance. which wa, inversely propmtional to 

activity. This re,<ulted in negative "actiyities" being calculated fm resveratrol, which were 

concentration dependant as shuwn, AddiliQn QfNOX after mixing 0.2 m\1 and 0.02 mM 

resvcratrol with NADH resulted in a decrea>e uf 42.8 and 26.3 % NOX activity 

re,<)JCclively. TIle simultaneous additiQn QfNOX and 0.2 1ll\1 rcsveratrol resulted in an 

'" 
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ovcralJ negative activity. The Increa8e in abiiOrbance from the resveratro] only was 

gr~atcr than whcn NOX was added simulwneOllsly, indicating NOX activity taking place 

In the presence of 0.2 ln1>t n;sveratrol. When 0.02 ruM: resveratrol was added 

simliitaneou,ly with NOX there was an overall po8itive NOX activity whi<;h was 37.3 'Y, 

lower than NOX activity alone. 

TablG 4·1. Th~ effect of ~dding 0.02 and 0.2 mM r~sve ratrol on NOX activity 
~ .... _. 

I 

Enzyme alone Resveratrol 

0.2 mM I 0.02 mM 

, Compound atonft 16.6 UlmL ,30 U/mL -9.1 UlmL 

SirmJltaneous addition of compou'iiir 

I 
-25.2 U/mL 10.4 UlmL 

with enzyme 

I Dtfferenci ;n NOX activity -251'1. -37.3 % 

Addition ", compound lirst thftn 9.5 UlmL 12.-4 UlmL 

~n~ym. aft~r 405 

Difference in ,"OX activity -42.8 'ro -26.3 % i 
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_0.2 mid ___ .t.cIIYIri 
flO.2 mid ... """,0'CII.n.n D7A01/Y1ty Ii!I 0.2 m'" , ... --.Ird + 07 A<;IMl)' 

000_ _0.02 mid ... _'""'" AcI"l)' !l0.02 m'" _--.Ird tI>oon 07 ,o.ct/Yity 
Ii!IM2 rnM _ _ +07 AoII.,.;ty 

Figurt 4·19. Inhibition effects of phenolic ~cld. On NOX activity using 0.2 mM NADH and 

0.2 mM or 0.02 mM phenolic compound Inhlbltol"1l. 

Using a 1:10 ratm of 0.02 mM rcsveratrol and NADH, there was less difference between 

the NOX activities when resveratrol was added simultaneously or added subsequent to 

the addition of NADH (37.3 % and 26.3 % respectively). This result corresponds wen 

with a previous report of the inhibitmn of 25-30 % of pig liver transitional endoplasmic 

reticulum NOX, by retinol (Sun el al., 2(00). 

Oralio e/ al., (2002) rep<Jrted a 71 % decrease of endothelial containing Rat aortic NOX 

activity by 10 11M resveratrol. The low inhibition values obtained in this study are 

attributed to sevend factors, most significantly concentration effects, The reported studies 

used mamrnaJillll NOX proteins in tissue homogenates, which would have contained low 

NOX concentrations. In this study, recombinant bacterial protein used was pure and 

protein concentrations used were those used in previous standard NOX assays in which 

'60 
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. 0.2 mM RO.,""" "" Ad;;oI:, DO.2 mM " •• ora'''''."." 07""" .... , I'l 0.2 mM '.'WO""" • 01 Acto-tr 

• D7 Ac'I~ty . 0.02.,~ """ " ar"" kt"'!)' DO.02 mM ,,,,,, ... trcl1I1«1 D7 kiM!)' 

110.02 rnM ,.,_~trcI .D1 ,Ici~ty 

Figure 4-19. Inhibition effucts of phunolic ~cids on NOX ~ctivity using 0.2 mM NADH and 

0.2 mM or 0.02 mM phenolic compound inhibitors. 

Using a 1 :10 ratio of 0.02 mM resveratroJ and NADH, there was less difference bev.veen 

the NOX activities when resveratrol was added simultaneously or added subsequent to 

lhe addition of NADH (37.3 % and 26.3 % respectively). Thi, result corre,ponds "eli 

with a previous report of the inhibition of 25-30 % of pig liver transitional endoplasmic 

reticulum NOX, by retinol (Sun el al .. 2000). 

Orallo e/ al., (2002) reported a 71 % decrease of endothelial containing Rat aortic NOX 

activity by 10 J.lM rcsveratrol. The low inhibition values obtained in this study al'c 

attributed to ,everal factors, mmt ,igniJicanlly concentration efrecls. The reporled studies 

used mammalian NOX proteins in tissuc homogenates, which would havc contained low 

NOX concentrations. In this study, r«olTIbinanl bacterial protein used was pure and 

protein concentrations used were those used ill pre.ious standard NOX assays in which 
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the enzyme was obtained (Riebel et al., 20(2). Those conditions may have utilised NOX 

concentrations that were too high in proportion to the substrate NADH and inhibitor 

concentrations. 

4.3.5.6 Investigation into interruption of NOX activity by ferullc acid 

organic and aqueous conversion products 

The results of the previous section showed a difference in the extent of NO X inhibition 

dependent on the order of reagent addition. TItis experiment investigated the effect of 

adding the inhibitor after uninhibited NOX activity had been initiated. NOX activity was 

allowed to proceed for 40 seconds before the putative inhibitors were added. The 10 mM 

ferulic acid conversion products synthesi~ed in a biphasic reaction catalysed by 

immobilised laccase were used to carry oot the investigatiOll. Both the organic and 

aqueous fractions were tested. In Section 5.3.4.4 it was reported that the laccase/ ferulic 

acid products did not have a marked effect on NOX activity at the concentrations that 

they were tested when NOX was added after the products (Figure 4-16 and 17). However, 

a maTked inhibition of NOX activity was observed after addition of the ferulic acid 

reaction mixture. An initial dip in NOX activity was observed immediately after the 

addition of the reaction mixture (at 40s), and the enzyme activity did increase again, but 

not to original NOX activity levels (Figure 4-19). 

Table 5-8 shows the NOX activities before and after the addition of the reaction mixture. 

Inhibition was defined and calculated as the increru;e in the ratio of residual NOX activity 

after inhibitor addition, over the original initial activity, compared to that of uninterrupted 

NOX, in order to normalise the data. The ratios were calculated based on the initial 

ferolic acid concentration of the reaction. The final NADH concentration was 0.2 mM; 

therefore the 1:10 ratio used contained 0.02 mM initial ferulic acid and the 1:5 ratio, 

ImM initial ferolic acid. Inhibition was observed for the aqueous fraction of the reaction 

used. This was due to the ferulic acid polymers being present in the aqueous phase of the 

reaction and not the ethyl acetate. The 1:10 ratio of the organic phase of the reaction 

'" 
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containing 4-viuylguaiacol (which is more soluble in ethyl acetate) was foond to be less 

inhibiling of NO X activity. 

It can be concluded that femlie acid p<Jlymers p<J%ess higher NOX inhibitory effect 

(30.76 'Yo) thau the 4-vinylguiacol (9.39 %). Femlic acid itself exhibits NOX activity 

inhibition, which can be increased by its polymcrisation as reported by o\hers and in this 

present study. The antioxidant activity offemlic acid is increased by its polymerisation 

aud it follow>; that it>; NOX inhibition would also be increased, since its mechani~m of 

inhibition may be lmked with it! antioxidmt activity. Thi~ hYp<Jthe~is would need further 

investigatiou to a~s ess it~ validity . 

. ,""" ;---C. • - • 
T""' (~) 

..... -N:iJ<~ 

• 

L 
__ ra h<l O"'i 1: "kl """-k aX em rrt< 

-+- N:iJ< h" 4" 1:10 F..uc ,,:;id ml rri, N:iJ< 1len O<.J."' 1:~ F.,.a;o,.,;o,..., rrix 

Figure 4_20. Eff .. ct of .ddition of 10 mM ferulic acid reaction with immobilised I.cc.se in 

biphaslc reaction system reaction mix after 40 seconds of NOX activity over time. The 

.ctivity of the NOX activity was Inhibited by the addition of the feruBc acid reaction mix. 

The decr .. ase In activity ootween ~O and 60 ~econds was due to the Initial Increa ~e in 

absorb.nc~ due to the ~ ddltion of the test compound, which is then qu~nch~d. 

'"' 
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coniaining 4-vinylguaiacol (which i, more soluble in ethyl acetate) was found to be less 

inhibiting of NO X acti,lty. 

It can be concluded that ferulic acid polymers possess highcr NOX inhibito!), effect 

(30.76 %) than the 4-vinylguiacol (9.39 'Yo). Femlic acid itself exhibits NOX activity 

inhibition, which can be increased by its poljlnerioation a, reported by other, and in this 

pres""t Sludy. TIle antioxidant activity of ferulic acid is increa,ed by its polynlerisation 

and it 10110ws lhat its NOX inhibilion would also be increased, since its mechanism of 

inhibition may be hnked with its antioxidant activity_ This h]1JOthesis would need further 

lll .. esligation to assess its validity_ 

'. 
,. 

". , 
0 ,. 
b , ,. 
u 
< -

," 

.~ , 

Inhibitor 
added 

• 

__ 10:11'<>1 "91:10 F<nl<: ocid tm rn. 
__ 10: f1<n '"l-'" 1: 1 0 F<nk a::id "" m, 

• 
_____ ~ OOMry 

~ _ f1<n '"+'" 1:5 F""-': ocid "'" oix 

Figure 4·20. Effect of ~ddition of 10 mM ferulic acid reaction with immobilised l~ccne in 

biphasic reaction system reaction mix after 40 seconds of NOX activity over time. The 

activity of the NOX activity was inhibited by the addition of the ferulic ~cid re~ction mix. 

The decrease in ~ctivity between 50 and 60 seconds was doe to the initial increase in 

absorbance due to the addition of the test compoond, which is then quenched. 
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