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Abstract

:

Recently, we described the preparation of the recombinant oleate hydratase from Lactobacillus rhamnosus ATCC 53103. We observed that the purified C-terminal His-tagged enzyme was completely inactive and the catalytic activity was partially restored only in presence of a large amount of flavin adenine dinucleotide (FAD). In the present work, we assess that this hydratase in the presence of the reduced form of flavin adenine dinucleotide (FADH2) is at least one hundred times as active as in the presence of the same concentration of FAD. By means of two different biochemical processes, we demonstrated unambiguously that oleate hydratase from Lactobacillus rhamnosus ATCC 53103 is a FADH2-dependent enzyme. As a first relevant application of this discovery, we devised a preparative procedure for the stereoselective synthesis of (R)-10-hydroxystearic acid. Accordingly, the hydration of oleic acid (up to 50 g/L) is performed on a multigram scale using the recombinant hydratase and FADH2 generated in situ as cofactor. The produced (R)-10-hydroxystearic acid (ee > 97%) precipitates from the reaction solvent (water/glycerol/ethanol) and is conveniently recovered by simple filtration (>90% yield).
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1. Introduction


The hydration of unsaturated fatty acids (UFAs) is a very relevant reaction, potentially exploitable for the synthesis of different compounds of industrial interest. Indeed, the hydroxy-fatty acids (HFAs) produced by this process are widely used for a number of applications such as starting materials for biodegradable polymers, lubricants, emulsifier, drugs, cosmetic ingredients, and flavors [1,2,3,4,5]. A very large number of HFAs have been identified in nature but only a few of them are available in an industrially significant amount. Consequently, the preparation of many HFAs is usually achieved by UFA hydration, which is straightforwardly available as glycerides from vegetable oils or fish fats. Unfortunately, even though a number of chemical means can efficiently perform this kind of reaction, the latter processes lack stereochemical control and afford complex mixtures of isomeric HFAs. In fact, the chemical reactions available to perform the hydration step allow neither the selective functionalization of a specific position of the fatty acid chain nor the enantioselective formation of the secondary alcohol functional group.



In contrast, the biocatalyzed reactions proceed with complete regioselectivity and enantioselectivity, even using polyunsaturated fatty acids (PUFAs) as substrates. These biochemical transformations were discovered in the early 1960s, during a study on the hydration of oleic acid (Figure 1) using a Pseudomonas strain [6,7]. Afterwards, a number of other microorganisms proved to be able to perform this transformation [8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23] but the enzymes responsible for the hydration step (oleate hydratases) have been characterized only recently [24].



Oleate hydratases (OLH, EC 4.2.1.53) convert oleic acid (OA) into (R)-10-hydroxystearic acid (10-HSA) [25,26,27,28,29,30,31,32,33,34,35,36,37,38,39], a high value commercial molecule due to its potential application as surfactant, lubricant, additive in cosmetics industries, and as a starting material in polymer and flavor chemistry. In addition, this enzyme can catalyze the hydration of different UFAs [36,40,41,42,43,44,45,46,47] with the same regio- and stereoselectivity, affording exclusively the corresponding 10-hydroxy derivatives. The most common UFAs, with a chain length of 18 carbon atoms, are oleic, linoleic, and linolenic acid, and they are the main components (as triglycerides) of the vegetable oils used for human consumption.



Being involved in a research project aimed at the valorization of the vegetable oils waste, we studied the biocatalytic hydration of the latter fatty acids using both microbial transformations [21,22,23] and isolated hydratase [26]. In this context, we demonstrated the versatility of the probiotic bacteria Lactobacillus rhamnosus ATCC 53103 [22], which is able to hydrate oleic, linoleic, and linolenic acid affording (R)-10-hydroxystearic acid, (S)-(12Z)-10-hydroxy-octadecenoic acid, and (S)-(12Z,15Z)-10-hydroxy-octadecadienoic acid, respectively, in very high enantiomeric purity (ee > 95%), without the formation of other regioisomers or polyhydroxylated fatty acids.



Since the biocatalytic activity of this Lactobacillus strain is due to the expression of an oleate hydratase previously identified from the bacteria genome [41], we cloned and overexpressed the latter enzyme using Escherichia coli BL21(DE3) as a heterologous host [26]. Our study demonstrated that the obtained recombinant C-terminal His-tagged hydratase retains the catalytic properties of the Lactobacillus strain and we devised a reliable whole-cell-based procedure for the hydration of oleic acid [26]. Unfortunately, we also observed that the purified OLH is completely inactive and the catalytic activity can be restored only marginally through the addition of flavin adenine dinucleotide (FAD) to the reaction mixture.



Due to the pivotal relevance of this enzymatic transformation, the possibility of identifying the key-points that affect the OLH catalytic activity could lead to a new and efficient industrial process for HFAs production.



According to recent studies [27,31,33,36], OLH is a FAD-dependent enzyme, in which FAD is noncovalently bound to the protein. However, FAD is not involved in the reaction mechanism whilst it seems to stabilize the active conformation of the enzyme. The first crystal structure of a recombinant oleate hydratase originating from Elizabethkingia meningoseptica in the presence of flavin adenine dinucleotide (FAD) provided the first reaction mechanism for this enzyme class that explains the requirement for the flavin cofactor [48]. Later, the determination of the crystal structure of the oleate hydratase from Stenotrophomonas sp. KCTC 12332 confirmed that this enzyme also requires FAD as a cofactor. Moreover, the study indicates a remarkable conformational change of the loop region surrounding the FAD molecule upon binding of FAD [49].



Concerning the hydratase activity of strains belonging to the Lactobacillus genus, we observed that the transformation of UFAs into HFAs can be properly accomplished using anaerobic conditions and adding the suitable UFA during the exponential phase of growth [22,23]. According to Lactobacillus metabolism, these conditions lead to the production of the reduced forms of nicotinamide adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate (NADPH), which, in absence of oxygen, lower the oxidation-reduction potential of the medium. This clue suggested to us the possibility that a reduced form of FAD [50], namely FAD●−, FADH●, FADH−, and FADH2, could be the actual activating agent of the enzyme.



In this context, some relevant works on the characterization of the linoleic acid hydratase from Lactobacillus plantarum AKU 1009a underlined that the investigated enzyme required FAD as cofactor and its activity was enhanced by NADH addition [44,45]. These pioneering studies, as well as some recent reports on other hydratase [33], pointed to possible FADH2 involvement in the catalytic step but unfortunately, they reported no proof to support this hypothesis.




2. Results and Discussion


Herein, we unambiguously demonstrated that the C-terminal His-tagged oleate hydratase from Lactobacillus rhamnosus ATCC 53103 is a FADH2-dependent enzyme.



To this end, we first ran a number of experiments using different formulations of the above-mentioned recombinant OLH (Table 1). As previously reported [26], a PBS buffer containing glycerol and ethanol effectively stabilize the enzyme. In these experimental conditions, the protein is highly stable and can be easily handled by the operator without observing any precipitation or denaturation, even after different freeze/thaw cycles. Accordingly, we tested the hydration reaction of oleic acid (3 g/L) using this medium.



Each experiment was performed in a sealed vial, to which FAD (0.06 mM) was previously added and which was flushed with nitrogen.



The use of recombinant E. coli whole cell gave promising results, as we obtained almost complete conversion of OA to 10-HSA (entry 1).



In contrast, the use of the clear lysate of the same E. coli cell batch gave disappointing results either using glycerol (entry 2) or sorbitol (entry 3) as enzyme stabilizers. The experiment performed using glycerol afforded a minor amount of the hydroxy acid (2% yield) using recombinant E. coli lysate whereas the hydration reaction did not proceed with the use of sorbitol, using the same form of catalyst.



Even worse results were obtained using purified His-tagged OLH. The enzyme contained in the above-described clear lysate was purified through elution on a Ni Sepharose resin (Ni-NTA). Then, it was dialyzed against a PBS/glycerol/ethanol buffer in order to remove the inorganic salt and the imidazole present in the elution buffer. We observed that neither purified OLH containing imidazole nor dialyzed OLH catalyzed the hydration reaction (entry 4 and 5). A slight hydratase activity was detected increasing the FAD content from 0.06 mM to 0.2 mM (entry 6), as indicated by the formation of a minor amount of 10-HSA (<1% yield). Overall, the experiments indicated that recombinant OLH is very active only inside cells and its activity is dramatically decreased by purification. As previously demonstrated [26], the presence of FAD is necessary for the catalytic activity but it does not seem to be the only factor affecting enzyme activity. We suppose that NAD(P)H, present both inside cells and to a minor extent in the lysate, can act as reducing agent able to transform FAD into FADH2, which is the actual activating agent of the hydratase.



The reduction of FAD to FADH2 by NAD(P)H is catalyzed by flavin oxidoreductases. A member of this class of enzymes, named Fre [51], is present in Escherichia coli, thus corroborating the possible formation of traces of FADH2 in the experiments performed using whole cells and cells lysate as catalysts. In order to demonstrate our hypothesis, we devised a new set of biochemical experiments based on the combined activity of three enzymes (Figure 2 and Table 2).



Accordingly, each experiment was performed in a nitrogen-flushed vial, containing PBS/glycerol/ethanol buffer, FAD, glucose, purified His-tagged OLH, purified His-tagged glucose dehydrogenase (GDH), oleic acid, and flavin oxidoreductase. As a source of the latter enzyme, we employed either the lysate of Bacillus subtilis or the lysate of recombinant E. coli expressing GDH [52]. Indeed, both bacteria produce two different flavin oxidoreductases, namely YcnD [53] and Fre [51], respectively able to catalyze the reduction of FAD to FADH2 using both NADH and NADPH. The reasoning behind the choice of recombinant E. coli expressing GDH as a source of Fre lies in the fact that this host strain, namely BL21 (DE3) [52], is free of hydratase activity but is the same as that used for the production of recombinant OLH [26].



Overall, GDH catalyzes the oxidation of glucose to glucolactone with concomitant reduction of NAD(P)+ to NAD(P)H, which in turn reduces FAD to FADH2 by means of flavin oxidoreductases catalyst. In addition, the anaerobiosis is warranted by the presence of FADH2 itself that efficiently reduces oxygen to water.



The establishment of the catalytic cycle was confirmed by the discoloration of the reaction from bright yellow (FAD color) to colorless (FADH2). Accordingly, in a first experiment performed using OLH, GDH, FAD+, and NADP+ but without flavin oxidoreductase (Table 2, entry 1), we observed neither discoloration nor 10-HSA formation.



In contrast, in the same experimental conditions, the addition of the bacterial lysate (B. subtilis or E. coli) triggered the rapid discoloration of the reaction mixture followed by the precipitation of the hydroxy-acid. Regardless of the use of NAD+ instead of NADP+, the hydration reactions were almost quantitative (entries 2–4), as shown by the formation of 10-HSA in yields superior to 95%. A further blank experiment in which OLH was not added (entry 5) confirmed that the hydration reaction does not occur in absence of the hydratase.



Finally, the exclusion of FAD from the reaction dramatically reduced the OLH activity (entry 6 and 7). Most likely, the minor production of 10-HSA obtained for entry 6 was due to the trace amount of FAD contained in the microbial lysate.



Overall, these experiments demonstrate that the presence of NAD(P)H and FAD are not enough to ensure an effective hydration reaction, which proceeds straightforwardly only in the presence of FADH2. A further confirmation of our hypothesis was obtained by means of a series of experiments in which we tuned the oxidation-reduction potential of the reaction medium (Table 3). Accordingly, we added different reducing agents (entries 1–5, Table 3) to the reaction mixtures that do not contain FAD. No experiments showed hydratase activity with the exception of that containing titanium (III) citrate. This trial gave 10-HSA in a trace amount (entry 5, <1% yield). The latter reducing agent is a well-known nontoxic reagent applicable for preparing low oxidation media for anaerobic cultures [54]. Since this titanium salt is also used for the preparation of FADH2 from FAD [55], we suppose that traces of FAD present in purified OLH were reduced, triggering the hydration reaction. The following experiments (entry 6 and 7, Table 3) clearly demonstrated this assumption. The addition of FAD in the presence of OLH and titanium (III) salt produced a rapid and almost quantitative transformation of OA into 10-HSA. Further confirmation was given by the experiment performed in the presence of FAD and titanium salt but in the absence of OLH (entry 8). The latter reaction did not afford 10-HSA, clearly indicating that neither FADH2 nor titanium (III) citrate were responsible for the hydration step. Furthermore, the reaction performed with OLH and FAD but without reducing agent afforded only a trace of 10-HSA (entry 9, <1% yield). It is worth noting that we had to halve the oleic acid concentration (from 6 to 3 g/L) to obtain a measurable value of 10-HSA concentration.



The latter experiment demonstrated that, using oleic acid as substrate, the hydratase activity of the enzyme in the presence of FADH2 was at least one hundred times higher as in the presence of the same concentration of FAD.



Finally, we checked the hydratase activity of the enzyme using linoleic and linolenic acid as substrates (entries 10 and 11, Table 3). We observed the decrease of the activity in the order oleic acid, linoleic acid, and linolenic acid (98% oleic acid conversion, 58% of linoleic acid conversion, and 31% of linolenic acid conversion). These results are consistent with those previously reported for other recombinant hydratases from Lactobacillus sp. [26,44]. The hydroxy derivatives formed were 10-hydroxystearic acid, (12Z)-10-hydroxy-octadecenoic acid, and (12Z,15Z)-10-hydroxy-octadecadienoic acid, respectively. Only the 10-hydroxyderivatives were detected in the reaction mixtures. These results confirmed the very high regioselectivity of the His-tagged recombinant OLH from Lactobacillus rhamnosus ATCC 53103 as previous described in the experiments performed using wild type microorganism [22].



The presented results point to the potential of the recombinant OLH for the large-scale preparation of 10-HSA. To evaluate the feasibility of this goal, we devised a scalable and user-friendly procedure for the stereoselective synthesis of (R)-10-hydroxystearic acid. Accordingly, the hydration of oleic acid was performed on a multigram scale and with high substrate concentration (up to 50 g/L) using in situ generated FADH2 (0.05 mM) and recombinant hydratase (300 mg/L) as catalysts (Figure 3 and Figure 4).



From a practical standpoint, a nitrogen-flushed reactor was loaded with oleic acid, FAD, PBS/glycerol/ethanol buffer, the lysate of recombinant E. coli expressing OLH and the minimum amount of titanium citrate solution necessary to reduce FAD and to warrant an anaerobic environment (Figure 4).



The complete reduction of the flavin was indicated by the vanishing of the yellow color (Figure 4a,b). Due to the high oleic acid load, the reaction was run in a biphasic medium, with help of vigorous stirring. The precipitation of 10-HSA, which has low solubility in the water/glycerol/ethanol mixture, started after a few hours. After 48 h, the hydroxy acid was isolated by simple filtration (Figure 4c). Since the collected crystals held traces of starting oleic acid, a single recrystallization provided pure (R)-10-hydroxystearic acid (90% yield, 99.7% chemical purity), showing very high enantiomeric purity (ee > 97%).



In summary, our work provides the first demonstration that His-tagged oleate hydratase from Lactobacillus rhamnosus ATCC 53103 is a FADH2-dependent enzyme. These findings pave the way for the exploitation of other already-isolated hydratases whose activity has been erroneously classified as too low to deserve further studies.



As a first relevant application of this discovery, we devised a preparative procedure for the stereoselective synthesis of (R)-10-hydroxystearic acid starting from oleic acid. The proposed process can be led on a multigram scale and using high OA concentration (up to 50 g/L) even as a technical grade reagent. Moreover, the easily available lysate of recombinant E. coli cells can be conveniently employed as a source of OLH, which is activated by a very low concentration of FADH2 generated in situ. (R)-10-hydroxystearic acid was obtained in high yield, in high enantiomeric purity, and was isolated by simple filtration from the reaction mixture. Overall, our procedure can be included among the best preparative syntheses of 10-HSA, based on the use of recombinant OLH, thus pointing to its prospective industrial development.




3. Materials and Methods


3.1. Materials and General Methods


All air- and moisture-sensitive reactions were carried out using dry solvents and under a static atmosphere of nitrogen. All solvents and reagents, including oleic acid (technical grade lot. MKBZ2615V, 91% by GC), linoleic acid (99%, lot. SLBT2627), (S)-mandelic acid, acetic anhydride, pyridine, 4-dimethylaminopyridine (DMAP), N,N′-dicyclohexylcarbodiimide (DCC), kanamycin sulphate, and flavin adenine dinucleotide disodium salt hydrate (FAD, purity: ≥95% HPLC) were of commercial quality and were purchased from Sigma-Aldrich (St. Louis, MO, USA).



NADP (sodium salt hydrate, 97% purity, lot. A0404841) was purchased from Acros Organics (Geel, Belgium).



NAD (lot. K51804342018) was purchased from Merck Millipore (Milan, Italy).



Riboflavin was purchased from Health Leads UK Ltd., (Horeb, UK).



Linolenic acid (85% purity, lot. 81003) was purchased from Nissan—Nippon Oil and Fats Co. (Tokyo, Japan), LTD.



(S)-O-acetyl mandelic acid was prepared starting from (S)-mandelic acid and using acetic anhydride, pyridine, and cat. dimethylaminopyridine (DMAP), as described previously [22].



A reference standard sample of (R)-10-hydroxystearic acid (ee > 95%) was prepared by Lactobacillus rhamnosus mediated hydration of oleic acid [22].



A reference standard sample of 10-(R)-hydroxystearic acid, showing 21% ee, was prepared by baker’s yeast-mediated hydration of oleic acid [21].




3.2. Microorganisms and Growth Media


The growth and expression media used in this work were LB and ZYM-5052 implemented with 20 mg/L of riboflavin (FAD precursor).



ZYM-5052 medium composition: ZYM-0, 50X 5052 solution (20 mL/L) and trace elements solution (1 mL).



The bulk composition of ZYM medium (ZYM-0) was casein peptone (10 g/L), yeast extract (5 g/L), Na2HPO4 (3.6 g/L), KH2PO4 (3.5 g/L), NH4Cl (2.7g/L), Na2SO4 (0.7 g/L), and MgSO4 (0.25 g/L). pH was adjusted to 7.0. ZYM-0 was then autoclaved for 15 min at 121 °C.



Trace elements solution: FeCl3 (50 mM), CaCl2 (20 mM), MnCl2 (10 mM), ZnSO4 (10 mM), CoCl2 (2 mM), CuCl2 (2 mM), NiCl2 (2 mM), Na2MoO4 (2 mM), Na2SeO3 (2 mM), and H3BO3 (2 mM).



50X 5052 solution composition: glycerol (250 g/L), glucose (25 g/L), and α-lactose (100 g/L). Once prepared, the solution was filtered on Sartorius™ Minisart™ Plus Syringe Filters 0.2 µm pore size and stored at 4 °C.



LB medium composition: NaCl (5 g/L), tryptone (10 g/L), and yeast extract (5 g/L). pH was adjusted to 7.0.



Tryptic soy broth composition: casein peptone (17 g/L), glucose (2.5 g/L), soya peptone (3 g/L), NaCl (5 g/L), and K2HPO4 (2.5 g/L).



Bacillus subtilis (DSM 1088) was grown in tryptic soy broth at 30 °C.




3.3. Protein Expression and Purification of Oleate Hydratase (OLH)


Recombinant E. coli BL21(DE3) cells, containing the pETite C-His Kan plasmid [26], harboring the gene of Lactobacillus rhamnosus ATCC 53103 coding for oleate hydratase (GenBank: WP_005714981), were inoculated in a 1 L Erlenmeyer flask containing LB medium (100 mL). The flask was supplemented with kanamycin (30 µg/mL) and was incubated at 37 °C overnight with shaking (220 rpm). Hence, the culture was centrifuged at 3220× g for 5 min (4 °C), the supernatant was removed, and the cells were resuspended in 10 mL of fresh LB medium. The obtained suspension was added to a fermenter vessel of the 5L bioreactor containing ZYM-0 medium (3 L) supplemented with kanamycin (30 µg/mL), 50X 5052 solution (60 mL), and trace elements solution (3 mL). The temperature, the stirring speed, and the pH were set to 20 °C, 250 rpm, and 6.8, respectively. The pH was controlled by dropwise addition of sterilized aqueous solutions (10% w/w in water) of either sulfuric acid or ammonia. The fermentation was stopped 72 h after the inoculum.



The centrifugation (8000 rpm, 15 min, 4 °C) of the whole fermentation broth allowed obtaining 36.3 g of wet cells. The pellet was resuspended in 20 mM potassium phosphate buffer, pH 7.0, containing 500 mM NaCl and 20 mM imidazole. At this point, cells were disrupted by ultrasonication (15 cycles, 20″ON/120″ OFF pulses in ice).



Clear lysate (222 mL) was obtained by centrifugation (11,000 rpm, 30 min) and the protein content titer was assessed by Bradford assay (17.3 mg/mL). The presence of soluble oleate hydratase was assessed by SDS-PAGE (12% T, 2.6% C), where T = concentration (g/100 mL) of acrylamide + bis-acrylamide; and C = bis-acrylamide/acrylamide + bis-acrylamide ratio (w/w). A sample of the aforementioned clear lysate (55.5 mL) was purified by incubation with Ni Sepharose 6 Fast Flow agarose resin (Ni-NTA) (GE Healthcare, Milan, Italy) under mild shaking for 90 min at 4 °C. The resin was then loaded onto a glass column (10 mm × 110 mm) and washed with 20 mL of wash buffer (20 mM imidazole, 500 mM NaCl, and 20 mM potassium phosphate buffer). Elution of His-tagged proteins was achieved by using a 3-step gradient (15 mL washing buffer containing 100, 200, and 300 mM imidazole). To the purified protein solution was added glycerol (10% v/v) and ethanol (2% v/v) and the resulting mixture was dialyzed for 24 h at 4 °C against 15 mM potassium phosphate buffer, pH 6.6 (1.5 L) containing glycerol (10% v/v) and ethanol (2% v/v). The dialyzed solution (145 mL) contained 320 mg of oleate hydratase, which appeared as a single band by SDS-PAGE analysis. The aforementioned solution was stored at −80 °C.



Protein concentration was determined by using the Bio-Rad Protein Assay according to the method of Bradford, and SDS-PAGE analyses (12% T, 2.6% C) were performed to assess protein purity. Molecular weight protein standards were from Bio-Rad (Karlsruhe, Germany), and gels were stained with Coomassie Brilliant Blue for protein detection.




3.4. Protein Expression and Purification of Glucose Dehydrogenase (GDH)


Recombinant E. coli BL21(DE3) cells, containing the pKTS plasmid harboring the gene of Bacillus megaterium DSM 509 coding for glucose dehydrogenase (UniProtKB accession number P40288) [52], were inoculated in a 1 L Erlenmeyer flask containing LB medium (100 mL). The flask was supplemented with ampicillin (100 µg/mL) and was incubated at 37 °C overnight with shaking (220 rpm). Hence, the culture was centrifuged at 3220× g for 5 min (4 °C), the supernatant was removed, and the cells were resuspended in 10 mL of fresh LB medium. The obtained suspension was added to a fermenter vessel of the 5L bioreactor containing ZYM-0 medium (2 L) supplemented with ampicillin (100 µg/mL), 50X 5052 solution (40 mL), and trace elements solution (2 mL). The temperature, the stirring speed, and the pH were set to 22 °C, 250 rpm, and 7.0, respectively. The pH was controlled by dropwise addition of sterilized aqueous solutions (10% w/w in water) of either sulphuric acid or ammonia. The fermentation was stopped 72 h after the inoculum.



The centrifugation (8000 rpm, 15 min, 4 °C) of the whole fermentation broth allowed obtaining 25.1 g of wet cells. The pellet was resuspended in 20 mM potassium phosphate buffer, pH 7.0, containing 500 mM NaCl and 20 mM imidazole. At this point, cells were disrupted by ultrasonication (10 cycles, 20″ON/120″ OFF pulses in ice).



Clear lysate (228 mL) was obtained by centrifugation (11,000 rpm, 30 min) and the protein content titer was assessed by Bradford assay (11.7 mg/mL). The presence of soluble glucose dehydrogenase was assessed by SDS-PAGE (12% T, 2.6% C). A sample of the aforementioned clear lysate (29 mL) was purified by incubation with Ni Sepharose 6 Fast Flow agarose resin (Ni-NTA) (GE Healthcare, Milan, Italy) under mild shaking for 90 min at 4 °C. The resin was then loaded onto a glass column (10 mm × 110 mm) and washed with 20 mL of wash buffer (20 mM imidazole, 500 mM NaCl, 20 mM potassium phosphate buffer). Elution of His-tagged proteins was achieved using a 3-step gradient (15 mL washing buffer containing 100, 200, and 300 mM imidazole). To the purified protein solution (130 mg of GDH) was added glycerol (10% v/v) and was stored at −80 °C.




3.5. Oleic Acid Hydration Experiments


3.5.1. Evaluation of the OLH Activity with Different Enzyme Preparations and in Presence of FAD (Table 1)


The suitable OLH preparation was added to a reaction mixture (6 mL) made up of PB buffer (pH 6.6, 20 mM) containing oleic acid (20 μL), FAD (50 μL of a 10 mM solution in water), ethanol (120 μL), and the suitable enzyme stabilizer (glycerol or sorbitol; 10% v/v). The mixture was placed in a hungate tube that was nitrogen-flushed and sealed. The reaction was shaken (100 rpm) at 26 °C for 24 h, then was acidified with concentrated HCl aq. (500 μL) and was extracted with ethyl acetate (6 mL). The organic phase was separated and was analyzed (paragraph 6).




3.5.2. Evaluation of the OLH Activity in Presence of Enzymatically Generated NADH, NADPH and FADH2 (Table 2)


A reaction mixture (6 mL) made up of PB buffer (pH 6.6, 20 mM) containing oleic acid (20 μL), glucose (180 mg), glycerol (10% v/v) and ethanol (2% v/v) was placed in a hungate tube, which was nitrogen-flushed and sealed. The suitable enzyme (OLH, GDH, or the E. coli/B. subtilis lysate, Table 2) and FAD were injected into the sealed tube using a syringe. Each trial was shaken at 100 rpm for 24 h. After this time, the reaction was acidified with concentrated HCl aq. (500 μL), then was extracted with ethyl acetate (6 mL). The organic phase was separated and was analyzed (paragraph 6).




3.5.3. Evaluation of the OLH Activity in Presence of Reducing Agents and with or without Addition of FAD (Table 3)


A reaction mixture (10 mL) made up of PB buffer (pH 6.6, 20 mM) unsaturated fatty acid (Table 3), glycerol (10% v/v) and ethanol (2% v/v), OLH (2 mg), and FAD was placed in a hungate tube, which was nitrogen-flushed and sealed. Cysteine, DTT (1,4-dithiothreitol), sodium thioglycolate, and formaldehyde sulfoxylate were added before treatment with nitrogen gas whereas the solution of titanium citrate was injected into the sealed tube using a syringe. The reaction was shaken (100 rpm) at 26 °C for 24 h, then was acidified with concentrated HCl aq. (500 μL) and was extracted with ethyl acetate (6 mL). The organic phase was separated and was analyzed (paragraph 6).





3.6. Analytical Methods and Characterization of the Products Deriving from the Biotransformation Experiments


Instruments and Analytic Condition


Nuclear Magnetic Resonance spectroscopy (NMR): 1H- and 13C-NMR Spectra and DEPT experiments: CDCl3 solutions at RT using a Bruker-AC-400 spectrometer (Billerica, MA, USA) at 400, 100, and 100 MHz, respectively; 13C spectra were proton decoupled; chemical shifts in ppm relative to internal SiMe4 (=0 ppm).



TLC: Merck silica gel 60 F254 plates (Merck Millipore, Milan, Italy).



Column chromatography: silica gel.



GC-MS analyses: A HP-6890 gas chromatograph equipped with a 5973 mass detector and using a HP-5MS column (30 m × 0.25 mm, 0.25 μm film thickness; Hewlett Packard, Palo Alto, CA, USA) was used with the following temperature program: 120 °C (3 min)—12 °C/min—195 °C (10 min)—12 °C/min—300 °C (10 min); carrier gas: He; constant flow 1 mL/min; split ratio: 1/30; tR given in min.



The biotransformations of oleic acid, linoleic acid, and linolenic acid to give 10-hydroxystearic acid, (12Z)-10-hydroxy-octadecenoic acid, and (12Z,15Z)-10-hydroxy-octadecadienoic acid, respectively, were monitored by means of GC-MS analysis. To this end, the biotransformation mixture was acidified at pH 4 and filtered on celite. The aqueous phase was then extracted three times with ethyl acetate and the combined organic layer was washed with brine and dried on Na2SO4. The solvent was then removed under reduced pressure and the residue was treated at 0 °C with an excess of an ethereal solution of freshly-prepared diazomethane. As soon as the evolution of nitrogen ceased, the solvent was eliminated and the residue was treated at RT with a 1:1 mixture of pyridine/acetic anhydride (4 mL for about 100 mg of residue) and DMAP (10 mg). After five hours, the excess of reagents was removed in vacuo and the residue was analyzed by GC-MS in order to determine the fatty acid/hydrated fatty acid ratio.



Oleic acid methyl ester: tR 18.95



GC-MS (EI): m/z (%) = 296 [M+] (7), 264 (49), 235 (6), 222 (30), 180 (19), 166 (10), 152 (12), 137 (17), 123 (26), 110 (32), 97 (62), 83 (68), 69 (79), 55 (100).



Linoleic acid methyl ester: tR 18.52



GC-MS (EI): m/z (%) = 294 [M+] (18), 263 (15), 234 (1), 220 (4), 178 (6), 164 (10), 150 (16), 135 (15), 123 (18), 109 (36), 95 (70), 81 (93), 67 (100), 55 (56).



Linolenic acid methyl ester: tR 18.79



GC-MS (EI): m/z (%) = 292 [M+] (7), 261 (4), 249 (2), 236 (5), 191 (3), 173 (5), 149 (13), 135 (15), 121 (20), 108 (34), 95 (56), 79 (100), 67 (66), 55 (43).



Methyl 10-acetoxystearate: tR 24.47



GC-MS (EI): m/z (%) = 313 [M+-MeCO] (6), 296 [M+-AcOH] (3), 281 (17), 264 (31), 243 (11), 222 (9), 201 (100), 169 (64), 157 (16), 125 (21), 97 (18), 83 (19), 69 (21), 55 (27).



Methyl (12Z)-10-acetoxy-octadecenoate: tR 24.28



GC-MS (EI): m/z (%) 311 [M+-MeCO] (<1), 294 [M+-AcOH] (39), 279 (1), 263 (24), 220 (7), 201 (46), 169 (100), 150 (13), 136 (9), 123 (15), 109 (21), 95 (37), 81 (53), 67 (46), 55 (32).



Methyl (12Z,15Z)-10-acetoxy-octadecadienoate: tR 24.33



GC-MS (EI): m/z (%) 292 [M+-AcOH] (76), 277 (1), 261 (20), 201 (33), 169 (100), 149 (19), 135 (28), 121 (41), 108 (42), 93 (57), 79 (87), 55 (39).



The enantiomeric composition of the isolated 10-hydroxystearic acid samples was determined by 1H-NMR analysis [22]. Hence, each one of the hydroxy acid samples (100 mg, 0.33 mmol) was treated with an excess of an ethereal solution of freshly prepared diazomethane. As soon as the evolution of nitrogen ceased, the solvent was eliminated and the resulting methyl ester was dissolved in dry CH2Cl2 (5 mL) treated with (S)-O-acetylmandelic acid (130 mg, 0.67 mmol), DCC (140 mg, 0.68 mmol), and DMAP (10 mg), stirring at RT for 6 h. The reaction was then quenched by the addition of water and diethyl ether (60 mL). The formed dicyclohexylurea was removed by filtration on celite and the organic phase was washed with aq. NaHCO3, brine and dried on Na2SO4. The solvent was then removed under reduced pressure and the residue was roughly purified by chromatography, collecting every fraction containing the fatty acid mandelates. The 1H-NMR analysis of the obtained (S)-O-acetylmandelates allowed the determination of the absolute configuration of the starting hydroxy acid as well as the measurement of their enantiomeric purity. The methyl ester signals due to (R) and (S)-10-hydroxystearic acid derivatives gives two well-resolved singlets at 3.66 and 3.67 ppm, respectively, whose relative peak areas indicate the corresponding isomeric ratio.





3.7. Preparative Synthesis of (R)-10-Hydroxystearic Acid


A solution of titanium III citrate (3 mL of a 80 mM solution in water) was added under nitrogen to a mechanically stirred mixture (100 mL) made up of PB buffer (pH 6.6, 20 mM), technical grade oleic acid (5.3 g, 92% chemical purity, 17.3 mMol, GC-MS n°1, Figure S1), FAD (500 μL of a 10 mM solution in water), ethanol (2 mL), glycerol (10 mL), and the lysate of recombinant E. coli (3 mL, containing 10 mg/mL of OLH). The yellow color disappeared immediately after the titanium salt addition. The temperature was kept at 26 °C by means of a thermostatic bath whilst the anaerobiosis was warranted to keep the reaction under a static atmosphere of nitrogen. The precipitation of hydroxystearic acid started a few hours after titanium addition and stirring was prolonged for further 48 h. Hence, the reaction was quenched by addition of HCl aq. (5 mL of a 3% w/v solution) followed by cooling with an ice bath. The hydroxy-fatty acid was filtered and the filtrated was washed with ice-cooled water (3 × 25 mL). The collected crystals were dried in vacuo to afford crude (R)-10-hydroxystearic acid (5.6 g, GC-MS n° 2, Figure S2). A single recrystallization from hexane/ethyl acetate (2:1, 80 mL) afforded pure (R)-10-hydroxystearic acid (4.68 g, 90% yield, GC-MS n° 3, Figure S3) showing 99.7% chemical purity and ee > 97% (determined by NMR analysis, Figure S4).
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Figure 1. The hydration of oleic acid catalyzed by oleate hydratase. 
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Figure 2. The enzyme-catalyzed reduction of FAD to FADH2. 
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Figure 3. The preparative synthesis of (R)-10-hydroxystearic acid through hydration of oleic acid by means of recombinant oleate hydratase and FADH2 as cofactor. 
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Figure 4. Laboratory scale, multigram synthesis of (R)-10-hydroxystearic acid through hydration of oleic acid (50 g/L) by means of recombinant oleate hydratase and FADH2 as a cofactor: (a) reaction mixture before titanium (III) citrate addition; (b) reaction mixture six hours after titanium (III) citrate addition; (c) (R)-10-hydroxystearic acid obtained by filtration of the reaction mixture, after 48 h of reaction time. 
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Table 1. Hydration of oleic acid using different forms of recombinant OLH from L. rhamnosus as catalyst.
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	Entry
	OLH 1
	Enzyme Stabilizers 2
	Yield (%) 3





	1
	Recombinant E. coli whole cell
	Glycerol
	95



	2
	Recombinant E. coli lysate
	Glycerol
	2



	3
	Recombinant E. coli lysate
	Sorbitol
	0



	4
	OLH purified and dialyzed
	Glycerol
	0



	5
	OLH purified + imidazol buffer
	Glycerol
	0



	6
	OLH purified and dialyzed + FAD (0.2 mM)
	Glycerol
	<1







1 Reaction conditions: 6 mL of a reaction mixture containing oleic acid (3 g/L), ethanol (2% v/v), FAD (0.06 mM), and potassium phosphate buffer (20 mM, pH 6.6). Each trial contained 5 mg of OLH (clear lysate or purified). Wet E. coli cells (300 mg, 5% w/v) were used for entry 1; the lysis and purification of this amount of cells furnished 10 mg of OLH. The reactions were performed in a sealed tube, previously flushed with nitrogen, at 26 °C for 24 h under shaking. 2 Glycerol (10% v/v) or sorbitol (10% w/v). 3 Yields were determined as the 10-hydroxystearic acid/oleic acid ratio by GC-MS analysis.
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Table 2. Oleate hydratase catalyzed hydration of oleic acid in presence of enzymatically generated NADH, NADPH, and FADH2.
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	Entry 1
	OLH 2
	GDH 3
	FAD
	NADP+
	NAD+
	Flavin Oxidoreductase 4
	Yield (%) 5





	1
	Purified
	Purified
	0.3 mM
	2 mg/mL
	-
	- (Y)
	0



	2
	Purified
	Purified
	0.3 mM
	2 mg/mL
	-
	B. subtilis lysate (C)
	95



	3
	Purified
	Purified
	0.3 mM
	-
	2 mg/mL
	B. subtilis lysate (C)
	96



	4
	Purified
	Recombinant E. coli lysate
	0.3 mM
	2 mg/mL
	-
	E. coli lysate (C)
	98



	5
	-
	Recombinant E. coli lysate
	0.3 mM
	2 mg/mL
	-
	E. coli lysate (C)
	0



	6
	Purified
	Recombinant E. coli lysate
	-
	2 mg/mL
	-
	E. coli lysate (C)
	16



	7
	Purified
	Purified
	-
	2 mg/mL
	-
	- (C)
	0







1 Reaction conditions: 6 mL of a reaction mixture containing oleic acid (3 g/L), glycerol (10% v/v), ethanol (2% v/v), glucose (30 mg/mL), and potassium phosphate buffer (20 mMol, pH 6.6). The reaction was performed in a sealed tube, previously flushed with nitrogen, at 26 °C for 24 h under shaking. 2 The concentration of OLH was 0.5 mg/mL. 3 The concentration of GDH was 0.3 mg/mL (for purified enzyme) and 0.4 mg/mL (for lysate of recombinant E. coli). 4 The color of the reaction mixture after 24 h is indicated in brackets: (Y) = yellow, (C) = colorless. 5 Yields were determined as the 10-hydroxystearic acid/oleic acid ratio by GC-MS analysis.
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Table 3. Oleate hydratase catalyzed hydration of unsaturated fatty acids in presence of the indicated reducing agents and with or without addition of FAD.
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	Entry 1
	OLH 2
	FAD
	Reducing Agent 3
	Fatty Acid
	Yield (%) 4





	1
	Purified
	-
	Cys (5 g/L)
	Oleic acid (6 g/L)
	0



	2
	Purified
	-
	DTT (5 g/L)
	Oleic acid (6 g/L)
	0



	3
	Purified
	-
	Cys (5 g/L) + Thiogl. (2 g/L)
	Oleic acid (6 g/L)
	0



	4
	Purified
	-
	Cys (5 g/L) + HOCH2SO2Na·2H2O (2 g/L)
	Oleic acid (6 g/L)
	0



	5
	Purified
	-
	Ti3+ (5 mM)
	Oleic acid (6 g/L)
	<1



	6
	Purified
	0.15 mM
	Ti3+ (5 mM)
	Oleic acid (6 g/L)
	96



	7
	Purified
	0.15 mM
	Ti3+ (5 mM)
	Oleic acid (9 g/L)
	91



	8
	-
	0.15 mM
	Ti3+ (5 mM)
	Oleic acid (6 g/L)
	0



	9
	Purified
	0.15 mM
	-
	Oleic acid (3 g/L)
	<1



	10
	Purified
	0.15 mM
	Ti3+ (5 mM)
	Linoleic acid (6 g/L)
	58



	11
	Purified
	0.15 mM
	Ti3+ (5 mM)
	Linolenic acid (6 g/L)
	31







1 Reaction conditions: 10 mL of a reaction mixture containing fatty acid, glycerol (10% v/v), ethanol (2% v/v), and potassium phosphate buffer (20 mMol, pH 6.6). The reaction was performed in a sealed tube, previously flushed with nitrogen, at 26 °C for 24 h under shaking. 2 For all trials, the concentration of OLH was set to 0.2 mg/mL. 3 Cys: cysteine, DTT: 1,4-dithiothreitol, Thiogl.: sodium thioglycolate, HOCH2SO2Na·2H2O: sodium formaldehyde sulfoxylate dihydrate, Ti3+: Titanium (III) citrate. 4 Yields were determined as the 10-hydroxystearic acid/oleic acid ratio by GC-MS analysis.
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