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Abstract

This research focused on the bioconversion of unsaturated fatty acids to
hydroxy fatty acids, which are platform chemical§ biological and industrial
significance. Oleic, linoleic and linolenic acid are liberated in the soap stock of plant
oil refineries as free fatty acids and were used as model substrates for bioconversion.
The thesis selected microorganisms, and devdlapethodology for the rapid and
enhanced enzymatic transformation of these unsaturated fatty acids to hydroxy fatty
acids. The protocols established can be extended to derive value added compounds
from the byproducts of plant oils.

The first objective \as to identify bacteria with the ability to produce
hydroxy fatty acids, and to increase the product turnover-MSCanalyses
indicated the transformation of oleic acid to -Hyroxystearic acid by
Pseudomonas aerugingsd.actobacillus plantarum, L. sanfm&iscensis L.
reuteri, L. sakej andBifidobacterium bifidunBB12. Linoleic and linolenic acid
were converted to 1Bydroxy-12-octadecenoic acid, Iydroxy-9-octadecenoic
acid and 10, 1-8lihydroxystearic acid by lactobacilli but not By aeruginosa
Maximum transformation rate was observed from crude cell extract and the
activity of a hydratase enzyme was indicated.

The second objective was to develop a single step method for the
production of coriolic acid from linoleic acid with lipoxygenase (LoR) process
for angle step formation of coriolic acid was achieved with a 70% or higher yield
from free and immobilized Loxising cysteine as reducing agent containing 2

mmol/L and 100 mmol/L initial linoleic acidlmmobilized Lox was reised 10



times with64% yield from 2 mmol/L linoleic acid and 3 times with 40% vyield
from 100 mmol/L linoleic acid.A comparable activity of free Lox was observed
in reactions performed at a5 mL and 1 L scale.

The dissertation provides practical approach for the biowamstion of
unsaturated fatty acids to hydroxy fatty acids by using the specific enzymes from
bacterial cell extracts or by commercially available enzym@&se nature of
products depends upon the substrates, source of enzyme and transformation
conditions. The products thus generated hold the potential to be used as bioactive

compounds for food, pharmaceutical and industrial purposes.
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Chapter 1
Bio-Transformation of Fatty Acids

1.1 Background
Fatty acids from plant and animal origin, or from agricultural waste,

constitute a vast renewable resource. This renewable resource can be used to
supplement the declining natural petroleum reserves, allowing for the production
of oleochemicals and ebased industrial products such as plasticizers and
urethanes(Sensozet al 2000) Deriving material applications for renewable
resources such as vegetable oils is advantageous due tomthaial carbon
dioxide emissionsinherent biodegradability and low toxicifXia and Larock
2010) It has been estimated that 15% of all soybean oil from 2001 to 2005 was
consumed in industrial process@sia and Larock 2010) A reason for the
increased utilization of lipids in industrial processes has been the ability to tailor
the products according to specific needseir applications are outlined below.

For examplefatty acidsliberated in the waste streams of natural oil refineries can
serve as a natural alternative source for making specialty chemicals of vast
industrial significances.g, pharmaceuticals, food additives, flavour compounds,
polymer precursors and natural fucigal agentsNlaughton 1974)

Soybean and canola oils are rich sources of unsaturated fatty acids
(UFAs), while palm oil mainly contains saturated fatty acids in the form of lauric,
myristic and palmitic acigLuo et al 2010, Misra and Murthy 2010)In western
Canada, total canola production was 12.56 million metric tones for the year 2008
(Anonymous: Canadian Grain Commission). UFAs accumulate during the
refining process of canola and soybean oil in the soap stock and deodorizer
distillate. The free fatty acids liberated in soap stock of canola oil are comprised
of 18 to 19% unsaturated fatty acids (Table 1.1). The free fatty acids from canola
oil or from the byproducts of these plant oil refineries can be transformed into

industrially important compounds using biological systems (Hou 2000).



Table 1.1. Fatty acid composition of canola oil and soap stock of canola
(Durantet al 2006)

Fatty acid Canola oil Soap stock
Oleic acid (C18:1) 61% 15.57%
Linoleic acid (C18:2) 21% 3.31%
Linolenic acid (C18:3) 9-11% 0.24%

This biological transformation of UFAs into valuable chemicals and
materials would generate products from theste@astream of plant oil processing
operations which are rich in UFAsSoap stock is currently being used as an
animal feed additive, particularly in pig and poultry diets.ddiion of 1%
soybean soap stock to the poultry diet brings about an increagpmXimately
1.7 g in the weight of a broiler over a period ef WeeksPardioet al 200L). In
feed applications, the soap stock is used directly and no value added materials are
derived from it. Howeverfatty acids removed from the soap stock could provide
a sustainable source of important industrial raw materials after undergoing
chemical or biological transformation. Various functional groups in UFAs offer
sites for chemical and biological modifiaati. Particularly the formation of
hydroxy fatty acidss important in this respecas addition of hydroxyl groups at
unsaturation sites on UFAs converts them into platform chemicals for various
applicationgNaughtn 1974 Hou 2000).

The aim of this work was to develop a green tetbgy capable of bio
transforming pure UFAs in the form of oleic, linoleic, and linolenic acid as model
compoundsEfforts were devoted to investigating and developing potential bio
transformationroutes leading to hydroxy fatty acidérom UFAs. After the
progress with model compounddiet UFAs, which are produced as waste
products, can be usddr the generation of renewable and eeficient platform

chemicaldn the form of hydroxyatty acids



1.2  Introduction

This chapter outlines the relevant literature pertaining to the practical
applications of specialty fatty acids known as hydroxy fatty acids (HFAs). The
focus is on applicati®of selectively hydroxylated fatty acids, agsle fatty acids
were the primary target for this study. An overview of HFAs in various areas
including food, biomedical research, pharmaceutical, and chemical synthetic
industry is described, followed by naturally existing sources of HFAs and their
industial significance. In the later sections, chemical synthesis of hydroxy fatty
acids with implications on complex procedures, lower yields, and purity of final
products is compared with biotransformation using whole cell microbial systems
utilizing different enzymatic pathways, and purified enzymes. Among various
enzyme systems for producing specialty chemicals, emphasis has been placed on a
soybean enzyme, lipoxygenase. The mechanism of action of lipoxygenase is
described in order to develop an insigitbithe secondary reactions leading to the
formation of undesirable products. An understanding of the mode of action of
lipoxygenase is also required to develop a stable high yield enzyme system.
Additionally a literature review about immobilization pealtires developed to
date for this enzyme is presented in a tabulated form with special reference to the
formation of a relatively unstable primary product in the form of hydroperoxy
octadecenoic acid.

1.3  Bio-transformation of unsaturated fatty acids (UFAS)

Modification of the alkyl chain of fatty acids for the introduction of new
functionality can be performed through chemical methods or through biological
systems (i.e. microbes or purified enzyme3he enzymatic reactions have the
advantage of stereand regiespecificity, lower energy demand, and decreased
by-product and waste generation, which also curb environmental corfEsen
et al 2009, Gunstone 2003, Schneidal 2001)

The specific desired mditation of fatty acids depends on their final
usagee.g as a nutritional, food grade or industrial end product. Current

modifications in food systems are usually focused on the levels of saturated and



unsaturated fatty acids (Krlstherton 2010). Hower, for industrial purposes, a
more elaborate range of modifications of chain length, position of double bonds
and variation of functional groups is often used to attain the required attributes.
Introduction of hydroxyl groups on fatty acid chains makesnt more polar,
viscous and reactive Currently, commercial polyols are mostly produced from
petroleumbased monomerfd.ligadaset al. 2010) In the following sections, a
review of pertinent literature regardirthe applications of HFAs, their natural
sources and different approaches for introducing hydroxyl functionalities into the
UFA chain to form HFAs will be described.

1.4  Uses of hydroxy fatty acids (HFAS)

HFAs and their derivatives are multifunctionalolecules used in
pharmaceuticals, cosmetics, paints and coatings, lubricants, food, and cosmetic
industries(Naughton 1974) They are useful intermediates in the synthesis of
industrial grade fine chemicals. Vau® HFAs, categorized according to their
applications in relevant areas are described in the following sections.

14.1 HFAs as industrial raw materials

Hydroxy fatty acids are intermediates for the formation of polyurethane,
polyesters, waxes, resins, dags, paints and enamefg/eberet al 1995) Fatty
acids from natural oils can be used as raw materials for polyurethane production for
which multiple hydroxyl groups are required. Castor oil contains a large amount
(94%) of ricinoleic acid, chemically which is,23thydroxy-9(Z)-octadecenoic acid
(Barneset al 2009, b). The presence of dyoxyl group on ricinoleic acidhas
made it an attractive raw material for the chemical industry over the past century for
the prodiction of lubricants, polyurethane building blocks, castings, resins,
elastomers, urethane foams, and interpenetrating net{@ekseset al 2009a) In
addition to unsaturated HFAsaturated HFAs such as-h§droxystearic acid and
its derivatives have been described as ingredients of multipurpose industrial grade
greaseyHagemann and Rothfus 199Muo and Levinson 2006) The synthetic
routes for the preparation of these grease thickeners are describetryet al



(1974a, b). Kdroxy stearates can be applied in the form of oil resistant, water
proof leather coatings and for the formation of felf foils (Naughton 1974)
HFAs with di and trihydroxy substitutions have been reported from microbial
transformation of oleic acid, ricinoleic acid and linoleic acid. The use-aindi tri
hydroxy fatty acids irthe formation of microemulsions and as additives in various

commercial preparations has been repofitet and Lanser 2008iou 1999)

14.2 HFAs in the food industry
HFAs are structurally analogousto naturally occurringHFA, ricinoleic
acid andcan find applications in the formation @&vouring agents andrugs
(Naughton 1974) Lactones and conjugated linoleic acahalsobe derivel from
HFAs (Alewijn et al. 2007) 3-De c a |l a c t edodecalactomes impapeach
and coconut flavours to various food productspectively(Serraet al 2005)
The sweet, frity and fatty flavourof these lactones imalt whisky were reported
to be produced by microbial processes originating from the hydration of UFAS,
using 10hydroxystearic acid as a precurg@vanikawa et al 2000, Wachet al
2003) Conjugated linoleic acid formation has been demonstrated using ricinoleic
acid as a precursor in a biological transformation reaction emplayipigntarum
and through chemical transformation of ricinoleic a¢&hdo et al 2004,
Villeneuve et al. 2005) Additionally, HFAs for foodgrade applications can be
produced from finatural 06 feedstpmdukts avail a
of plant oil refineriegshus meetingthe i si ng demand for fAnatur e
aromagSerraet al 2005)

1.4.3 Bio-active HFAs

Biologically active HFAs have antifungal activities and are secreted by
plants as a stress respor{gato et al. 1983) Microbially produced 12,13,17
trihydroxy-9(2)-octadecenoic acid has been shown to possess antifungal activity
against fungi affecting wheat, potato, and cucumber pléittsi and Forman
2000) Various antifungal HFAs are summarized in Table 1.2. Antibiotic activity
of microbially produced 7,2dihydroxy-8(E)-octadecenoic acid has been



Table 1.2. Antifungal activity of hydroxy fatty acids.

Substrate MIC Indicator
Hydroxy Compound (producer : References
: mg/L strain
organism)

2-hydroxy-C12:0 5
3-hydroxy-C10:0 - 25 . Sjogrenet
3-hydroxy-C11:0 (L. plantarum) 10 P.roquefort al. 2003
3-hydroxy-C12:0 25
7,10,12trihydroxy- (lTDICIQSI!ﬁICir?(;:sIda 5 Pyricularia Kuo et al
C18:F® (TOD) PI'\;a 9 grisea 2001
12,13,1#rihydroxy- Linoleic acid 200 Erysiphe
C18:F° (THOA) (B. megaterium graminis
12,13 17trihydroxy '('I'B”O'e'c acid o0 Puccinia ﬁgr“mzr;]d
C18:I" (THOA) megateriim) recondite 2000
12,13,1#rihydroxy- Linoleic acid 200 Phytophthora
C18:F° (THOA) (B. megaterium infestans

5911 (Chemically Pyricularia Kobayashi
13-hydroxyC18:2% prepared) 63 oryzae et al 1987
8(R)-hydroxy (Laetisaria . . (Bowerset
c18:71 arvalis) 20 Pythiumultimum - 1986)

011 (Chemically : (Katoet al
13-hydroxy-C18:7° prepared) 32 Rice blast fungus 1084)
9,12,1§grihydroxy- (Colocasia 50 (B(I:ae(igtré)g;tsjtrllsgus %ISS; letal
C18:1 (THODeA)  antiquorun) fimbrzat)
Hydroxy fatty acids  Linoleic acid Penicillium (I\/I_artm-

. : ) : Arjol et al.

(mone,di-, & tri-) (P. aeruginosa funiculoaim 2010)

THOA:
TOD:

12,13,1#trihydroxy-9(2)-octadecenoic acid
7,10,12trihydroxy-8(E)-octadecenoic acid

THODeA: 9,12,13rihydroxy-10(E)-octadecenoic acid

MIC:

suggested against various food borne pathogenic bacteria, plant pathogeni

Minimum inhibitory concentration

bacteria andCandida albicangHou 2000, 2008) Antibacterial activity of HFAs

such as coriolic acid, a #3/droxy analogue of linoleic acid, and dimorphecolic

acid toward the growth ofBacillus subtilis, Staphylococus aureusand



Micrococcusflavushas been reportdélundt et al. 2003) The growth of apotato
tuber infecting bacteriunkrwinia carotovoraT29 was found to be inhibited by
the application of Shydroxy-octadecenoic ad and coriolic acid(Kimura and
Yokota 2004) Moreover, very low doses of coriolic acid, with LD 50 values in
the range of 80 ppm against saprophytic nematodenorhabditis elegans
have also been describgtadleret al 1994)

In the area of biomedical research, HFAs in the form of tetrahydrofuranyl
fatty acids, and ®x0-9,10dihydroxy-9(Z)-octadecenoic acid derived from the
microbial transformation of linoleic acid, ansbiated from an edible mushroom,
Hericium erinaceunyespectively, have been shown to possess cytotoxic activities
against cancer celldiHou 2008 Kawagishiet al 1990) A synthetic hydroxy
derivative of oleic acid, -hydroxy-9(2)-octadecenoic acid (Minerv3, exhibited
anticancer activities in animal models of cancer dMlartinezet al 2005, Llado
et al 2010) Potential use of-Bydroxy-9(2)-octadecenoic acid and other related
compounds as anticancer and hypotensive drugs has been described in a patent
disclosure(Marquezet al. 2004) Apart from its antimicrobial activity, coriolic
acid acts as an autocrine and paracrine lipid mediator and as a calcium specific
ionophore(Raoet al 1986)

Coriolic acid is prodoed in mammals when linoleic acid is oxidized by
either 15lipoxygenase or cyclooxygenase. These oxidative reactions lead to the
formation of 13hydroperoxy octadecadienoic aci(Kuhn 1996) These
hydroperoxy compoundsre reduced to coriolic acid in the presence of a
seleniumcontaining glutathione peroxidasguhn 1996) This endogenous
coriolic acid has been shown to play a role in relaxing preconstricted arterial
rings, indicatiny its vasoactive properties by mediating direct influx of*Gato
the smooth musclgstoll et al. 1994) In vitro cytotoxic effects of coriolic acid
and other hydroxylated isomers of coriolic acid have been nmatti@gainst
numerous human cancer cell lingsi et al. 2009, Shureigiet al 2003)
Biological activity of coriolic acids as ardbacterial and anttancer compound
and its role as an antiflammatory agent warrantfi¢ use of coriolic acid for

future biomedical research and developmghkisen et al. 1985, Gautam and



Jachak 2009) Pharmacological studies necessitate a direct and simpleaappr
for pure isomeric preparation of coriolic acid and other bioactive HFAs.
15 Natural sources of HFAs

The major source of naturally occurring HFA is ricinoleic acid- (12
hydroxy-9(Z)-octadecenoic acid) from the seeds Ritinus communigcastor
bean)(Barneset al. 2009b, Severinet al 2010) However, the cultivation of
castor oil plant has been discouraged due to the prevalence of a toxic protein, ricin
in castor seed. Ricin israturally occurring potent cell poison with potential to
be used as a bioterrorism weap@migerio and Roberts 199®inkertonet al
1999, Audi et al 2005) Castor cake is toxic to animals and is not used as feed
until specially treated by steam or alkali, which is known to destroy the toxic ricin
(Barneset al. 2009a). As a result, finding unique methods for the formation of
naturalHFAs has drawn substantial attention. Castor oil containirigy@iBoxy
9(2)-octadecenoic acid, was regarded as a strategic material critical for national
defence due to its application for the formation of a wide range of lubricants and
greases for mility equipment (US congress 1991). Furthermore, ricinoleic acid
from castor oil is a source of hydroxy fatty acid for industrial scale production of a
wide variety of technical productsg sebacic acid, undecylenic acid, polyols for
polyurethanes, detergies and antifungal agents (Powell 2009, Teondtmal
1999). Ricinoleic acid is generally regarded as safe for-thascounter use as a
stimulant laxative and is applied in the cosmetic industry as an emulsion
stabilizer, surfactant, occlusive and visgpgnhancing agent in skin cleaning and
conditioning preparations, deodorants and fragra@@sison Jr. 2007)

Castor oil is a major export commodity of India, China and Brazil, and its
price has been higfvolatile over the last decadPanwaret al. 2010) Presence
of toxic allergens on the seed castor plant, along with price and availability
constraints are the driving factors in the search for substitute metbods
generating hydroxy fatty acidPanwaret al. 2010) As a result, discovery and
development of new methods to convert fatty acids, librated in the waste stream of

plant oil refineries offer a potential sourctlocally generated HFAs.Various



natural sources of functionalized fatty acids from plant sources and their principal
applications are summarized in Table 1.3.

In addition to ricinoleic acid, lesquerollic acid (OH -C20:1*%)' from
Lesquerella fendleria G20 homologue of ricinoleic acid, is another source of
naturally occurring mondiydroxy fatty acid. The seed contains 52% oil in the

form of lesquerollic acigDavid et al. 1993)

Table 1.3 Natural sources of hydroxy fatty acids.

Plant Species Functionality Applications
(% age of fatty acid in seed) (Fatty acid) sgnbol
Common name
o . o . ~ Plasticizer,
Riccinis communi€90) Hydroxy (ricinoleic acid) .
0 cosmetics,
Castor bean 12-hydroxy-C18:1* o
mediciné
Lesquerella fendler(55) Hydroxy )
_ _ Lubricants,
Fendler's bladderpod/ (Lesquerolic acid) _
., PlasticS
Lesquerella 14-hydroxy-C20:1*°
Crepis palesteni#0) Ha wk 6 ¢ _
_ ) Resins,
beard Epoxy (vernolic acid) _
. . o coating$,
Euphorbia lagascae/ernin 12-13-epoxyC18:¥ .
photocuring
spurge

A: (Murphy 2006)
B: (Davidet al 1993)
C. (Metzger and Baracheur 2006)



16  Chemical synthesis of HFAs

Industrially useful fatty chemicals (e.g. hydroxy and keto acids) for use in
surfactants, lubricants, cosmetic and fragrances are derived from fats and oils
through chemicaprocesses. Direct synthesis of only one isomer is not possible
by chemical means, and as a result, an extensive downstream purification is often
required. One multistep method for the chemical synthesis éfsHRvolved
acidification of oldinic acids €.g. oleic or erucic acid) with sulphuric acid and
then hydrolysis of the acidulated product in various steps to result in a mixture of
hydroxystearic acidéTomecko and Adams 1927 Another method for producing
HFAs with double bond functionality along the carbon chainhgdroxy-9(2)-
octadecenoic acid andI8/droxy-9(2)-octadecenoic acid) was found to require
extensive purification due to undesired side reacti@nembie andlacklin 1957)
Chemical synthetic routes for the preparation of coriolic acid have also been
described elsewhere (Yadaval 1992, Bloch and Perfetti 1990).

1.7  Microbial transformation of unsaturated fatty acids to HFAs

In addition to naturally ocaung and chemically synthesized HFAs,
microbial transformations of unsaturated fatty acids results in the conversion of
UFAs to HFAs. This occurs through stereospecific microbial enzymes which
typically result in the formation of enantiomerically pur@gucts. Compounds
with multiple-substituted hydroxyl groups at double bond sites offer a wide range
of applications. The largescale exploitation of microbially produced hydroxy
fatty acids is currently not in practice due to the high cost of produdioited
understanding of their interactions and oxidative instability due to the presence of
unsaturations (Hou 2005)A summary of microbialspecies with potential to
biotransform oleic acid and linoleic acid to various HFAs is provided in Table 1.4
and Table 1.5 respectively. In the following sections a brief overview of whole
cell microbial transformations of unsaturated fatty acids to HFAs by the

mechanism of hydration, hydroxylation and lipoxygenation is described.
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Table 1.4 Bacterial strains using oleic acid as substrate for producing HFAs.

Organism Product Yield References
(Wallenet al
Pseudomonas sp. 10-hydroxy-C18:0 14%
1962)
Nocardia cholesterotium 10-hydroxy-C18:0 >90% (Daviset al. 1969)
_ 10-hydroxyC18:0& 9.1%
Corynebacterium spp. (Seoet al. 1981)
10-KSA 22%
10-hydroxy-C18:0& (Litchfield and
R. rhodochrous _
10-KSA Pierce 1986)
o (Elsharkawyet al
S. cerevisiae 10-hydroxy-C18:0 45%
1992)
Selenimonas ruminantium 10-hydroxy-C18:0 (Hudsonetal.
Enterococcus faecalis 10-hydroxy-C18:0 1995)
Sphingobacterium (Kuo and Levinsc
_ 10-hydroxy-C18:0 40%
thalpophilum 2006)
Staphylococcus spp. 10-KSA >90% (Lanser 1998
Flavobacterium sppDS5 10-KSA (Hou 1994b)
_ _ 7,10dihydroxy (Hou and Bagby
P. aeruginosastrain PR3 8 >80%
ci8:. ¥ 1991)
P. aeruginosa&NRRL BD- 7,10dihydroxy
g 81% (Kuo and
23258 c18:F*
_ _ Nakamura 204)
P. aeruginosaNRRL BD- 7,10dihydroxy
g 76%
18602 ci8: ¥
7,10dihydroxy
g 13% (Guerrerocet al
Pseudomonasp.42A2 C18:F° & 16
g 28% 1997)
hydroperoxyC18:1°
Stenotrophomonas 5 _
N 3-hydroxy-C14:7* - (Weil et al 2002)
maltophilia

10-KSA: 10-ketostearic acid



Tablel.5. Bacterial strains using linoleic acid as substrate for producing HFAs.

Organism Product Yield References

(Litchfield and
Pierce 1986)

(Koritala and

R.rhodochrous 10-hydroxy-C18:7°* 2 22%

Nocardia cholesterolicum 10-hydroxyC18:F'?  71%

Bagby 1992)
Flavobacterium sppDS5  10-hydroxy-C18:*2? 55%  (Hou 1994a)
L. acidophilus 10-hydroxy-C18:°*?  65%
L. casei 10-hydroxy-C18:7* %  43%  (Kishimotoet
L. paracasei 10-hydroxy-C18:7*2? 91% al. 2003)
L. rhamnosus 10-hydroxy-C18:°* 2 40%
L. plantarum 10-hydroxy-C18:F*?  59%
(Yamadaet al.
10%
1996)
Stenotrophomonas 10 (Yuetal.
o 10-hydroxy-C18:1*° 96%
nitritireducens 2008)
Enterococcus faecalis 10-hydroxy-C18:7*?  22%  (Hudsonet al.
13-hydroxy-C18:1%° 14%  1998)
. . 9 & 13-hydroperoxy (Perraucet al.
Geotrichum candidum
Cc18:2 1999)

(Perraud and

. 9,10&13
Penicillium sp Kermasha
hydroperoxyC18:2
2000)
Clavibacter sp. ALA2 _
12,13, 17-trihydroxy (Houet al.
named asB. megateriunm 9 35%
ci8: ¥ 1998)
(Houet al 2005)
. - (Well et al.
Stenotrhomonas maltophili 3-hydroxy-C14:2%° 2002)
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1.7.1 Microbes utilizing a hydratase enzyme system

Hydratase enzymes are characterized by their ability to add hydroxyl
groups across double bonds in fatty acid chains, where the oxygen is derived from
water instead of molecular oxygéwolkov et al 2010) The formation of 10
hydroxystearic acid from oleic acid in 14% vyield frétseudomonasp. (NRRL
B-2994) through an intracellular enzyme was first described by Wadkeal
(1962) Later experimetation verified the stereospecific nature of transformation
in an anaerobic environment and the hydroxyl oxygen was found to be derived
from water (Wallen and Davis 1969) Nocardia cholesterolicunNRRL 5769
convertel oleic acid under anaerobic conditions tehi@roxystearic acid in
greater than 90% vyiel(Davis et al 1969) Use of deuterium oxide and oxygen
18-labelled water confirmed water to be the source of hydroxyl gfiDapiset al
1969) The optimum conditions for this conversion were found to be a higher pH
and a reaction specificity for fatty acids witis unsaturation at position %
(Davis et al. 1969) Koritala and Bagby (1992) showed tizat cholesterolicum
also hydrated linoleic acid and linolenic acid toHy@roxy-12(Z)-octadecenoic
acid (71% vyield) and *@ydroxy-12(Z),15@)-octadecadieoic acid with 77%
yield, under anaerobic conditions. Oleate hydratase isolated from cell free
extracts ofN. cholesterolicunNRRL 5767 was found to be a tetrameric protein
with a molecular weight of ~32 kDa of each subwmt a pH ptimum in the
range @ 6.5- 7 (Hou 1995b) Additionally, Flavobacteriunspecies DS5 oxidize
HFAs to ketostearic acid which may accumulate as an end product of oleic acid
transformation(Hou 1994b) When linoleic acid was used as a substrate,
Flavobacteriumsp. produced Hdydroxy-12(Z)-octadecenoic acid as a major
product (Hou 1994a) Flavobacteriumsp. DS5 hydratase was active only for
unsaturated fatty acid substtes. The analysis of products generated by using
oleic, linoleic and alpha and gamma linolenic acid (Figure 1.1) as substrates,
revealed that hydratase frdaavobacteriumspecies DS5(NRRL B4859) was a
C10-position specific enzyme and preferred a manesaturated C18 fatty acid as
substratéHou 1995a, h)
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A
HOOC- N N o NN NN

Oleic acid
l+ H,O
10-hydroxystearic acid OH
B
++()()(:///\\v//~\\///\\v//\\\___l//\\c——4//\\\//A\\///
Linoleic acid i.p H,O
OH

10-hydroxy-12F)-octadecenoic acid

C
HOOC/\/\/\/\—/\—/\—/\
Linolenic acid i+ HZO

OH
10-hydroxy-127),15(Z)-octadecenoic acid

Figure 1.1. Transformation of oleic (A), linoleic (B), and
linolenic acid (C) by kdratase DS5 enzyme of
Flavobacteriumsp. (Wallenet al 1969, Daviset al

1969).
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Resting cells ofCorynebacteriunsp. S401, isolated from soil, exhibited
the capability of hydrating oleic acid to-1Ketostearic acid andddhydroxystearic
acid in a 22.4% and 9.1% vyield, respectivEbgoet al 1981) A similar kind of
oleic acid hydration was exhibited [8taphylococcusp. with greater yield of
ketostearic acidle. greater than 90%_anser 1993) Litchfield and Pierce (1986)
demonstrated in a patent disclosure fRhbdococccus rhodochrousin convert
linoleic acid to 16hydroxy-12-octadecenoic acid and -k@to-12-octadecenoic
acid, whereas fonation of 16hydroxystearic acid and tydroxy-12(2),15@2)-
octadecenoic acid in response to linolenic acid exposure has been repotted for
lactis (Kim et al. 2003)

1.7.2 Bacteria wusing the mechanism of hydroxylabn for

transformations

Hydroxyl functionality can be introduced through hydroxylation of UFAs, in
which hydroxyl groups are introduced into the substrate while retaining the double
bond of the parent compound, however, the configuration of the pareradattis
altered from a naturatis to trans form. Pseudomonas aeruginofR3, utilizes
hydration and hydroxylation to produce 7-dydroxy-8(E)-octadecenoic acid
with the intermediate formation of dtydroxy-8(E)-octadecenoic acidHou and
Bagby 1991;1992, Howet al 1991, Knotheet al 1992) Therefore, the
bioconversion pathway involves a hydratase, introducing a hydroxyl group at the
C®0 position and simtlaneously shifting the double b
(Hou 1999). The resulting ydroxy-8(E)-octadecenoic acid was shown to be
attacked by a hydroxylase to introduce a hydroxyl group %&t(Eigure 1.2A).
7,10-dihydroxy-8(E)-octadecenoic acid fored fromP. aeruginosastrain PR3 was
later on, in a patent disclosure, described as a plasticizer and as a source of
intermediate in the synthesis of specialty chemi¢disu 1999,Kim et al 2000,
Kuo et al 2001) By using ricinoleic acid as a substra®e,aeruginosain a similar
pathway produced 12,13 Aiihydroxy-8(E)-octadecenoic acidKkuo et al. 2001)
Some strains oP. aeruginosatransformed more than 75% of the added substrate.

P. aeruginosatrains showed very lodevel activitywhen linoleic acid was used as
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A

HOQMW
Oleic acid Hydroxylase and
double bond rearrangeme!

HOOC\/\/\/\/\(\/\/\/\

OH
10-hydroxy-8E)-octadecenoic aci Hydroxylase

OH

HOOC\/\/\)\/\(\/\/\/\

OH
7, 10-dihydroxy-8E)-octadecenoic acid

B
Oleic acid Lox like enzyme in the

presence of oxygen and
double bond rearrangeme

H OOC\/\/\/\/\(\/\/\/\

OOH
10-hydroperoxy-8t)-octadecenoic aci

QH

HOOC\/\/\)\/\(\/\/\/\

OH
7, 10-dihydroxy-8E)-octadecenoic acid

Hydroxylase

Figure 1.2. Biotransformation of oleic acid Byaeruginosatrain PR3 for the formatior
of a dihydroxy product with intermediate formation of -ydroxy-8(E)-
octadeenoic acid (A)(Kim et al 2000) Transformation of oleic acid b
Pseudomonasp. 42A2 using lipoxygenase like enzyme for the formation o
10-dihydroxy-8(E)-octadecenoic acid (B). This pathway produced-
hydroperoxyoctadecenoic acid as an intermediate.
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a substrate suggesting that linoleic acid might be metabolized exseagy source
for the bacteriumdue b the absence of anlyy-products(Kuo and Nakamura
2004) Bacillus pumulisNRRL BD-174 & BD-226 transformed oleic acid to 45
16, 17hydroxy-8(E)-octadecenoic acid, whereas, -hydroxy-16-0xo-9(2)-
octadecenoic acid waformed by Bacillusstrain BD447 (Lanseret al 1992,
Lanser 1998)

Hydroxy fatty acids with € substitutions have been described in fungi and
P. aeruginosa(Hou and Bagby 1991). 1Retosteac acid was produced when
oleic acid was used as a substrate through the mechanism of hydk#tbfield
and Pierce 1986) From the above mentioned examples it can be inferred that the
nature of product fored, its configuration, and yield depends upon the substrate
fatty acid, individual organism and experimental reaction conditions.

The above paragraphs provide a snap shot of the wealth of literature
available regarding the microbial formation of HFAs, tuhich do not address the
potential of lactic acid bacteria for the formation of bioactive hydroxyl fatty acids
(Hou 1999, Litchfield and Pierce 1986, Kuo and Hou 24y and Hosokawa
2005, Hou 2007) Literature about lactic acid bacteria in this regard is mainly
dominated with references to the formation of conjugated linoleic acid and lactones
for food applicatios, while substantiating HFA formation as intermediates in this
process (Ogawa et al. 2005) Lactic acid bacteria can bring about the
transformation of UFAs through the mechanism of hydration. Numerous
lactobacilli stains transform oleic acid to 4@ydroxystearic acid, and linoleic acid
to isomers of monohydroxy octadecenoic adid, 10-hydroxy-12-octadecenoic
acid and lahydroxy-9-octadecenoic aciWanikawaet al 2000, 2002Kishimoto
et al 2003) The role of lthydroxyl2-octadecenoic acid during the
transformation of linoleic acid was suggested as a precursor for the formation of
conjugated linoleic acid while wking with L. acidophilus whereas accumulation
of this mono hydroxy isomer has been reported as an end product in other studies
(Ogawaet al 2005, 2001Yamadeet al. 1996) Occurrence of a dihydroxy stearic
acid in response to linoleic acid transformation was observed.facidophilus
(Kishimotoet al. 2003) Sakataet al (1986) reported the formation of-b§ydroxy-
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12(@2),15@)-octadecenoic acid from linolenic acid (C18:3) by uncharacterized
species of lactic acid bacteria under anaerobic conditions during corn silage
fermentations. The formation of ddroxy12(Z),15()-octadecenoic acid in
response to linolea acid exposure has also been reported_fdactis (Kim et al
2003) In addition to the transformation of UFAs to various HFAS, inhibitory
effects of free fatty acids on certain lactic acid bacterial species igrtveth
medium have also been mentior(&im et al. 2003) The ability to hydrate across
the C*° double bond appears to be most prevalent in the gématabacillius
StreptococcusLactococccusand Pediococcusin contrast to the &% hydration
route which was reported in specific strains Lafctobacillus and Pediococcus
(Kishimoto et al 2003) A recent study aboustreptococcus pyogenesrified the

role of an FAD containing double bond hydratase for the conversion of UFAs to
HFAs (Volkov et al. 2010)

1.7.3 Transformation of substrate by microbial lipoxygenase or

monooxygenase like enzymes
The lipoxygenase enzyme introduces a molecule of oxygen in the substrate while
retaining the double bonds in a-aganged form. The rate of reaction is
specifically higher in the presence of oxygen with hydropelesias end products
(Nanda and Yadav 2003). 7,-Dohydroxy-8(E)-octadecenoic acid was shown to
be produced byseudomonasp. 42A2 using oleic acid as substrate along with
the formation of léhydroxy-8(E)-octadecenoic acid and -tydroperoxy8(E)-
octadeenoic acid (Figure 1.2B), suggesting a different enzymatic route in this
strain as compared to the pathway suggested by Hou )(1@@@rreroet al
1997) Lipoxygenase like enzyme was shown to be responsible farxttation
of fatty acid at &° position with acis-trans isomerisation of double bonds to
produce hydroperoxidesThis was a characteristic feature of Lox like enzyme,
which was found to be located in the periplasmic space in the bacterial cell and
requred the presence of oxygen for its proper functioriBigsquetset al 2004)

A comparison of biotransformation pathways for oleic acid By

aeruginosa strain PR3 using hydratase/hydroxylase enzyme system Fand
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aeruginosastrain 42A2 using lipoxygenase like enzyme system is provided in
Figure 1.2A and 1.2B, respectively.Bacillus megateriumALA2, previously
identified asClavibactersp. ALA2 converts linoleic acid into many pelydroxy
unsaturated fatty acidéHou et al. 1998, Hou 2005) The authors mentioned
12,13,17trihydroxy-9(2)-octadecenoic acid as a major product which appeared
after purification from HPLC as a colourless oily liquid and was repdxelde
similar to the plant selflefence substance (Hat al 1998). Potential use of the
organism,B. megateriumALA2, for the formation of trdhydroxy fatty acids from

the biotransformation of linoleic acid was suggested (etoal. 1998). The role of
cytochromeP450 monoxygenase like enzyme system for bringing about the above
mentioned bioconversion for generating various products for specialty industrial or
biomedical applications was proposed.

Microorganisms having the capability to transform fatyds extend into
eukaryotic groups as well. Yeast and fungal strains inteduagdroxyl
functionality into specific locations on the long chain of UFAs (Fabrigusl
1997, Metzger and Bornscheur 2006). Presence of HFAs in the fornRpf 8(
hydroxy-octadecadienoic acid have been reportetaatisaria arvalis Aspergillus
nidulans Gaeumannomyces gramir(ihe takeall fungus),.eptomitus lacteugthe
sewage fungus) and froMagnaporthe grisedrice blast fungus) by the action of a
hemecontaining dioxgenase enzyméGarscha and Oliw 2007Bowers et al
1986) It can be concluded that the diversity of microbial enzymes can generate a

diverse range of specific products.

1.8  Purified enzymes for introducing hydroxyl functionality
Enzymatic insertion of molecular oxygen into the substrate is brought

about by oxygenase enzym@&lker et al 1999) Naturally occurring oxygenase
enzyme result in the formation of HFASs, ketones, epoxides or hydroperoxides as
intermediates (Bugg 2003, Smith 1989). The class of enzymes which introduce
one atom of molecular oxygen into the substrate with subsequent reduction of the
other oxygen atom to wat are classified as monooxygenases, whereas

dioxygenases transfer both atoms of molecular oxygen to the sulgSfiiats et
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al. 1999, Bugg 2003) Three different oxygenases, nametytochromeP450
monoxygenasegli-iron centre oxygenases (hydroxylase), and dioxygenases have
been mentioned in view of fatty acid oxygenatidkou and Hosokawa 2005,
Shanklin and Cahoon 1998)he oxygenases oxidize faegids through a series

of r e act-bxaatisn orequire a cofictor in the formiMh, Cu or Feto

direct the oxidative power of dioxygen for breaking the carbon to hydrogen bond
and for introducing oxygeHou and Hosokawa 2005)rhe following sections
contain a brief outline of oxygenaseghile a detailed description related to the
occurrence, products (in plant and animals), and mechanism of action of
dioxygenasdipoxygenasds presented Lipoxygenase isammercially available

in purified form and will be discussed in chapter 3 for the enzymatic preparation
of coriolic acid.

18.1 Mono-Oxygenase Cytochrome P4506 Occurrence, products,

and limitations

Cytochrome P450 monooxygenases (CYP) are hsan&inirg enzymes
which bring about the oxidation of substrate by introducing one atom of molecular
oxygen through the process of hydroxylation mediated by a reduced heme iron
(Urlacheret al 2004b) The mode of actionfdCYPs include insertion of one
atom of molecular oxygen into neactivated alkyl chains or fatty acids, at their
allylic positions, or at double bond locationgsulting in oxygenated and/or
dibasic carboxylic acids (Buddet al. 2004). The products havmultiple
pharmaceutical industry applications and can be used for environmental and
biological detoxification purposg$oldstein and Faletto 1993, yegeisen 1999,
Budde et al 2004, Urlacher and Schmid 2004aA recent review article by
Kumar (2010) not only includes various characteristics of CYPs in terms of low
activity, limited stability, and their need for an expensive cofactor (NADPH) to
redue@ the heme iron, but also highlights various areas of current practical

commercial applications of CYPs as well.

18.2 Dioxygenases
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Dioxygenases are enzymes which catalyze reactions involving incorporation
of both atoms of molecular oxygen into the gtdie molecule(Bugg 2003)
Lipoxygenase(Lox), or Linoleate oxygen reductas@e a class of dioxygenase
(Nanda and Yadav 2003)n plants, the common substrate for Lox is linoleic acid,
whereas in mammals the mosbmmon substrate is arachidonic acid, which
generates the leukotriene family of physiological regulators through the

intermediate formation of its hydroperoxid@&igg 2003, Smith 1989)

1821 Dioxygenasel.ox i Natural Occurrence

Lipoxygenases (Lox) or linoleate oxygen reductase (EC 1.13.11.12) have
been widely studied since their discovery in 1932 by Andre and Hou (Andre and
Hou 1932). Lox is comprised of a heterogenous family of lipid peroxidising, non
heme ion containing dioxygenases, which catalyze the addition of molecular
oxygen to polyunsaturated fatty acids in a steegml regiospecific mannésiedow
1991,Nanda and Yadav 2003)Lox are widely distributed in plants, animals and
fungi (Brash 1999, Feussner and Wasternack 2008x are comprised of a single
polypeptide chain with a molecular mass of 8@ kDa in aninals and 98104 kDa
in plants(Brash 1999) A higher level of Lox activity is present in legume seeds
e.g soybean flour, which is useful as an improver for dough rheology during bread
making and for bleaching the oéenoid pigment for the commercial preparation of
white bread Goesaertet al 2005). This high level of expression led to the
characterization of lipoxygenase from soyb@aavonchanka and Feussner 2006)

In the cotyledon of mature soybean seed Lox occurs in the form of six isozymes
termed Lox 1 to Lox 6, with high levels of expression of Lox 1, 2 af8i&ow

1991) The specific features for these isozymes are mesdion the Table 1.6.

The isozymes 4, 5 and 6 are expressed during early stages of germination when the
Lox 1 activity diminishes (Kateat al1992). All Lox-isoforms are composed of
single polypeptides that are folded into a #hamain structuréMei et al. 2008)
Detailed sructural and functional aspects of plant and mammalian Lox have been
extensively reviewedYamamoto 1992, Boyingtoet al 1993,Brash 1999Mei et

al. 2008)
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Busquetset al (2004) reported the isolation of Ldike enzyme from
Pseudomonas aeruginos®2A2. Enzyme activity was highest with substrates
having unsaturation at the®C position, with linoleic acid being the preferred
substrate. The reported enzyme was active under aerobic conditions and generated
hydroperoxy octadecenoic acid, hydroxy octadecenoic acid and dihydroxy
octadecenoic acid products (Busquetsal 2004). Lox from P.aeruginisa42A2
did not havea light absorption in the visible range, suggesting lack of a heme
group, a feature similar to plant and animal Liaxyeverit contained).55 moles of

ferrous iron per mole of protein (Busquetsal 2004).

Tablel.6. Isoforms of lipoxygenase from soybean for the formation of

hydroperoxy octadecenoic acid (HPOD).

pH Product

Lox isozymes : e Substrate
optimum specificity
Charged fatty acid in s
Soybean L1 9 13-HPOD esterified fornf
9 & 13 HPOD :
Soybean L2 6.5 in 50°50 ratio Neutral fatty acids at pH <’7
Broad
range 9 & 13 HPOD :
Soybean L3 centered i 50-50 ratio Neutral fatty acids at pH <*7
around 7
Soybean L4 6.5 9&13 HPOD C18:3°
9 & 13THPOD oB
Soybean L5 6.5 in 8515 ratio C18:3
9 & 1371 HPOD oB
Soybean L6 6.5 in 8515 ratio C18:3

A: (Siedow 1991)
B: (Katoetal 1992)

The poducts of Lox mediated oxygenation reactions are hydroperoxides of
S-configuration. In mammals, Lox are classified intp&, 12-, 15 Lox; according
to the positional specificity of archidonic acid (C20%2%'''§ oxygenation

(Yamamoto 1992) In plants, however, the Lox are classified 08 13Lox, due
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to the positional specificity of linoleic acid oxygenation &,@r C° of the carbon
chain backbone (Gardner 1991, Liavonchanka and Feussner 2006)
Polyunsaturated fatty acids are prone to axioation and can form oxylipins due
to the presence of electron rich double bonds, however thdugirgrofile of
enzymatically generated oxylipins and pemezymatic oxylipins differgKuhn and
Thiele 1999) As specificity of the product pattern occurs for the enzymatically
derived products, the neenzymatic autepxidation products exist as mixtures of
optical and positional isome(guhn and Thiele 1999)

1822 Mechanism of enzyme reaction and substrates

Characteristics of Lox mediated oxygenation are shown in FiguréOhs.
of the hydrogeratoms is stereospecifically removed from the central methylene
group of the linoleic acid; concomitantly, molecular oxygen is inserted into the
substrate (Nanda and Yadav 2003). Double borarmengement takes place to
give rise to aconjugated system dfis, trans pentadiene structures (Nanda and
Yadav 2003). The products of fatty acid oxygenation by Lox are hydroperoxides of
octadecenoic acid and are converted into aldehydes, ketones and alcohols by further
enzymatic cleavages (Naamdnd Yadav 2003).

Lox from animal origin forms leukotrienes from arachidonic acid. Lox from
plant origin catalyses conversion of linoleic and linolenic acids to aroma
compounds (aldehydes), plant modulators of gene expression (jasmonites), or as
direct ceterrents to pests and pathogens (divinyl ethers) (Smith 1989, Noordermeer
et al 2002). Lox enzymes are also associated wittdesirable off flavours during
storage and processing of foo{dancanneytet al 2001) Lox enzymes are
inactivated by their products, hydroperoxides, and the depletion of ox$gsdow
1991) Naturally occurring song inhibitors of Lox arecatecholcontaining
compounds, sucas nordihydroguaiaietacid, gossypolandpropyl gallate(Serpen
and Gokmen 2006)Inhibition occurs due to reduction of enzyme bound¥e Fe
*2 (Kemalet al 1987). Iron chelators such as Zileuton also inhibit L(&erpen and
Gokmen 2006) The oxygen scavengessich asdihydrolipoic acid, tetrapetalone

andb-carotene are natural inhibitors of Lox activi§efpen and Gokmen 2006)
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Hyvdroperoxide formation bv activatedLox

R
cig, cis -1,4-pentadiene 1\\=/\\=/R= + Lox-Fe¥
HOOC cis, cis-14-pentadiene
_ _ _ Abstraction of H firom
Linoleic acid l pentadiene structure
Formation of fatty acid
Lox-Fe?* allc .
3+ yl-radical-Loz complex
Lox-Fe- '

Rl . E. (‘

R2 \_k(
— X
OOH Lox-Fe* Transfer of electron from

Lox-Fel' R, Lox-Fe?* to fatty acid

Peroxide initiated activation of Lox \_k( D
Felt to Fe¥t \4

Lox-Fe2* i—

F Lox-Fe** 4+ F
Eeduced oxygen conditions

Figure 1.3. Mechanism of hydroperoxides fation by soybean Loeg with C18:2 as substrate
Lox-1 isoform primarily reacts with free fatty acids and produce$yi3operoxides
from linoleic and linolenic acids. The inactive form of iron is Herrous (F& [A].
Peroxide initiates the processatftivation of Loxi ferrous to Loxferric (F€™) [B]. Lox
catalyzes the abstraction of H from methylene interrupted carbon to form fatty acic
radicatLox complex [C] and conversion of Laron back to ferrous state. An electr
from the ferrous irp is then donated to the peroxyl radical to form a peroxyl anion
When the peroxyl anion reacts with hydrogen to form the hydroperoxides, the fatt
is released from the enzyme [E]. Under oxygen depletion conditions, the er
abstracts hydrogeinom the fatty acid and the iron is converted to ferrous [F]. Reac

mechanism adapted from Nawar (2004).
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18.2.3 Immobilization of Lox

Immobilization of enzymes is achieved through the attachment of enzyme
molecules to an inert and insolebmaterial or through the entrapment of the
enzymes in a rigid matrix. Industrial biotransformation often employs immobilized
enzymes to increase the stability of enzymes to withstand longer periods of storage
and to allow the reusability. Many immobildenzymes exhibit increased stability
towards a range of pH, pressure and temperature condiMuorales Borgest al.

2009) The utilization of immobilization techniquesay also improve enzyme
propertes(Alduri et al 1995) Immobilization of enzymes on porous supports helps
prevent aggregation, and proteoly¢Alduri et al 1995) The immobilization
methods used for Lox inetle adsorption methods including attachment to Mg
silicate based support talBattu et al. 1994) controlled pore glas&Santancet al.

2002) glutenin, oxarine acrylic beadgPinto et al. 1997) entrapment in
polyacrylamide gel(Piazzaet al. 1994) and covalent attachment to carbonyl
diimmidazole and oxarine group bearing commercial supports, suchpaesgi C
(Chikereet al.2001) Immobilization of Lox is thought to protect the iron atom and
thus stabilises Lox in the presence of inhibitors, e.g. nordihydroguaiaretic acid
(Pinto et al 1997) Table 1.7 summarizes immobilization supports used for Lox
and their stability towards aqueous, organic solvent, and supercritical carbon
dioxide reaction media. The products of reaction in all these cases are
hydroperoxides of linole acid, which therefore calls for a need to develop a system
for the production of coriolic acid from immobilized Lox.

19 Concluding remarks

Microbial transformation of UFAs introduces hydroxyl groups in a
stereospecific and regiospecific manner. f&#nt bacteria introduce these
functionalities in specific ways with little or no {products, and give rise to a
diverse range of hydroxyl species depending on the enzyme system. In contrast,
chemical processes, generally suggested as simple and faxdtvef lack the
specificity and result in an array of isomeric compounds requiring an extensive

purification process. Formation of microbial HF&gPseudomonas aerugingsa
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Table 1.7.

octadecenoic acid (in literature hydroxy not reported).

Immobilization of Lox on different supports to produce hydropert

Initial
Suppat Reaction medium  Stability con.cen References
tration
Ci18:2
Adsorption
e Aqueous 0.05 M Nz ?;?f(')'g?l’l;; W g .y (Batuetal
phosphate buffer 1994)
enzyme
Covalent bonding
Carbonyl Aqueous and 7 reaction cvcles (Parradiazt
diimmidazole organic yeles al. 1993)
Oxarine acrylic . (Pintoet al
beads Aqueous 9 reaction cy@s 0.66 mM 1097)

. (Chikereet
Eupergit C Aqueous 7 cycles 10 mM al. 2001)
PBA-Eupergit " (Chikereet
2501 Supercritical CQ Batch reactor 100 mM al. 2000)

. Organic solvent - (Vegaet al
Eupergit G250L media Thermo stability 4 mM 2005)

(Perez
Aqueous media Gilabert and
Eupergit C q . 11. 6 ¢ N Garcia
with cyclodextrins
Carmona
2005)
lonic bonding
Dowex 50WX4-  Ternary micellar 4 cveles (Kermashaet
200 medium 4 al. 2002)
Entrapment
Alginate silicaé  Aqueous with 100 (Hsuet al
sol gel matrix mM deoxycholate 5 cycles > ¢M 1997)
7 cycles of
- decreasing (Karoutet al
Silica gel Aqueous activity due to 0.3 mM 2007)
loss of gel
Phyllosilicates . (Shenet al
crosslinked with  Aqueous i;%rigjsj;ﬁlmy e M 1998, Hswet
TMOS y al. 1998)
Polyacrylamide  Aqueous 50 mM TubularBio- (Pinto and
gel derivatized by boratebuffer pH9  reactor 0.035 mM )
R : Macias 1996)
glutareldhyde at 20°C continuous

TMOS: Tetramethoxy orthosilicate



Bacillus megateriumandRhodococccusp. has been extensively studied wifeher

data are available on transformation by lactic acid bacteria. Studies of lactic
fermentationsemphasised the formation of conjugated linoleic acid. For the
formation of HFAs from soybean Lox, a number of articles have discussed the
diversity of Loxderived products formed in biological systems (Blee 3199
Feussner and Wasternack 2002§lowever, the use of isolated Lox iwarious
reaction media comprised of aqueous or organic solvents for biotechnological
applications, especially coriolic acid prodoct, is not well investigated.
Furthermore, the literature about Lox generated coriolic faridhemoenzymatic
synthesis, lacks information about coriolic acid production using the immobilized
enzyme in a single step process. Therefore a study wassppo analyse the
indicated gaps in previous literature for the formation of HFAs.

1.10 Hypothesis and objectives

This thesis aimed to test the hypothesis sipacific hydroxy fatty acids can
be produced by bitransformation of unsaturated fatty acaisd product yield can
be enhanced to an industrial scale by changing the reaction parameters.

The first studydealt with microbial transformation of UFA¢hat leads to
hydroxylation of the substrate. The first objective was to screen the bacteriabspecie
for their ability to transform UFAs. The second objective was to increase the
product turnover, and identify the mechanism of this reaction.

The second study tested the hypothesis that purified lipoxygenase can be
used in an immobilized form for the foation of coriolic acid from linoleic acid in
a single step process. The study had two objectives, (i) the optimization of reaction
conditions for the single step formation of coriolic acid, particularly by increasing
the substrate concentration and (ii¢ ttonversion with immobilized lipoxygenase.
Alternate reducing agents were employed for reduction of hydroperoxides formed
by Lox, and the yield of coriolic acid was compared with the two step process.
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Chapter 2
Microbial Transformation of Unsaturated Fatty Acids to Hydroxy Fatty

Acids

2.1 Introduction

Various microhal enzymes hydroxylate fatty acidsThe ativities of
lipoxygenase (Lox)ike enzymes or hydratase have beenused for the
transformation of UFAs to HFAs (Hou 1995a, Yamaxtaal 1996, Parket al
1999). Microbial transformation of unsaturatedl& fatty acids toHFAs has
been studied widely from bacterial species suclPssudomonas aerugingsa
Flavobacteriumsp.,Nocardia cholesterolicuprandBacillus sp. (Kuo et al. 1998,
Hou 1995ap, Hudsonet al 1998 Lanser 1993, Lansest al 1992) Bacterial
Lox-like enzymes require the presence of molecular oxygen and metal ions for the
introduction of hydroperoxy groups into unsaturated subst(@esquetset al
2004) As a result, aeration of the system was found to be the most critical step
for the formation of 7,1@ihydroxy-8(E)-octadecenoic acily Pseudomonasp.
42A2 (Deandreset al 1994). A certain optimal level of oxygen wésund
necessary for 7,208ihydroxy-8(E)-octadecenoic acid formatiofpbeandreset al
1994). The role of oxygen in the formation of polyygenated hydroxy fatty
acidswas studied, and the formation of 12,13tfiflydroxy-9(Z)-octadecenoic
acid from the biotransformation of linoleic acid W§lavibacter sp. ALA2
occurred under aerobic conditioftidou et al. 1998) Additionally, differences in
the yield of HFAs from live bacterial culture and washed cells have been studied
(Hou and Baghy1992) A seventy percent higher yield éf10-dihydroxy-8(E)-
octadecenoic acid from washed cells has been repoyteldu and Bagby1992)
in contrast to its yield from live bacterial cultuf@eandreset al 1994. Since
Lox enzymes are activated by the conversion &f ke F€*, the effect of the
presence of metal ions on biotshormation of oleic and linoleic acid bly.
aeruginosaPR3 was studietty Tsung and Nakamura (2004) who reported that
addition of Mrf* to the oleic acid transformation medium enhanced the yield of
7,10dihydroxy-8(E)-octadecenoic acid from 63% to 89%. Amer study
revealed that linoleic acid transformation Byaeruginos@’R3 required a certain
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threshold level of Cif and Fé" for the formation 0f9,10,13trihydroxy-11(E)-
octadecenoic acid and 9,12;tBydroxy-10(E)-octadecenoic acidKim et al

2002) In all the above mentioned examples, a-lik& oxygenation pattern has
been observed for different strainsfafaeruginosan UFA transformationgHou
2005,Kuo et al 2001, 1998) The characteristic feature of L-dike oxygenations

is that they require oxygen and transition metal ions as cofactors in contrast to
hydratase based oxygsrons.

Hydratase enzymes introduce hydroxyl functionality to the double bonds
of unsaturated fatty acid alkyl chains without a requirement for molecular oxygen
(Volkov et al 2010). The difference between L-tike and hydratase mediated
conversions nobnly lies in different media requirements, but is also reflected in
the structure of the final hydroxy product. Oleic acid transformation in a bacterial
Lox-like system as described above, introduces two hydroxyl groups while
retaining the double bond dhe parent compound.In contrast,oleic acid
transformation by a hydratase introduces the hydroxyl group at the expehse of
double bond (Wanikawat al. 2001, 2002). Biotransformation of linoleic acid
from growing cells ofStenotrophomonas nitritirestensto 10-hydroxy-9(2)-
octadecenoic acid has been reported €fwal 2008a). For this system, 90%
conversion of linoleic acido 10-hydroxy-9(Z)-octadecenoic acid was observed
from washed cells under anaerobic conditipvis et al 2008b) Bioconversion
was observed by cells &. nitritireducendharvested in the stationary phase at a
glucose deprivation stage, and maximal product yield in anaerobic conditions
indicated the involvement of hydragasnzymgYu et al. 2008a)

Microaerobic conditions (containing less than 1% oxygen) have been
described as favourable for the formation of hydroxy fatty acids by lactic acid
bacteria (LAB), but the enzymes respotesifor this conversion have not been
fully characterized. Most of the hydroxy fatty acids originating from linoleic acid
transformation using washed cells of LAB have been reported as intermediates
during the formation of conjugated linoleic acid. Howew@gawaet al (2001)

identified HFA formation asinal end products as well
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Different reaction media have been used for the formation of UFAs by
LAB including skim milk, yeast extract, glucose, phosphate buffer, and bovine
serum albumin , wheréovine seum albuminwas used as a surfactant for
solubilizing fatty acid in the aqueous mediy@®gawaet al. 2001, Kishincet al
2002, Kishimoteet al. 2003) Yields of hydroxylated products ranged from 0.4%
(10,13dihydroxystearic acid product originating from linoleic acid
transformation) to 70% (XBydroxystearic acid from oleic acid), after seven days
of incubation periodKishimotoet al 2003, Wanikawat al 2001, 2002) While
there have been many detailed reports on a wide variety of strains including
Pseudomonaaeruginosaand Bacillus sp., there is substantially less infaation
available for the optimization of hydroxy fatty acid production and yield from
LAB.

In the present study?. aeruginosastrains originating from environmental
sources and LABstrains originating from different food fermentations were
selected to valuate their potential for transformation of UFAs. The strains were
selected such that there was representation of the metabolic diversity of LAB. For
exampleL. sakeiis the most prevalent type of LAB in various types of fermented
sausaged,. plantaumis involved in vegetable fermentatiorns,sanfranciscensis
andL. reuteriare associated with sourdough fermentations, Banbifidum, has
been mentioned with regards to its probiotic effegiemmes 1990)It was
therefore, the aim of the study to analyze the formatioRifeAs and calculate
product vyields under optimal bacterial growth conditions, characterize the
pathway leading to this transformation, and develop methods to enhance the
formation of hydroxy fait acids of potential biological and synthetic applications.

2.2  Materials and Methods

2.2.1 Chemicals

Oleic (>95%), linoleic (95%), linolenic acid (95%), methyl heptadecanoic
acid (98%), 1zhydroxystearic acid (>98%) were purchased from Sigakich,
(St. Louis, MO, USA). Reagent grade chloroform, ethyl acetate, methanol,
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Tween 80, N, Gbis-(trimethyl silyl)-acetamide (BSA) were from Fisher scientific
(Fair Lawn, NJ, USA).

2.2.2 Media and culture conditions

Bacterial strains used for this diuare shown in Table 2.1P. aeruginosa
strains were maintained on Lauria Bertani (LB) agar plates at 30 °C. Overnight
bacterial culture were subkcultured with a 1% inoculum and incubated in LB
medium containing 1 g/k4 mmol/L) individual oleic acid I(B-oleic) and with 1

g/L (4 mmol/L)linoleic acid (LB-Linoleic acid), unless otherwise mentioned.

Table 2.1. Microorganisms used for the transformation study of UFAs.

Microorganism Growth
temperature
P. aeruginosaMF 2 30 °C
P. aeruginosaviF 15 30 °C
P. aeruginosaMF 19 30 °C
P. aeruginosaviF 20 30 °C
P. aeruginosaMF29 30 °C
P. aeruginosaMF 30 30 °C
P. aeruginosaMF 18G 30 °C
P. aeruginosaMF NG2D 30 °C
L. plantarumTMW 1.460 28 °C
L. plantarumTMW 1.701 28 °C
L. sanfranciscensiBSM 20451 28 °C
L. reuteriLTH 2584 37°C
L. sakelLTH 677 28 °C
B. bifidumBB12 28 °C

Lactic acid bacteria were maintained on modified MRS (mMMRS) agar
plates(Jansclet al. 2007)at their optimal grath temperatures as shown in Table

2.1. Overnight bacterial cultures were sulitured with a 1% inoculum and
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incubated in 15 mL Sarstedt culture tubes with 5 mL mMRS medium containing 1
g/L (4 mmol/L) individual oleic acid (MRSoleic acid), 1 g/L{(4 mmolL) linoleic

acid and 1 g/l{4 mmol/L)linolenic acid (MRSlinoleic acid ) and (MR&inolenic

acid) respectively. The cultures were shaken in shaker incubators with a speed of
100 rpm at their respective optimum growth temperatures.

2.2.3 Transformation of fatty acids by P. aeruginosa

Eight different strainsof Pseudomonas aeruginose@ere grown in LB
medium under aerobic conditions using 1% overnight culture as inoculum in 500
mL Erlenmeyer flasg, containing 250 mL of LB medium. After 36 h of
incubation bacterial cells were centrifuged at 10,000 rpm and growth medium
was discarded. Cells were washed with 250 mL of 50 mM potassium phosphate
buffer (pH 6) twice, and resuspended in the same buffer ®J/@D2.0. Linoleic
acid and oleic acid at a condeation of 1 g/L were individually tested as
substrates and added to the washed cells. Sterile controls as well as strains
incubated without added substrate served as controls.

Overnight bacterial cultures from 1% inoculum were exposed to oleic and
linoleic acid in LB-oleic medium and LBinoleic medium, to observe any
changes in the produprofile of growing cells versuwashed cells.

2.2.4 Transformation of fatty acids by LAB

Bacterial fermentations were carried out in MBI8ic acid, MRSLinoleic
acid, and MR&.inolenic acid media for 4 days (15 mL Sarstedt culture tubes
containing 5 mL medium). Sterile media in the presence of substrates as well as
strains incubated without added substrate served as controls. At the end of
fermentation, pH waadjusted to 2 with 1N HGbr complete extractian Methyl
heptadecanoic acid was added as internal standard and culture was extracted three
times with equal amount (5 mL) of chloroform containing 15% methanol.
Solvent extracts were dried under nitrogeml astored at20 C for analysis by
GC-FID and GGMS. This method of extraction will be used for all the later
experimentation mentioned below.

2.2.5 Kinetics of transformation of linoleic acid by LAB
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Three strains of lactic acid bacterih, plantarum TMW 1.701, L.
plantarumTMW 1.460,L. sanfranciscensi®SM 20451 were used for studying
linoleic acid transformations daily for 4 days. Bacterial cells were grown in 20
mL MRS-linoleic medium. Optical density at 6@ and pH were recorded at O,

1, 2, 3,and 4 days for each culture. Aliquots were taken from the cultures at 24 h
intervals and cell counts were determined by plate count methods.

2.2.6 Effect of oxygen on transformation of linoleic acid by LAB

Effect of oxygen on transformation efficienoy linoleic acid was studied
using L. plantarumTMW 1.701 andL. sanfranciscensi®SM 20451. Under
aerobic conditions MREnoleic medium was inoculated with bacterial culture in
sterilized 125 mL Erlenmeyer flasks. Culture was incubated a€3it 150rpm
for 4 days. For incubation under anaerobic conditions, all the culture handling
and fatty acid transfers were carried out in Sarstedt culture tubes with screw cap
lids in an Air Lock anaerobic chamber (Coy Laboratory Products Inc. Grass Lake,
MI, USA). Fermentation was allowed to proceed for 4 days alC3@ith shaker
speed of 150 rpm. At the end of incubation period, reaction mixture was extracted
as mentioned above.

2.2.7 Transformation of linoleic acid by bacterial crude cell wall
preparation

Bacterial cells fronL. plantarumTMW 1.701,L. plantarumTMW 1.460,

L. sanfranciscensi®SM 20451 were grown in 900 mL mMRS medium. Cells
were harvested by centrifugation at 10,@00@r 20 min at O °C and washed twice
with 100 mM potassium phosphate taufat pH 5.8. The cells were finally
suspended in 100 mL of the same buffer and passed thidufjhOS Micro
fluidizer (Biocompare, South San Francisco, G&) disrupting the bacterial cell.
Crude cell extract was centrifuged at 5@Ptbr 30 min to searate the cell wall

and clear supernatant containing cytoplasmic proteins. Cell debris was
resuspended in 20 mL of 100 mM potassium phosphate buffer pH 5.8 before the
addition of 1 g/L linoleic acid for 24 h and 96 h incubation periods, aC3a an
incubator shaker with a shaking speed of 150 rpm. Linoleic acid in washing

buffer under identical conditions was used as a control for this experiment. The
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reaction was quenched by the addition of 1N HCI to bring the pH to 2 after 24 h
and after 96 h beforextraction according to the procedure mentioned above.

2.2.8 Effect of oxygen on transformation of linoleic acid by crude cell

lysate of LAB

The effect of oxygen on transformation efficiency of linoleic acid by crude
cell extract was studied usirlg plantarumTMW1.701 andL. sanfranciscensis
DSM 20451. Under aerobic conditions 20 mL of crude cell extract was poured in
sterilized 5 mL Erlenmeyer flask, 1 g/L (4nmol/L) linoleic acid was
introduced into the reaction mixture and flasks were coveredakathinum foil
on the bench. Reaction mixture was incubated atC3at 150 rpm for 24 h. For
reaction under anaerobic conditions, all the crude cell wall extract and fatty acid
transfers were carried out in an anaerobic chamber and 20 mL of lysate was
poured in 50 mL Sarstedt culture tubes with screw cap lids. Transformation was
allowed to proceed for 24 h at 3G with shaker speed of 150 rpm. At the end of
incubation period, reaction mixture was extracted according to the method
mentioned above.

2.29 Effect of substrate concentration on transformation of linoleic

acid by lysed bacterial cells

To develop an insight towards the mechanism of linoleic acid
transformation and identify the primary product of reaction, a constant amount
bacterial crude cklysate containing 54 g/L proteins, was incubated with varying
amounts of initial linoleic acid starting from 1, 4, 5, 20, 40 mmol/L for 24 h
Reaction products from various concentrations were extracted and analyzed as
mentioned above.

2.210 Derivatization and analysis by GGMS

Concentrated bacterial extracts were methylated using diazomethane
(DAM) for 30 min and silylated using N,-Bis-(trimethyl silyl) acetamide (BSA)
as described biXicolaideset d. (1983) Diazomethane was prepared in the lab
according to Aldrich technical bulletin AL80 using Diazald ® distillation kit
purchased from Aldrich (St Louis, MO, USA). A hydroxy fatty acid standard, 12

hydroxystearic acid under similar derivatizingpnditions was run with the
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bacterial samples as an external standard for retention time and mass spectral
analyses.

Gas chromatographyi Mass Spectrometry (GCMS)

In order to identify the fatty acids produced in response to bacterial
transformation of oleic linoleic and linolenic acid, otal ion current
chromatogrars (TIC) and mass spectra of derivatized bacterial extracts were
generated For this purposé;C-MS analysesvere performean a model 5975B
EI/ICI GCMS, with a 7683B series injector and auto phen (Agilent
Technologies Inc., Santa Clara, CA). The inlet heater was set aC3@dessure
at 46.5 KPa, and detector at 280. The total flow was set at 104 mL/min with a
split ratio of 100:1. Analyses were carried out using a standard DB1 column
(Agilent Technologies Inc., Santa Clara, O&ith column temperature held for
0.1 min at 90 °C and increased at the rate of 10 °C /min to 220 °C. Temperature
was held at 220 °C for 8 min and then increased to 290 °C at the rate of 10 °C/min
and held at 29 °C for 1.9 min. Total run time was 30 min. Electron impact
ionization (El potential 70 eV) was used and mass range betwe&d@Dalton
was scanned. Data were analyzed using Enhanced MSD ChemStation
D.03.00.611 soft ware (Agilent Technologies.lIr'Santa Clara, CA). For GKAS
analysis under chemical ionization mode -(®&T-MS), similar column and run
programme was followed while using ammonia as ionizing g&3-GC-MS
analyses were performed at the Department of Chemistry, University of Alberta.

2.211 Gas chromatographyi Flame ionization detector (GGFID)

Semtiquantification of fatty acids and products of fermentation vaenee
by GGFID. The derivatizing agents add extraHbonds to the product HFASs,
therefore the theoretical FID respse was corrected armdlculations were made
relative to internal standard of known concentration based on moles of carbon. A
Varian 3400 Gas chromatograph equipped with a Varian 8200 auto sampler
(varian Inc., Palo Alto, CA) coupled with an FID was opedatat 240 °C.
Operating head pressure was 25 psi. Initial injector temperature W&s é0d it
ramped up to 230 °C at the rate of 150 °C/min and held for 28 min. Samples were
injected on to a BP 20 columftolumn length was 30 m, 0.25 mm internal
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diamd e r |, a n dfilm GhicknBss)feomm Fisher scientific (Fair Lawn, NJ,
USA).. Column programme started from 50 °C, held for 0.2 min and reached up
to 170 °C at the rate of 20 °C/min, held for 5 min and ramped up to 230 °C at the
rate of 10 °C/min and helffor 13 min.

For the analysis of conjugated linoleic acid formation during the
biotransformation studies, the procedure of Kragtaal was followed with a SP
2560 column (Column dimensions:0 0 m x 0. 2 0) (Kramer&tal0 . 2 5
2008)

23 Results

2.3.1 Transformation of fatty acids by P. aeruginosa

Incubation of oleic acid and linoleic acid with bacterial culture in LB
medium and with washedbacterial cells in phosphate buffer was studied to
identify the potential forP. aeruginosato transform these UFAs. GKIS
analysis of strains MF30 and 18G, showed the presencelofdiOxystearic acid
(10-HSA) in response to oleic acid additinom washed cells oP. aeruginosa
(Figure 2.1).

B Bactgnal transformatlon Cc18:1
of oleic acid

l/lOHSA

A Oleic acid (Control)

Relative Abundance

4 6 8 10 12 14 1 18 20 2 24 26 8
Time (min)
Figure 2.1. Total ion current chromatograntyy GGMS of diazomethar8SA

derivatised fatty acids and hydroxy fatty acids producedidshed cells of
P. aeruginosaViF30 due to biotransformation ofeic acid (C18:1). Oleic
acid in the absence ofdteria (control A),and washedbacterial cells in
the presence of oleic acid (BReaks for oleic acid and d{ydroxysearic
acid (16HSA) are indicated.
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The mass spectra indicating -HBA formation in Figure 2.2 under
identical derivatizing conditions have been reportezl/ipusly (Kimet al. 2003,
Wanikawaet al 2000, Volkovet al 2010). The expected molecular ion witiiz
386 was not observed. However, fragment ions mith273andm/z215 showed
cleavage at Xbydroxyl position towards the ester and methyl end ef fdity
acid respectively.

Analysis of culture supernatants framashedbacterial cells with linoleic
acid did not show any novel hydroxylated prody€&igure 2.3 A). Linoleic acid
remained untransformed in both the live bacterial cultures and in waslied
extracts. Peaks arising from general bacterial metabolic activity were present in

the control (Figure 2.3 B) and were identical to the bacterial washed cell

Relative Abundance

preparatiorwithout linoleic acid(Figure 2.3 C). 57 215
H3COOC\/\/\/WQ;\/\/\
OS(CH,),
TMS derivative of 10-hydroxystearic acid methyl e
272
215
73
55
103 129 169 244 339
| | [
[T L l|_ l 137 285 313 | 3f2 412423
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Figure 22. Mass spectrum o010-hydroxystearic acid (1HSA peak at 19 min
retention time in Figure 2.1B). 10-HSA is formed due to the
biotransformation of oleic acid by. aeruginosaMF30. Figure is
representative oP. aeruginosaMF30, 18G and all the LAB strains used
in this study.
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C18:2
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E |/ |
S L 1 1 A A A Jl 1
o) . .
< B Bacterial cells in
) transformation buffer (Control)
= | he e A A A .
e
g /
04 A Linoleic acid (Control)
L A A
I[lII]]lIII]IllIIIIII]IIII]]lli]Il|l]II]I]IlII|IIII]iIII]IIII]IIII
4 8 10 12 14 16 18 20 22 24 26 28
Time (min)

Figure 2.3. Total ion current chromatograms fra8C-MS of diazomethan8SA
derivatised fatty acids and bacterial metabolic products produced by
washed cells oP. aeruginosaMF 30 during incubation in the presence of
linoleic acid. Figure showsnboleic aid in the absence of bacterial cells
(control A), washedbacterial cells in the absence of linoleic acid (control
B), and linoleic acid in the presencewéshedbacterial cells (C).Peaks
for linoleic acid, and for bacterial metabolites are labelletéctively. No

specific hydroxy fatty acids were identified during this reaction.

It was concluded from the bimansformation studies dP. aeruginosa
strains that 1HSA formation occurs in respose to oleic acid addition from two
strains ofP. aeruginos (MF30 and 18G). However no hydroxy fatty acid was

observed in response to linoleic acid addition.

2.3.2 Transformation of fatty acids by lactic acid bacteria
Transformation of unsaturated fatty acids to hydroxy fatty acids was
obsered by all the stins used in this studyFigure 2.4 and 2.5 illustrate the

transformation of oleic, linoleic and linolenic acid (Peaks A, B and @). by
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Figure 2.4. Total ion current chromatograms fro@C-MS of diazomethane
BSA derivatised fatty acidend hydroxyfatty acids produced byL.
sanfranciscensi®SM 20451 during growth in the presenceotdic (A),
linoleic (B), and linolenic (C) acid.Peaks for 1HSA (D), mone and
di-hydroxy products from linoleic and linolenic acid are indicated as E,

F, G, H, I and] respectively.

sanfranciscensiDSM 20451 andL. plantarum TMW 1.701, respectively, as
detected through total ion current chromatograms fromMSBC Structural
analysis of the fragmentation patternpafak D (Figure 2.4 and Figure 2.5) shows
it to be 16HSA with anexact match to mass spectra cited in literatumder
similar derivatizing conditions (Wanikawet al 2000). GC- MS (EI) m/zfor the
majorproduct D were73 (38), 215 (90), 273 (100).

Reaction products labelled as E, F and G in Figure #sk aue to
transformation of linoleic acid by lactic acid bacteridMass spectra of the
trimethyl silylated product derivatives did not show the expected moleculgar ion

of m/z384 (Figure 2.6). The fragment ioniaz73 was abase peak foproduct
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Figure 2.5.Overlay of total ion current chromatograms fr@@-MS. Separation
of diazomethan®SA derivatised fatty acids and hydroxy fatty acids
produced byL. plantarumTMW 1.701 during growth in the presence of
oleic (A), linoleic (B), and linoleniqC) acid. Peaks for 1HSA (D),
mono or di-hydroxy products from linoleic and linolenic acid are

indicated as E,F, G, H, | and J respectively.

E while fragment ios with m/z173 andm/z313 indicated cleavage dérivatized
hydroxyl moiety at position 3 towards methyl anéster end of the fatty acid
respectively(Figure 2.6) The position of double bond could be any where from
the 13hydroxyl group towards the ester enHence based on the fragmentation
pattern and previous literatungroduct E can bereferred asl3-hydroxy-9-
octadecenoic acid

Product F shows gM] " ion, m/z384 (Figure 2.6). Thedgment ionm/z
273 was dase peak and represented a cleavage alphahpdtOxyl group while
fragment ionm/z73 accounts for the abstraction of Si(§+¢roup Hence based
on the fragmentation pattern and previous literature (Voétaad. 2010)product

F was identified ag40-hydroxy-12-octadecenoic acid
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Figure 2.6. Analysis by GEGMS of diazomethan®SA derivatised hydroxy fatty
acids from a biotransformation reactionlLofsanfranciscensi®SM 20451
in the presence of linoleic acid. Mass spectra of the peaks at 19.3 min
(product E) and 19.5 min (product F) with structural information are
presented. Figure is representative Ibftlee LAB strains used in this
study.
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Product G appears as single peak at 23.9 min. From the fragmentation
pattern according to NISTOb5a library source (2005) reference No. 182470, and
previously cited literature, product Gvas identifird as 10,13dihydroxy
octadecenoic acid witlmolecular weight of474 g/mol (Volkov et al 2010).
Analysis of Product G under chemical ionization mofl&C-MS with ammonia
as ionizing gas gave a pseudo molecular iom&f475 [M+H']. In light of the
data generated bylE5sCMS, CIGCMS and previous citations, product G was
identified asl0,13dihydroxystearic acid (Volkov et al 2010)

OSI(CH,),

273
H,C00

_ 173
OSi(CH,),

TMS derivative of

Product G 10,13-dihydroxystearic acid methyl ester
213
173
sl 273
g
g 33
c
2
< 123
Q
=
= 55
T 147
04
g5
191 ) e | B a4

40 B0 80 100 120 140 160 180 200 220 240 280 280 300 320 340 360 320 400 420 440

m/z

Figure 2.7. Analysis by GEMS of diazomethand3SA derivatised hydroxy fatty
acids froma biotransformation reaction bf sanfranciscensi®BSM 20451
in the presence of linoleic acid. Mass spectra of the peak at 23.9 min
(product G) with structural information are presented. Figure is
representative of all the LAB strains used in this study

Fermentation of linolenic acid resulted in the formation of reaction

products H, | and J (Figure 2.4 and 2.5). Data generated bM&E@xhibited
mass spectra for all these products to be identical to the products formed during
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fermentation with linole acid. Hence products H and | were identifiedl@s
hydroxy-9-octadecenoic acid and 10-hydroxy-12-octadecenoic  acid
respectively. Product J was identified ak0,13dihydroxystearic acid. GGMS
(E1) m/zfor product E were73 (100), 173 (70), 294 (203,13 (20), 337 (7) GC-
MS (EI) m/zfor product F wer&’3 (58), 129 (10), 169 (17), 273 ()0and GG
MS (EI) m/zfor product G wer&3 (100), 129 (41), 173 (74), 213 (92), 313 (64),
374 (4) Aanalysis of reaction products according to the method of Kramak
(2008) did not indicate the formation cbnjugated linoleic acid during this bio
transformation reaction.

2.3.3 Kinetic study of the transformation of linoleic acid

Growth ofL. sanfranciscensi®SM 20451 and.. plantarumTMW 1.701
was followed fora period of four days in the presence of 4 mmol/L of linoleic
acid under optimal growth conditions. Bacterial growth in the presence of the
fatty acids followed the normal growth pattern and pH dropped from 6.5 to 3.4
(Figure 2.8 and 2.9). Transformatigproducts started to appear during the
stationary phase arghowed an increasing trend in the amount of HFA formation
by the 4" day of fermentation. During the first 24 h 75% of the added substrate
disappeared, however only 10% transformed into monadahgidroxy products.
Twenty five percent of the initial substrate remainactransformedat the
conclusion of the incubation.

2.3.4 Effect of oxygen on transformation of linoleic acid by LAB

In order to develop eelation between oxygen requirementagormation
of oxygenated HFAs, bacterial transformation was performed.ylantarum
TMW 1.701 under aerobic and anaerobic conditions. From the chromatogram in
Figure 2.10, it is likely that underanaerobic environment isomers of
monohydroxy otadeceni acid along with a ¢hydroxystearic acid were formed.
Whereas, culture propagation under aerobic conditions generatedxaldtion
products of linoleic acid including two additional monohydroxy octadecenoic acid
isomers. These isomers were also presa the control experiments, and
corresponohgly might havereducedthe quantity of dihydroxystearic acidn

aerobically treated samples (data not showiifjerefore it was concluded that the
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presence of molecular oxygen for the the biotransformatioatioeawas not

essential.
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Figure 2.8. Kinetic study of fermentation df. sanfranciscensi®SM 20451 in
media containing 4 mmol /L Iinoleic aci
pH (z) after 0, 1, 2, 3, and 4 days
concentration of C18:zm), monchydroxy fatty acidsg) and dihydroxy
fatty acids O).
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Figure 2.9. Kinetic study of fermentation df. plantarumTMW 1.701 in media
containing 4 mmol/L |inoleic acid. Sh
after 0, 1, 2, 3, and 4 days of fermentation as well asdheentration of
C18:2 m), and the concentrations of mehgdroxy fatty acidsg) and di

hydroxy fatty acids.
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Figure 2.10. Total ion current chromatograms froBC-MS showing separation
of diazomethandSA derivaised fatty acids and hydroxy fatty acids
produced from linoleic acid bl. plantarumTMW 1.701 during growth
under anaerobic conditions (Panel A) or under aerobic conditions (Panel

B). Peaks for the internal standard (C17:0), linoleic acid (C18:2), and the

monao or di-hydroxy products are indicated.

2.3.5 Transformation of linoleic acid by disrupted bacteria

To facilitate increased transformation efficiency, bacterial cell wall

extracts were generated through microfluidization of overnight culturds. of

sanfranciscensiBSM 20451 and.. plantarumTMW 1.701. The hydrolyzed cell
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Figure 2.11. Conversion of fatty acids with bacterial crude cell lysate flom
sanfranciscensi®SM 20451 to monohydroxy fatty acids and dihydroxy
fatty acids. Shown i s theéedSA@,marnder si on o
theconversion ofinoleic acid ®) to monehydroxy fatty acidsm) and d+
hydroxy fatty acids ). Results are shown as mean * standard deviation

of 3 independent experiments.

preparations were then inatiedwith 4 mmolL of linoleic acid (Figure 2.11 and
2.12). It was found out that crude cell wall extracts noticeably enhanced the
conversion of substrate fatty acid, as compared to whole cell preparations.

In 24 h, the use of disrupted cells resultedhi5 fold increase in monohydroxy
octadecenoic acid products and a 10 fold increase in dihydroxy product than
observed fo bacterial cultures (Figure 21@r L. plantarumTMW 1.701). The
products generated did not undergo further transformation whebateno was
cortinued for an additional 4 dayss ahown inFigures 211 and 212. Semk
guantification using G&ID revealed approximately 33% (1.3 mmol/L) meno
hydroxy octadecenoic acid isomeecemprising of 13-hydroxy-9-octadecenoic

acid (product Eand10-hydroxy-12-octadecenoic acid (product.F)
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Figure 2.12. Conversion of fatty acidby bacterial crude cell lysate frorh.
plantarumTMW 1.701 to hydroxy fatty acids. Shown is the conversion of
oleic aci d -HSA)e), and thelcdnversion dinoleic acid m) to
monchydroxy fatty acidsg) and dihydroxy fatty acids O0). Results are

shown as mean * standard deviation of 3 independent experiments

The major product at 386 yield (1.5 mmol/L) was10,13dihydroxystearic
(Figure 2.11). Untransformed linoleic acid was only 5 % while the rest of the
fatty acid mass i.e. 27% remained unidentified. A comparable trend of linoleic

acid conversion was abrved forL. plantarumTMW 1.701 (Figure 2.12).

2.3.6 Effect of oxygen on transformation of linoleic acid by crude cell

lysates of LAB

In order to find out the mechanism of this reaction, and to develop a
relationship between the availability of molemuloxygen and hydroxylation
efficiency of unsaturated substrates by LAB crude cell lysate froplantarum
TMW 1.701, the reaction was carried out in the absence and presence of oxygen.
From the results in Figure 2.13, it can be inferred that the reactas not

dependent upon oxygen and proceeded via hydration of double bonds, resulting in
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10,13dihydroxystearic aciés the major product during anaerobic incubation. A
majority of products appeared as isomers of roydroxy octadecenoic acid
during aeobic incubation of substrate with a decreased amount-bfatoxy
compound. This can be explaineg comparison with a control run under aerobic

conditions without the biocataly&lata not shown)

10 ¢

0.8

0.6

0.4

0.2

I

0.0
Aerobic conditions Anaerobic conditions

Figure 2.13. Incubation of 4mmol/lL linoleic acid with crude cell lysate df.
plantarumTMW 1.701 for 24 h under aerobic andaarobic conditions.
Products, monehydroxy fatty acids i), di-hydroxy fatty acids ), and
untransformed linoleic acicm) are shown.Control contained fatty acids

in lysis buffer in the absence of biocatalyst.

The differencein the amount of monbydroxy fatty acids under aerobic and
anaerobic conditions was significantly differeptvalue 0.02). ldnce the final
yield of monehydroxy octadecenoic acid increased as compared to the di
hydroxy product during aerobic incubatiokinder these conditiorignoleic acid
might have undergone autxidation and therefore resulted in an overall higher
amount of monénydroxy fatty acids. It was inferred from this experiment that
LAB enzymes biotransform linoleic acid in the absencaoliecular oxygen.
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2.3.7 Effect of substrate concentration on transformation of linoleic

acid by lysed bacterial cells

A further insight into the mode of action of the hydrating enzymes present
in the crude cell lysate was provided by incubating linoda™ with different
concentrations of linoleic acid, starting frommimol/L of linoleic acid(Figure
2.14)

100 | h E3
80
60
40
20 ]
0
5 10 21 40 74
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% age of fatty acid produc

Initial conc. C18:2 (mmol/L)

Figure 2.14. Conversion of linoleic acid by exposihg plantarumTMW 1.701
crude cell lysate to increasing concentration of substrate C18:2. Figure
represents the percentage of left over substrate Cm3);2a0d products;
monohydoxy-products @), and dihydroxyproduct (8). Results are

shown as mean + standard deviation of 3 independent experiments.

From the nature of monohydroxy octadecenoic acid products and their
simultaneous gesence it canebinferred thatn the presence of sufficient amount
of enzyme the most abundant product was 2djh@droxystearic acid. When the
amount of enzyme became limiting, with increasing concentrations of linoleic
acid, monohydroxy octadecenoic acid productstetl to accumulate ultimately

decreasing the amount of 10;dBydroxystearic acid. With 1 mmol/L of starting
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linoleic acid concentration incubated with crudell lysate fromL. plantarum
TMW 1.701 there was 78% dihydroxy product, 10% isomers of moxooRky

and 12 %untransformed linoleic acid. 10 Bhydroxystearic acid appeared as
the most abundant produecbm this reaction. In Figure 2.14, with 40 mmol/L of
starting linoleic acid concentration, there were 4% 1@ibgdroxystearic acid,
18% isomes of mono hydroxy octadecenoic acid products and 78%

untransformed linoleic acid.

24  Discussion

Transformation of oleic and linoleic acid to HFAs was studied from
growing andwashedcells of eight different strains &f. aeruginosa Two strains
convered oleic acid to 1HSA during growth whereas, linoleic acid was not
transformed. Formation of #ydroxy-octadecenoic acid products with various
unsaturations has been mentioned in response to the addition of oleic, linoleic, and
linolenic acid, under aerobic conditions by Pseumona@allen et al. 1962,
1971, Daviset al 1969b) In contrast to the previous studies the strains utilized
during this analysis hydrated dadeiacid but had no effect on linoleic acid.
Therefore it can be assumed that theHEA formation occurred in response to
the addition of oleic acid as a stress response, because palmitic, stearic and oleic
acid are the main fatty acids in the cell membrsaofPseudomonasp. (Kawai et
al. 1988) The pesence of oleic acid in the medium was considered as an induced
stress and hydroxy fatty acids were produced in response to that stress éMurga
al. 2001).

Transformamn of three unsaturated fatty acids to HFAs by different
strains of lactic acid bacteria was analysedn this study all the strains
investigated produced various levels ofH8A when exposed to oleic acid in the
culture. The products from linoleic acahd linolenic acid were identified 4§-
hydroxy-12-octadecenoic acjd 13-hydroxy-9-octadecenoic acidand 10,13
dihydroxystearic acid To our knowledge, this is the first report ©0,13
dihydroxystearic aciteing produced from linolenic acid by LABLinolenic

acid transformation by LABNocardia cholesterolicunand Flavobacteriumsp.
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DS5 indicates the formation of 4ydroxy-12,150ctadecadienoic acid (Kinat
al. 2003, Hou 195a, Sakataet al 1986a, Koritala and Bagby 1992)
Concomitant presence of three different hydroxy products, nahtehydroxy
12-octadecenoic acid, I3ydroxy-9-octadecenoic acid and 10;H3ydroxy
octadecanoic acidwere observed during linoleic acidnd linolenic acid
transformation in contrast to the previous citations.

Conjugated linoleic acid was not formed by LAB lactic fermentations,
HFAs arising from linoleic acid transformation have been reported to be the
precursors otonjugated linolei@cid 10-hydroxy12-octadecenoic acidnd 13
hydroxy-9-octadecenoic acid have been identified from linoleic acid
transformation from strains afactobacillus Streptocococcusnd Enterococcus
In the present study, the yield of -HBA from the cultue was in the range of
24% to 38% of 4 mmol/L initial substrate concentration, which substantially
increased to 66% when LAB crude cell lysate was utlized for the
biotransformation process after less than 24 hours. The yield-ld520(10%-
70%) has beementioned from washed cells of LAB in response to 4 mmol/L
oleic acid addition after 20 hours of incubation by Wanikatval (2000, 2002).
Additionally, hydration of oleic acid to tBSA with very low turnover rates has
also been mentioned f&nterocacus faecaligHudsonet al 1995)

Analysis of linoleic acid transformation demonstrated no correlation with
bacterial growth. The transformation products form linoéeiid started to appear
from 2" day when culture reached the stationary phaseterdgradually started
to accumulate in the latetasionary phase (day 3 and 4). These results are in
agreement with the findings of Ogavea al (2001). However, Ogawat al.
(2001) identified isomers of hydroxy fatty acids en route to the formation of
conjugated linoleic acid from washed cellsLofacidophilousunder microaerobic
conditions (oxygen concentration less than 1%#)ich gradually decreased in
concentration due to the formation of conjugated linoleic acid (Ogastaal
2001). In previous studies, incubation of washed cells tfromcidophilousfor
seven days resulted in 65% -b@droxy octadecenoic acid and 4% of 10,13

dihydroxystearic acid yield, indicatinghe presence of biocatalyst in the
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membranes of bacterial cells, which are released upon cell death and thus
transform linoleic acid to predominantly monohydroxy fatty acids (Kistinesto
al. 2003).

Presence of-mmol/L (1 g/L) linoleic acid in the optiral growth medium
was not found to be deleterious for the propagation of cells as evident from
studying the cfu/mL in response to added linoleic acid, whereaseKah (2003)
observed certain LAB strairteatwere unable to propagate in the free fattydaci
containing medium. From the current analysis it appears that the added fatty acids
at 1 g/L concentration were used to increase the cellular mass. It is supported by
the observation by Hofmanet al (1957) thatlactobacilliuse exogenous fatty
acids br the formation of lactobacillic acid present in their cell membranes
(Hofmannet al 1957) However, requirement of oleic acid for the growth_of
reuteri and L. sanfranciscensihias alsobeen mentioneqSugihara and Kline
1975, Ganzleet al. 2000) In our study, use of crude cell lysate indicated that
transformation took place in less than 24 hours vattb fold increase in
monohydroxy octadecenoic acid products and afdl@® increase in10,13
dihydroxystearic acid10,13dihydroxystearic acicdeing the major product) as
compared to transformation occurring in whole cell cultufée bocatalyst for
the transformation was found to be located in the fraction of the celtlysate
containing cell debris. Incubation of bacterial crude cell lysate to increasing
amounts linoleic acid revealed that 10diBydroxystearic acid was the most
abundant compound generated during the reaction, and isomers of monohydroxy
octadecenic acid products appeared as the intermediates for the formation of
10,13dihydroxystearic acid.

The nature of products analysed and quantified under anaerobic and
aerobic conditions to evaluate the role of oxygen indicated that hydration of
double bondsakes place in the absence of molecular oxygen. Presence of oxygen
leads to autaxidation of the electron rich substrate. Awtadation of linoleic
acid generated monohydroxypsaturated products in addition to bacterial mono
hydroxy fatty acids, redting in a relatively higher cumulative amount of

monohydroxyoctadecenoid products under aerobic conditions of bactiwal
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genugrowth. Mass spectral analysis of LAB generated isomers of monohydroxy
octadecenoid compounds was markedly different from #uteoxidation
products of linoleic acid which were observed in the controls under aerobic
conditions and from lipoxygenase generated products of linoleic acid (data shown
in Chapter 3 Figure 3). Bacterial culture under anaerobic conditions spediyical
accumulated mono hydroxy products from bacterial metabolic activity, along with
guantitatively higher amounts of 10,-tilhydroxystearic acid.

These results are in agreement with the mechanism of hydration for
transformation of unsaturated fatty abig Streptococcus pyogenggolkov et al
2010) A highly conserved protein family, called myosin crosactive antigen
(MCRA) protein family was identified as an FAD enzyme which acted as
hydratase on ) and 12%)- double bonds of C16 and C18 nesterified fatty
acids(Volkov et al. 2010) A BLAST search identified >75% sequence identity
of L. reuteri L. plantarum andL. sakeifor the MCRA protein frons. pyogenes
suwggesting the presence of hydrating enzymethéngenud_actobacillus LAB
transformUFAs to HFAs in their membranes in response to temperature stress
(Murga et al 2001) Therefore the presence of highly consdr@CRA in the
genomes of LAB indicates that this hydratase is a hkaeping enzyme to
maintain membrane homeostasis under stress condititmsse keeping enzymes
with conserved sequences, are present among all the living organisms and are
expressed caitutively to perform life functionsRancholi and Chhatwal003).

In this work more emphasis has been placed on linoleic acid as the
bacterial transformation in the presence of linoleic acid, results in products with
more functionalities and the preserafehese functional groups in turn allow for
more chemical manipulation for a number of different applications. By
controlling the amount of linoleic acid the method can be applied for the synthesis
of predominantly monohydroxy octadecenoic acid or 1-@jh$droxystearic acid
This will not only allow for the ease of downstream purification but also for the
generation of specific hydroxy compounds for particular applications from

technologically desirable strains of LAB.
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Chapter 3
Coriolic Acid Synthesis From Free and Immobilized Lipoxygenase

3.1 Introduction

Coriolic acid (13hydroxy9,11-octadecenoic acid), is a-dnsaturated,
monohydroxy C18 fatty acid. Applications of coriolic acid as an industrial
intermediate, and as a bioactive compound are described in Sectidan A
highly purified preparation in bulk quantities is required for applications in
biomedical processes and synthetic chemistry. Current methods for the synthesis
of coriolic acid ether use chemical processes or chemoenzymatic approaches
including the use of soybean lipoxygend&ao et al 1986, Jieet al. 1997,
Babudriet al. 2000, Omaret al 2003, Gardner 1996, lacazeéd al 1990) In
addition to the specificity of biocatalysis (Hassdral 2009), enzymatic reactions
offer several other advantages. First, enzymatic synthesis occurs at lower
physiological temperatures with decreased energy demand apmtodhyct
generation (Koeller and Wong 2001). Second, the environmental concerns favour
the development of processes operating under milder reaction conditions, using
less solvent, and minimal waste production. As a result, enzymatic conversions
are desirable for research, development and industrial applicgfZunsstone
2003). Another positive feature of biocatalysis is that enzymes are required at a
concentration of 0:1% of the substrate. At the same time, recovery and
reusability of enzyme through the process of immobilization on a suitablersupp
gives the whole process economical viability and synthetically simplifies the
process by onstep synthesigPosorske 1984, Mateet al 2007, Koeller and
Wong 2000) Therefore, an enzyrtia process for onstep synthesis of coriolic
acid was investigated during the current study.

Soybean lipoxygenask (Lox) specifically generates I3ydroperoxy
9,1%-octadecenoic acid under alkaline conditions through the introduction of
molecular oxygerto the substrate as shown in Figure @\hnda and Yadav
2003) The catalytic products of the Lox reaction with linoleic acid are peroxides
of unsaturated fatty acids which are highly reactive and can result in Bcissio
reactions leading to the formation of a variety of small chain aldehydes and
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Figure 3.1 Reation of lipoxygenase with linoleic acid (A) for the formation
13-hydroxy-9,11- octadecenoic acid / coriolic caid (C) in the presence
reducing agents. Lox reaction medium in the absence of any ¢
reducing agent converts linoleic acid (A) to -H@iroperoxy9,11-
octadecenoic acid (B), which is reduced by NaBHa two step reaction t
generate 1dydroxy-9,11- octadecenoic acid (C)Cysteine when present i
the Lox medium results in the formation adriolic acid(C) in a single step
Reaction nechanism adapteslith permissiorfrom Nanda and Yadav 200:

carboxylic acids (Bentley 2001)The formation of coriolic acid, using free and
particularly immobilized Lox systems, suggests a higher yield and purity of
hydroperoxy compends(lacazioet al 1990, Maguireet al. 1991, Chikereet al
2000, 2001, Gardnest al. 1996) A standard protocol to generate coriolic acid
from Lox reaction on linoleic acid initially generates linoleic acid hydroperoxides,

which are extracteldy organic solventsand then reduced to@golic acid.
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The chemical approach for the reduction of peroxides utilizing sodium
borohydride leads to the formation of optical and positional isomers of the
products due t@utcoxidation of the substratenoleic acid during the induction
period. As aresult, the yield and purity of final product decreases and down
stream purification is impacted (Bentley 2001). Lox converted linoleic acid to
hydroperoxy octadecenoic acid with a 99% yield, however, coriolic acid yield was
70% after using sodium borgptiride as reducing ageriMaguire et al 1991,
Kermashaet al 2002. In addition to sodium borohydride, triphenylphosphine,
strong alkaliand horse radish peroxidase have been utilized foptirpose of
reducing hydroperoxides to corresponding alcof&lavet al 2001, Gardneet
al. 1996, Wittinget al 1997) For the synthesis of coriolic acid, all these
procedures have beatated to occur either as two step processes, or with lower
yields of coriolic acid as compared to the hydroperoxy product. Ekshat
(1998) described a method for the formation of coriolic acid in a single step with
cysteine as reducing agent usingxLenzyme fromcrude extract of defatted
soybean flour However, the formation of coriolic acid from purified or
immobilized Lox in a single step process has not been described. It was therefore
the aim of this study to produce coriolic acid in a singfiep process, using
cysteine and commercial preparation of soybeamyme,Lox-1 in free and
immobilizedform. It was also intended to analyse the stability of immobilized
Lox during multiple reaction cycles.

In order to develop an efficient process éopure isomeric preparation of
coriolic acid the objective of the study was to establish the quantitative yield of
coriolic acid by using different reducing agents. cysteiine and
mercaptoethanol in a single stecessas compared to sodium borohydridea
two step process. A second goal was to optimize the aqueous Lox reaction
medium for solubilising maximum concentration of substr@dieoleic acid)
during thesingle step process and, further replicate the method with immobilized
enzyme system to develop a cost efficient approach for the formation of coriolic

acid.
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3.2  Materials and methods

Linoleic acid (98%), methyl heptadecanoic a(d8%) 12-hydroxy staric
acid (95%), cysteinél C | 98(0%) sodium borohydride, trizma hydrochloride (>
99%), Lipoxidase fromGlycine max(soybean)Type FB (O 50, 000 ,uni ts /
Eupergit C (spheres of ~ 150-4Gqgm),ahd amet er )
chitosan wergurchasedrom SigmaAldrich, (St. Louis, MO USA). Whatman
flexible thin layer chromatography (TLC) platé2 50 e m ), Davisik ne s s
chromatographic silicgel 200425 mesh, reagent grade chloroform, ethyl acetate,
hexane, methanol, isopropanol, and eBw 20, N, Gbis-(trimethyl silyl)-
acetamide (BSA) were purchased from Fisher Scientific (Fair Lawn, NJ USA).

3.21 Enzymatic conversion of linoleic acid

In order to study the quantitative effects of conducting Lox reaction in a
single step or two speprocess, cysteidd C | -niercaptoethanol and sodium
borohydride were employed as reducing agents respectively. For process
optimization, variousno | ar r at i o s -nwrfcaptoethanbl everantestea nd D
for maximum vyield during theprocess ofsingle $ep coriolic acidsynthess.
Three different types of buffers were prepared as shown in Table 3.1. Sodium
borohydride was used as a reducing agent in a two step process with free enzyme
according to Vegat al (2005b)

In short, 2 mmol/L linoleic acid was dissolved in 0.1M T@kbuffer (pH 9)
containing 0.6% Tween 20. Linoleic acid was weighed each time tevachi
concentration of 2 mmol/for an accurate mass balance analysis. Four different
concentrations of feine, and the di fferent concentrat
mercaptoethanol were added to the buffers in order to study the effect of different
molar strengths of reducing agents on the final yield of coriolic acid (Table 3.1).
The pH was adjusted to 9 after the aiddi of reducing agent through the use of
10N NaOH. The selected molar ratios of cysteine : linoleic acid were 0.5:1, 1:1,
1: 2 and Imedaptoethlaroll: Bnoldic acid molar ratios were 1:1, 1:10,
and 1:20. The percent yield of coriolic acid iox reaction was generally
calculated as [CAdna X 100/ [LA]niia. Here CA and LA represent coriolic acid
(mmol/L) and linoleic acid (mmol/L).
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Table 3.1.Composition of Lox reaction medium ftire formation of coriolic acid.

Reaction Composition Reducing Agent

media (molar ratio to linoleic acid)

Two step process

A Tris-Cl 0.1M (pH 9) Use NaBH (25mM) for reducing hydroperoxides t

Tween20 = 0.6%  hydroxy fatty acid
linoleic acid = 2
mmol/L (w/v)

Single step process

Bl b-mercaptoethanolC18:2
(0.5: 1)

B2 Tris-Cl 0.1M (pH 9) (1:1)

B3 Tween 20 = 0.6% (5:1)

C1 linoleic acid = 2 Cysteingi HCI : C18:2
mmol/L (w/v) (0.5:1)

C2 (1:1)

C3 (2:1)

C4 (4:1)

Lox was added to a concentration of 0.08 g/L (91 U per 5 mL reaction
volume) under a gentle stream ofygen at room temperature for 5 min and the
reaction vials were transferred to an incubator at 25 °C with shaking speed of 150
strokes per min. for 25 min in the absence of oxygen. Buffers containing linoleic
acid treated with reducing agents and in theeabe of enzyme were run in
parallel as control in order to estimate the amount of-axitdation products
generated under different sets of reducing conditions.

3.22 Extraction of hydroperoxides and coriolic acid

At the end of incubation period, pH btiffers with and without reducing
agent, were adjusted toH 2 with 1 N HCI to achieve complete extraction
Heptadecanoic acid was added as an internal standard and the aqueous solution
was extracted three times with equal amount of chloroform contaitfg

methanol. Solvent was removed from the extract through the use of a rotatory
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vacuum evaporator Sol vent extracts from reacti

mercaptoethanol and cysteine as reducing agents were stor2@ aC until
analysed, while extractwithout reducing agents were dissolved in methanol
followed by addition of a 5% solution of sodium borohydride in water (25 mM) to
reduce the peroxides to coriolic acid. The reaction was performed onr4ceCj0
for 30 min with stirring followed by anoén 30 min at room temperature. At the
end ofthe reactionthe pH was adjusted to 2 with 1N HCI and the solution was
extracted with chloroform/methanol. All of the underivatized solvent extracts
used in the study were applied on TLC plates, run in aesblgystem of
hexane/ethyl acetate 4:1 for initial identification of products. TLC plates were
developed in an iodine vapour chamber. Following TLC analysis, samples were
analysed by gas chromatograpigss spectrometry (GMS) and gas
chromatographylame ionization detector (GEID) after derivatization by
diazomethane (DAM) and N, -Ois-(trimethyl silyl) acetamide (BSA) as
described below.

3.23 Purification of coriolic acid

Column chromatography was utilized for purification of products. The
columnwas packed using silica slurry made in hexane and poured into a glass
column of 1.5 cm diameter up to a 22 cm column length. Hexane /ethyl acetate
4:1 was used as a mobile phase to purify coriolic acid from untransformed linoleic
acid and from other unahtified impurities as described by Hou (1999). Purified
extracts were analysed by &@S, Fourier transform infraed spectroscopy
(FTIR) and high performance liquid chromatogragphgdem mass spectrometry
(LC-MS-MS) as described below. FTIR analyses wer performed at the
Department of Gemistry, University of Alberta.

3.24 Selection of solvents for Lox reaction in a monophasic system

In order to incorporate higher concentrations of linoleic acid in soluble
form, the compatibility of various water mist@bsolvents were analysed for the
formation of coriolic acid in a single step with four times molar excess of cysteine
as reducing agent. To generate a monophasic Lox reaction system, tween 20 was

individually replaced by four different water miscible wahts; acetone 5%/v,
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methanol 5% vl/v, isoprgmol 10% v/v and glycerol 20 %/v concentration
during the reaction with 2 mmol/L linoleic acidlhe reaction was carried out in
15 mL Sarstedt tubesith a 5 mL reaction volume. Cysteine was incorporated i
the buffer to analyse the compatibility of cysteine in a solvent containing medium
for the formation of coriolic acid in a single stefcess

Buffers in the absence of solvents with 0.6% Tween 20, 2 mmol/L linoleic
acid, and 8 mmol/L cysteine wereeglsas control to assess any effect on the final
yield of coriolic acid. Reactions were carried out in the presence of gentle stream
of oxygen at room temperature by the addition of 0.08@1LU) of enzyme for 5
min, and transferred to incubator shaker2& °C for 25 min. At the end of
incubation period, solvent extracts were prepared as mentioned above and stored
at-20 °C until analysed by TLC plates, @S and GCFID.

3.25 Formation of coriolic acid in the presence of solvents and

compatibility of system with cysteine and NaBllas reducing agents

From the results of experiment mentioned in the above section, 5%
isopropanol (v/v), 10% methanol (v/v), and 20% glycerol (v/v) in 0.1M-Ttis
buffer, were found to be compatible with cysteine contairsggtem for the
formation of coriolic acid in a single stgocessand were therefore selected to
be used with higher concentrations of linoleic acid. The solubility of linoleic acid
in 5% isopropanol, 10% methanol, and 20% glycerol was assessed invird so
mixtures containing Tri€Cl buffer by adding an excess amount linoleic acid. The
mixtures were well shaken in a cold dark place overnight and samples were drawn
from the lower aqueous layer for analysis on HPLC. HPLC was conducted using
a Zorbax Ebpse XDB RP C18 column (4.6 x 150 m, & m) from Agil e
Technologies $anta Clara CA, USAyith a solvent system of 75% acetonitrile
and 25% water in an isocratic elution. A diode array detector was used and wave
length of 240 nm and 254 nm were used for quantification. The solubility of
linoleic acid in 5% isopropanol (v/v), 10% methanol (v/v) and 20% glycerol (v/v),
as recorded at 254 nm was 20 + 3 mmol/L, 22 £ 4 mmol/L, and 38 £ 13 mmol/L

respectively.
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To test the efficiency of the solveassisted systems, the Lox reaction was
conducté in a monophasic system by incorporating 20 mmol/L linoleic acid in
buffers containing 5% isopropanol, 10% methanol, and 20% glycerol,
individually, in 0.1M Tris-Cl buffer pH 7.5 and 80 mmol/L cysteine as reducing
agent. Addition of cysteine decreashkd pH of the buffer which was adjusted to
7.5 by using 10N NaOH. Identical buffer systems containing solvents in the
absence of cysteine were usadoarallelfor the formation of hydroperoxidess
control  These hydroperoxides were extracted and rebueéh sodium
borohydride in a two step process as mentioned above to compare the yield of
coriolic acid formed in solvent containing media from cysteine and sodium
borohydride as reducing agents. The reactions were carried out by the addition of
0.08 g/Lenzyme under oxygen flow for 5 min, and for 25 min in an incubator
shaker at 25 °C with shaking speed of 150 strokes per min. Solvent extracts from
all the treatments were stored-2 °C until analysed.

3.26 Use of borate buffer pH 9.5 with cysteine sireducing agent

The Lox reaction was carried out in an alkaline aqueous medium
containing 0.1M sodium borate buffer pH 9.5 with 100 mmol/L of linoleic acid in
a 3 mL reaction volume. The substrate was exposed to gentle stream of oxygen
while being stirrd at 04 °C. Lox was added to a total enzyme concentration was
3.3 g/L (2300 U per 3 mL reaction volume) in the reaction buffer. Four times
molar excess of cysteine relative to the substrate concentration was introduced
into the reaction system after b&in as reducing agent and pH adjusted to 9.5
with 10N NaOH. The reaction under oxygenated conditions was quenched after
2 h and after 4 h of introducing cysteine into the medium. After the completion of
reaction pH was adjusted to 2 with 1N HCI for arthugh extraction of fatty acids
and extracted three times with chloroform/methanol as mentioned ahove
Section 3.2.2.

3.2.7 Immobilization of Lox on different supports

Three different methods of immobilization were tested during the

reusability study blipoxygenase. Loading efficiency (percentage) was measured
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by analysing the total unbound protein concentration in the washing buffer of the
supports using standard BiRad protein assay (Bradford 1976).

Each of the three immobilization/encapsulatiorthods utilized a unique
support that was selected based on cost and performance. Procedures are given
below for immobilization of Lox in Calcium alginate gel, polyvinyl coated
chitosan beads and Eupergit C. The immobilization support showing the highest
% loading efficiency after *icycle of reactionand best retention efficiency in
subsequent cycles was selected for further experimentation.

Sodium alginatebeads wer@repared by the method bisu et al (1997).

In brief, 4% w/v solution of sodium algute was prepared in 0.2 M sodium borate
buffer pH 9. The sodium alginate solution was then mixed with an equal volume
of Lox 5 mg/mL in 0.2 M borate buffer pH 9. The lipoxygenase and sodium
alginate mixture was dispensed drop wise into a cold soluti@dn2oM calcium
chloride to form beads. The beads were collected afteri3@nd transferred to a
flask containing enough hexane to cover the beads. Tetramethoxy orthosilicate
was added to beads in 1:1 ratio v/v and left at room temperature overngguds B
were then filtered and the filtrate was tested for unbound protein usinBdgio
protein assay kit. Lipoxygenase activity was tested after vacuum drying the beads
for six hours.

Polyvinyl coated chitosan beads were prepared by the procedure
describedyy Dincer and Telefoncu (2007). Polyvinyl coated chitosan beads were
modified with maleic anhydride. Subsequently lipoxygenase (5 mg protein/mL
wet weight of beads) was immobilized on the beads using epichlorohydrin as a
cross linking agent in a reaaticat 4 °C for 6 hours while shaking. The beads
were then washed 3 times with equal volume of 60 mM phosphate buffer pH 6.5.
Wash buffers were stored and analyzed for free protein determination. Prepared
immobilized enzyme preparations were stored inNd.Tris-Cl buffer at 4 °C for
activity measurement.

Eupergit C was used for the immobilization of Lox, and the protocol
described by Chikeret al (2001) was followed. Briefly, beads were left for
soaking in 0.05Mpotassium phosphate buffer pH 7.5 for 1 hour at4 20 mg
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Lox per gram weight of beads (4500 U of enzyme activity) was used for
immobilization for 72 hours at room temperature without shaking. After the
immobilization process, beads were washed with @ potassium phosphate
buffer and stored at 4 °C until used for enzyme reaction. Buffer from washes was
stored for the estimation of any unbound protein usingR&id protein assay Kkit.

3.2.8 Immobilization of Lox on Eupergit C and use of cysteine as

reducing agent

From the comparison of the percent loading efficiency and retention
efficiency of the three supports under examimats mentioned in Section 3.1.6
(Results Section 3.3.6Fupergit C was selected as the support of choice for
further experimetation. After each consecutive reaction cycle immobilized
Eupergit C beads were washed three times with 0.05 MyKRer pH 7.5. Two
different buffers described in above sections were used with the immobilized Lox
with the following descriptions.

(i) Reaction medium containing detergent, 0.6% Tween 20 with initial
linoleic acid concentration of 2 mmol/L and four fold molar excess of
cysteine as reducing agent.

(i) Sodium borate buffer of pH 9.5 containing 100 mmol/L of linoleic acid
and four fold molar xcess of cysteine as reducing agent. Washing the
support after the completion of reaction was done by including 10%
methanol and 0.6% Tween 20 in the washing buffer. This was done to
wash the microporous support which was completely covered by the
produd, coriolic acid and the substrate, linoleic acid.

Eupergit C beads (0.02 g), containing 0.4 mg Lox (91 U) were used in a 5
mL reaction volume for (i) reaction medium in 15 mL Sarstedt tubes. Whereas
0.5 g beads containing 10 mg Lox (2300 U) in 3 mictiea volume was used for
(i) in 50 mL Sarstedt tubes.

329 Scaleup of free and immobilized Lox with cysteine as reducing

agent for the production of coriolic acid

The Lox reaction with free enzyme performed in a Minifors 5 L fermenter

vessel Rose Scistific, Ltd., Mississauga, Ontario, Canade evaluate any
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impact due to scale up of the reactants and products. The reaction buffer
contained 1 L of 0.1 M Tr€l buffer at pH 9, 0.6% Tween 20, and 2 mmol/L
linoleic acid. Cysteine was added to the buf8 mmol/L) and pH adjusted to 9
with 10N NaOH. Oxygen was bubbled at the rate of 2 L/min and enzyme stock
solution containing 0.1 g/L (20000 U) free Lox enzyme was introduced through
the port.

For the reaction with immobilized Lox, 4 g Eupergit C de&ontaining
0.08 g/L (18000 U) enzyme were introduced into the buffer system. The
fermenter agitation was set to 100 rpm at 25 °C with 1 L/min oxygen flow to
prevent excessive foamingReactions were allowed to proceed for 1 h. At the
end of thereadion time, 1N HCI| was added to bring the finpH to 2. The
reaction solution was extracted twice with 500 ohiloroform / methanol (85%:
15%) and analysed by GKAS and GGFID as described below.

3.2.10 Derivatization and analysis by gas chromatography

The Lox reaction extracts were methylated after drying using
diazomethane (DAM) for 3@nin and silylated using N, Dis-(trimethyl silyl)
acetamide (BSA) as described @Yicolaideset al 1983) Diazomethane was
prepared in the lab according to Aldrich technical bulletin280 using Diazafd
distillation kit purchased from Aldrich (St Louis, MO, UpA12-Hydroxystearic
acid derivatized under similar conditions was run as an external standard for
retention time ad mass spectral analyses. Derivatized extracts were analyzed by
electron impact (EI) GC-MS as described in the following section.

32101 Gas chromatographyi Mass Spectrometry (GG
MS)

Total ion chromatogram (TIC) and mass spectra of derivatized Lox
readion extracts were generated through-@S analyses performed on a model
5975B EI/ClI GGMS, with a 7683B series injector and auto sampler from Agilent
Technologies Inc., Santa Clara, CA. The inlet heater was set atC300rhe
constantcolumnflow wassé at 1 mL/min in a split injection model with a split
ratio of 100:1. The detector temperature was set to 2% Analyses were

carried out using a standard DB1 column with column temperature starting with a
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hold of 0.1 min at 90 °C and then increasethatrate of 10 °C / min until 220 °C.
Temperature was held at 220 °C for 8 min and then increased to 290 °C at the rate
of 10 °C/min and held at 290 °C for 1.9 min. The total run time was 30 min.
Electron impact ionization (potential 70 eV) was used arass ranges between
40- 450 Dalton were monitored. Data was analyzed using the Enhanced MSD
ChemsStation TM D.03.00.611 software (Agilent Technologies Inc., Santa Clara,
CA). Chemical ionization (EGGC-MS) was carried out under the similar column
condtions using ammonia as ionizing gas.

3.2.102 Gas chromatographyi Flame ionization detector

(GC-FID)

Reaction extracts were analyzed by-6GID to calculate the final amount

of products formed as a result of fatty acid transformation by Lox, and to analyze
the amount of substrate utilized. Calculations of fatty acids were made relative to
internal standard of known concentration on a carbon molar basis. A Varian 3400
Gas chromatograph equipped with a Varian 8200 auto sampler (Varian Inc., Palo
Alto, CA) coupled with an FID at 240 °C was used. Operating head pressure was
set to 25 psi. Initial injector temperature was’60and increased to 230 °C at the
rate of 150 °C/min and held for 28 min. Samples were injected on to a BP 20
column (column length wa8 0 m, 0.25 mm internal di ame
thickness). The temperature program started at 50 °C, was held for 0.2 min and
increased to 170 °C at the rate of 20 °C/min and held for 5 min. The temperature
was then increased to 230 °C at the rate of ¥/hiCand held for 13 min. The
total run time was 30 min.

3.2.10.3 HPLC-MS-MS

All samples were analyzed on an Agilent 1200 liquid chromatograph

(Agilent Technologies; Palo Alto, CA, USA) coupled to a QStar Elite mass
spectrometer (Applied Biosystems/MDSié€x; Concord, ON, Canada) with a
Turbospray ion source. Analyst QS 2.0 software was used for data acquisition
and analysis. The mass range recorded was from 50 amu to 1000 a.m.u. Nitrogen
was used for nebulizing gas, auxiliary gas and curtain gas.el€bgospray ion

source was used in negative ion mode with the following optimal conditions:
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Curtain gas at 25, gas 1 (auxiliary) at 20, nebulizing gas 2 at 40, ion source
temperature at 100 °C and ionspray voltage-4800 V. The declustering
potential (DP), focusing potential (FP), and DP2 were 50, 250, and 15V,
respectively. An Ascentis TM RP C18 column (15 ct
Supelco (Santa Clara CA, USA) was used for separation. The mobile phase
composed of 90% acetonitrile in an isocra
The injection Wast acosy as determbed Hy WIS-Ms
analysis was calculated by the formula given below.

[M measured] M Theoreticall M Theoreticd X 10°. Here M represents the molar

mass of the compound.

Statistical anal ysi s watest incMigrosét ed out
Excel 2003.
3.3 Results

3.3.1 Qualitative and quantitative analysis of coriolic acid produced

by using different reducing agents

In order to analyse the effect of different reducing agents on the vyield of
coriolic acid, three different reducing agemisre compared. The Lox reaction
was conducted in a single step for the generation of coriolictamdgh the use
of wvarious mol ar ¢ on cmeercaptoahanolpor by usifig cy st e
sodium borohydrideas a two step reactionThe Lox reaction with sodium
borohydride as reducing agent resulted in the formation of 1.6 mmol/L of coriolic
acid with 0.1 mmol/L of hydroxy product in an isomeric form. Untransformed
linoleic acid after the reaction was not observed (Table 3.2). The control
experimem carried out under identical reaction conditions in the absence of
enzyme formedd.33 mmol/L of hydroxy produdt. The qualitative effect of
sodium borohydridas reducing agent showed the formatbpositional isomers
and scission products were genedaduring the reaction (Figure 3l2). In
Figure 3.2 IA a number of unidentified peaks due to the breakdown of long chain

of fatty acid were observed, and the product was present in the form of positional
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isomers visible between 17 and 18 min of the @&gram, labelled collectively

Table 3.2. Comparison of different reducing agents for the formation of coriolic acid fr
13-hydroperoxy octadecenoic acid in a single step and two* step reaction

Initial Reducing Final Coriolic acid (Total
Linoleic Agent Linoleic hydroxy product
acid acid iIsomers)
mmol/L mmol/L mmol/L mmol/L
NaBH, 3+0.1 25 0+0.01 1.620.3 (1.7+0.4)
NaBH, & cysi HCI” 3.2+0.1 25 mmol/L  0£0.01 1.6+0.1 (1.8+0.01)
NaBH; &
12 mmol/L
cys
b-mercapte 3.2+0.07 2 0.05+0 0.02+ 0 (002+0)
3.3:t0.04 4 0.08+0 0.1+ 0.14 (0.1+0.14)
ethanol
3.5£0.07 20 0.37+0 0.64+ 0 (0.64+0)
cys-HCI 3.710.04 2 0.09+0 0.4+0.01 (0.4£0.01)
3.6£0.04 5 0.12+0 1.2+0.03 (1.2+0.03)
3+0.04 6 0.12+0 2.2+0.04 (2.2+0.04)
2.9+0.1 12 00 2.310.2 (2.310.2)
Control wih 2.7£0.4 25 2.44+0.54 (0.33x0.046)
NaBH,
(No Lox)
Control with 2.7£0.4 12 3.03+0.17 (0.045%0.008)
cys
(No Lox)

as isomers of hydroxy product.

A single pure product peak was observed by including cysteine in the Lox
buffer for immediate reduction of hydroperoxides to hydroxides (FiguréB3.2
In order to confirm the scission of diipperoxides for a considerably longer time

under oxidizing conditions, a control experiment was performed by incubating
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linoleic acid in the presence of NaBlnd cysteine. This control experiment
(Figure 3.3 1A and lIB)illustrates a similar trend dhe formation of oxidation
products of linoleic acid The effect of including cysteine in the medium are
shown in comparison wittNaBH, treatment with higher yields of the product,
coriolic acid in experimental and control reactions in Table 3.2 andd-B)@IA
and IB.

The effect of four different molar concentrations of cysteine on the
formation of coriolicacid was studied. The results witysteine, as compared to
substrate, when used at concentrations, 0.5:1, 1:1, and in 2:1 ratio did not produce
maximumamounts of coriolic acid.However, the presence of fefold molar
excess of cysteine as reducing agent resulted in the maximal yield of coriolic acid
as a single pure compound with a yield oaB 2nmol/L. The results also
demonstrated that thesue  amkrcaffitoethanol resulted in a higher residual
amount of linoleic acid, and very low yield of coriolic acid compared to cysteine

and sodium borohydride treatments (Table 3.2). Therefore, among the three
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‘ C18:2 Isomers of hydroxy product

l —
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N

Relative Abundance

13-hydroxy-octadecenoic acid

C170 13-hydroxy-9,11-octadecenoic acid
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Figure 3.2. GC-MS chromatogram of derivatised extracts from Lox reaction for
formation of coriolic acid withsodium borhydrideas redeing agent ina
two stepprocesqlA), and with cysteine as reducing agent in a single ¢
procesqIB). Peaks for internal standard C17li@pleic acid (C18:2)and
hydroxy product 1dydroxy-9,11-octadecenoic acidoriolic acid are
indicated.
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reducing agents analysed during this study tfaximumyield of coriolic acid

was observed from the cysteine containing medium.

3.3.2 Purification of coriolic acid

To confirm the structural identity of coriolic acid, the product of Lox
reaction purified from silica column was analysed by FTIR andGRIS-MS in
an underivatized form. After derivatization with DAM and BSA, the mass
spectral studies were performed by-&C-MS and exhibited the following
results.

EI-GC-MS: Mass spectra of peak labelled d8-hydroxy9,11-
octadecenoic acidh Figure 3.21B, identified as trimethyl silylderivative of
methylated 1dhydroxy 9,11-octadecenoic acid showed the fragment ions with
charge to mass ration/2 of: 73 (98), 130 (49), 225 (25), 311 (29), and 382 (10).
The structural explanation of these mass fragt® is explained in Figurgd.4
wherem/z382 represents the molecular weight of the derivatized compound.

FTIR: From FTIR analysis, peak 33@81* (b) indicated the presence of
hydroxyl group, 292em* (b) and 285%m™ (m) represented the presendeCol,

A
"Ml ma
C17:0 C18:2
Int.Stand.
Solvent peaks Hydroxy products
duf to auto-oxidation
8 L | A \ i || A L.l A oy
g [uv
=
E B C17:0
§ Int.Stand.
£
[F) |
o
D.— 2 4 6 8 10 12 14 16 18 20 22
Time (min)

Figure 33. GC-MS chromatogram of derivatised extracts frbnoleic acidsubjected
to reducing agents in control environment without the addition of Lox. U
control conditiondinoleic acid treated with sodium borohydride (11A) and wi
cysteine (IB). Peaks for internal standard C17tdpoleic acid and hydroxy

products due to auto oxidation are labelled.
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Figure 34. Mass spectrum of the total ion current chromatogram frordMSBCof

DAM and BSA derivatized 1-Bydroxy-9,11-octadecenoic acid (coriolic

acid) with proposed structural information.

groups, and 171&¢m™ (m) indicated the presenceadrbonyl groupand1109cn
L(s).

LC-MS-MS: Analysis of the partially purified coriolic acid from silica
column, in an underivatized form showed the following mass spectra. Fragment
ion with m/z295.2291 indicates [MH]. Fragment ion witthm/z277.21& arises
due to water loss from [NH], and fragment ion withm/z 195.1393 is the
fragment corresponding to formula#,00,. Mass measurements in Figure 3.5
are expected to be accurate within less than 2.mDa

Therefore on the basis of these resultsalirthe further analyses during
the course of this study, the peak labelled &$ydroxy-9,11-octadecenoic acid

in Figure 3.2. IBwill be referred to as coriolic acid.
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Figure 3.5. Mass spectrum and proposed structure of 2.9 min peak (labellgd as

from HPLGMS/MS analysis, showing Mol.wt. of 295.2291 {M".

3.3.3 Compatibility of water miscible solvents with cysteine during

Lox reaction

An experiment was designed to evaluate the effect of solvents added to
Lox reaction system. Conversionstive presence of 2 mmol/L linoleic acid with
8 mmol/L cysteine during the reaction as a reducing agent demonstrated that
acetone at 10% (v/v) concentration resulted in negligible product yield. However
10% methanol, 5% isopropanol, and 20 % glycerol (gkhibited 85%, 75%, and
73% product yield, which was in the same range as that observed from the control
medium in the absence of solvents (Figur®.3Therefore based on these results
10% methanol, 5% isopropanol, and 20 % glycerol were selecteddipanate
higher concentrations of linoleic acid. Monophasic Lox reaction in the presence
of these solvents with two reducing agents was compared to analyse the percent
yield of coriolic acid
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Figure 36. Proposed structural elu@tion of underivatized coriolic acid and
HPLC-MS/MS spectra for the fragment ion wiz295.2291 eluting at 2.9

min from a reverse phase C18 column.

3.3.4 The effect of solvents on the Lox reaction in the presence of

cysteine and sodium borohydride

Coridlic acid yield from Lox reaction in the presence of near saturated
solutions of linoleic acid in selected solvents was compared under cysteine and
NaBH, as reducing agents. In the reactions with cysteine as reducing agent, the
percent yield of coriolic ad from 20 mmol/L linoleic acid in isopropanol,
methanol, and glycerol containing media was 33%, 37%, and 21% respectively
(Figure 38). For this cysteine containing reaction medium, negligible residual
linoleic acid was observed. Comparable reactiomsgudaBH, as the reducing
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agent yielded 48%, 45%, and 55% coriolic acid, wherea8020 linoleic acid
was left untransformed under these conditions (Figu&. 3.The amount of
leftover linoleic acid in a NaBHtreated system indicated the negative eftdct
hydroperoxides on the enzyme protein which appeared to affect its activity.

100
e}
&
o 80
S
8 60
©
°
5 40
>_
S 20 t

O 1 1 1 1 1 1 1 1
Acetone Methanol Isopropanol Glycerol Lox without solvents

Figure 37. Lox reaction performed in a monophasic system to demonstrate the eff
solvents during the reaction with 2 mmol/L of initial linoleic acid and cystein
reducing agent for a single step reaction.e Hetergent Tween 20 present duri
the reaction for solubility of linoleic acid was substituted by 20% acetone,
methanol, 5% isopropanol, and 20% glycerol (v/v) in -Tisbuffer in individual
reaction systems. Figure shows the % yigfdof coriolic acid (3-hydroxy-9,11-
octadecenoic acid)
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Figure 38. Lox reaction in the presence of solvents (5% isopropanol, .
methanol, and 20% glycerol) in a medium to incorporate 20 mm
linoleic acid. Cysteine was used during the course of reactio
reducing agent.Changes irnitial linoleic acid(l ), final linoleic acid
(Y), and coriolic acid/ 13-hydroxy9,11-octadecenoic acidm) are

shown
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Figure 39. Lox reaction in the presence of solvents (5% isopropanol, .
methanaol and 20% glycerol)in a medium toincorporate higher
concentrations of linoleic acid. Sodium borohydride was used afte
reaction as reducing agen€Changes innitial linoleic acid (O), final
linoleic acid(m), andcoriolic acid/ 13-hydroxy-9,11-octadecenoic acic
(m) are shown
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3.3.5 Lox reaction with cysteine as reducing agent in agueous

alkaline medium

Lox reaction performed under alkaline conditions in the absence of any
detergent or solve with 103 mmol/L initial linoleic acid concentration resulted in
70 £18% yield of coriolic acid after 4 h of incubation with cysteine as reducing
agent, while leaving 26 + 20% untransformed linoleic acid (Figut6).3. The
final coriolic acid concentrain after 2 h and 4 h akactionwith cysteine were
significantly different p value of< 0.01). This implies that a high concentration
of peroxides generated during the reaction required considerably longer time for
reduction using cysteinee. the amant of coriolic acid generated was higher after
4 h of reduction time as compared to 2 h of reduction. However, the final leftover
substrate concentration was 21 + 5 mmol/L and 26 + 15 mmol/L after 2 h and 4 h
of reduction time, which was not significantflifferent under both time periods
examined. It was concluded that 100 mmol/L of linoleic acid in a sodium borate
buffer containing four fold molar excess of cysteine can result in 70% yield of

coriolic acid in 4 h.
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Figure 310. Lox reaction in 0.1M borate buffer pH 9.5 with 100 mmol/L of initie
linoleic acid Lox reactionwith cysteine as reducing agent in a single s
reaction for the formation df3-hydroxy-9,11-octadecenoic acitbr 2 h and for
4 h of incubation. Changes innitial linoleic acid (8), final linoleic acid(m),
and coriolic acid 13-hydroxy-9,11-octadecenoic acic@) are shown
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3.3.6 Loading efficiency of Lox immobiized on different supports

Lox was immobilized on three supports to select a suitable immobilized
biocatalyst. The amount of unbound protein was measured through the use of a
Bio Rad protein assay kit (Bradford 1976). The percent loading efficienitye of
supportswas determined by subtracting the amount of measured unbound protein
from the total amount of protein used for immobilization. Results from
immobilization of lipoxygenase on calciuaiginate and modified chitosan
supports showed that thesgparts encapsulate / bind less protein as compared to

Eupergit C, due to the loss of protein during immobilization process.
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Figure 311. Percentage of loading efficiency of Lox immobilized by apinent in
calcium alginate gel ), modified chitosan bead(m) and through covalen
linkage with commercially available support Eupergit (®). Loading
efficiency was measured after each cycle of reactions by analysing the a
of unbound protein in the'ashing buffer.
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In the case of calciuralginate 63% protein was entrapped, and only 55%
was bound with modified chitosan. The loss of 37% and 488teip from
calciumalginate and from modified chitosan supports, respectivielys affected
the product turnover. Additionally, in the consecutive reaction cycles followed by
washing steps, a loss of protein due to leaching from these supports wasabser
Eupergit C showed a percent loading efficiency, of 97 and 96% in the consecutive
cycles of reactions (FigureId). From the results of these experiments, Eupergit
C was selected as the support of choice for conducting all the investigations.

3.3.7 Immobilization of Lox on Eupergit C and use of cysteine as

reducing agent during reaction

The Lox enzyme immobilized on Eupergit C was used to prodoelic
acid in a one steprocesswith cysteine as reducing agent. The immobilized
enzyme vas foundto remain active and ga comparable percent yield of product
in first 3 cycles of reaction (Figurel2). The initial concentration diholeic acid
utilized for this reaction was 2.2 mmol/L with 0.6% Tween 20 as detergent. After
13 cycles of reactionhe product yield was found to drop to 34%. These
experiments demonstrated that Lox can be successfully recycled for the
generation otoriolic acidin a single step using cysteine as a reducing agent.

An immobilized Lox reaction system containing 100 nhinoinitial
linoleic acid and cysteine as reducing agent resulted in coriolic acid yields of 41
mmol/L, 44 mmol/L, and 34 mmol/L from three consecutive cycles (Figl®.3.

The results from these experiments demonstrate that Lox can be recycled in both
the systems under investigation, however, with lower linoleic acid concentrations
(2 mmol/L), the enzyme retains its activity and can be recycled for 13 times
before the final coriolic acid yield reaches 34%. In a similar system, with an
initial linoleic add concentration of 100 mmol/L, 34% coriolic acid yield was
obtained after 3 reaction cycles.
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3.38 Scale up studies of free and immobilized Lox reaction

When the Lox reaction was conducted in a fermentation vessel, with a 2
mmol/L starting concentratioaf linoleic acid and cysteine as reducing agent, a
comparable percent yield of coriolic acid from free and immobilized Lox was
observed. These results were in agreement with experiments in which the Lox
reaction was performed in a 5 mL volume (Tab®.3.

It can be inferred that under the given conditions with lowered
temperature, for enhanced availability of oxygen in the buffer, neither the greater
volume nor immobilization affected the performance of Lox for the formation of

coriolic acid with cysteia as reducing agent.

3.4  Discussion

For biotechnological applications, pure isomers of coriolic acid are
required. However, by extracting reactive peroxides in the first step of reaction,
and exposing them to NaBkh the second step leads to the forimatof volatile
aldehydes and positional / optical isomers of the hydroxy product with low yield
of coriolic acid (Bentley 2001Spiteller et al 2001). This study evaluated
simultaneous reduction of peroxides to toyddes by introducing a reducing
agent with in the Lox reaction medium to enable rapid conversion to coriolic acid.
During the two step coriolic acid formation, the low coriolic acid yield was the
result of deterioration of peroxides due to rise of tewpee during pH
adjustment or due to autixidation of residual linoleic acid over considerably
longer periods of time (Bentley 200$piteller et al 2001). The oxidation of
lipids is affected and promoted by ed¢ed temperatures, light, or other external
factors such as presence of oxygen in the environment, in addition to the geometry
of double bondgTallman and Porter 2004, Tallmat al. 2004. Inclusion of
cysteine-HCI as reducing agent invariably resulted in a qualitatively pure isomer
of coriolic acid with quantitatively higher yield because of lesser scission
products. It can be conluded that cysteine can be used for the generationeof a pur

product in a relatively less solvent, labour and time intensive manner.
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Figure 312. Reusability of Lox immobilized on Eupergit C to produce coriolic acid
(13-hydroxy-9,11-octadecenoic acidn a one step reaction by using cysteine
as reducing agent. Percent yield adfriolic acid from initial linoleic acid
concentration of 2 ninoteic Acldcofcénjration nfd
100 mmo,during Lax eeaction.

Table 33. Lox reaction in the presence of cysteine as reducing agent for the
formation of 13hydroxy9,1l-octadecenoic acid in a singlstep was
extended to 1 L volume.

Initial  Final Coriolic % Lox enzyme
linoleic linoleic  acid yield
acid acid coriolic
acid
mmol/L mmol/L  mmol/L g/L

Free Lox reactior
. 2.4+0.7 0+0.01 2.1+0.4 90%7 0.16 g/L
in 5 mL volume

Free Lox reactior
_ 2+0.02 0.12+0.1 1.7+0.3 86+12 0.1g/L
in 1 L fermenter

Immobilized Lox 0.08g/Lon4g
reactionin 1L 2 0.005 1.62 81 Eupergit C
fermenter beads
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b-mercaptoethanol when included as a considerably cheaper alternate to
thiols containing reducing agent in the Lox reaction, acted as an inhibitor for the
enzyme activity as there was residual linoleic acid at the end of reaction (Table
3.2.1). Cysteine as a reducing agent, offers a comparatively simple approach for
the preparation of coriolic acid. As only one isomer is generated during this
process, the miebd offers an ease of purification as well. Therefore, cysteine,
when present at four fold molar excess than linoleic acid during the course of
reaction, offers a promising approach for single step synthesis of coriolic acid in
an aqueous medium.

The coriirmation of the coriolic acid structure was done by using\3&
and HPLC tandem mass spectrometry. HHSIMS-MS studies have been
utilized in the past for the identification and analysis of positional specificity of
hydroperoxides and hydroxides fronoX_reaction(Schneidert al. 1997, Nunez
et al. 2001, MatrtirArjol etal. 2010) The available data for this study indicates
the occurrance of coriolic acid in the foohthe most abundant peak from HRLC
MS-MS and GEMS chromatograms showing the molecular iomdk 295 and
m/z382 in the respective systemAs the specificity of soybean Lox is impacted
by the conditions of the medium including pH, temperature, andgesxy
concentrationHertmanniet al 1992)giving rise to eithed3-hydroperoxy9,11-
octadecenoic acid or-Bydroperoxyl0,12octadecenoic acigHertmanniet al
1992, Pourplacheet al 1994) The fragmentation pattern analysed from both gas
and liquid chromatography coincided with the-Hy&lroxy9,11-octadecenoic
acid. The data generated during the current study is in agreement with the
fragment ions for coriolic acid undeomparable conditions of HPL@andem
mass spectrometery utilized for the identification Rfeudomonas aeruginosa
42A2 culture metabolite@Martin-Arjol et al. 2010) The fragment ion withm/z
195.1432(Figure 3.6) is a decisive fragment for the identification of hydroxyl
group at 13 carbon atom on the alkyl chain in coriolic acid. Thus it can be
inferred that coriolic acid was produced under all the experimental conditions

utilized during this study.
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The sulstrate and product for the Lox reaction are unsaturated fatty acids
which are oils at room temperature and have low solubility in aqueous buffer
media, which is required for optimal enzyme reactiMega et al 2005,
Kermashaet al 2001) Therefore, effortsto increase the product yield from
soybean lipoxygenase using various approaches aimed at different aspects of Lox
reaction have been employed in the past. Previous efforts have included
increasing the oxygen availability in reaction medium (lacaeipal 1990),
enhancing the availability of soluble linoleic acid for a better enzyme substrate
interaction through the use of surfactants (Srinivasulu and Rao 1995), water
soluble cosolvents (Pougricheet al 1994), organic solvents (Emken and Dutton
1970), and by employing enzyme immobilization procedures (Piazza 1994,
Chikere et al 200Q. In the present study, water miscible solvents in a
monophasic systn were used to improve substrate solubility in an aqueous
system. Subsequently, the compatibility of these reaction media were analysed
with cysteine and NaBHas reducing agents. The Lox reaction produced
comparable amounts of coriolic acid in the prese of isopropanol, methanol and
glycerol, with cysteine as reducing agent and at a lower linoleic acid concentration
of 2 mmol/L. However when a higher concentration of linoleic acid was
introduced in the reaction mediuie. up to the solubility limis of these solvents,
the production of coriolic acid was lower. A white precipitate was observed in the
reaction vials and no residual unused linoleic acid was observed. Therefore it was
concluded that Lox converted all the linoleic acid to the hydrogees, the lower
yields of coriolic acid in solvent containing media with cysteine as reducing
agents might be due to unavailability of cysteine in the reducing form. This
unavailability of cysteine in solvent containing media was confirmed by including
higher concentrations of cysteine in the Lox reaction medium (data not presented).
Despite adding a 10 fold molar excess of cysteine as compared to linoleic acid, no
improvement in coriolic acid yield was observed.

Identical conditions of the Lox reactidout with NaBH, as the reducing
agent, showed substantial amounts of untransformed linoleic acid present at the

end of the reaction, indicating the inhibitory action of the presence of peroxides
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generated during Lox reaction on enzymatic activities. Thesalts are in
keeping with the previous findings which emphasize that, although oxygenated
conditions are highly favourable for the regiospecificity of the progwesence

of linoleic acid and hydroperoxgroduct in an aerobic environment are
deleterios for enzyme activitySmith and Lands 1972, Berey al 1998) Water
miscible solvents were useliring this studyto increase substrate concentrations
for an enhancegroductyield. Piazzeet d (1994) used 6 mM concentration of
linoleic acid in monophasic octane containing immobilizea reaction medium

to exhibit 80% yield of hydroperoxid€¢Riazzaet al 1994) Whereas, monrand
bi-phasic organic seént system comprising afhloroform, dichloromethane,
hexane, isactane, octane and toluene have also been rep@dtezthashaet al

2001) A 2.6 fold increase of enzyme activity in monophasiedst@ane system

has been reported as compared to the aqueous rfiédimashaet al. 2001)
These monophasic systems, studied in the past, generated, hydroperoxides.
Whereas, a method for producing Lox generated hydroxy compouncdiegissd

for this study. Therefore, it can be inferred that Lox reaction can be conducted in
the presence of methanol, isopropanol and glycerol containing medium with
relatively higher initial concentrations of linoleic acid. However, this Lox
medium canot be used for the single step synthesis of coriolic acid due to its
incompatibility with cysteine as reducing agent.

Linoleic acid exists in monomeric form for up to 16/ mol / L
concentration at higher pH 10, andupte2l0 € mol / L concentrati on
8-9 (Verhagenet al 1978) Beyond this concentration, in the respective pH
zones, linoleic acid aggregates to form true trarespgamicelle solutions
(Verhageretal. 1978) Transparent miceller solutions of linoleic acid in aqueous
buffer are formed due to complete ionization of the carboxyl groups atJiH 9
due to ionic repulsion betweeadjacent polar groups of carboxylate anion
(Kanicky and Shah 2003) In our study higher concentrations of linoleic acid
were dissolved in buffer of pH 9.5 and product formation was measured after
including cysteme in the reaction medium as reducing agent. A high coriolic acid

yield was generated from this reaction medium and was the highest among all the
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reaction media analysed during the course of this study. The results indicated that
coriolic acid can be pduced for biological or chemical applications in a single
step by using cysteine as reducing agent during Lox reaction, using 100 mmol/L
initial concentration of linoleic acid.

Lox was immobilized to increase the stability and to allow the recycling of
the biocatalyst. Table 1.7 summarizes some of the salient features of the
immobilization methods which included adsorption (Bathn al 1994),
entrapment(Hsu et al 1997) cross linking by ionic and covalent bonding of
support with the enzymgKermashaet al. 2002 Chikereet al 2001). For
application in a bioreactor, with vigorous shaking and agitation, covalently bound
supports are expected to be the preferred route as tlogy thle attachment of
amino, thiol, and carboxylic groups of lysine, arginine and cysteine, residues on
the enzyme molecule to react with the oxarine groups of sugp@atiral and
Kennedy 1991) In the current study, calcium alginate gel and polyvinyl coated
chitosan beads allowed immobilization through entrapment of Lox, but, most of
the protein leached out from the support during the washing Jteis. leaching
of protein occurred due to wea@nzymesuport interaction and strong agitation.
Only negligible amount of protein was left after two successive reaction cycles.
However, commercially available supp&upergit C bound 96 % protein through
covalent interaction with oxarine groufiKkatchalskiKatzir and Kraemer 2000)
and no loss of protein was observed in the successive reaction cycles through
leaching Eupergit C is preferred for enzyme immobilization because of its
commercial availability, resistance to mechanical and chemical stresses and
compatibility withall the processes that are carried out in the reaf@itnigereet
al. 2001,KatchalskiKatzir and Kraemer 2000 Kerma$aet al. (2002) reported
the use of Eupergit C immobilized Lox for four times before a complete loss of
activity, while Chikereet al. (2001) reported a 50% loss of activity after 3 cycles
of reaction with 10 mmol/L initial concentration of substrate.rrdthazet al
(1993) reported Lox immobilization from commercially available carbonyldi
imidazole activated support and its reusability after 7 reaction cycles in aqueous

reaction medium, while in octane/buffer medium the activity of the immobilized
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prepaation decreased to 60% of its original activity after seven cycles. In the
current study, wo different reaction media with different initial linoleic acid
concentrations were analysed with the immobilized Lox for the formation of
coriolic acid as the fial product with cysteine as the reducing agent. It was
concluded that 2 mmol/L initial linoleic acid, in a cysteine containing system can
be successfully applied with sixty percent yield for up to 7 reaction cycles. At
higher substrate concentrationse tyield for immobilized Lox decreased and was
observed to be less than as compared to the free enzyme in this case. It is
suggested that the difference might be due to lack of oxygen availability in the
reaction medium. The use of an immobilized suphortlered the movement of
stirrer in the reaction vial and might have affected the enzyme substrate
interaction, leading to mass transfer restrictions and uneven oxygen supply. Use
of immobilized enzyme requires extensive stirring as the support tersigtlo
down at the base of agqueous medium containing 100 mmol/L linoleic acid.
Therefore a reactor design with vigorous and even stirring under oxygen rich
medium will be required for an improved reproducibility and product yield.

Coriolic acid formatiorwas scaledip in a 5 L fermenter vessel containing
1 L aqueous buffer with a constant supply of oxygen using free and immobilized
Lox. It was inferred that coriolic acid can be prepared at a 1 L scale from free and
immobilized Lox starting with initial iholeic acid concentration of 2 mmol/L
yielding 80% coriolic acid. Immobilized Lox under identical conditions of
reaction, but, at a lower volume scale afforded ten consecutive cycles of reaction
with at least 60% coriolic acid yield. Therefore, the sag) process investigated
during this study offers an opportunity for attaining multiple reaction cycles from
Lox immobilized on Eupergit C under the same conditions. Additionally, with
higher linoleic acid concentration in an alkaline buffer containiggteine as
reducing agent, resulted in the single step formation of coriolic acid. This method
when extended to an immobilized preparation of Lox resulted in reduction of
coriolic acid yield to one half the yield obtained from the comparable free enzyme
system. However the enzyme remained active even after two more reaction

cycles. The conclusions drawn from the current study lead to a hypothesis for
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future investigations that enzyme reaction employing Eupergit C as an
immobilization support if conductedinder physically agitated and oxygen
pressurized vessel can lead to quantitative production of coriolic acid in a fed
batch systems for numerous applications.
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Chapter 4

Overall discussion
The goal of this thesis was to develop a methodology for the

transformation of pure unsaturatedl@ fatty acids to platform chemicals in the
form of HFAs. It was intendedatuse microbes or enzymes for this purpose and
improve theproduct yield to an industrial scale by optimizing the reaction
parameters. Firstly, to achieve this goal, bacterial species were tested for their
ability to biotransform oleic, linoleic and lineic acid and effect of changes in
the reaction media were studied to increase the amount of HFAs. Secondly, the
use of commercially available enzyme soybean Lox was investigated for coriolic
acid synthesis using linoleic acid as substrate. The objestgeto develop a
single step enzymatic process for coriolic acid synthesis by employing a higher
concentration of linoleic acid in the reaction and use immobilized enzyme for
process optimization.

Currently hydroxy fatty acidsand lacquers are produced from
petrochemicals i.e. natural gas and oil refinery stre@@achezRiera et al
2010) However, these can be generated from plant oils. -l#eged oils contain
fatty acids withmonao, di- and polyunsaturations, which serve as potential sites
for chemicalmodifications. The development of processes using plant oils can be
beneficial to invigorate rural economies by better use of agricultural resources,
domestic supply of stragec raw materials, and decreased dependence on
petroleum refinery streams for the generation of specialty chemicals (Btiadlo
2000). In 2002, 320 million metric tonnes of oil crops were produced worldwide,
valued at 60 billion US dollars (Dyer and Narn 2005). The chemical industry
used only 15% of this production to produce etbemicals (Murphy 1999;
Weselake 2005). Alberta offers ample opportunity to provide a consistent supply
of feedstock to develop expertise in the field of transformationa@easy access
to its livestock and plant oil refineries. This will result in sustainable economic
solutions to problems of environmental deterioration currently faced by the
chemical industry. Therefore,with growing awareness about depleting natural

reserves, security challenges and environmental concerns, the green
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biotechnology for industrial and biological applications is emerdingand
Huang 2009, Tundet al. 2000)

This dissertation investigates various methaof transforming UFAs
which are produced as agricultural -psoducts from plant oil refineries
comprising of 15% free UFAs into value added materials in the form of HFAs as
bioactive compounds or industrial intermediatéethods for biotransformation
of UFAs have been under investigation since
conversion of added substrates by some of the bacterial strains (Table 1.4 and
1.5), development and industrial exploitation of microbial UFA biotransformation
routes are stilln infancy. The objectives for this study dealt with exploring
biotransformation processes of pure C18 UFAs into HFAs of increased reactivity.
Once established with pure fatty acids, the biotransformation methods could be
extended to fatty acids derivein soap stock or deodorizer from plant refinery
waste streamsThe peculiar feature of microbial hydroxylation that makes it more
attractive is the diversity of products generated by the same organism after being
exposed to different substrates, in aidditto the simple production methods, as
opposed to the complex chemical synthetic routes for the identical product as
mentioned in Section & of this dissertation. As a result, novel hydroxy products
are formed, which have been documented to posseggeupioperties to serve as
a potential source of intermediate compounds of multiple applications in various
areas as described in Sections1li 1.4.3.

The second chapter of this thesis was focused on investigating the
potential of different strains d?. aeruginosaand starter culture strains of LAB
from Lactobacillusspp. &ad Bifidobacteriumspp. for transformation of UFAs.
Although extensive information is available about certain straifsadruginosa
for the formation of hydroxy products, thereimadequate literature about the
optimization of hydroxy fatty acid formation from lactic acid bacteria. Therefore
the study was designed to investigate the formation of HFAs from LAB with
prospects of being utilized as bioactive compounds in food systanthe first
section, the aim of the study was to identify and develop methods for the

formation of hydroxy fatty acids from microbial origiand analyse their
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applicability for industrial purposes Futher objectives of the study were to
analyse the mchanism of this transformation to enhance the yield of the products.
To accomplish the objective of identifying the mechanism of transformation, two
pronged approach was used. First, from the kinetic study of transformation it was
analysed that hydroxgted fatty acids appear in the stationary phase. Secondly,
the possible role of oxygen was ruled out during this process. Based on the
findings, crude cell wall extract was found out to mediate the biotransformation
reaction with the most optimal yield. The peculiar feature about this
transformation was the effect of substrate concentration on the type of product
generated. With oleic acid as substrate, transformation was a relatively
straightforward process as the hydrating enzymes acted on thewsisglaration

and resulted in 66% 1HASA yield. However with linoleic acid containing two
unsaturations, three different products were formed-Hydroxy-octadecenoic

acid appeared as the abundant mbydroxy isomer, while concomitantly; small
guantities of 13-hydroxyoctadecenoic acid and most abundantly 10,13
dihydroxystearic acid were also observed. It was further noted that by altering the
amount of crude enzyme preparation available for the linoleic acid as substrate,
the process can be optimized tbe formation of a selective product. The most
abundant monohydroxy compound, -igdroxy octadecenoic acid, generated
during this study has been reported as a biologically active compound present in
human polymorphonuclear leukocytgé&madaet al 1996) This compound was
found effective to decrease cardiac muscular tension in guinea pigsla03and

300 &M c on(¥Yanadaet alt1996)n Ehe current study demonstrated
that this bioactive compound was the most abundant product being generated by
crude LAB cell extract containing 54 g/L totallar proteins and0 mmol/L of
linoleic acid (Figure 2.14). LAB strains used during this study produced-10,13
dihydroxystearic acid in response to linolenic acid exposure in contrast to the
previously cited10-hydroxy-12,15octadecadienoic acid (Kimet al. 2003, Hou
1995a, Sakatat al. 1986a, Koritala and Bagby 1992)n conclusion, it can be

stated that all LAB strains utilized during this analysis produced potentially
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bioactive hydroxy fatty acidsHowever the hypothesis about increasing the yield
of these hydroxy fatty acids to an industrial level was disproved.

The third chapter of this thesis was aimed at optimizing coriolic acid
synthesis in a single steprocessby modulating the reducing agent and
composition of the Lox reaction medium for the synthesis of coriolic acid from
immobilized Lox. The conclusion of this investigation indicated the incorporation
of 100 mmol/L of linoleic acid into a system with continuaxygen supply and
conversion of linoleic acido coriolic acid with 70% vyieldn the presence of
cysteine as reducing agentherefore the first hypothesis about performing the
reaction in a step process with high concentration of linoleic acid wasdorove
The same reaction conditions were employed with immobilized Lox, and the yield
of coriolic acid in the first cycle was reduced to almost one half compared to the
free enzyme reaction yield under identical conditions. In the previous studies
Chikereet al. (2000) used 100 mM linoleic acid in a supercritical carbondioxide
medium to generate hydroperoxy octadecenoic acid from immobilized Lox.
Although, they reported a high yield of the product, but that product was in the
form of reactive hydroperoxideshich needed further reduction to coriolic acid.
This study represents the novel method for the formation of coriolic acid in a
single step from immobilized Lox using cysteine in the medium. Although the
yield was reduced to half as that obtained froeefenzyme system, it was
reusable. It was a speculation that during these experimental conditions, Lox
reaction medium was being agitated by a magnetic stir bar while, Lox
immobilized on Eupergit C created hindrance to the movement of the whole
system. ©nsequently there was an uneven enzgnuigstrate interaction and
insufficient supply of oxygen, which resulted in a lower yield of coriolic acid in
even the first cyclef Lox reaction

A comparison of the process of microbially generated hydroxy preduct
and the products generated by Lox reveal that the microorganisms require carbon
source in the form of sugars and other nutrients in mMMRS medium for growth and
thus for the production of hydrating enzyme. Whereas, purified Lox reaction

medium merely cosists of buffer without any special chemicals. However the
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use of commercially available purified Lox enzyme makes the process of coriolic
acid formation equally expensive. Although bacterial system offers a diverse
nature of products from linoleic aniddlenic acid and is equally effective on oleic
acid, the final yields of hydroxy products were much lower as compared to the
ones observed from purified enzyme system. In addition to higher yields, the
enzyme system offers an ease of purification if@yst is used as reducing agent

by lowering the chances of isomer formation. The hydroxy products from
bacterial transformation offer a potential end use as bioactive compounds as these
are effective in milli or micro molar quantities. However, the precks
enzymatic conversion can be extended to a higher scale in a bioreactor for
increased product turnover. Provided with sufficient oxygen supply in a well
agitated system, immobilized Lox can be incorporated and Lox can be recycled
for the formation ofcoriolic acid, which serves as a precursor for a number of
bioactive compounds.

As bacterial systems enable a diversity of products, the formation of
product is dependent upon the type of substrate, bacterial species, and the reaction
conditions, while gparticular type of Lox can be used for the formation of a
specific type of product. During the current analysis Lox reaction were performed
to ensure the synthesis-h$droxy 9,1toctadecenoic acid, however by changing
the pH of the medium the same enzyhmas been used to prepare 9 hydroperoxy
octadecenoic aci@Spitelleret al. 2001) Furthermore, Lox extracts from rice,
corn, potato, and tomato offers the potential of forming the/®@oxy 10E),
12()-octadeceaic acid product (Kimura and Yokota 2004, Zametal. 1987).
Therefore, Lox generated product specificity can be modulated and is dependent
not only upon the source of enzyme but on the reaction conditions as well.
Additionally genetically engineered dx created by sitdirected or random
mutagenesis can have a profound effect on the type of catalytic mechanism and
the nature of products generated. The advantage of using Lox systems is that it
does not require a cofactor for being active. Excepthiermpresence of abundant

supply of oxygen there is no other reaction demand and therefore Lox can be an
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enzyme of choicewhere multiple reaction cycles from immobilization process

adds to the practicability of Lox at a larger scale stnttoperation.

4.1  New contributions to knowledge

During this research the following key conclusions were drawn.

1) All the LAB strains utilized for bigransformation process (Table 2.1)
have the potential to produce hydroxy fatty acids from oleic,dinand
linolenic acid. Five different hydroxy fatty acids identified during this
study are summarized in Table 4.1.

2) Quantitatively higher amount of hydroxy products were generated by
using crude bacterial cell extract as opposed to the fermentatiaciefia
in the presence of fatty acids.

3) Biotransformation of UFAs take place independent of the presence of
oxygen. The use of crude cell lysate indicated the presence of hydrating

enzymes in the bacterial cell membrane.

Table 4.1.Biotransformatiorof UFAs to HFASs.

Substrate Product Source of HFAs

Oleic acid 10-hydroxystearic acid LAB strains
P.aeruginosaMF30
P.aeruginosd8G

Linoleic acid 10-hydroxy12-octadecenoic acid LAB strains
13-hydroxy-9-octadecenoic acid LAB strains
13-hydroxy-9,11-octadecenoic acid Lox enzyme

10,13dihydroxystearic acid LAB strains

4) For the biesynthesis of coriolic acid, among all the Lox reaction medias
investigated during this research, the most optimal coriolic acid yield was
obtained in a single step pexs starting from 100 mmol/L linoleic acid, in
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borate buffer of pH 9.5 containing four fold molar excess of cysteine as
reducing agent.

5) Immobilization of Lox on Eupergit C offers a more suitable method for the
recycling of enzyme, as no attrition of preotewas observed during
consecutive reaction cycles.

6) Scaleup studies of aqueous Lox reaction medium for the synthesis of
coriolic acid in 1 L fermenter resulted in more than eighty percent yield
from free and immobilized Lox. The reaction was performec Wt
mmol/L starting linoleic acid concentration with cysteine as reducing
agent. This method offers a novel approach with multiple reaction cycles
for the synthesis of coriolic acid from immobilized Lox in a single step
process.

7) The research presentedtims thesis also presents a new method for the
synthesis of coriolic acid from immobilized Lox preparation when used
with 100 mmol/L initial linoleic acid concentration. This however,
resulted in forty percent coriolic acid yield, as opposed to seventgge

yield from the free enzyme under identical citiods.

4.2  Suggestions for future research

During the current research, a very low yield of hydroxy products was
observed from the biotransformation of oleic, linoleic and linolenic acid using
LAB crude cell lysate. This low yield makes the process unsuitable for
industrial manipulation. Future studies realted to LAB can be performed at
two levels.

1. In order to increase the hydroxy product turnoveecsic primers, as
mentioned byBeverset al (2009) can be designed for the heterologous
expression of these hydrating enzymegor this purpose,hé nucleotide
sequence of hydratase from the genomesLofplantarum, L. reuteri
Enterococcusand Streptococuswill be screened for any conserved motifs to
design primers for amplification of the hydratase gertbenselected bacterial

strainsdescribed in Chapter 2 of this document.
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2. These hydroxy productfsom LAB starinscan beisolated andused in
food systems or their biological effects can be characterized in different
physiological conditions as mentioned by Yamatial (1996) and, Gautam
and Jachak (2009).

The formation of coriolic acid using Lox enzyme in a single step process
produced a 70% vyidlof this product when free enzyme was used. However
with immobilized enzyme preparation the percentage of coriolic acid yield
dropped to about 40 percent. This lower coriolic caid yield can be improved
by making changes in the reactor design. Furtbsearch suggestions for
coriolic acid formation from Lox immobilized on Eopergit C are given below.

1. The process can be optimized and procedure can be developed for a
tubular rotationg fedbatch bioreactor with constant oxygen supply. This kind
of sysem will reduce the mass transfer problems as were encountered during
the current research using Lox immobilized on Eupergit C.

2. The immobilized support will be retaind in the reactor by the use of a
sieve (< 100 em diameter). This wil/
immobilized support during the isolation of products and during the
successive washing steps after tileyisleof Lox reaction.

3. After the completion of°ireaction cycle the immobilized support will
be washed three times with 10% methanol in 9.5 M sodium borate buffer.
This will help to remove the fatty substrate and product from the microporous

support andmable a better enzyrmibstrate interaction.
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