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INTRODUCTION 

 

Dietary fats are metabolized not only by humans, but also by microbes in our 

gastrointestinal tracts. Microorganisms in the gastrointestinal tract interact with their host in 

many ways and contribute significantly to the maintenance of host health (1). Lipid metabolism 

by gastrointestinal microbes generates multiple fatty-acid species, such as conjugated fatty acids 

and trans-fatty acids, that can affect host lipid metabolism (2). However, lipid metabolism by 

gastrointestinal microbes has not been explored in detail. Saturation metabolism of 

polyunsaturated fatty acids, a representative mode of lipid metabolism by gastrointestinal 

microbes, is a detoxifying metabolism of anaerobic bacteria, such as lactic-acid bacteria, that 

reside in colon and intestine. This process transforms growth-inhibiting free polyunsaturated 

fatty acids into less toxic free saturated fatty acids (3). This saturation metabolism generates 

characteristic fatty acids, e.g., conjugated fatty acids and trans-fatty acids, which are well 

known to present in ruminant-derived foods and exert various physiological activities. 

‘Conjugated fatty acid’ is a collective term for positional and geometric isomers of fatty 

acids with conjugated double bonds. In particular, conjugated linoleic acids (CLAs) such as 

cis-9,trans-11-CLA and trans-10,cis-12-CLA reduce carcinogenesis (4), atherosclerosis (5), and 

body fat (6). In regard to lipid metabolism, CLA is a potent peroxisome proliferator-activated 

receptor (PPAR) α agonist (7), and treatment with CLA increases the catabolism of lipids in the 

liver of rodents (8). Based on these findings, CLA is now commercialized as a supplement for 

control of body weight, especially in the USA and European countries.
 

On the other hand, consumption of trans-fatty acids increases the risk of coronary heart 

disease by increasing LDL and reducing HDL cholesterol levels (9). Consequently, trans-fatty 

acids are considered to be harmful for health, and nutritional authorities have recommended that 

consumption of trans-fatty acids be reduced to trace amounts (10). Therefore, it is important to 

control fatty acid saturation processes that generate these fatty acids (11); however, the precise 

metabolic pathway and enzymes involved have not been clearly identified. 

Analyses on conjugated fatty acid synthesis in representative gut bacteria, the lactic-acid 

bacteria (12-15), demonstrated that Lactobacillus plantarum AKU 1009a can transform the 

cis-9,cis-12 diene structure of C18 fatty acids such as linoleic acid, α-linolenic acid, and 

γ-linolenic acid into the conjugated diene structures cis-9,trans-11 and trans-9,trans-11 (16-21). 

In addition, this strain can saturate these conjugated dienes into the trans-10 monoene. In 
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cell-free extracts from this strain, four enzymes involved in linoleic acid saturation metabolism 

were identified (26,27). Four enzymes were linoleic acid hydratase (CLA-HY), hydroxy fatty 

acid dehydrogenase (CLA-DH), isomerase (CLA-DC), and enone reductase (CLA-ER). This 

saturation metabolism included hydroxy and oxo fatty acids as intermediates. 

To evaluate the effects of gastrointestinal bacteria on the profile of fatty acids in host 

tissues, endogenous formation of the fatty acid intermediates of polyunsaturated fatty 

acid-saturation metabolism (i.e., hydroxy and oxo fatty acids) were monitored in mice bred in 

either germ-free (GF) or specific pathogen-free (SPF) conditions. In the colon, small intestine, 

and plasma of both groups of mice, 10-hydroxy-cis-12-octadecenoic acid, 

10-hydroxyoctadecanoic acid (HYB), and 13-hydroxy-cis-9-octadecenoic acid were detected. 

Thus, the author investigated lipid metabolism of lactic acid bacteria, representative gut 

bacteria. Chapter I and II describe characterization of CLA-HY and CLA-DH involved in 

linoleic acid saturation metabolism in L. plantarum AKU 1009a, respectively. Chapter III 

describes the metabolism of lactic acid bacteria to produce 13-hydroxy-cis-9-octadecenoic acid, 

which was detected in SPF mouse. Chapter IV describes hydroxy fatty acid production using 

Escherichia coli expressing CLA-HY. Chapter V describes application of hydroxy and oxo fatty 

acids to produce the monomer of biopolymer. 
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CHAPTER I 

Characterization of the linoleic acid Δ9 hydratase catalyzing the first step of 

polyunsaturated fatty acid saturation metabolism 

 in Lactobacillus plantarum AKU 1009a 

 

 

Hydroxy fatty acids are derived from a variety of natural sources, including microorganisms, 

plants, animals, and insects; they are found in triacylglycerols, waxes, cerebrosides, and other 

lipids. Hydroxy fatty acids are versatile starting materials that have been utilized to produce 

resins, waxes, nylons, plastics, lubricants, biopolymers, and biodiesel (28). They also have 

useful antibiotic, anti-inflammatory, and anticancer activities (29). For example, ricinoleic acid 

(12-hydroxy-cis-9-octadecenoic acid), derived from castor oil, is converted to sebacic acid 

(decanedioic acid), the monomer for nylon synthesis, and has anti-inflammatory and 

antinociceptive activity (30). 

Many microorganisms can convert oleic acid (cis-9-octadecenoic acid) into 

10-hydroxyoctadecanoic acid (HYB) (28). It has been recently reported that the 

myosin-cross-reactive antigens (MCRAs) from Elizabethkingia meningoseptica (31), 

Streptococcus pyogenes (32), and Bifidobacterium breve (33) can also convert oleic acid into 

10-hydroxyoctadecanoic acid (HYB). The hydration of unsaturated fatty acids has been 

suggested to be a detoxification mechanism in bacteria harboring MCRA proteins and a survival 

strategy for living in fatty acid-rich environments (32), indicating that MCRA proteins are fatty 

acid hydratases. A few of the microorganisms having an MCRA protein, including Lactobacillus 

plantarum, Lactobacillus acidophilus, Streptococcus bovis, Nocradia cholesterolicum, 

Pediococcus pentosaceus, and Pediococcus sp. can convert linoleic acid (LA, 

cis-9,cis-12-octadecadienoic acid) to 10-hydroxy-cis-12-octadecenoic acid (HYA), 

13-hydroxy-cis-9-octadecenoic acid, or 10,13-dihydroxyoctadecanoic acid (12,34–38). 

HYA was the initial intermediate in the biosynthesis of conjugated linoleic acid (CLA) from 

LA in L. acidophilus (12). CLAs, which are isomers of LA, have beneficial effects, such as 

preventing tumorigenesis (4) and arteriosclerosis (5) and decreasing body fat content (6). In 

previous study, lactic acid bacteria were screened for the ability to produce CLA from LA, and 

selected Lactobacillus plantarum AKU 1009a as a potential strain (13–15). L. plantarum AKU 

1009a can transform not only LA but also α-linolenic acid (ALA, 
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cis-9,cis-12,cis-15-octadecatrienoic acid) and γ-linolenic acid (GLA, 

cis-6,cis-9,cis-12-octadecatrienoic acid) into the corresponding conjugated fatty acids (16–21). 

It was also showed that CLA is synthesized, in part, through the reactions of a newly discovered 

polyunsaturated fatty acid saturation metabolism in L. plantarum AKU1009a (26, 27). The 

novel saturation metabolism consisted of four enzymes: CLA-HY (hydratase/dehydratase), 

CLA-DH (dehydrogenase), CLA-DC (isomerase), and CLA-ER (enone reductase) (26, 27). 

CLA-HY, CLA-DH, and CLA-DC are responsible for CLA synthesis from LA (26) and 

CLA-ER is a key enzyme for the saturation metabolism (27).  

In this study, the author describes the enzymatic and physiochemical characteristics of 

CLA-HY, which catalyzes the initial step of the saturation metabolism: the hydration of LA and 

the dehydration of HYA. The enzyme was found to be a unique hydratase/dehydratase 

demonstrating activity in the presence of FAD and NADH. 

 

MATERIALS AND METHODS 

 

Chemicals 

HYA was prepared as previously described (12, 14). LA and fatty acid-free (<0.02%) bovine 

serum albumin (BSA) were purchased from Sigma (St. Louis, USA). All of the other chemicals 

were analytical grade and obtained commercially. 

 

Cloning and expression of recombinant proteins in E. coli 

Primers were designed to amplify the CLA-HY sequence, without a stop codon, from L. 

plantarum AKU 1009a genomic DNA. The PCR-amplified product was ligated into expression 

vector pET101/D-TOPO (Invitrogen, CA, USA), according to the manufacturer’s instruction. 

The integrity of the cloned gene was verified by DNA sequencing using a Beckman-Coulter 

CEQ8000 (Beckman-Coulter, Fullerton, CA, USA). The resulting plasmid was purified, and 

then used to transform E. coli Rosetta
TM

2 (DE3) (Novagen, WI, USA). The transformed cells 

were cultured in Luria-Bertani (LB) medium at 37°C for 2 h with shaking at 100 rpm, and then 

isopropyl-β-thiogalactopyranoside (IPTG) was added to a final concentration of 1.0 mM. After 

adding IPTG, the transformed cells were cultivated at 20°C for 8 h with shaking at 100 rpm. 
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Preparation of CLA-HY 

All purification procedures were performed at 4°C. The transformed cells (8 g) from 1.5 L of 

culture broth were harvested, suspended in binding buffer (16 mL), and treated 4 times, for 5 

min each, with an ultrasonic oscillator (Insinator 201 M; Kubota, Japan). The binding buffer 

contained 50 mM imidazole in 20 mM potassium phosphate buffer (KPB) (pH 7.4). The cell 

debris was removed by centrifugation at 1700 ×g for 10 min. The resulting supernatants were 

used as cell-free extracts. The cell-free extracts were fractioned by ultracentrifugation at 

100,000 ×g for 60 min and the supernatant was obtained. The enzyme was purified from the 

supernatant using a fast protein liquid chromatography (FPLC) system (Amercham Pharmacia 

Biotech Co., Uppsala, Sweden) equipped with a His Trap HP column (GE Healthcare, 

Buckinghamshire, England). The column was equilibrated with the binding buffer and the 

fractions containing CLA-HY were eluted with elution buffer containing 250 mM imidazole in 

20 mM KPB (pH 7.4). The fractions containing CLA-HY were collected and dialyzed against 

20 mM KPB (pH 6.5).  

 

Determination of the molecular mass of His-tagged CLA-HY 

In order to determine the native molecular mass of His-tagged CLA-HY, the enzyme solution 

was subjected to high performance gel-permeation chromatography on a G-3000SW column 

(0.75 × 60 cm, Tosoh, Tokyo, Japan) at room temperature. It was eluted with 100 mM KPB (pH 

6.5) containing 100 mM Na2SO4 at the flow rate of 0.5 mL/min. The absorbance of the effluent 

was monitored at 280 nm. The molecular mass of the enzymes was determined from its mobility 

relative to those of standard proteins. 

 

Reaction conditions 

All operations were performed in an anaerobic chamber. The standard reaction conditions 

were as follows. The reactions were performed in test tubes (16.5 × 125 mm) that contained 1 

mL of reaction mixture (20 mM sodium succinate buffer, pH 5.5) with 0.5% (w/v) LA or 0.1% 

(w/v) HYA complexed with BSA [0.1% (w/v) or 0.02% (w/v), respectively] as the substrate, 5 

mM NADH, 0.1 mM FAD, and 40 µg (= 0.04 U)/mL CLA-HY. One unit was defined as the 

amount of enzyme that catalyzes the conversion of 1 µmol of LA per min. The reactions were 

performed under anaerobic conditions in a sealed chamber containing an O2-absorbent 
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(Anaeropack “Kenki,” Mitsubishi Gas Chemical Co., Ltd., Tokyo, Japan). The reaction mixture 

was gently shaken (120 rpm) at 37°C for 30 min (for hydration) or 15 min (for dehydration). All 

experiments were performed in triplicates, and the averages of three separate experiments that 

were reproducible within ±10% are presented in the figures and tables. 

 

Enzyme activity assay 

Reactions were performed under the standard reaction conditions with some modifications, 

as described below. The effects of cofactors were examined using a reaction mixture containing 

LA or HYA as the substrate and various cofactors, such as 0.1 mM FMN, 0.1 mM FAD, 5 mM 

NADH, 5 mM NADPH, 5 mM NAD
+
, and 5 mM NADP

+
, in various combinations. The effect 

of oxygen was examined by comparing the reactions under anaerobic condition and aerobic 

condition. The optimal reaction temperature was examined by incubating the reaction mixture 

(20 mM sodium succinate buffer, pH 5.5) at various temperatures for 30 min (for hydration) or 

15 min (for dehydration) under anaerobic conditions. The optimal reaction pH was determined 

at 37°C using 20 mM sodium succinate buffer (pH 4.5–6.0) and 20 mM KPB (pH 5.5–7.0). The 

effect of NaCl concentration was examined by measuring the enzyme activity of reaction 

mixtures containing NaCl (0–1 M). Thermal stability was determined by measuring the enzyme 

activity after incubating reaction mixtures containing 20 mM sodium succinate buffer (pH 5.5) 

and 0.1 mM FAD at various temperatures for 30 min under anaerobic condition. The pH 

stability was determined by measuring the enzyme activity after incubating at 37°C for 10 min 

in the following buffers under anaerobic conditions: sodium citrate buffer (50 mM; pH 3.0–4.0), 

sodium succinate buffer (50 mM; pH 4.0–6.0), KPB (50 mM; pH 5.0–8.0), and Tris-HCl buffer 

(50 mM; pH 7.0–9.0). 

 

Kinetic analysis 

All operations were performed in an anaerobic chamber. Reactions were performed under 

standard reaction conditions with modified substrate concentrations. The kinetics of LA 

hydration were studied using 50–400 µM LA complexed with 0.1% (w/v) BSA as the substrate 

and reaction times of 15 min. The kinetics of HYA dehydration were studied using 50–400 µM 

HYA complexed with or 0.02% (w/v) BSA as the substrate and reaction times of 30 min. The 

kinetic parameters were calculated by fitting the experimental data to the Hill equation or the 
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Michaelis-Menten equation using KaleidaGraph 4.0 (Synergy Software Inc., PA, USA). 

 

Lipid analysis 

Before lipid extraction, n-heptadecanoic acid was added to the reaction mixture as an 

internal standard. Lipids were extracted from 1 mL of the reaction mixture with 5 mL of 

chloroform/methanol/1.5% (w/v) KCl in H2O (2:2:1, by volume) according to the procedure of 

Bligh-Dyer, and then concentrated by evaporation under reduced pressure (39). The resulting 

lipids were dissolved in 1 mL of dichloromethane and methylated with 2 mL of 4% methanolic 

HCl at 50°C for 20 min. After adding 1 mL of water, the resulting fatty acid methyl esters were 

extracted with 5 mL of n-hexane and concentrated by evaporation under reduced pressure. The 

resulting fatty acid methyl esters were analyzed by gas-liquid chromatography (GC) using a 

Shimadzu (Kyoto, Japan) GC-1700 gas chromatograph equipped with a flame ionization 

detector, a split injection system, and a capillary column (SPB-1, 30 m × 0.25 mm I.D., 

SUPELCO, PA, USA). The initial column temperature, 180°C for 30 min, was subsequently 

increased to 210°C at a rate of 60°C/min, and then maintained at 210°C for 29.5 min. The 

injector and detector were operated at 250°C. Helium was used as a carrier gas at a flow rate of 

1.4 mL/min. The fatty acid peaks were identified by comparing the retention times to those of 

known standards. 

 

Enantiomeric purity analysis of hydroxy fatty acids 

The enantiomeric purities of HYA, 10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), 

and 10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA) were analyzed by Mosher’s method 

(40) using a Bruker Avance III 500 (500MHz) NMR. 
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RESULTS 

 

Purification of CLA-HY  

The relative molecular mass was calculated to be 52 kDa by high performance 

gel-permeation chromatography on a G-3000SW column. Purified CLA-HY displayed a single 

band on an SDS-PAGE gel (Fig. 1-1). Observed molecular weight of purified CLA-HY was 66 

kDa, which was corresponding to calculated mass of 68 kDa deduced from the amino acid 

sequence of its gene. The purified CLA-HY was used for enzymatic characterization. 

 

Effects of cofactors and oxygen 

The effects of potential cofactors FMN, FAD, NADH, NADPH, NAD
+
, and NADP

+
 were 

examined (Fig. 1-2). Hydration and dehydration activity were observed only in the reaction 

mixtures containing FAD. The addition of NADH or NADPH with FAD increased these 

activities by a factor of approximately thirty. The effect of oxygen was examined using reaction 

mixtures containing FAD and NADH under aerobic conditions. The activity under aerobic 

conditions was 40–50% of that under anaerobic conditions, which were maintained in a sealed 

chamber with an O2 absorbent (Fig. 1-3). 

 

 

 

 

 

  

Fig. 1-1 SDS-PAGE analysis of purified 

CLA-HY.  

Molecular mass standards: from the top, phosphorylase 

b (97,200), bovine serum albumin (66,400), ovalbumin 

(45,000), carbonic anhydrase (29,000), and trypsin 

inhibitor (20,100). Observed molecular weight of 

purified CLA-HY was 66 kDa. 

 

Fig. 1-2 Effects of cofactors on the activity of 

CLA-HY.  

Hydration activity (black bars) and dehydration activity 

(white bars) were assayed under standard reaction 

conditions except for the addition of cofactors FMN, FAD, 

NADH, NADPH, NAD+, NADP+ in various combinations. 
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Effects of reaction conditions 

The effects of pH on the activity of CLA-HY were examined over the pH range from 4.5 to 

7.0 (Fig. 1-4a). The enzyme showed maximal activity at pH 5.5. The effects of reaction 

temperature on the activity of CLA-HY were also examined. The optimal temperature was 

found to be 37–42°C (Fig. 1-4b). The effects of FAD concentration were examined from 0 to 

100 µM FAD, with or without NADH (Fig. 1-4c). The hydration and dehydration activities were 

10 times greater with NADH than that without NADH. The enzyme activity increased with 

increasing FAD concentration up to 20 µM with NADH and up to 1 µM without NADH. The 

activities remained the same at higher concentrations of FAD, except in the case of hydration 

without NADH, which showed decreasing activity with concentrations of FAD above 1 µM. 

The effect of NADH concentration was examined from 0 to 5 mM (Fig. 1-4d). The hydration 

and dehydration activities increased with increasing NADH concentration. The effects of NaCl 

concentration was examined from 0 to 1M (Fig. 1-4e). The enzyme showed its highest activity 

with 0.5 M NaCl, which was three times higher than that without NaCl. 

  

Fig. 1-3 Effect of oxygen on the activity of CLA-HY.  

Hydration activity (black bars) and dehydration activity (white bars) were assayed under 

standard reaction conditions. Aerobic reactions were conducted in an open chamber. 

Anaerobic reactions were performed in a sealed chamber with O2-absorbent. 
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Fig. 1-4 Effects of pH, temperature, and the concentration of FAD, NADH, and NaCl on the activity of CLA-HY. 

a, Effects of pH. Activity was assayed under standard reaction conditions, except for the buffers used. Sodium succinate buffer (closed 

and open circles for hydration and dehydration, respectively), pH 4.5–6.0, and potassium phosphate buffer (closed and open triangles 

for hydration and dehydration, respectively), pH 5.5–7.0, were used. b, Effects of temperature. Hydration activity (closed circles) and 

dehydration activity (open circles) were assayed under standard reaction conditions, except for the temperature. c, Effects of FAD 

concentration. Enzyme activity was assayed under standard reaction conditions, except for the FAD concentration with (closed and 

open circles for hydration and dehydration, respectively) or without (closed and open triangles for hydration and dehydration, 

respectively) the addition of NADH. d, Effects of NADH concentration. Hydration activity (closed circles) and dehydration activity 

(open circles) were assayed under standard reaction conditions, except for the NADH concentration. e, Effects of NaCl concentration. 

Hydration activity (closed circles) and dehydration activity (open circles) were assayed under standard reaction conditions, except for 

the addition of NaCl (0–1.0 M). 

 

Fig. 1-5 Effects of temperature and pH on stability of CLA-HY. 

a, Effects of temperature. The thermal stability of the hydration activity was assessed under standard reaction conditions after 

incubation at each temperature (4–42°C) for 30 min with (closed circles) or without (closed triangles) FAD. The thermal stability of 

the dehydration activity was assessed under standard condition after incubation at each temperature (4–42°C) for 30 min with (open 

circles) or without (open triangles) FAD. The activities after incubation with FAD at 4°C or at 18°C were defined as 100% for 

hydration (1.1 U/mg) and dehydration (0.020 U/mg), respectively. b, Effect of pH. The pH stabilities of the hydration (closed) and 

dehydration (open) reactions were evaluated under standard reaction conditions after incubation at 37°C for 10 min at each pH. 

Sodium citrate buffer, pH 3.0–4.0 (circles), sodium succinate buffer, pH 4.0–6.0 (triangles), potassium phosphate buffer, pH 5.0–8.0 

(diamonds), and Tris-HCl buffer, 7.0–9.0 (squares) were used. The activities after incubation in sodium succinate buffer (pH5.5) and 

in sodium succinate buffer (pH 6.0) were defined as 100% for the hydration (1.2 U/mg) and dehydration (0.13 U/mg), respectively. 
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Enzyme stability 

The thermal stability of the purified enzyme was investigated from 4°C to 42°C. The enzyme 

was incubated at each temperature with or without FAD (Fig. 1-5a). The enzyme was more 

stable with FAD than that without FAD. More than 80% of the initial activity remained at 

temperatures up to 32°C in the presence of FAD, and at temperatures up to 28°C in the absence 

of FAD. The pH stability of the purified enzyme was investigated by incubating the enzyme in 

different buffers within the pH range 3.0 to 9.0. More than 80% of the initial activity remained 

in the pH range 4.5 to 6.5 (Fig. 1-5b).  

 

Substrate specificity 

In the hydration reaction, free C16 and C18 fatty acids with a cis carbon–carbon double bond 

at the Δ9 position, such as LA, palmitoleic acid (cis-9-hexadecenoic acid), oleic acid, 

α-linolenic acid, γ-linolenic acid, stearidonic acid, and ricinoleic acid, served as substrates and 

were transformed into the corresponding 10-hydroxy fatty acids. In contrast, fatty acids with a 

trans carbon–carbon double bond at Δ9 position (elaidic acid, trans-9-octadecenoic acid), fatty 

acid esters (methyl linoleate, monolinolein, dilinolein, and trilinolein), and conjugated fatty 

acids (conjugated linoleic acids) were not hydrated. Fatty acids with other chain lengths, such as 

myristoleic acid (cis-9-tetradecenoic acid), arachidonic acid 

(cis-5,cis-8,cis-11,cis-14-eicosatetraenoic acid), EPA 

(cis-5,cis-8,cis-11,cis-14,cis-17-eicosapentaenoic acid), and DHA 

(cis-4,cis-7,cis-10,cis-13,cis-16,cis-19-docosahexaenoic acid) were not hydrated; nor were fatty 

acids with a cis carbon-carbon double bond at Δ11 position, such as cis-vaccenic acid and 

cis-11-octadecenoic acid, or fatty alcohols, such as linoleyl alcohol (Table 1-1). 

In the dehydration reaction, 10-hydoxy C18 fatty acids, such as HYA, 

10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), 

10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA), and 10-hydroxyoctadecanoic acid 

(HYB) served as substrates and were transformed into the corresponding fatty acids with cis 

double bonds at the Δ9 position. However, 12-hydroxy, 3-hydroxy, and 9-hydroxy fatty acids 

were not dehydrated (Table 1-2). 
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Table 1-1 Substrate specificity of CLA-HY-catalyzed hydration 

Substrate  Product Relative activity [%] 

cis-9,cis-12-Octadecadienoic acid (Linoleic acid) 10-Hydroxy-cis-12-octadecenoic acid 100 a 

cis-9-Tetradecenoic acid (C14) (Myristoleic acid)  - b 

cis-9-Hexadecenoic acid (C16) (Palmitoleic acid) 10-Hydroxyhexadecanoic acid 44 

cis-9-Octadecenoic acid (C18) (Oleic acid) 10-Hydroxyoctadecanoic acid 335 

trans-9-Octadecenoic acid (Elaidic acid)  - 

cis-9,cis-12,cis-15-Octadecatrienoic acid (α-Linolenic acid) 10-Hydroxy-cis-12,cis-15-octadecadienoic acid 29 

cis-6,cis-9,cis-12-Octadecatrienoic acid  (γ-Linolenic acid) 10-Hydroxy-cis-6,cis-12-octadecadienoic acid 43 

cis-6,cis-9,cis-12,cis-15-Octadecatetraenoic acid  (Stearidonic acid) 10-Hydroxy-cis-6,cis-12,cis-15-octadecatrienoic acid 43 

cis-5,cis-8,cis-11,cis-14-Eicosatetraenoic acid (Arachidonic acid)  - 

cis-5,cis-8,cis-11,cis-14,cis-17-Eicosapentaenoic acid (EPA)  - 

cis-4,cis-7,cis-10,cis-13,cis-16,cis-19-Docosahexaenoic acid (DHA)  - 

cis-9,cis-12-Octadecadienol (Linoleyl alcohol)  - 

12-Hydroxy-cis-9-octadecenoic acid (Ricinoleic acid) 10,12-Dihydroxyoctadecanoic acid 0.5 

cis-11-Octadecenoic acid (cis-Vaccenic acid)  - 

cis-9,trans-11-Octadecadienoic acid (cis-9,trans-11-Conjugated linoleic acid)  - 

trans-10,cis-12-Octadecadienoic acid (trans-10,cis-12-Conjugated linoleic acid)  - 

Methyl cis-9,cis-12-octadecadienoate (Methyl linoleate)  - 

Monolinolein   - 

Dilinolein   - 

Trilinolein   - 

a, The activity of linoleic acid hydration (= 1.2 U/mg) under the condition (0.1 mM FAD, 5 mM NADH; 37°C, pH 5.5, 30 min) was defined as 100%. 
b, not detected. 

 

Table 1-2 Substrate specificity of CLA-HY-catalyzed dehydration 

Substrate Product Relative activity [%] 

10-Hydroxy-cis-12-octadecenoic acid cis-9,cis-12-Octadecadienoic acid (Linoleic acid) 100  a 

10-Hydroxy-cis-12,cis-16-octadecadienoic acid cis-9,cis-12,cis-15-Octadecatrienoic acid (α-Linolenic acid) 127   

10-Hydroxy-cis-6,cis-12-octadecadienoic acid cis-6,cis-9,cis-12-Octadecatrienoic acid  (γ-Linolenic acid) 61   

10-Hydroxyoctadecanoic acid  cis-9-Octadecenoic acid (Oleic acid) tr. b 

12-Hydroxy-cis-9-octadecenoic acid   - c 

12-Hydroxyoctadecanoic acid   -  

3-Hydroxyhexadecanoic acid (C16)   -  

9-Hydroxynonanoic acid (C9)   -  

a, The activity of 10-hydroxy-cis-12-octadecenoic acid dehydration (= 0.040 U/mg) under the condition (0.1 mM FAD, 5 mM 

NADH; 37°C, pH 5.5, 15 min) was defined as 100%. btr., trace, ˂0.001%. c, not detected. 
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Kinetic analysis of the CLA-HY catalyzing reactions 

The substrate–velocity curve for LA hydration had a sigmoid shape. When fitted with the 

Hill equation, the apparent Km value for LA was estimated to be 92 µM with a kcat value of 

2.6∙10
-2

 sec
−1

 and a Hill factor of 3.3. The apparent Km value for HYA in the dehydration 

reaction was estimated to be 98 µM with a kcat of 1.2∙10
−3

 sec
−1

. 

 

Enantiomeric purities of the produced hydroxy fatty acids 

The carbons bearing hydroxy functional groups in the hydroxy fatty acids produced during 

the hydration reaction are asymmetric. The enantiomeric purities of the HYA, 

10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), and 

10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA) produced by CLA-HY were analyzed 

using Mosher’s method. They were found to be of the (S)-configuration with more than 99.9% 

enantiomeric excess (e.e.). 

 

Effects of chemicals on the enzyme activity 

The effects of monovalent and divalent metal ions (1 mM) were investigated in both the 

hydration and dehydration reactions. The reactions were strongly inhibited by Ag
+
, Fe

2+
, Cu

2+
, 

Zn
2+

, Hg
2+

, and Fe
3+

 (data not shown). Dodecanoic acid was reported to form an insoluble 

complex with metal ions (Cu
2+

, Zn
2+

, Fe
3+

, Co
2+

, and Ni
2+

) (41). One of the reasons these metal 

ions inhibited the reaction may have been the formation of substrate complexes like those 

observed with dodecanoic acid. In contrast, a slight increase in the hydration activity was 

observed with MnCl2 (1 mM).  

The effects of various enzyme inhibitors (1 mM), such as SH-reagents, carbonyl reagents, 

serine protease inhibitors, and redox indicators, were investigated. Significant inhibition was 

found only with triphenyl tetrazolium chloride, a redox indicator that can serve as a strong 

electron acceptor.  
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DISCUSSION 

Many bacteria have an MCRA protein to detoxify unsaturated fatty acids by transforming 

them into hydroxy fatty acids. CLA-HY, which belongs to the MCRA family, should also 

detoxify unsaturated fatty acids in L. plantarum, because the growth of L. plantarum is inhibited 

by LA (13). 

CLA-HY required FAD for activity; its activity was further increased by the addition of 

NADH (Fig. 1-2 and Fig. 1-4c). These results indicate that CLA-HY is an FAD-dependent 

enzyme, and NADH is an activator of CLA-HY. Almost all MCRA proteins have an 

FAD-binding motif, such as a GXGXXS(A/G) (42), but the corresponding sequence in 

CLA-HY is GAGLSN. FAD might bind loosely to CLA-HY, because the purified CLA-HY, 

after dialysis, showed no absorbance at 450 nm (data not shown). 

The absorbance of FAD at 450 nm was decreased by the addition of NADH, indicating that 

FADH2 is the active cofactor and is produced through the reduction of FAD by NADH. Oxygen 

inactivated the enzyme because FADH2 is easily oxidized by oxygen (Fig. 1-3). The mechanism 

of NADH activation was similar to that described for 2-haloacrylate hydration by 2-haloacrylate 

hydratase (43). FADH2 may be involved in the activation of a water molecule that attacks the Δ9 

double bond of LA, or in the protonation of the C10 carbon of LA. As for dehydration, the 

hydroxy group of the hydroxy fatty acid may be activated by FADH2. In addition to this 

activation, FADH2 may also have a role in stabilizing the enzyme through its reducibility.  

There are few reports concerning the dehydration of hydroxy fatty acids. In many cases, the 

substrates are 2-hydroxy or 3-hydroxy fatty acyl-CoAs, which are intermediates in the 

elongation of fatty acids and are dehydrated by enoyl-CoA dehydratase (44). In this chapter, the 

enzymatic dehydration of 10-hydroxy fatty acids was described for the first time. A detailed 

analysis of the CLA-HY-catalyzed reaction provided novel information about enzymatic 

dehydration: the requirement for FAD and activation by NADH. Such information may be 

useful for creating industrially important dehydration catalysts for the synthesis of monomers 

for radical polymerization. The possibilities include the synthesis of acrylamide, propylene, and 

styrene from alcohols 3-hydroxypropionate/lactate, propanol, and ethanol, respectively.  

The newly generated double bonds in the products of CLA-HY-catalyzed dehydration were 

in the cis-configuration in this study, whereas the generation of double bonds in the 

trans-configuration was observed in previous study (27). These results indicate the possibility 
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that some reaction conditions or additional factors affect the geometric selectivity of the 

dehydration reaction. Because trans fatty acids are reported to be harmful for health, the 

geometric selectivity of the hydration reaction must be controlled to reduce trans fatty acids in 

dietary foods. The author is investigating the factors that control geometric selectivity in 

CLA-HY-catalyzed hydration. The results of the detailed analysis will be presented in future 

reports.  

Hydroxy fatty acids are important materials for the chemical, food, cosmetic, and 

pharmaceutical industries; they have also attracted recent interest from a variety of research 

fields. For example, hydroxy fatty acids can be applied to the production of biopolymers, the 

improvement of health, and the production of pharmaceuticals with anti-inflammatory and 

antinociceptive effects. Not only HYA and 10-hydroxyoctadecanoic acid (HYB) but also 

10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), 

10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA), 

10-hydroxy-cis-6,cis-12,cis-15-octadecatrienoic acid (sHYA), and 10,12-dihydroxyoctadecanoic 

acid can be produced by CLA-HY-catalyzed reactions. CLA-HY showed regioselectivity for Δ9 

double bond hydration, generating C10 hydroxy groups in the (S)-configuration with high 

enantioselectivity, while chemical hydration has some difficulties with regio- and 

stereo-selectivities. These characteristics of CLA-HY enable the fine synthesis of hydroxy fatty 

acids. These products with fine structures could be useful for their precise functional evaluation 

for application purposes.  

 

SUMMARY 

Linoleic acid Δ9 hydratase, which is involved in linoleic acid saturation metabolism of 

Lactobacillus plantarum AKU 1009a, was cloned, expressed as a his-tagged recombinant 

enzyme, purified with an affinity column, and characterized. The enzyme required FAD as a 

co-factor and its activity was enhanced by NADH. The maximal activities for the hydration of 

linoleic acid and for the dehydration of 10-hydroxy-cis-12-octadecenoic acid (HYA) were 

observed at 37°C in buffer at pH 5.5 containing 0.5 M NaCl. Free C16 and C18 fatty acids with 

cis-9 double bonds and 10-hydroxy fatty acids served as substrates for the hydration and 

dehydration reactions, respectively. The apparent Km value for linoleic acid was estimated to be 

92 µM, with a kcat of 2.6∙10
-2

 sec
−1

 and a Hill factor of 3.3. The apparent Km value for HYA was 

estimated to be 98 µM, with a kcat of 1.2∙10
−3

 sec
−1

. 
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CHAPTER II 

Characterization of hydroxy fatty acid dehydrogenase  

involved in polyunsaturated fatty acid saturation metabolism  

in Lactobacillus plantarum AKU 1009a 

 

Functional lipids have attracted attention both nutritionally and pharmaceutically. Conjugated 

linoleic acid (CLA) is a representative functional lipid, which has beneficial effects such as 

decreasing body fat content (6) and preventing tumorigenesis (4,45) and arteriosclerosis (5). 

Oxo fatty acids as well as CLA have also been proven to have novel physiological functions. 

For example, it has recently been reported that 13-oxo-9,11-octadecadienoic acid in tomato 

juice acts as a potent peroxisome proliferator activated receptor α (PPARα) agonist and 

improves condition of patients suffering from dyslipidemia and hepatic steatosis induced by 

obesity (46).  

Previous study revealed polyunsaturated fatty acid saturation metabolism in Lactobacillus 

plantarum AKU 1009a (27), which is a strain with a potential to produce CLA from linoleic 

acid (13–15,17). The novel saturation metabolism consisted of four enzymes: CLA-HY 

(hydratase/dehydratase) (26,27,47), CLA-DH (dehydrogenase), CLA-DC (isomerase), and 

CLA-ER (enone reductase) (26,27). This saturation metabolism included some oxo fatty acids, 

such as 10-oxo-cis-12-octadecenoic acid (KetoA), 10-oxooctadecanoic acid (KetoB), and 

10-oxo-trans-11-octadecenoic acid (KetoC), as intermediates. These oxo fatty acids are 

expected to have new physiological activities. CLA-DH generated these oxo fatty acids through 

dehydrogenation of the corresponding hydroxy fatty acids, e.g., dehydrogenation of 

10-hydroxy-cis-12-octadecenoic acid (HYA) to KetoA.  

In this study, the author describes the enzymatic and physiochemical characteristics of 

CLA-DH, which is involved in the saturation metabolism and catalyzes the dehydrogenation of 

hydroxy fatty acids and the hydrogenation of oxo fatty acids. 
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MATERIALS AND METHODS 

Chemicals 

HYA, 10-hydroxyoctadecanoic acid (HYB), 10-hydroxy-trans-11-octadecenoic acid (HYC), 

(S)-10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), 

(S)-10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA), and 13-hydroxy-cis-9-octadecenoic 

acid were prepared as previously described (12,27,38,47). Oxo fatty acids (KetoA, 

10-oxooctadecanoic acid (KetoB), 10-oxo-trans-11-octadecenoic acid (KetoC), 

10-oxo-cis-12,cis-15-octadecadienoic acid (αKetoA), 10-oxo-cis-6,cis-12-octadecadienoic acid 

(γKetoA), 12-oxo-cis-9-octadecenoic acid, and 13-oxo-cis-9-octadecenoic acid) were prepared 

from hydroxy fatty acids (HYA, 10-hydroxyoctadecanoic acid (HYB), 

10-hydroxy-trans-11-octadecenoic acid (HYC), (S)-10-hydroxy-cis-12,cis-15-octadecadienoic 

acid (αHYA), (S)-10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA), ricinoleic acid, and 

13-hydroxy-cis-9-octadecenoic acid) by Jones oxidation, which is oxidation of the hydroxy 

group with CrO3 (48). Fatty acid-free (<0.02%) bovine serum albumin (BSA) was purchased 

from Sigma (St. Louis, USA). All other chemicals were of analytical grade and were 

commercially obtained. 

 

Preparation of CLA-DH 

Escherichia coli Rosetta2/pCLA-DH (26) cells were cultured in 1.5 L of Luria-Bertani (LB) 

medium at 37°C for 2 h with simultaneous shaking at 100 rpm, and then 

isopropyl-β-thiogalactopyranoside (IPTG) was added to a final concentration of 1.0 mM. After 

adding IPTG, the transformed cells were cultivated at 20°C for 8 h with simultaneous shaking at 

100 rpm. After cultivation, the transformed cells (8 g) were harvested, suspended in a standard 

buffer (16 mL), and treated with an ultrasonic oscillator (5 min, 4 times, Insinator 201 M; 

Kubota, Japan). The standard buffer contained 1 mM DTT and 10% (v/v) ethylene glycol in 20 

mM potassium phosphate buffer (KPB) (pH 6.5). The cell debris was removed by centrifuging 

at 1,700g for 10 min. The resulting supernatant solutions were used as cell-free extracts. The 

cell-free extracts were fractioned by ultracentrifugation at 100,000g for 60 min and the 

supernatant was obtained. CLA-DH was purified from this supernatant using a fast protein 

liquid chromatography (FPLC) system (GE Healthcare) equilibrated with the standard buffer. 

The supernatant was applied to a HiLoad 26/60 Superdex 200 prep-grade column (GE 
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Healthcare) that had already been equilibrated with standard buffer and eluted. CLA-DH was 

further purified using a Mono Q 10/100 GL column (GE Healthcare), a Superdex 200 10/300 

GL column (GE Healthcare), and a Phenyl Superose HR 10/10 (Pharmacia). The purified 

CLA-DH was dialyzed with the standard buffer including 50% (v/v) glycerol and stored at 

−20°C until further use. 

 

Determination of the molecular mass of CLA-DH 

In order to determine the native molecular mass of CLA-DH, the enzyme solution was 

subjected to high performance gel-permeation chromatography on a G-3000SW column (0.75 × 

60 cm, Tosoh, Tokyo, Japan) at room temperature. It was eluted with 100 mM KPB (pH 6.5) 

containing 100 mM Na2SO4 at a flow rate of 0.5 mL/min. The absorbance of the effluent was 

monitored at 280 nm. The molecular mass of the enzymes was determined from their mobility 

relative to those of standard proteins. 

 

Reaction conditions 

All operations were performed in an anaerobic chamber. The standard reaction conditions 

were as described. The reactions were performed in test tubes (16.5 × 125 mm) that contained 1 

mL of reaction mixture (20 mM sodium succinate buffer, pH 4.5) with 0.1% (w/v) HYA or 

KetoA complexed with BSA [0.02% (w/v)] as the substrate, 5 mM NAD
+
 or NADH and 42 µg 

(= 0.04 U/ml) purified CLA-DH. One unit was defined as the amount of enzyme that catalyzes 

the conversion of 1 µmol of HYA per minute. The reactions were performed under anaerobic 

conditions in a sealed chamber with an O2-absorbent (Anaeropack “Kenki,” Mitsubishi Gas 

Chemical Co., Ltd., Tokyo, Japan) and gently shaken (120 rpm) at 37°C for 15 min. All 

experiments were performed in triplicate. Reactions were performed under the standard reaction 

conditions with some modifications, as described below. The optimal reaction temperature was 

determined by incubating 1 mL of the reaction mixture (20 mM sodium succinate buffer, pH 

4.5) at various temperatures for 15 min under anaerobic conditions. The optimal reaction pH 

was determined at 37°C using 1 mL of 20 mM sodium citrate buffer (pH 3.0–4.0) or 20 mM 

sodium succinate buffer (pH 4.0–5.5). Thermal stability was determined by measuring the 

enzyme activity after incubating 1 mL of reaction mixture containing 20 mM sodium succinate 

buffer (pH 4.5) at various temperatures for 15 min under anaerobic conditions. The pH stability 
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was determined by measuring enzyme activity after incubating at 37°C for 10 min in the 

following buffers under anaerobic conditions: sodium citrate buffer (50 mM; pH 3.0–4.0), 

sodium succinate buffer (50 mM; pH 4.0–6.0), KPB (50 mM; pH 5.5–8.0), and Tris-HCl buffer 

(50 mM; pH 7.0–9.0). 

 

Kinetic analysis 

All procedures were performed in an anaerobic chamber. Reactions were performed under 

standard reaction conditions with modified substrate and enzyme concentrations. The kinetics of 

HYA dehydrogenation were studied using 30–1000 µM HYA complexed with 0.02% (w/v) BSA 

as the substrate, 7 μg/mL CLA-DH, and a reaction time of 15 min. The kinetics of KetoA 

dehydrogenation were studied using 1–20 µM KetoA complexed with 0.02% (w/v) BSA as the 

substrate, 0.35 μg/mL CLA-DH, and a reaction time of 5 min. The kinetic parameters were 

calculated by using the experimental data with the Michaelis–Menten equation using 

KaleidaGraph 4.0 (Synergy Software Inc., PA, USA). 

 

Lipid analysis 

Before lipid extraction, n-heptadecanoic acid was added to the reaction mixture as an 

internal standard. Lipids were extracted from 1 mL of the reaction mixture using 5 mL of 

chloroform/methanol/1.5% (w/v) KCl in H2O (2:2:1, by volume) according to the procedure of 

Bligh-Dyer, and then concentrated by evaporation under reduced pressure (39). The resulting 

lipids were dissolved in 5 mL of benzene/methanol (3:2, by volume) and methylated with 300 

μL of 1% trimethylsilyldiazomethane (in hexane) at 28°C for 30 min. After methyl esterification, 

the resulting fatty acid methyl esters were concentrated by evaporation under reduced pressure. 

The resulting fatty acid methyl esters were analyzed by gas-liquid chromatography (GC) using a 

Shimadzu (Kyoto, Japan) GC-1700 gas chromatograph equipped with a flame ionization 

detector, a split injection system, and a capillary column (SPB-1, 30 m × 0.25 mm I.D., 

SUPELCO, PA, USA). The initial column temperature 180°C (for 30 min) was subsequently 

increased to 210°C at a rate of 60°C/min, and then maintained at 210°C for 29.5 min. The 

injector and detector were operated at 250°C. Helium was used as a carrier gas at a flow rate of 

1.4 mL/min. The fatty acid peaks were identified by comparing the retention times to those of 

known standards. 
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Enantiomeric purity analysis of hydroxy fatty acids 

The enantiomeric purity of HYA, which was produced from KetoA hydrogenation with 

CLA-DH, was analyzed using HPLC (Shimadzu, Kyoto, Japan) using a Shimadzu LC 10A 

System (Shimadzu) equipped with a chiral column (Chiralpak IA, 4.6 mm I.D., Daicel, Osaka, 

Japan) and an Evaporative Light Scattering Detector System (Shimadzu, Kyoto, Japan) as a 

detector. Acetonitrile/0.2% formic acid (65:35) was used as a solvent at a flow rate of 1.0 

mL/min. 
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RESULTS 

 

Purification of CLA-DH  

The recombinant CLA-DH without the tag was purified to homogeneity from cell-free 

extracts of the transformed E. coli through four steps of column chromatography. The purified 

CLA-DH displayed a single band on an SDS-PAGE gel (Fig. 2-1). The observed molecular 

mass of the subunit was 40 kDa, corresponding to a calculated mass of 32 kDa deduced from 

the amino acid sequence of its gene. The relative native molecular mass was estimated to be 32 

kDa by HPLC on a G-3000SW column, indicating that the enzyme consists of the single subunit. 

The purified CLA-DH was used for further characterization. 

 

Effects of reaction conditions 

CLA-DH required NAD
+
/NADH as a cofactor but not NADP

+
/NADPH. The effects of 

NAD
+
/NADH concentration were examined from 0 to 7.5 mM (Fig. 2-2a). The dehydrogenation 

and hydrogenation activities increased with increasing concentrations of NAD
+
/NADH. The 

effects of temperature were also examined. The optimal reaction temperature was found to be 

52°C (Fig. 2-2b). The effects of pH were examined over a pH range from 3.0 to 5.5 with an 

optimal reaction pH determined to be pH 4.5 (Fig. 2-2c). 

 

Enzyme stability 

The thermal stability of the purified enzyme was investigated from 18°C to 67°C. The 

enzyme was incubated at each temperature for 15 min at pH 4.5. More than 80% of the initial 

activity remained at temperatures up to 28°C (Fig. 2-3a). The pH stability of the purified 

enzyme was investigated by incubating the enzyme in different buffers within a pH range of 3.0 

to 9.0 for 10 min at 37°C. More than 80% of the initial activity remained in a pH range from 4.5 

to 7.5 (Fig. 2-3b). 

Fig. 2-1 SDS-PAGE analysis of purified CLA-DH  

Molecular mass standards: from the top, phosphorylase b (97,200), 

bovine serum albumin (66,400), ovalbumin (45,000), carbonic 

anhydrase (29,000), and trypsin inhibitor (20,100). The observed 

molecular weight of purified CLA-DH was 40 kDa. 
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Fig. 2-2 Effects of NAD+/NADH concentrations, temperature, and pH on the activity of CLA-DH 

(a) Effects of NAD+/NADH concentrations: Dehydrogenation activity (closed circles) and hydrogenation activity 

(open circles) were assayed under standard reaction conditions, except for NAD+/NADH concentrations. (b) Effects of 

temperature: Dehydrogenation activity (closed circles) and hydrogenation activity (open circles) were assayed under 

standard reaction conditions, except for the temperature. (c) Effects of pH: Activity was assayed under standard 

reaction conditions, except for the buffers used. Sodium citrate buffer (closed and open circles for dehydrogenation 

and hydrogenation, respectively), pH 3.0–4.0, and sodium succinate buffer (closed and open triangles for 

dehydrogenation and hydrogenation, respectively), pH 4.0–5.5, were used.  

Fig. 2-3 Effects of temperature and pH on stability of CLA-DH  

(a) Effect of temperature: The thermal stability of the dehydrogenation activity (closed circles) and hydrogenation 

activity (open circles) were assessed under standard reaction conditions after incubation at each temperature (18°C 

–67°C) for 30 min. The activities after incubation at 18°C were defined as 100% for dehydrogenation (0.048 U/mg) 

and hydrogenation (0.22 U/mg). (b) Effect of pH: The pH stabilities of the dehydrogenation (closed) and 

hydrogenation (open) reactions were evaluated under standard reaction conditions after incubation at 37°C for 10 min 

at each pH. Sodium citrate buffer, pH 3.0–4.0 (circles), sodium succinate buffer, pH 4.0–6.0 (triangles), potassium 

phosphate buffer, pH 5.0–7.5 (diamonds), and Tris-HCl buffer, 7.0–9.0 (squares) were used. The activities after 

incubation in sodium succinate buffer (pH 4.5) were defined as 100% for dehydrogenation (0.042 U/mg) and 

hydrogenation (0.22 U/mg). 
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Substrate specificity 

In the dehydrogenation reaction, 10-, 12-, or 13-hydroxy C18 fatty acids such as HYA, 

10-hydroxyoctadecanoid acid (HYB), 10-hydroxy-trans-11-octadecenoic acid (HYC), 

(S)-10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), 

(S)-10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA), (R)-12-hydroxy-cis-9-octadecenoic 

acid, and 13-hydroxy-cis-9-octadecenoic acid served as good substrates and transformed into 

corresponding 10-, 12-, or 13-oxo fatty acids. In addition, HYA methyl ester and 8-hexadecanol 

were dehydrogenated to KetoA methyl ester and 8-hexadecanone, respectively. In contrast, 2- or 

3-hydroxy fatty acids such as 3-hydroxyoctadecanoic acid, 3-hydroxytetradecanoic acid, and 

2-hydroxyeicosanoic acid were not dehydrogenated (Table 2-1). 

In the hydrogenation reaction, 10-, 12- or 13-oxo C18 fatty acids such as KetoA, 

10-oxooctadecanoic acid (KetoB), 10-oxo-trans-11-octadecenoic acid (KetoC), 

10-oxo-cis-12,cis-15-octadecadienoic acid (αKetoA), 10-oxo-cis-6,cis-12-octadecadienoic acid 

(γKetoA), 12-oxo-cis-9-octadecenoic acid, and 13-oxo-cis-9-octadecenoic acid served as good 

substrates and transformed into corresponding 10-, 12- or 13-hydroxy fatty acids. In addition, 

KetoA methyl ester and 7-hexadecanone were hydrogenated to HYA methyl ester and 

7-hexadecanol, respectively (Table 2-2). 

 

Kinetic analysis of the CLA-DH catalyzing reactions 

The substrate concentration-reaction velocity curves for HYA dehydrogenation and KetoA 

hydrogenation were used with the Michaelis–Menten equation. The apparent Km value for HYA 

in the dehydrogenation reaction was estimated to be 38 μM with a kcat of 7.6∙10
−3

 sec
−1

. The 

apparent Km value for KetoA in the hydrogenation reaction was estimated to be 1.8 μM with a 

kcat of 5.7∙10
−1

 sec
−1

. 

 

Enantiomeric purities of the hydroxy fatty acids produced by CLA-DH 

The enantiomeric purity of HYA produced from KetoA by CLA-DH was analyzed using 

HPLC with a chiral column. Almost the same amounts of both enantiomers of (R)-HYA and 

(S)-HYA were produced from KetoA, indicating that CLA-DH had low stereoselectivity in oxo 

fatty acid hydrogenation. 
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Effects of chemicals on the enzyme activity 

The effects of metal ions and inhibitors (1 mM) were investigated in both the hydration and 

dehydration reactions. The reactions were strongly inhibited by Ag
+
, Cu

2+
, Hg

2+
, VO3

−
, WO4

2−
, 

and aluminon (data not shown). 2,3,5-Triphenyltetrazolium inhibited only dehydrogenation 

activity. 

 

 

 

Table 2-1 Substrate specificity of CLA-DH for oxidation. 

Substrate Relative activity [%] 

(S)-10-Hydroxy-cis-12-octadecenoic acid (HYA) 100 a 

10-Hydroxyoctadecanoic acid (HYB) 25 

10-Hydroxy-trans-11-octadecenoic acid (HYC) 69 

(S)-10-Hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA) 75 

(S)-10-Hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA) 54  

(R)-12-Hydroxy-cis-9-octadecenoic acid 62 

13-Hydroxy-cis-9-octadecenoic acid 142 

3-Hydroxyoctadecanoic acid (C18) - b 

3-Hydroxytetradecanoic acid (C14) - 

2-Hydroxyeicosanoic acid (C20) - 

Methyl (S)-10-Hydroxy-cis-12-octadecenoate 127 

8-Hexadecanol 24 
a, The activity of (S)-10-hydroxy-cis-12-octadecenoic acid oxidation (=0.048 U/mg) under the condition (5 mM 

NAD+; 37°C, pH 4.5, 15 min) was defined as 100%. b-, not detected. 

 

 

 

 

Table 2-2 Substrate specificity of CLA-DH for reduction. 

Substrate Relative activity [%] 

10-Oxo-cis-12-octadecenoic acid (KetoA) 100 a 

10-Oxooctadecanoic acid (KetoB) 66 

10-Oxo-trans-11-octadecenoic acid (KetoC) 53 

10-Oxo-cis-12,cis-15-octadecadienoic acid (αKetoA) 44 

10-Oxo-cis-6,cis-12-octadecadienoic acid (γKetoA) 6 

12-Oxo-cis-9-octadecenoic acid 87 

13-Oxo-cis-9-octadecenoic acid 156 

Methyl 10-oxo-cis-12-octadecenoate 170 

7-Hexadecanone 332 
a, The activity of 10-oxo-cis-12-octadecenoic acid reduction (=0.22 U/mg) under the condition (5 mM NADH; 37°C, pH 

4.5, 15 min) was defined as 100%. 
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DISCUSSION 

 

The author identified CLA-DH involved in polyunsaturated fatty acid saturation metabolism 

in L. plantarum AKU 1009a. The CLA-DH gene was located together with CLA-DC (fatty acid 

isomerase) and CLA-ER (fatty acid enone reductase) genes involved in polyunsaturated fatty 

acid saturation metabolism in L. plantarum AKU 1009a (27). These results suggested that 

CLA-DH plays an important role in saturation metabolism. 

CLA-DH, which belongs to the short-chain dehydrogenase/reductase (SDR) family, showed 

considerable similarity with other SDRs (Fig. 2-4). In this chapter, the author characterized 

CLA-DH from the aspect of its physiological function to clarify its distinct characteristic 

properties in the SDR family, especially from the viewpoint of substrate specificity. There are 

few reports regarding either hydroxy fatty acid dehydrogenation or oxo fatty acid hydrogenation 

in the SDR family. However, CLA-DH catalyzed the dehydrogenation or hydrogenation of fatty 

acids which have an internal hydroxy or an oxo group, respectively (Table 2-1 and 2-2). 

Micrococcus luteus WIUJH-20 was reported to convert 10- or 12-hydroxyoctadecanoic acid to 

the corresponding oxooctadecanoic acid. The amino acid sequence of the enzyme which 

catalyzes the above oxidation of hydroxy fatty acid in M. luteus WIUJH-20 belongs to a 

secondary alcohol dehydrogenase (49). The amino acid sequence of the secondary alcohol 

dehydrogenase from M. luteus did not resemble that of CLA-DH, indicating that the 

dehydrogenation activity of CLA-DH was characteristic activity among SDR family. 

As a characteristic property of CLA-DH, the enzyme showed higher activity in 

hydrogenation than dehydrogenation reactions. The activity of KetoA hydrogenation was 5 

times higher than that of HYA dehydrogenation (Fig. 2-2). 

Although many SDRs have high enantioselectivity (50-54), CLA-DH had low 

enantioselectivity to dehydrogenate both (R) and (S) hydroxy fatty acids (Table 2-1) and 

produce (R) and (S) hydroxy fatty acids from oxo fatty acid. In addition, CLA-DH 

dehydrogenated 10-, 12-, and 13-hydroxy fatty acids (Table 2-1), indicating its low 

regioselectivity.  
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In previous study, the author reported the production of many kinds of hydroxy fatty acids 

such as 10- and 13-hydroxy octadecapolyenoic acid (12,27,38,47). Using these various hydroxy 

fatty acids and CLA-DH, the author can provide many kinds of corresponding oxo fatty acids 

by applying the wide substrate specificity of CLA-DH. These results enable us to provide new 

functional lipids, oxo fatty acids. 

The properties of CLA-HY, a novel hydroxy fatty acid dehydrogenase from L. plantarum 

were investigated. CLA-DH showed wide substrate specificity toward hydroxy fatty acids with 

a preference to those with an internal hydroxy group. Such substrate preference explained well 

that CLA-DH is involved in polyunsaturated fatty acid saturation metabolism. From an 

application oriented perspective, CLA-DH is useful for the production of oxo fatty acids with 

unique physiological functions in combination with fatty acid hydratases such as CLA-HY (38, 

47), which were reported as good catalysts generating hydroxy fatty acids from common C18 

fatty acids. 

Fig. 2-4 Multiple-sequence alignment of CLA-DH and ADHs belonging to the SDR family  

The SDR family includes Rhodococcus erythropolis (AADH), Lactobacillus brevis (LbRADH), Thermus thermophilus 

(TtADH), and Leifsonia sp. strain S749 (LSADH). The accession numbers of the listed proteins are as follows: CLA-DH, 

BAL42247; AADH, BAF43657; LbRADH, YP_794544; TtADH, YP_003977; LSADH, BAD99642. Black and gray shading 

indicate residues highly conserved in the SDR family. TGXXXGXG is co-enzyme binding region in typical SDRs. The star 

indicates the four members of catalytic tetrad. 
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SUMMARY 

 

Hydroxy fatty acid dehydrogenase, which is involved in polyunsaturated fatty acid saturation 

metabolism in Lactobacillus plantarum AKU 1009a, was cloned, expressed, purified, and 

characterized. The enzyme preferentially catalyzed NADH-dependent hydrogenation of oxo 

fatty acids over NAD
+
-dependent dehydrogenation of hydroxy fatty acids. In the 

dehydrogenation reaction, fatty acids with an internal hydroxy group such as 

10-hydroxy-cis-12-octadecenoic acid, 12-hydroxy-cis-9-octadecenoic acid, and 

13-hydroxy-cis-9-octadecenoic acid served as better substrates than those with an α- or 

β-hydroxy groups such as 3-hydroxyoctadecanoic acid or 2-hydroxyeicosanoic acid. The 

apparent Km value for 10-hydroxy-cis-12-octadecenoic acid (HYA) was estimated to be 38 μM 

with a kcat of 7.6∙10
−3

 s
−1

. The apparent Km value for 10-oxo-cis-12-octadecenoic acid (KetoA) 

was estimated to be 1.8 μM with a kcat of 5.7∙10
−1

 s
−1

. In the hydrogenation reaction of KetoA, 

both (R)- and (S)- HYA were generated, indicating that the enzyme has low stereoselectivity. 

This is the first report of a dehydrogenase with a preference for fatty acids with an internal 

hydroxy group. 
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CHAPTER III 

Hydroxy fatty acid production by Pediococcus sp. 

 

Biohydrogenation of unsaturated fatty acids is a characteristic biochemical process carried 

out by rumen microorganisms and converting unsaturated fatty acids to more saturated end 

products (3,55,56). Biohydrogenation of linoleic acid by anaerobic bacteria was known to be a 

three-step process yielding stearic acid (octadecanoic acid) as an end product (57). It was 

reported that the first reaction, the conversion of linoleic acid to cis-9,trans-11-octadecadienoic 

acid, occurs rapidly, followed by the slower conversion to trans-11-octadecenoic acid (11), and 

then further reduced to stearic acid (58). However, the metabolism of anaerobic bacteria is not 

fully understood.  

Recently, it was found that lactic acid bacteria produce unique fatty acids from various 

unsaturated fatty acids through part reactions of biohydrogenation, i.e., hydration, isomerization, 

saturation and so on, and revealed that a multi-component enzyme system requiring 

oxidoreduction cofactors was involved in the metabolism (13–16,20–22,25,26,59). The enzyme 

system catalyzed the hydration of polyunsaturated fatty acids as the initial reaction of the 

biohydrogenation, and generated hydroxy fatty acids. Hydroxy fatty acids were useful as 

materials for resins, waxes, nylons, plastics, corrosion inhibitors, cosmetics, coatings, lubricants, 

and so on. In this chapter, the author reports about screening of lactic acid bacteria for ability to 

produce unique hydroxy fatty acids from linoleic acid, especially 

13-hydroxy-cis-9-octadecenoic acid, its specific and efficient production method was not 

established. 

 

MATERIALS AND METHODS 

Chemicals 

Linoleic acid and fatty acid-free (<0.02%) bovine serum albumin (BSA) were purchased 

from Sigma (St. Louis, USA). Standard sample of 10-hydroxy-cis-12-octadecenoic acid (HYA) 

was prepared as described previously (12). All other chemicals used were of analytical grade 

and were commercially available. 

 

Microorganisms and cultivation for screening 

Lactic acid bacteria were preserved in our laboratory (AKU Culture Collection, Faculty of 
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Agriculture, Kyoto University) and those obtained from other culture collections (JCM, Japan 

Collection of Microorganisms, Saitama, Japan; ATCC, American Type Culture Collection, 

Virginia, USA; and NBRC, National Institute of Technology, Chiba, Japan) were used for this 

study. Medium for the screening was Lactobacilli MRS Broth (Difco, Detroit, MI, USA) 

supplemented with 0.06% (w/v) linoleic acid complexed with 0.012% (w/v) BSA.  Each strain 

was inoculated into 15 ml of medium in screw-capped tubes (16.5 x 125 mm) and then 

incubated under O2-limited conditions (< 0.1% by O2 adsorbent (21)) in the sealed condition at 

28°C with shaking (120 rpm) for 2-5 days. After the cultivation, the culture broth was separated 

into supernatant and cells by centrifugation (8,000 x g, 10 min), and the lipid analysis with both 

pellets and supernatants was carried out. 

 

Cultivation and preparation of cell-free extracts of Pediococcus sp. AKU 1080 

Pediococcus sp. AKU 1080 was cultivated in 550 ml of Lactobacilli MRS Broth in 600 ml 

flask for 30 hours at 28°C with shaking (120 rpm). After cultivation, cells were harvested by 

centrifugation (8,000 x g, 10 min) and washed with 0.85% NaCl and then used for reaction and 

preparation of cell-free extracts. To obtain cell-free extracts, washed cells were suspended in 20 

mM potassium phosphate buffer (KPB) (pH6.5), and disrupted with 0.25 mm diameter glass 

beads (Dyno-Mill KDL; Bachofen, Maschinenfabrik, Switzerland) for 10 min.  After 

ultracentrifugation (100,000 g x 30 min) of the cell homogenate, the supernatant was used as the 

cell-free extracts for the reactions. 

 

Reaction conditions 

The reaction mixture, 0.8 ml, in screw-capped test tube (16.5 x 125 mm) comprised of 2 

mg/ml linoleic acid complexed with BSA (0.3 mg/ml), 20 mM KPB (pH 6.5) and cells or 

cell-free extracts. To investigate linoleic acid transformation, the reactions were carried out with 

the washed cells for 1 day at 37°C with shaking (120 rpm). To characterize Δ12 hydration 

reaction, the reactions were carried out with the cell-free extracts at 37°C for 4 hours with 

shaking (120 rpm). 

 

Lipids analyses 

The lipids were extracted from culture supernatant with ethyl acetate-methanol (9:1, by vol.) 
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and from cells and reaction mixture with chloroform-methanol (1:2, by vol.) according to the 

procedure of Bligh-Dyer (39).  The methylation of fatty acids was carried out with 4% 

methanolic HCl at 50C for 20 min.  The resultant fatty acid methyl esters were extracted with 

n-hexane and analyzed by gas-liquid chromatography (GC) using a Shimadzu (Kyoto, Japan) 

GC-1700 gas chromatograph equipped with a flame ionization detector and a split injection 

system and fitted with a capillary column (SPB-1, 30 m x 0.25 mm I.D.; Supelco, Pennsylvania, 

USA).  The column temperature was initially 180C for 30 min and was raised to 220C at a 

rate of 60C and maintained at that temperature for 24.5 min.  The injector and detector were 

operated at 250C.  Helium was used as a carrier gas at 128 kPa/cm
2
.  Heptadecanoic acid 

was used as an internal standard for quantification. 

 

Isolation, derivatization and identification of products 

For isolation of UK1, lipids were separated by thin layer chromatography (TLC) with TLC 

Glass Plates (Silica Gel 60, MERCK, Darmstadt, Germany), using the solvent system of 

hexane/diethyl ether/acetic acid (60/40/1, by vol.).  Lipids were detected under ultraviolet light 

(366 nm) after spraying with 0.01% primulin in 80% acetone.  The extracted lipids were 

methylated, and the resultant fatty acid methyl esters were purified by a Shimadzu LC-VP 

system fitted with a Cosmosil column (5C18-ARII, 4.6 x 250 mm, Nacalai tesque, Kyoto, Japan).  

The mobile phase was acetonitrile-H2O (8:2, by vol.) at a flow rate of 1.0 ml/min.   

The methyl esters of UK2 were purified from extracted lipids by a Shimadzu LC-VP system 

fitted with using a Cosmosil column (5C18-ARII, 4.6 x 250 mm).  The mobile phase was 

acetonitrile-H2O (9:1, by vol.) at a flow rate of 1.0 ml/min.   

The chemical structures of purified fatty acids were determined by mass spectrometry (MS), 

proton nuclear magnetic resonance (
1
H-NMR), 

1
H-

1
H double quantum filtered chemical shift 

correlation spectroscopy (DQF-COSY), two-dimensional nuclear Overhauser effect 

spectroscopy (NOESY) and 
1
H clean-total correlation spectroscopy (TOCSY). 

 

1
H-NMR, DQF-COSY, NOESY and TOCSY analyses 

All NMR experiments were performed on a Bruker Biospin DMX-750 (750 MHz for 
1
H) and 

the chemical shifts were assigned relative to the solvent signal.  The isolated samples were 

dissolved in CDCl3 and the diameter of the tube was 5 mm. 



CHAPTER III 

- 34 - 

 

 

Preparation of TMS derivatives 

The trimethylsilyl (TMS) derivatives were prepared by direct treatment of the isolated 

methyl esters with a mixture of TMS agent 

(pyridine/hexamethyldisilazane/trimethylchlorosilane, 9:3:1, by vol.) in screw-cap tubes for 30 

min at 60C followed by extraction with chloroform.  The isolated fatty acid methyl esters and 

TMS derivatives of it were subject to GC-MS analysis.  

 

GC-MS analysis 

The methyl ester and TMS derivative of the isolated fatty acid were subject to GC-MS 

analysis using GC-MS QP5050 (Shimadzu) with a GC-17A gas chromatograph.  The GC 

separation of fatty acid methyl esters was performed on a SPB-1 column as described above at 

the same temperature.  The GC separation of TMS derivative was performed on the HR-1 

column (25 m x 0.5 mm I.D., Shinwa Kako, Kyoto, Japan).  The column temperature was 

initially 150C for 3 min, and was raised to 250C at a rate of 5C, maintained at that 

temperature for 7 min and was raised to 300C at a rate of 5C then maintained for 15 min.  

MS was used in the electron impact mode at 70 eV with a source temperature of 250C.  Split 

injection was employed with the injector port at 250C. 

 

MS-MS analysis 

MS-MS analyses were performed on the isolated free fatty acid with a 

JEOL-HX110A/HX110A tandem mass spectrometer.  The ionization method was fast atom 

bombardment (FAB) and the acceleration voltage was 3 kV.  Glycerol was used for the matrix. 
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RESULTS 

 

Screening of lactic acid bacteria to transform linoleic acid 

The ability of linoleic acid conversion with lactic acid bacteria during cultivation was 

investigated.  In this study, about 300 strains, which belonged to genera of Lactobacillus, 

Leuconostocs, Enterococcus, Streptococcus, Pediococcus, and so on were tested.  Most of 

lactic acid bacteria converted linoleic acid to 10-hydroxy-cis-12-octadecenoic acid (HYA) and 

some of them produced conjugated linoleic acid (cis-9,trans-11-octadecadienoic acid and 

trans-9,trans-11-octadecadienoic acid).  The peaks of these fatty acids were identified by 

comparison with the retention times of the reference standards on GC analysis.  When 

Pediococcus sp. AKU 1080 (AKU Culture Collection, Faculty of Agriculture, Kyoto 

University) was cultivated with linoleic acid, newly generated fatty acids were detected on the 

GC chromatograms of methylated fatty acid products (Fig. 3-1).  This strain was found to 

convert linoleic acid to HYA and two unknown fatty acids, UK1 and UK2.  The fatty acid 

compositions of the supernatant and cells are shown in Fig. 3-2.  UK1 was accumulated in 

both supernatant and cells, whereas UK2 in cells and HYA mainly in the culture supernatant.  

Through the screening, only this strain could convert linoleic acid to HYA, UK1, and UK2.  

 

 

 

 

 

 

15 20 25 30 35 40 45 50 55

Retention time (min)

Linoleic acid UK1

UK2

HYA

Fig. 3-1 GC chromatogram of fatty acid methyl 

esters produced by Pediococcus sp. AKU 1080 from 

linoleic acid   

Cultivation is carried out in MRS broth with 0.06% (w/v) 

linoleic acid.  Linoleic acid is converted to HYA, UK1 and 

UK2 during cultivation. 

HYA, 10-hydroxy-cis-12-octadecenoic acid. 

 

Fig. 3-2 Fatty acid composition of produced fatty 

acids by Pediococcus sp. AKU 1080 

The strain was cultivated in MRS broth with 0.06% linoleic 

acid.  After cultivation, the culture broth was centrifuged 

to separate the supernatant and the cells.  Each sample was 

analyzed and fatty acid composition of the cells from 1ml 

culture and 1ml of the supernatant was shown.   
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Identification of UK1 

FAB-MS spectrum of methyl esters of UK1 exhibited a molecular ion at m/z 313 ([M+H]
+
) 

and a fragment ion at m/z 295 ([M+H]
+
-H2O), indicating the existence of one hydroxyl group 

and one double bond in the hydrocarbon chain.  GC-MS spectrum of TMS derivative of UK1 

is shown in Fig. 3-3-A.  The m/z 173 and 313 were derived from cleavage between single 

bonds 12-13, 13-14 numbered from carboxyl group.  On the basis of the results of MS analyses, 

UK1 was suggested as the geometrical isomers of 13-hydroxy-octadecenoic acid. 

1
H-NMR, DQF-COSY, TOCSY and NOESY analyses were carried out to identify the 

position and geometric configuration of double bonds in UK1.  The signal I (3.61 ppm, m, 1H) 

indicates the existence of hydroxyl group, and the signal K (5.38 ppm, m, 2H) is identified as 

the protons on the double bond.  The DQF-COSY spectrum of UK1 suggests that the carbon 

bonding to the hydroxyl group existed at the γ position from olefinic carbon (Fig. 3-3-B).  On 

TOCSY analysis, the appearance of an interaction signal between A and C but not A and E, 

indicating that A was near to C, but that A was far from E (data not shown).  Therefore, a 

double bond was thought to be located at Δ9 position.  Furthermore, the geometric 

configuration of double bond was determined by NOESY analysis.  The appearance of 

interaction signals between E and F, and E and G suggesting that the double bond of Δ9 position 

is in cis configuration.  On the basis of these results of above spectral analyses, UK1 was 

identified as 13-hydroxy-cis-9-octadecenoic acid. 

Fig. 3-3 A) GC-MS spectrum of TMS derivative and B) DQF-COSY spectrum of UK1 methyl ester 

UK1 was separated with TLC and HPLC from the lipids transformed from linoleic acid by Pediococcus sp. AKU 1080.  
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Identification of UK2 

FAB-MS spectrum of methyl ester of UK2 exhibited a molecular ion at m/z 331 ([M+H]
+
), a 

fragment ion derived from the cleavage between hydroxyl group and the carboxyl group at m/z 

313 ([M+H]
+
-H2O) and 295 ([M+H]

+
-2H2O), which suggests the existence of two hydroxyl 

groups.  GC-MS spectrum of TMS derivative of UK2 is shown in Fig. 3-4-A.  The m/z 273 

and 173 were derived from cleavage between single bonds 10-11, 12-13 numbered from the 

carbonyl group.  On the basis of the results of MS analyses, UK2 was deduced as 

10,13-dihydroxyoctadecanoic acid. 

The structure of UK2 was further confirmed by its 
1
H-NMR and DQF-COSY analyses (Fig. 

3-4-B).  
1
H-NMR absorption revealed the absence of the olefinic protons (–CH=CH–) and the 

existence of protons for –C(OH)H– (C10 and C13) from the signal H (3.25 ppm, br, 2H).  

Based on these results, UK2 was identified as 10,13-dihydroxyoctadecanoic acid. 

 

 

 

 

 

 

  

Fig. 3-4 A) GC-MS spectrum of TMS derivative and B) DQF-COSY spectrum of UK2 methyl ester 

UK2 was separated with HPLC from the lipids transformed from linoleic acid by Pediococcus sp. AKU 1080.  
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Time courses of linoleic acid transformation 

The time courses of linoleic acid transformation and growth during cultivation were 

monitored with 0.1% linoleic acid (Fig. 3-5).  The products were accumulated from a later 

stage of log growth phase.  The major product, 13-hydroxy-cis-9-octadecenoic acid, was 

produced at earlier period and then HYA and 10,13-dihydroxyoctadecanoic acid were 

accumulated.  The production of 13-hydroxy-cis-9-octadecenoic acid reached 0.24 mg/ml at 48 

hours. 

 

Effects of substrate concentration 

Effects of substrate concentration on transformation of linoleic acid were investigated (Fig. 

3-6).  Pediococcus sp. AKU 1080 was cultivated for 4 days in the MRS medium with different 

concentrations of linoleic acid in the range of 0.8 to 12.3 mg/ml.  The high concentration of 

linoleic acid weakened bacterial growth.  The amount of 13-hydroxy-cis-9-octadecenoic acid 

increased with increasing concentration of linoleic acid, whereas the amount of HYA didn’t 

change significantly.  10,13-Dihydroxyoctadecanoic acid production tended to decrease with 

increasing concentration of linoleic acid.  When cultivation was carried out with 12.3 mg/ml of 

linoleic acid, 2.3 mg/ml of 13-hydroxy-cis-9-octadecenoic acid was produced with productions 

of HYA (0.04 mg/ml) and 10,13-dihydroxy octadecanoic acid (0.05 mg/ml). 

 

 

Fig. 3-5 Time course of fatty acid production from 

linoleic acid during cultivation of Pediococcus sp. AKU 

1080  

The strain was cultivated in MRS medium supplemented with 

0.1% linoleic acid. 
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Fig. 3-6 Effects of linoleic acid concentration of 

medium on hydroxy fatty acid production 

Pediococcus sp. AKU 1080 was cultivated in MRS medium 

with different concentration of linoleic acid for 4 days. 

 



CHAPTER III 

- 39 - 

 

Transformation of linoleic acid by washed cells 

The reactions with washed cells of Pediococcus sp. AKU 1080 with linoleic acid was carried 

out for 1 day.  Although the same fatty acids observed during the cultivation (HYA, 

13-hydroxy-cis-9-octadecenoic acid and 10,13-dihydroxyoctadecanoic acid) were produced 

from linoleic acid, the fatty acid composition was different depending on concentrations of the 

washed cells.  With increasing amount of wet cells up to 24% (w/v), 

10,13-dihydroxyoctadecanoic acid production increased up to 60% (0.06 mg/ml) in total fatty 

acids while 13-hydroxy-cis-9-octadecenoic acid production decreased (23%, 0.23 mg/ml).   

 

Optimization of reaction conditions for specific 13-hydroxy-cis-9-octadecenoic acid 

production 

The washed cells showed both Δ9 and Δ12 hydration activity, indicating that the both Δ9 and 

Δ12 hydrating enzymes are intracellular enzymes.  The cell-free extracts, however, showed 

only Δ12 hydrating activity (with slight Δ9 hydrating activity), because the Δ9 hydratase was 

unstable and inactivated during the disruption process (26).  For example, Δ9 hydratase from 

Lactobacillus plantarum requires FAD for its activity and stability (26). 

(i) Effect of reaction pH: Reactions were carried out at 37°C for 4 hours in buffer systems of 

50 mM of sodium citrate buffer (SCB, pH 4.5, 5.0, 5.5, 6.0, 6.5), KPB (pH 6.0, 6.5, 7.0, 7.5, 

8.0), Tris/HCl buffer (pH 7.0, 8.0, 8.5, 9.0), or NH4Cl/NH4OH buffer (pH 9.0, 9.5, 10.0).  

13-Hydroxy-cis-9-octadecenoic acid was most efficiently produced with 50 mM SCB, pH 6.0.  

(ii) Effect of reaction temperature: Reactions were carried out for 4 hours at different 

temperatures in the range of 4 to 45°C (data not shown).  13-Hydroxy-cis-9-octadecenoic acid 

production increased with increasing temperature from 4 to 37°C, but decreased slightly with 

higher temperature.  

(iii) Effect of oxygen: Reactions were carried out under an O2-absorbed atmosphere in test 

tubes in a sealed chamber with O2-absorbent or under air in open test tubes (data not shown).  

The amounts of 13-hydroxy-cis-9-octadecenoic acid produced were almost the same under both 

conditions. 

Under the optimized reaction conditions with 2.0 mg/ml linoleic acid for 4 h, the production 

of 13-hydroxy-cis-9-octadecenoic acid reached 0.4 mg/ml without generation of HYA and 

10,13-dihydroxyoctadecanoic acid. 
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DISCUSSION 

 

Hydroxy fatty acids, originally found in small amount mainly from plant systems, are well 

known to have special properties such as higher viscosity and reactivity compared with other 

normal fatty acids.  Recently, various microbial strains were examined to produce hydroxy 

fatty acids from different unsaturated fatty acids.  Among them, Lactobacillus (12,34,37), 

Streptococcus (35), Nocardia (36), and Flavobacterium (60) convert linoleic acid to HYA.  In 

previous study, it was reported that the enzyme from L. plantarum AKU 1009a, CLA-HY, 

catalyzed hydration of Δ9 double bond in C18 fatty acid (15,26).  However, hydration of Δ12 

double bond is uncommon in microbial hydration of unsaturated fatty acids, especially specific 

hydration at Δ12 without Δ9-hydration (37). 

In this study, Pediococcus sp. AKU 1080 was selected as a potential strain with the ability to 

convert linoleic acid during cultivation.  In this transformation, double bonds of Δ9 and/or Δ12 

positions in linoleic acid are hydrated and HYA, 13-hydroxy-cis-9-octadecenoic acid, and 

10,13-dihydroxyoctadecanoic acid are produced.  9-Hydroxy-cis-12-octadecenoic acid and 

12-hydroxy-cis-9-octadecenoic acid were not detected.  The strain was used for specific 

production of 13-hydroxy-cis-9-octadecenoic acid, the reaction conditions were optimized, and 

0.4 mg/ml of 13-hydroxy-cis-9-octadecenoic acid was produced selectively.  The produced 

13-hydroxy-cis-9-octadecenoic acid was promising as the materials for polymer synthesis, 

functional foods, and so on.  For example 13-hydroxy-cis-9-octadecenic acid is a promising 

substrate for 13-oxo-fatty acid with anti-obesity activity (46). 

The proposed pathway of these hydrations by this strain is shown in Fig. 3-7.  Firstly 

linoleic acid was hydrated to HYA and 13-hydroxy-cis-9-octadecenoic acid and the resultant 

HYA and 13-hydroxy-cis-9-octadecenoic acid were further hydrated to produce 

10,13-dihydroxyoctadecanoic acid.  It was confirmed by the facts that cultivation with the 

isolated HYA or 13-hydroxy-cis-9-octadecenoic acid resulted in production of 

10,13-dihydroxyoctadecanoic acid.  The hydration of Δ12 might occur more rapidly than that 

of Δ9 in linoleic acid, because 13-hydroxy-cis-9-octadecenoic acid and 

10,13-dihydroxyoctadecanoic acid were produced as the main products but a little of HYA was 

accumulated.  Further analysis of this hydratase system through protein purification and gene 

identification is ongoing. 
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SUMMARY 

 

Through the screening of about 300 strains of lactic acid bacteria, Pediococcus sp. AKU 

1080 was selected as a strain with the ability to hydrate linoleic acid 

(cis-9,cis-12-octadecadienoic acid) to three hydroxy fatty acids, i.e., 

10-hydroxy-cis-12-octadecaenoic acid, 13-hydroxy-cis-9-octadecaenoic acid, and 

10,13-dihydroxyoctadecanoic acid.  The strain hydrated one of two cis double bonds at Δ9 and 

Δ12 positions to produce 10-hydroxy-cis-12-octadecaenoic acid and 

13-hydroxy-cis-9-octadecaenoic acid, respectively, then further hydrated these two 

mono-hydroxy fatty acids to 10,13-dihydroxyoctadecanoic acid.  The growing cells of this 

strain were applied to the production of 13-hydroxy-cis-9-octadecenoic acid, that is potential as 

polymer substrates and functional foods but its specific and efficient production was not 

established.  Under the optimum conditions, 2.3 mg/ml of 13-hydroxy-cis-9-octadecenoic acid 

was produced from 12.3 mg/ml of linoleic acid with 0.04 mg/ml 10-hydroxy-cis12-octadecenoic 

acid and 0.05 mg/ml 10,13-dihydroxy-octadecanoic acid in the cultivation medium.  Specific 

production of 13-hydroxy-cis-9-octadecenoic acid was attained using cell-free extracts of the 

strain as the catalyst.  Under the optimum conditions, 0.4 mg/ml of 

13-hydroxy-cis-9-octadecenoic acid was produced from 2.0 mg/ml of linoleic acid without 

10-hydroxy-cis12-octadecenoic acid and 10,13-dihydroxy-octadecanoic acid. 
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Fig. 3-7 Putative pathway from linoleic acid by Pediococcus sp. AKU 1080 

Pediococcus sp. AKU 1080 could hydrate double bonds of D9 and D12 positions in linoleic acid to produce HYA and 

13-hydroxy-cis-12-octadecenoic acid respectively, which were further hydrated to 10,13-dihydroxyoctadecanoic acid. 
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CHAPTER IV 

Efficient enzymatic production of hydroxy fatty acids by linoleic acid Δ9 hydratase from 

Lactobacillus plantarum AKU 1009a 

 

In chapter I, the author characterized CLA-HY, which catalyzes the first step of linoleic acid 

saturation metabolism in L. plantarum (47). CLA-HY required FAD as a cofactor and its 

activity was enhanced by NADH. Free C16 and C18 fatty acids with cis-9 double bond such as 

palmitoleic acid (PA, cis-9-hexadecenoic acid), OA, LA, ALA, GLA, stearidonic acid (SDA, 

cis-6,cis-9,cis-12,cis-15-octadecatetraenoic acid), and RA were converted to corresponding 

10-hydroxy fatty acids by CLA-HY. These hydroxy fatty acids were also revealed to have 

health-supporting activities i.e. anti-inflammatory, anti-obesity, and immunomodulatory 

activities (61,62). These results suggest the importance of developing efficient process for 

hydroxy fatty acid production by using CLA-HY. 

In this study, recombinant Escherichia coli overexpressing CLA-HY was applied to produce 

10-hydroxy fatty acids, such as 10-hydroxyoctadecanoic acid (HYB), HYA, 

10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), 

10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA), 

10-hydroxy-cis-6,cis-12,cis-15-octadecatrienoic acid (sHYA), 10-hydroxyhexadecanoic acid, 

and 10,12-dihydroxyoctadecanoic acid with high accumulations, and high molar yields. 
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MATERIALS AND METHODS 

 

Chemicals 

Fatty acids were purchased from Nu-Chek-Prep, Inc. (Elysian, USA). Fatty acid-free 

(<0.02%) bovine serum albumin (BSA) was purchased from Sigma (St. Louis, USA). All of the 

other chemicals were analytical grade and obtained commercially. 

 

Preparation of washed E. coli Rosetta2/pCLA-HY 

E. coli Rosetta2/pCLA-HY (26) was cultivated in 10 mL Luria-Bertani (LB) medium in test 

tubes (25 × 200 mm) at 37ºC for 12 h with shaking at 300 rpm. The seed culture was transferred 

into 750 mL of LB medium in 2 L flask at 37ºC for 2 h with shaking at 100 rpm, and the 

isopropyl-β-thiogalactopyranoside (IPTG) was added at final concentration of 1.0 mM. After 

adding IPTG, the transformed cells were cultivated at 16ºC for 12 h with shaking at 100 rpm. 

The transformed cells (8 g) in 1.5 L of culture broth were harvested, suspended in 16 mL of 100 

mM potassium phosphate buffer (KPB) (pH 6.5), and used as catalysts. 

 

Analysis of reaction equilibrium 

The time course of HYA production was monitored at 37°C. In order to check the 

equilibrium of the reaction, 1 M LA, 0.8 M HYA with 0.2 M LA, and 1 M HYA were tested as 

substrates. The reactions were carried out in the 1 mL of reaction mixture (100 mM KPB pH 

6.5) containing above fatty acids complexed with BSA [2.8% (w/v)] as the substrate, 25 mM 

NADH, 0.1 mM FAD, and 17% (w/v) wet cells of E. coli Rosetta2/pCLA-HY in sealed chamber 

with O2-absorbent (Anaeropack “Kenki”, Mitsubishi Gas Chemical Co., Ltd., Tokyo, Japan) 

with shaking (120 rpm) at 37ºC for 8-13 h. All experiments were carried out in triplicate and the 

averages of three separate experiments that were reproducible within ±10% are presented in 

figures. 

 

Effects of wet cell and substrate concentrations 

Effect of wet cell weight was examined in 1 mL of the reaction mixture (100 mM KPB pH 

6.5) containing 28% (w/v) (1 M) LA complexed with BSA [2.8% (w/v)] as the substrate, 25 mM 

NADH, 0.1 mM FAD, and 2-17% (w/v) wet cells of E. coli Rosetta2/pCLA-HY. Effect of 
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substrate concentration was examined in 1 mL of the reaction mixture (100 mM KPB pH 6.5) 

containing 1.0-2.0 M LA complexed with BSA (10% of LA weight) as the substrate, 25 mM 

NADH, 0.1 mM FAD, and 10% (w/v) wet cells of E. coli Rosetta2/pCLA-HY. The reactions 

were carried out under anaerobic condition (same as above) with shaking (120 rpm) at 37ºC for 

8 h. All experiments were carried out in triplicate and the averages of three separate experiments 

that were reproducible within ±10% are presented in figures. 

 

Effect of glucose concentration 

Effect of glucose concentration was examined in 1 mL of the reaction mixture (100 mM 

KPB pH 6.5) containing 28% (w/v) LA complexed with BSA [2.8% (w/v)] as the substrate, 

0-1.1 M glucose, 0.1 mM FAD, and 10% (w/v) wet cells of E. coli Rosetta2/pCLA-HY. The 

reactions were carried out under anaerobic condition (same as above) with shaking (200 rpm) at 

37ºC for 24 h. All experiments were carried out in triplicate and the averages of three separate 

experiments that were reproducible within ±10% are presented in figures. 

 

Hydroxy fatty acid production 

The reactions were performed in 30 mL conical flask that contained 20 mL of the reaction 

mixture (100 mM KPB pH 6.5) with 28% (w/v) fatty acid substrate (OA, ALA, GLA, SDA, PA, 

and RA) complexed with BSA [2.8% (w/v)] as the substrate, 25 mM NADH, 0.1 mM FAD, and 

17% (w/v) wet cell of E. coli Rosetta2/pCLA-HY. The reactions were carried out under 

anaerobic conditions (same as above) with shaking (120 rpm) at 37°C for 12 h. After the 

reaction at 37°C for 12 h, the reaction temperature was changed to 18°C. After reaction at 18°C 

for 24 h, the reaction temperature was changed to 4°C. After sequential reaction at decreasing 

temperatures (37°C, 18°C, and 4°C), lipids in the reaction mixture were extracted and analyzed 

as described below. 

For HYA production without NADH, the reactions were carried out in 50 mL conical flask 

that contained 30 mL of the reaction mixture (100 mM KPB pH 6.5) with 28% (w/v) (1 M) LA 

complexed with BSA [2.8% (w/v)] as the substrate, 0.83 M glucose, 0.1 mM FAD, and 10% 

(w/v) wet cell of E. coli Rosetta2/pCLA-HY. The reactions were carried out under anaerobic 

conditions (same as above) with shaking (180 rpm) at 37°C. The reactions were carried out at 

same sequential temperature shift as described above (37°C for 14 h, 18°C for 49 h, and 4°C for 
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155 h). After 12 h reaction at 37°C, Na2CO3 (final concentration: 0.6 mM) was added to the 

reaction mixture for maintaining the reaction pH. All experiments were carried out in triplicate 

and the averages of three separate experiments that were reproducible within ±10% are 

presented in figures. 

 

Lipid analysis 

Before lipid extraction, n-heptadecanoic acid was added to the reaction mixture as an 

internal standard. Lipids were extracted from 1 mL of the reaction mixture with 5 mL of 

chloroform/methanol/1.5% KCl in H2O (2:2:1, by volume) according to the procedure of 

Bligh-Dyer and concentrated by evaporation under reduced pressure (39). The resulting lipids 

were dissolved in 1 mL of dichloromethane and the methylated with 2 mL of 4% methanolic 

HCl at 50°C for 20 min. After adding 1 mL of water, the resulting fatty acid methyl esters were 

extracted with 5 mL of n-hexane and concentrated by evaporation under reduced pressure. The 

resulting fatty acid methyl esters were analyzed by gas-liquid chromatography (GC) using a 

Shimadzu (Kyoto, Japan) GC-1700 gas chromatograph equipped with a flame ionization 

detector and a split injection system, fitted with a capillary column (SPB-1, 30 m × 0.25 mm 

I.D., SUPELCO, PA, USA). The initial column temperature was 180 °C for 30 min but was 

subsequently increased to 210 °C at a rate of 60 °C/min and then maintained for 29.5 min. The 

injector and detector were operated at 250 °C. Helium was used as a carrier gas at a flow rate of 

1.4 mL/min. The fatty acid peaks were identified by comparing the retention times to known 

standards (47). 
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RESULTS 

 

Analysis of the reaction equilibrium 

The HYA production from 1 M LA reached almost constant with 80% conversion rate after 5 

h reaction at 37°C, and then decreased slightly with generation of a little amount of 

trans-10,cis-12-CLA (Fig. 4-1a). Even the reactions were started with different concentrations 

of LA and HYA, i.e., 0.2 M LA and 0.8 M HYA, or 1 M HYA, the reactions reached the same 

equilibrium (LA:HYA = 1:4).   
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Fig. 4-1 Analysis of reaction equilibrium. 

a, Time course of HYA production from 1 M LA at 37°C. Triangle, LA; circle, HYA; diamond, 

trans-10,cis-12-Conjugated linoleic acid. b, Production of HYA from 1 M LA, 0.2 M LA and 0.8 M 

HYA, or 1 M HYA. white bar, LA; black bar, HYA. 
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Fig. 4-2 Effects of wet cell and substrate concentrations. 

a, Effect of wet cell concentration. b, Effect of substrate concentration. Reaction conditions were 

shown in materials and methods. 
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Effects of wet cell and substrate concentrations 

HYA production was increased with increasing wet cell concentration up to 10% (w/v) and 

became almost constant above 10% (Fig. 4-2a). As to substrate concentration, lower conversion 

rates were observed with 1.5 and 2.0 M LA as the substrates compare to the reaction with 1 M 

LA (Fig. 4-2b), because 1.5 and 2.0 M LA were hard to be emulsified. For this reason, substrate 

concentration of around 1.0 M was selected as the standard reaction conditions. 

 

Hydroxy fatty acid production 

Lowering the reaction temperature reduced the solubility of the products and resulted in the 

high yield by controlling the reaction equilibrium.  

The time course of LA hydration using wet cells of E. coli Rosetta2/pCLA-HY was shown in 

Fig. 4-3. Sequential temperature shift (37°C, 18°C, and 4°C) resulted in high conversion (98% 

conversion) over the reaction equilibrium (80% conversion) and 0.98 M HYA (292 g/L) was 

produced from 1 M of LA (280 g/L). 

In the same way, HYB, αHYA, γHYA, sHYA, 10-hydroxyhexadecanoic acid, and 

10,12-dihydroxyoctadecanoic acid were produced from high concentrations (280 g/L) of OA, 

ALA, GLA, SDA, PA, and RA with conversion rates (mol/mol) of 96%, 96%, 95%, 96%, 98%, 

and 99%, respectively (Table 4-1).  

 

 

Table 4-1 Hydroxy fatty acids production by E. coli Rosetta2/pCLA-HY cells 

Substrate Concentration (M)Total reaction time Reaction temperature Products Conversion rate 

 (280 g/L) (h)    (%) 

Linoleic acid 1.0 44 h 37°C (8 h), 18°C (12 h), 4°C (24 h) HYA (10-hydroxy-cis-12-octadecenoic acid) 98% 

Oleic acid 1.0 88 h 37°C (17 h), 18°C (22 h), 4°C (49 h) HYB (10-hydroxyoctadecanoic acid) 96% 

α-Linolenic acid 1.0 71 h 37°C (23 h), 18°C (24 h), 4°C (24 h) αHYA (10-hydroxy-cis-12,cis-15-octadecadienoic acid) 96% 

γ-Linolenic acid 1.0 112 h 37°C (18 h), 18°C (24 h), 4°C (70 h) γHYA (10-hydroxy-cis-6,cis-12-octadecadienoic acid) 95% 

Stearidonic acid 1.0 65 h 37°C (24 h), 18°C (24 h), 4°C (17 h) sHYA (10-hydroxy-cis-6,cis-12,cis-15-octadecatrienoic acid) 96% 

Palmitoleic acid 1.1 50 h 37°C (26 h), 18°C (24 h) 10-Hydroxyhexadecanoic acid 98% 

Ricinoleic acid 0.9 72 h 37°C (48 h), 18°C (24 h) 10,12-Dihydroxyoctadecanoic acid 99% 

The reaction mixture contained 20 mL of (100 mM KPB pH 6.5) with 28% (w/v) each fatty acid substrate complexed with BSA [2.8% (w/v)] as 

the substrate, 25 mM NADH, 0.1 mM FAD, and 17% (w/v) wet cell of E. coli Rosetta2/pCLA-HY. The reactions were carried out under 

anaerobic conditions with shaking (120 rpm). 
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Effect of glucose concentration 

Although CLA-HY requires NADH for its maximal activity, the reaction catalyzed by the 

recombinant E. coli cells proceeded well with glucose instead of NADH. The effect of glucose 

concentration was shown in Fig. 4-4. Hydration activity in the reactions with 0.6-0.8 M glucose 

was about seven times as high as that without glucose. HYA was produced from 1 M LA with 

high accumulation (289 g/L) and high yield (97 mol%) in the reaction mixture containing 0.8 M 

glucose instead of NADH. 

 

HYA production with glucose instead of NADH 

The time course of HYA production from 1 M LA with 0.8 M glucose instead of NADH was 

shown in Fig. 4-5. After 230 h reaction with glucose instead of NADH with temperature shift 

(37°C, 23 h; 18°C, 49 h; 4°C, 158 h), 0.97 M HYA (289 g/L) was obtained from 1 M LA (280 

g/L) with high conversion rate of 97% (mol/mol). 

 

 

 

  

Fig. 4-3 Time course of HYA production from LA 

by E. coli Rosetta2/pCLA-HY cells with NADH. 

Circle, HYA; triangle, LA. The reaction conditions were 

shown in materials and methods. 
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Fig. 4-4 Effects of glucose concentration on HYA 

production without NADH. 

The amount of HYA that was produced in the reaction 

mixture with 0.6 M glucose was defined as 100. 

 

Fig. 4-5 Time course of HYA production from LA 

by E. coli Rosetta2/pCLA-HY cells with glucose 

instead of NADH.  

Circle, HYA; triangle, LA. The reaction conditions were 

shown in materials and methods. Na2CO3 was added after 

12 h (pointed by the arrow). 
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DISCUSSION 

 

Hydration reaction catalyzed by CLA-HY is reversible reaction. Therefore HYA production 

reached equilibrium with the ratio of HYA:LA = 4:1 after the reaction at 37°C. However, 

lowering temperature improved yield of hydroxy fatty acids. The reaction might move to 

hydrating direction because hydroxy fatty acids solidified at low temperature in the same way 

that saturated fatty acids solidify by wintering. 

Because CLA-HY required NADH for hydration maximal activity (47), the author tried to 

regenerate NADH with coexpression of glucose dehydrogenase and CLA-HY. However, 

CLA-HY expression level slightly decreased in coexpressed E. coli Rosetta2 and CLA-HY 

activity became lower (data not shown). In this chapter, the author found glucose can be used to 

substitute NADH. In this case, it is expected that NADH was generated by glycolysis in host E. 

coli cells. Glycerol instead of glucose was also examined for NADH generation, however, it did 

not substitute NADH (date not shown).  

Hydroxy fatty acids are important materials for chemical, food, cosmetic, and 

pharmaceutical industries and attract interests in a variety of research fields recently. For 

example, hydroxy fatty acids can be applied to biopolymers production, to health improvement, 

and to pharmaceutics for anti-inflammatory and antinociceptive effects. To date, mass 

production of hydroxy fatty acids was limited, however herein, the author constructed the 

process to produce several kinds of hydroxy fatty acids with high accumulations and high yields. 

These results will enable to expand the use of hydroxy fatty acids in various industries. 

  



CHAPTER IV 

- 50 - 

 

SUMMARY 

 

Escherichia coli overexpressing linoleic acid Δ9 hydratase from Lactobacillus plantarum 

AKU 1009a was applied to produce hydroxy fatty acids with industrial potentials. 280 g/L of 

linoleic acid (1 M) was converted into 10-hydoxy-cis-12-octadecenoic acid with high 

conversion rate, 98% (mol/mol), by the cells of the recombinant E. coli with the presence of 

FAD (0.1 mM) and NADH (25 mM). Lowering the reaction temperature reduced the solubility 

of the products and resulted in the high yield by controlling the reaction equilibrium. Oleic acid, 

α-linolenic acid, γ-linolenic acid, stearidonic acid, palmitoleic acid, and 

12-hydroxy-cis-9-octadecenoic acid were also converted into corresponding 10-hydroxy fatty 

acids with conversion rates of 96%, 96%, 95%, 96%, 98%, and 99% (mol/mol) to 280 g/L of 

each substrate, respectively. Although the hydratase requires NADH for its maximal activity, the 

reaction catalyzed by the recombinant E. coli cells proceeded well with glucose instead of 

NADH, suggested that the E. coli cells supplied NADH via glucose metabolism. 

10-hydroxy-cis-12-octadecenoic acid was produced with high accumulation (289 g/L) and high 

yield (97 mol%) in the reaction mixture containing glucose instead of NADH. 
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CHAPTER V 

Production of dicarboxylic acids by laccase-catalyzed oxidation cleavage  

from hydroxy and oxo fatty acids produced by lactic acid bacteria 

 

Global warming and petroleum exhaustion prompt to construct environmentally friendly way to 

produce renewable biofuels and chemicals. Scientific and technological advances have established 

biocatalysis as a practical and environmental friendly alternative to traditional chemical synthesis, 

both in the laboratory and on an industrial scale over the past ten years. For example, biocatalytic 

processes to succinic acid, 1,4-butanediol, 1,3-propanediol, biodiesel etc. were achieved and won 

Green Chemistry Challenge Awards. However, it is difficult to produce oxygenated long-chain 

carboxylic acids because of tight regulation of carbon chain length and thermodynamically disfavor 

of ω-hydroxylation (49,63). Long chain dicarboxylic acids and hydroxy fatty acids are used for 

several polymers (e.g., polyamides, polyesters), plasticizers, lubricant and perfumes. For example, 

sebacic acid (1,10-decanedioic acid) is the material of 6,10-nylon, representative of polyamide, and 

is derived from biomass. Several 10,000 tons of sebacic acid is made from ricinoleic acid 

(12-hydroxy-cis-9-octadecenoic acid) that abundantly exists in castor oil, is well-known as 

carbon-neutral compound. However, the chemical process to produce sebacic acid needs huge 

energy, such as high temperature and pressure under alkaline condition (64). For this reason, 

eco-friendly process of sebacic acid production is desired.  

Laccase is known to produce dicarboxylic acid under mild condition. C9 and C6 dicarboxylic 

acids are produced from linoleic acid (LA) and γ-linolenic acid (GLA), respectively (65). Laccase 

belongs to the multi-copper oxidase family and catalyzes four-electron oxidation by reducing 

oxygen to water (66,67). Laccase from Trametes sp. Ha-1, the white-rot fungus, shows lignolytic 

oxidation activity and are known to have high oxidation activity and thermostability (68,69). 

Laccase can oxidize phenolic lignin structures directly and also non phenolic lignin compounds in 

the presence of suitable mediators with radical reaction (70). Using oxidation cleavage catalyzed by 

laccase, C9 dicarboxylic acid is derived from LA peroxidation as an end product (71). However, C6 

and C9 dicarboxylic acids were only produced from commercially available unsaturated fatty acids. 

In this chapter, the author tried to construct the microbial processes to produce C10 dicarboxylic 

acids using laccase-catalyzed oxidation cleavage from 10-hydroxy or oxo fatty acids produced by 

Lactobacillus plantarum AKU 1009a. These fatty acids were shown in chapter I and II. These 

hydroxy fatty acids production were shown in chapter IV.  
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MATERIALS AND METHODS 

 

Materials 

Laccase (from Trametes sp. Ha-1) was purchased from Daiwa Fine Chemicals Co., Ltd. 

(Hyogo, Japan). Oleic acid (OA) and 1-hydroxybenzotriazole (HBT) were purchased from 

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Linoleic acid (LA) and bovine serum 

albumin (BSA) were purchased from Sigma (Missouri, USA). 10-Hydroxyoctadecanoic acid 

(HYB), 10-hydroxy-cis-12-octadecenoic acid (HYA), 

10-hydroxy-cis-12,cis-15-octadecadienoic acid (αHYA), and 

10-hydroxy-cis-6,cis-12-octadecadienoic acid (γHYA) were produced from OA, LA, α-linolenic 

acid (ALA), and γ-linolenic acid (GLA) by Escherichia coli Rosetta2/pCLA-HY (26). 

10-Hydroxy-trans-11-octadecenoic acid (HYC) and 10-oxo-trans-11-octadecenoic acid (KetoC) 

were produced from LA as described previously (27). 10-Hydroxy-cis-15-octadecenoic acid 

(αHYB), 10-hydroxy-trans-11,cis-15-octadecadienoic acid (αHYC), 

10-oxo-cis-15-octadecenoic acid (αKetoB), and 10-oxo-trans-11,cis-15-octadecadienoic acid 

(αKetoC) were produced from ALA as described previously (27). 

10-Hydroxy-cis-6-octadecenoic acid (γHYB), 10-hydroxy-cis-6,trans-11-octadecadienoic acid 

(γHYC), 10-oxo-cis-6-octadecenoic acid (γKetoB), and 10-oxo-cis-6,trans-11-octadecadienoic 

acid (γKetoC) were produced from GLA as described previously (27). 10-Oxooctadecanoic acid 

(KetoB), 10-oxo-cis-12-octadecenoic acid (KetoA), 10-oxo-cis-12,cis-15-octadecadienoic acid 

(αKetoA), and 10-oxo-cis-6,cis-12-octadecadienoic acid (γKetoA) were produced from above 

hydroxy fatty acids by Jones oxidation, which is oxidation of hydroxy group with CrO3 (48). 

 

Reaction conditions 

The reactions with laccase were carried out with shaking (300 rpm) at 37°C for 8 h in a test 

tube (16.5 × 105 mm) that contained 1 ml of reaction mixture (20 mM sodium acetate buffer, 

pH 4.0) with 1 mg/mL (= 3200 U) laccase, 1.5 mM αKetoA, and 1 mM HBT. One unit was 

defined as the amount of enzyme that catalyzes the conversion of 1 µmol of ABTS per min. 

 

Substrate specificity 

Twenty one various unsaturated, hydroxy, and oxo fatty acids were tested under below 
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reaction condition. Reactions were carried out at 37°C for 24 h using 1 mL of 20 mM sodium 

acetate buffer pH 4.0 containing 1 mg/mL each fatty acid, 1 mM HBT, and 1 mg/mL laccase. 

 

Effects of mediator and time course of sebacic acid production 

Six mediators (1-hydroxybenzotriazole, benzotriazole, veratryl alcohol, violuric acid, ABTS, 

TEMPO) were used as mediator. Reaction mixture contained 3200 U laccase, 1.5 mM αKetoA, 

above each mediator (1 mM) in 1 mL of 20 mM sodium acetate buffer, pH 4.0. Time course was 

monitored using the reaction mixture (20 mM sodium acetate buffer, pH 4.0) containing 1.5 mM 

αKetoA, laccase, and 1 mM HBT. Reactions were carried out at 37°C for 0–18 h. 

 

Lipid analysis 

Lipids were extracted from the reaction mixtures with ethyl acetate (containing 10% 

methanol) and then concentrated by evaporation under reduced pressure. The resulting lipids 

were dissolved in 5 mL of benzene/methanol (3:2, by volume) and methylated with 300 μL of 

1% trimethylsilyldiazomethane (in hexane) at 28°C for 30 min. The resulting fatty acid methyl 

esters were concentrated by evaporation under reduced pressure and analyzed by gas-liquid 

chromatography (GC) using a Shimadzu (Kyoto, Japan) gas chromatograph equipped with a 

flame ionization detector and a split injection system and fitted with a capillary column (SPB-1, 

30 m x 0.25 mm I.D.; Supelco (Pennsylvania, USA)). The column temperature was initially 

180°C for 30 min and was raised to 220°C at rate of 40°C/min and maintained at that 

temperature for 9 min. The injector and detector were operated at 250°C. Helium was used as a 

carrier gas at 238 kPa. Heptadecanoic acid (17:0) was used as an internal standard for 

quantification. 

 

GC-MS analysis 

Fatty acids methyl esters were subject to GC-MS analysis using GCMS-QP2010 Plus 

(Shimadzu) with GC-2010 gas chromatograph. The GC separation of fatty acid methyl esters 

was performed on a SPB-1 column as described above. The column temperature was initially 

180°C for 30 min and was raised to 220°C at rate of 30°C/min and maintained at that 

temperature for 40 min. The injector and MS interface were operated at 220°C. Helium was 

used as a carrier gas at 81 kPa. 
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RESULTS AND DISCUSSION 

 

Substrate specificity 

Twenty one various unsaturated, hydroxy, and oxo fatty acids were applied to oxidative 

reaction by laccase, and products were observed by GC analysis (Table 5-1). As a representative 

of results, products from 10-oxo-cis-12,cis-15-octadecadienoic acid (αKetoA) were shown in 

Fig. 5-1a. As a result of GC-MS analysis, the product was identified to be sebacic acid because 

the retention time and MS fragments of the product corresponded to sebacic acid standard (Fig. 

5-1b). The byproduct was expected to be C8 compound, however was not detected under this 

analysis conditions. Dicarboxylic acids were produced from almost all fatty acids except for six 

hydroxy and oxo fatty acids that have no carbon double bond near hydroxy or oxo group such as 

10-hydroxyoctadecanoic acid (HYB), 10-hydroxy-cis-6-octadecenoic acid (γHYB), 

10-hydroxy-cis-15-octadecenoic acid (αHYB), 10-oxooctadecanoic acid (KetoB), 

10-oxo-cis-6-octadecenoic acid (γKetoB), and 10-oxo-cis-15-octadecenoic acid (αKetoB) 

(Table 5-1). The oxidative cleavage of fatty acids by laccase occurred at carbon-carbon double 

bond, hydroxy group, or carbonyl group near carboxyl group of fatty acids. 

10-Hydroxy-trans-11-octadecenoic acid (HYC), 10-Hydroxy-trans-11,cis-15-octadecadienoic 

acid (αHYC), and 10-hydroxy-cis-6,trans-11-octadecadienoic acid (γHYC) were oxidized to 

corresponding 10-oxo fatty acids by laccase (Table 5-1). 10-Oxo-cis-12,cis-15-octadecadienoic 

acid (αKetoA) was used following experiments because the amount of products was highest 

among these various fatty acids. 
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Fig. 5-1. GC chromatography (a) and mass spectrum (b) of the product that was converted from 

10-oxo-cis-12,cis-15-octadecadienoic acid by laccase 
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Effect of mediator on dicarboxylic acid production 

Six mediators were examined for ability to mediate laccase-catalyzed oxidation of fatty acids 

(Table 5-2). Among six mediators, HBT and TEMPO gave highest sebacic acid production (0.40 

mM). 

 

Effect of mediator concentration 

Mediator concentration was monitored from 0 to 5 mM. The production of sebacic acid 

depended on mediator concentration (Fig. 5-2). Sebacic acid production increased depending on 

HBT concentration under 1 mM, but that was constant between 1 mM and 3 mM HBT. 

Decrease of sebacic acid production over 3 mM HBT may be caused by chelation of Cu
2+

 ion by 

HBT (72). Laccase might be inactivated by HBT because it requires Cu
2+

 ion for its activity.  

 

Previous study revealed polyunsaturated fatty acid saturation metabolism in L. plantarum 

AKU 1009a (27). Various 10-hydroxy and 10-oxo fatty acids were produced from LA, ALA, 

and GLA using four enzymes (CLA-HY, CLA-DH, CLA-DC, and CLA-ER) involved in the 

saturation metabolism. In this study, the author constructed the bioprocess to produce 

dicarboxylic acids from unsaturated, hydroxy, and oxo fatty acids. Laccase-catalyzed enzymatic 

process is promising to produce dicarboxylic acid from biomass-derived fatty acids. However, 

the conversion rate from 10-oxo-cis-12,cis-15-octadecadienoic acid (αKetoA) to sebacic acid is 

nothing but low level because of difficulty of controlling radical reaction (Fig. 5-3).  

 

 

 
Table 5-2 Effect of mediator on oxidative cleavage by laccase 

Mediator Sebacic acid production (mM) 

1-Hydroxybenzotriazole (HBT) 0.39 

Benzotriazole 0.19 

Veratryl alcohol 0.22 

Violuric acid 0.22 

ABTS 0.22 

TEMPO 0.40 

HBT: 1-hydroxybenzotriazole, ABTS: 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) ammonium 

salt, TEMPO: 2,2,6,6-tetramethylpiperidine 1-oxyl. Reaction mixture containing 1.5 mM 

10-oxo-cis-12,cis-15-octadecadienoic acid, laccase, and 1 mM each mediator. Experimental conditions: 

temperature, 37°C; shaking frequency, 300 rpm; reaction time; 8 h. 
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10-Hydroxy and 10-oxo unsaturated fatty acids are favorable compounds to produce C10 

dicarboxylic acids (Table 5-1). We only listed identified products in Table 1, however, 

some unknown products were observed. The author will provide oxidized products using 

novel metabolites of unsaturated fatty acid in lactic acid bacteria in future report.  

 

SUMMARY 

 

Construction of renewable biofuels and chemicals production is desired because of global 

warming and petroleum exhaustion. Sebacic acid (decanedioic acid), the material of 6,10-nylon, 

is produced from ricinoleic acid, carbon neutral material, but the process is not eco-friendly 

because of its energy requirement. In this chapter, laccase-catalyzing oxidative cleavage of fatty 

acid was applied to C10 dicarboxylic acids production. Sebacic acid (0.4 mM) was produced 

from 10-oxo-cis-12,cis-15-octadecadienoic acid (1.3 mM). It was revealed that 10-hydroxy and 

10-oxo fatty acids were useful compounds for C10 dicarboxylic acids production. 
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Fig. 5-2 Effect of mediator concentration on 

sebacic acid production. 

Reaction mixture containing 1.5 mM 

10-oxo-cis-12,cis-15-octadecadienoic acid, laccase, and 

HBT (0-5 mM). Experimental conditions: temperature, 
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Fig. 5-3 Time course of sebacic acid production 

from 10-oxo-cis-12,cis-15-octadecadienoic acid. 

Reaction mixture containing 1.5 mM 

10-oxo-cis-12,cis-15-octadecadienoic acid, laccase, and 1 mM 

HBT. Experimental conditions: temperature, 37°C; shaking 

frequency, 300 rpm; triangle, 

10-oxo-cis-12,cis-15-octadecadienoic acid; circle, sebacic 

acid. 
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CONCLUSIONS 

 

CHAPTER I 

Linoleic acid Δ9 hydratase, which is involved in linoleic acid saturation metabolism of 

Lactobacillus plantarum AKU 1009a, was cloned, expressed as a his-tagged recombinant 

enzyme, purified with an affinity column, and characterized. The enzyme required FAD as a 

co-factor and its activity was enhanced by NADH. The maximal activities for the hydration of 

linoleic acid and for the dehydration of 10-hydroxy-cis-12-octadecenoic acid (HYA) were 

observed at 37°C in buffer at pH 5.5 containing 0.5 M NaCl. Free C16 and C18 fatty acids with 

cis-9 double bonds and 10-hydroxy fatty acids served as substrates for the hydration and 

dehydration reactions, respectively. The apparent Km value for linoleic acid was estimated to be 

92 µM, with a kcat of 2.6∙10
-2

 sec
−1

 and a Hill factor of 3.3. The apparent Km value for HYA was 

estimated to be 98 µM, with a kcat of 1.2∙10
−3

 sec
−1

. 

 

 

CHAPTER II 

Hydroxy fatty acid dehydrogenase, which is involved in polyunsaturated fatty acid saturation 

metabolism in Lactobacillus plantarum AKU 1009a, was cloned, expressed, purified, and 

characterized. The enzyme preferentially catalyzed NADH-dependent hydrogenation of oxo 

fatty acids over NAD
+
-dependent dehydrogenation of hydroxy fatty acids. In the 

dehydrogenation reaction, fatty acids with an internal hydroxy group such as 

10-hydroxy-cis-12-octadecenoic acid, 12-hydroxy-cis-9-octadecenoic acid, and 

13-hydroxy-cis-9-octadecenoic acid served as better substrates than those with an α- or 

β-hydroxy groups such as 3-hydroxyoctadecanoic acid or 2-hydroxyeicosanoic acid. The 

apparent Km value for 10-hydroxy-cis-12-octadecenoic acid (HYA) was estimated to be 38 μM 

with a kcat of 7.6∙10
−3

 s
−1

. The apparent Km value for 10-oxo-cis-12-octadecenoic acid (KetoA) 

was estimated to be 1.8 μM with a kcat of 5.7∙10
−1

 s
−1

. In the hydrogenation reaction of KetoA, 

both (R)- and (S)- HYA were generated, indicating that the enzyme has low stereoselectivity. 

This is the first report of a dehydrogenase with a preference for fatty acids with an internal 

hydroxy group. 
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CHAPTER III 

Through the screening of about 300 strains of lactic acid bacteria, Pediococcus sp. AKU 

1080 was selected as a strain with the ability to hydrate linoleic acid 

(cis-9,cis-12-octadecadienoic acid) to three hydroxy fatty acids, i.e., 

10-hydroxy-cis-12-octadecaenoic acid, 13-hydroxy-cis-9-octadecaenoic acid, and 

10,13-dihydroxyoctadecanoic acid.  The strain hydrated one of two cis double bonds at Δ9 and 

Δ12 positions to produce 10-hydroxy-cis-12-octadecaenoic acid and 

13-hydroxy-cis-9-octadecaenoic acid, respectively, then further hydrated these two 

mono-hydroxy fatty acids to 10,13-dihydroxyoctadecanoic acid.  The growing cells of this 

strain were applied to the production of 13-hydroxy-cis-9-octadecenoic acid, that is potential as 

polymer substrates and functional foods but its specific and efficient production was not 

established.  Under the optimum conditions, 2.3 mg/ml of 13-hydroxy-cis-9-octadecenoic acid 

was produced from 12.3 mg/ml of linoleic acid with 0.04 mg/ml 10-hydroxy-cis12-octadecenoic 

acid and 0.05 mg/ml 10,13-dihydroxy-octadecanoic acid in the cultivation medium.  Specific 

production of 13-hydroxy-cis-9-octadecenoic acid was attained using cell-free extracts of the 

strain as the catalyst.  Under the optimum conditions, 0.4 mg/ml of 

13-hydroxy-cis-9-octadecenoic acid was produced from 2.0 mg/ml of linoleic acid without 

10-hydroxy-cis12-octadecenoic acid and 10,13-dihydroxy-octadecanoic acid. 

 

CHAPTER IV 

Escherichia coli overexpressing linoleic acid Δ9 hydratase from Lactobacillus plantarum 

AKU 1009a was applied to produce hydroxy fatty acids with industrial potentials. 280 g/L of 

linoleic acid (1 M) was converted into 10-hydoxy-cis-12-octadecenoic acid with high 

conversion rate, 98% (mol/mol), by the cells of the recombinant E. coli with the presence of 

FAD (0.1 mM) and NADH (25 mM). Lowering the reaction temperature reduced the solubility 

of the products and resulted in the high yield by controlling the reaction equilibrium. Oleic acid, 

α-linolenic acid, γ-linolenic acid, stearidonic acid, palmitoleic acid, and 

12-hydroxy-cis-9-octadecenoic acid were also converted into corresponding 10-hydroxy fatty 

acids with conversion rates of 96%, 96%, 95%, 96%, 98%, and 99% (mol/mol) to 280 g/L of 

each substrate, respectively. Although the hydratase requires NADH for its maximal activity, the 

reaction catalyzed by the recombinant E. coli cells proceeded well with glucose instead of 
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NADH, suggested that the E. coli cells supplied NADH via glucose metabolism. 

10-hydroxy-cis-12-octadecenoic acid was produced with high accumulation (289 g/L) and high 

yield (97 mol%) in the reaction mixture containing glucose instead of NADH. 

 

CHAPTER V 

Construction of renewable biofuels and chemicals production is desired because of global 

warming and petroleum exhaustion. Sebacic acid (decanedioic acid), the material of 6,10-nylon, 

is produced from ricinoleic acid, carbon neutral material, but the process is not eco-friendly 

because of its energy requirement. In this chapter, laccase-catalyzing oxidative cleavage of fatty 

acid was applied to C10 dicarboxylic acids production. Sebacic acid (0.4 mM) was produced 

from 10-oxo-cis-12,cis-15-octadecadienoic acid (1.3 mM). It was revealed that 10-hydroxy and 

10-oxo fatty acids were useful compounds for C10 dicarboxylic acids production. 
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