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Abstract

:

Cis-3-hexenal and its more stable isomer, trans-2-hexenal, are highly valued chemicals used in the food and perfume industries. They are produced by the plant lipoxygenase pathway, where two enzymes, lipoxygenase (LOX) and hydroperoxide lyase (HPL), are involved. However, the application of this pathway is limited, especially due to the instability of HPL. This enzyme belongs to the cytochrome P450 enzyme family and needs heme as a prosthetic group. Its synthesis must be effectively performed by a host organism in order to produce an active protein. In this work, Pseudomonas aeruginosa LOX was expressed in Escherichia coli BL21(DE3), and whole cells were used for the synthesis of 13(S)-hydroperoxy-(Z,E,Z)-9,11,15-octadecatrienoic acid (13-HPOT) as a substrate for HPL. Expression of Psidium guajava HPL was carried out by recombinant E. coli JM109(DE3) in autoinduction media, and the influence of the addition of heme precursors δ-ALA and FeII+ was studied. Specific activity of whole cells expressing HPL was measured by the direct use of a synthesized 13-HPOT solution (2.94 mM of total hydroperoxides, 75.35% of 13-HPOT (2.22 mM)) and increased 2.6-fold (from 61.78 U·mg−1 to 159.95 U·mg−1) with the addition of 1 mM FeII+ to the autoinduction media. Productivity and activity were further enhanced by an increase in the expression temperature, and a total of 3.30·105 U·dm−3 of culture media was produced in the optimized process.
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1. Introduction


Green leaf volatiles (GLVs) are highly valuable chemicals that are mainly used in the food and perfume industries. They include the short-chain 6-carbon aldehyde cis-3-hexenal and its more stable isomer, trans-2-hexenal, among other sensory molecules (C-6 alcohols and their esters) [1,2]. C-6 aldehydes are produced during the oxylipine metabolism of plants—in the lipoxygenase pathway, which consists of two enzymes: lipoxygenase (LOX, linoleate:oxygen oxidoreductase, EC 1.13.11.12) and hydroperoxide lyase (HPL), which is still not registered by the Enzyme Commission (EC). Moreover, other substances produced in this metabolic pathway, such as GLVs, play a role in the signaling and defense of plants [3]. C-6 aldehydes are a subject of study due to their antimicrobial [1,2] and antifungal properties, and they show potential for plant parasite control [4]. Trans-2-hexenal is already used for food conservation—it helps to preserve the color of fruits and vegetables and improves their sensory qualities [2,4,5]. The versatile use of oxylipine metabolic products has led to the extensive study of its branches, the lipoxygenase pathway included.



Lipoxygenase belongs to the family of nonheme-containing fatty acid dioxygenases. It mediates the regio- and stereo-specific deoxygenation of poly-unsaturated fatty acids (PUFAs) containing a (1Z, 4Z)-pentadiene system. This includes linoleic acid (C18:2), alpha-linolenic acid (C18:3), and arachidonic acid (C20:4) (the latter is present only in low concentrations in plants) [1,6,7]. They are classified as 9 or 13 LOXs according to the products of positional specific oxygenation—depending on the placement of the hydroperoxide moiety on the hydrocarbon backbone [8]. Specificity depends on the space within the active site of LOX and substrate orientation (whether it penetrates the active site with a methyl or carboxyl group) [6] and can be affected by pH: preference for C-9 is higher at acidic pH and preference for C-13 at basic pH [9].



Linolenic and linoleic acids are the primary substrates of LOX in plants. Specificity for position 13 gives 13-hydroperoxides: 13(S)-hydroperoxy-(Z,E,Z)-9,11,15-octadecatrienoic acid (13HPOT) if formed from linolenic acid. This is the substrate needed for 13-HPL to form 12-oxo-(Z)-9-dodecenoic acid and (Z)-3-hexenal (both products undergo isomerization to form 12-oxo-(E)-10-dodecenoic acid and (E)-2-hexenal) (Figure 1). A cascade gives n-hexenal if it is started with linoleic acid [1]. In the case of specificity for the 9-position on the hydrocarbon string, 9-HPL produces 8-formyl-octanoic acid and (3Z,6Z)-nonadienal (isomerization to (2E, 6Z)-nonadienal) from linolenic acid and Z-3-nonenal (isomerization to 2E-nonenal) from linoleic acid [1,2,5,9,10,11,12]. It follows that the concentration of these compounds in plants is low due to the further metabolic elimination, and their industrial extraction is too expensive and cannot meet consumer demand [11].



Traditional large-scale aldehyde synthesis by the lipoxygenase pathway includes mixing PUFAs with various plant materials. However, industrial application is limited due to the low stability of HPL [9,10] (irreversible inactivation by the substrate [13] and products [11]), its affinity to membranes [2], and often by the seasonality of biomass supply. Separation of pure products is also difficult because of the complexity of the reaction mixture [14].



Recombinant production of various LOXs has been successfully accomplished in different hosts (Escherichia coli [15], Pichia pastoris [16], extracellular production in Bacillus subtilis [17] and Trichoderma reesei [7]). Although these are valid strategies, studies have never investigated the form of application of the biocatalyst in the biosynthetic process, and there are no data about the enzyme activity of crude microbial lysates expressing LOX, or even about using whole host cells. Activity of extracellularly produced LOX has been reported, but it decreases rapidly after a few days of storage [7].



The lipoxygenase reaction has been successfully carried out at a relatively large scale using various forms of soybean LOX, soy flour [10], or purified enzyme [11,18,19], even in immobilized form [7]. As pointed out by Villaverde [7], soybean LOX is used almost exclusively for this kind of synthesis. Even though LOXs from other sources have been successfully expressed, they have not been used for the synthesis of hydroperoxides for HPL [7,15]. After hydroperoxide synthesis, they can be extracted to obtain high purity [5,7,10,14,19], or the reaction mixture can be used in a cascade manner—it is used as a substrate mixture for HPL after only a simple treatment [11].



Based on sequence homology, HPL belongs to the cytochrome P450 family and to CYP47 enzymes [9]. It needs heme-b (protoporphyrine IX) as a prosthetic group in the active site. This has to be taken into consideration when producing HPL in hosts that do not produce heme in their native metabolism [5,9]. Recombinant production has been successfully accomplished in various standard host microorganisms—Escherichia coli [5,10], Pichia pastoris [20], Yarrowia lipolytica [21]. However, many publications do not address heme synthesis or supplementation and rely only on the basal levels of heme produced. This can be satisfactory for laboratory application for structure studies and characterization of the enzyme but not for industrial needs for large quantities of active enzyme.



When addressing an increase in heme content during cultivation, its reactivity and toxicity to cells must be taken into consideration. Its concentration is also strictly regulated in E. coli, and even though heme biosynthesis has been extensively studied, the regulation of this metabolic pathway is very complicated and only limited information is available [22]. A straightforward method of increasing heme availability would be the addition of free heme directly to the culture media; however, its uptake by E. coli strains is limited by diffusion through the cell membrane because there are no heme transporters. This issue can by addressed by the co-expression of heme transporter genes from G- bacteria [23,24].



E. coli heme biosynthesis takes place in cytosol, and it is produced by the “C5 route”. The rate limiting step is believed to be the synthesis of a universal tetrapyrrole precursor, δ-aminolevulic acid (δ-ALA) [23,24,25]. Some authors report increased yields of the active form of HPL (and other cytochrome P450 proteins) after the addition of δ-ALA to the media [24,25]; some refute this or simply omit any additives [18,26,27].



In this work, LOX was expressed in E. coli BL21(DE3) in a bioreactor to reach high cell density. Cells were harvested and subsequently used for the synthesis of 13HPOT—a substrate for HPL. HPL was expressed in E. coli JM109(DE3) with heme precursors δ-ALA and FeII+ in the autoinduction media, and the whole-cell biocatalyst activity of HPL was determined.




2. Results


2.1. Lipoxygenase


2.1.1. High Cell Density Cultivation of E. coli Expressing LOX


Uniformity of the biocatalyst in both industrial and laboratory applications is a very desirable property. For this reason, establishing a reliable and ideally an automatized process is needed. While LOX is a quite ordinary enzyme, for this purpose, it is usually applied as a soyabean powder with LOX content or as a commercial soyabean native enzyme [10,14,18,19]. The reliable recombinant production with high cell density cultivation for this process was therefore adapted from Petrovičová et al. [28]. A semi-defined glycerol-based medium and a fed-batch strategy with temperature reduction (18 °C) before the induction (0.5 mM IPTG) were applied (Figure 2).



Growth of biomass was indicated by increased oxygen uptake for substrate consumption and was compensated by the automatic adjustment of agitation. Cooling of the cultivation media prior to induction with IPTG begun when culture reached an optical density of approximately 50. A sudden spike in dissolved oxygen in the 22nd hour of cultivation indicated the depletion of glycerol and was therefore used as a signal for feeding. The final concentration of biomass was 35.6 g·dm−3, which is comparable to the previously reported protocol for ketoreductase production (38.7 g·dm−3 for induction at 30 °C), even though the applied temperature was lower (18 °C) [28].




2.1.2. Synthesis of 13-HPOT


As mentioned before, soybean powder LOX is almost exclusively used for this kind of synthesis [7]. Pseudomonas aeruginosa LOX in purified form was used for dye decolorization and had standard activity towards linoleic acid [15]. Use of both lipoxygenase pathway enzymes (LOX for production of 13-HPOT and HPL for cis-3-hexenal synthesis) in recombinant form is reported here for the first time. The main goal was to produce a stable, easy to handle, whole-cell biocatalyst and to produce stable 13-HPOT that can be stored for a long time period. A key parameter for the optimization of 13-HPOT was the concentration of aldehydes produced in the further step by the standard HPL reaction (Section 3.7) with reference biomass (37–20 °C, no additives) (Section 3.6).



The biosynthesis of 13-HPOT, a substrate for HPL, was adapted from Vick [29]. The original procedure was performed with partially purified soybean LOX in borate buffer, pH = 8.9, and was started by the addition of the substrate solution. The mixture was stirred and pure oxygen was bubbled through it. The course of the reaction was not monitored, but the author stated that it proceeded for “at least 20 min”. In this work, the reaction was carried out in a bioreactor to maintain the desirable controlled oxygen supply and its monitoring.



The application of a recombinant, whole-cell biocatalyst for 13-HPOT production was one of the primary goals. Except for the obvious economic advantages of using whole cells over purified enzyme, another useful advantage is that the enzymes produced remain in a protected environment under harsh reaction conditions [30]. Addition of the non-ionic detergent Tween 20 has been utilized in the LOX reaction before [7,15], so this step was adapted and used here (30 min permeabilization). Concentrations of synthesized hydroperoxides were not different (permeabilization—P+ versus P−). However, the solution produced in the P- system contained higher concentrations of C-6 aldehydes, which suggests the partial spontaneous decomposition of hydroperoxides. In addition, E. coli fatty acids released from membranes by Tween 20 can also serve as substrates for LOX. Therefore, LOX activity was monitored by oxygen consumption and the reaction was considered completed when an increase in oxygen was observed. The hydroperoxide solution produced by permeabilized cells appeared to be more suitable according to the amount of C-6 aldehydes produced by the subsequent HPL reaction (data not shown). This can be attributed to the increased stability of HPL in the presence of partially lysed LOX cells.



During the biotransformation, the rapid decrease in dissolved oxygen indicated the beginning of the reaction (at the addition of substrate solution) (Figure 3).



Interestingly, massive foam formation occurred during the biotransformation. There are no comments about this phenomenon in previous reports, but low media/vessel volume ratios were reported (25–29%, v/v [31]). Due to the utilization of oxygen as a co-substrate for hydroperoxide formation, air was supplied by a sparger, and proper stirring must be secured. Due to the gas solubility, a temperature as low as 4 °C was maintained during the biotransformation.



For the determination of HPL activity, a hydroperoxide solution synthesized from 6 mM linolenic acid with permeabilization (Figure 3, solid line) was used. The total concentration of hydroperoxides produced was 2.94 mM with 75.35% of 13-HPOT (2.22 mM). Problems with iodometric titration occurred with solutions with a higher linolenic acid concentration and longer permeabilization periods—it was not possible to precisely determine the endpoint of the titration. This was presumably caused by the excess of intracellular content that leaked into the reaction mixture and caused interference. If the exact determination of the amount of hydroperoxides synthesized is needed, the best method would be the extraction of the reaction mixture and analysis of the product in pure form [32]. However, to subsequently produce higher concentrations of C-6 aldehydes by HPL and to implement this process at an industrial scale, higher concentrations of linolenic acid should be used.





2.2. Hydroperoxide Lyase


The first step for successful recombinant production was the choice of the host strain of the applied microorganism. In the context of the production of active HPL, heme metabolism of the host strain was taken into consideration, since, in this biotransformation, it is essential for the proper biocatalytic function of HPL. Specific activity of E. coli cells (defined in Section 3.7) produced in different conditions was evaluated for the determination of optimal cultivation conditions.



Recombinant Production of HPL


As reported before, heme metabolism of E. coli usually lags behind the rapid recombinant protein synthesis [24]. Only a small fraction of protein is associated with heme (e.g., 15% for guava HPL-MBP expressed in E. coli MC1061 and vector pMAL-2cX [10]). Attempts to enhance the expression of functional recombinant hemo-proteins include slowing down protein production (e.g., lowering the temperature [5,10,24,25]) and adding heme or its precursor δ-ALA into culture media [23,25]. However, some data show that, under proper growth conditions, some E. coli strains can produce enough heme without any additional precursors. When the correct concentration of lactose is used in the autoinduction medium to induce the expression of P450 enzyme, the yield increases when compared to induction with the rapid IPTG induction process [26]. Induction with lactose has become well established, mostly due to economic aspects—IPTG tends to be the most expensive component of culture media. While the advantages of lactose induction are quite obvious, there are some specific requirements to be met for the successful implementation of this type of induction. The lac repressor used in T7-based vectors is regulated by allolactose, so active β-galactosidase is needed for induction with lactose. Some E. coli strains contain deletions in the β-galactosidase gene (lacZΔM15) and are unable to respond to the lactose. E. coli JM109(DE3) (the strain commonly used for the expression of P450 proteins) with complemented β-gal deletion was used [26]. E. coli is heterofermentative and metabolizes different carbon sources in a specific order—it metabolizes glucose before lactose (diauxic shift) [33]. Autoinduction is based on the inhibition of alternative sugar intake by glucose (catabolite repression). After all glucose is metabolized, expression of recombinant protein starts automatically by the utilization of lactose [34,35]. Another heme-b-containing protein, Crocodylus siamensis hemoglobin, was successfully produced by autoinduction in E. coli BL21(DE3). The authors reported correct folding and proper heme incorporation without the addition of heme or δ-ALA [36]. Autoinduction also depends on the level of dissolved oxygen [34,35], so optimization of the flask cultivation, such as the media/flask volume ratio, shaking speed, or flask shape, needs to be performed [35]. In an attempt to enhance the expression of active HPL, a combination of all the strategies was incorporated in this work: the use of E. coli JM109(DE3), plasmid pET22b (HPL from guava was cloned within the pelB sequence for periplasmatic location and histidine tag), and the application of an autoinduction strategy under optimized aeration.



To study the possibility of further heme production enhancement, a set of cultivations was carried out to study the relationship between the addition of heme precursor, δ-ALA, to the media and the increase in the activity of ferro chelatase by the simple addition of its substrate FeII+ (in the form of FeSO4) to the culture media. Various concentrations of δ-ALA and FeII+ were applied, and cells were tested for their catalytic activity (Figure 4).



The results show that the addition of δ-ALA to the culture media had a negative effect on both specific activity and biomass formation. On the contrary, the addition of 1 mM FeII+ caused a 2.6-fold increase in specific activity in comparison to the reference biomass (produced at 37–20 °C with no additives). Cultures with OD600 lower than 0.3 were not tested for their activity. All tested samples exhibited the formation of C-6 aldehydes from the hydroperoxide solution prepared by the recombinant LOX biocatalyst from linoleic acid starting material. To the best of our knowledge, this is the first report of increased HPL (or other cytochrome P450) activity by the addition of FeII+. Even though some authors briefly mention the addition of FeIII+ (2.5 mM) to culture media with no increase in HPL activity [25], this concentration was too high, and IPTG induction was used, which reportedly decreases HPL activity [10].



Another interesting phenomenon was the increased biomass production during cultivations, which increased specific activity. Since there are no reports of this phenomenon so far, we assume that this was caused by the activation of other iron-dependent enzymes (or iron-containing cofactors), which can play important roles in biological functions [23]. To further exploit this, another cultivation set with combined additions of 1 mM of δ-ALA and 1 mM of FeII+ was performed at different temperature regimes: the temperature was not lowered to 20 °C after 2 h at 37 °C but was kept constant at 30 °C (Figure 5).



Specific activity of all samples decreased with increasing temperature, but the growth of biomass increased considerably (2-fold increase in the case of addition of 1 mM of FeII+ alone). These two phenomena have been taken into account by the calculation of the activity produced per L of cultivation media. It increased considerably in both cultivations with the addition of FeII+—a 1.82-fold increase with the addition of 1 mM FeII+ alone and a 2.35-fold increase with the addition of 1 mM FeII+ and 1 mM of δ-ALA.



These results are promising not only for laboratory-scale production for enzyme studies but also for the further scaling up of HPL production.






3. Materials and Methods


3.1. Bacterial Strains and Plasmids


A synthetic gene of lipoxygenase, Pseudomonas aeruginosa (PAO1), was codon-optimized and cloned in NheI and XhoI sites [37] in frame with the N-terminal His tag of pET28b expression vector (resistance to kanamycin) and expressed in Escherichia coli BL21(DE3).



Hydroperoxide lyase from Psidium guajava was ligated into pET22b expression vector (resistance to ampicillin) and expressed in Escherichia coli JM109(DE3).




3.2. Materials and Media


Ampicillin and kanamycin were purchased from Gibco® (Life Technologies, Glasgow, UK). Linoleic acid (70%) was purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of analytical grade and commercially available.



Luria–Bertani (LB) medium: tryptone 10 g·dm−3; yeast extract 5 g·dm−3; NaCl 10 g·dm−3; kanamycin 30 µg·cm−3 resp. ampicillin 50 µg·cm−3. For solid media, 2% (w/v) agar was added.



M9 medium, final concentrations: glycerol 5 g·dm−3; MgSO4 0.493 g·dm−3; CaCl2 0.011 g·dm−3; Thiamine-HCl 0.001 g·dm−3; M9 salts: Na2PHO4·7H2O 64 g·dm−3; KH2PO4 150 g·dm−3; NaCl 2.5 g·dm−3; NH4Cl 5 g·dm−3; kanamycin 30 µg·cm−3. The solutions were sterilized separately (121 °C, 120 kPa, 20 min) and aseptically mixed prior to cultivation. Thiamine-HCl, CaCl2, and antibiotic solutions were sterilized by filtration on a syringe filter with a polyether sulfone (PES) membrane (Filtropur S; 0.2 μm; Sarstedt, Germany).



Semi-defined medium for high cell density biomass preparation (expression of LOX): Medium (and feeding medium) was that used by Petrovičová [28] with a different initial concentration of glycerol: glycerol 90 g·dm−3; tryptone 10 g·dm−3; (NH4)2SO4 5 g·dm−3; NaH2PO4·2H2O 3.64 g·dm−3; KCl 3.87 g·dm−3; citric acid 4 g·dm−3; MgSO4·7H2O 2.4 g·dm−3; trace elements solution 10% (v/v).



Trace elements solution: citric acid monohydrate 109 g·dm−3; CaCl2·2H2O 3.4 g.dm−3; ZnSO4·7H2O 2.46 g·dm−3; MnSO4·H2O 1.52 g·dm−3; CuSO4·5H2O 0.5 g·dm−3; CoSO4·7H2O 0.43 g·dm−3; FeCl3·6H2O 9.67 g·dm−3; H3BO3 0.03 g·dm−3; Na2MoO4·2H2O 0.024 g·dm−3. Sterilized by filtration on syringe filter.



Feed solution: glycerol 630 g·dm−3; MgSO4·7H2O 170 g·dm−3; NaH2PO4·2H2O 114.4 g·dm−3 (components sterilized separately).



Autoinduction media (expression of HPL): glycerol 5 g·dm−3; tryptone 8.4 g·dm−3; yeast extract 4.65 g·dm−3; (NH4)2SO4 5.5 g·dm−3; glucose 0.25 g·dm−3; lactose 1 g·dm−3; KH2PO4 0.136 g·dm−3; K2HPO4 0.174 g·dm−3; MgSO4·7H2O 0.246 g·dm−3 (sterilized separately); ampicillin 50 µg·cm−3, sterilized by filtration.




3.3. High Cell Density Cultivation of E. coli Expressing LOX


The procedure described by Petrovičová [28] was used with minor modifications. Biomass was prepared in DASbox bioreactors (350 cm3, mini bioreaktor DASbox® system, Eppendorf, Germany) starting with 150 cm3 of SD media. Temperature was lowered to 18 °C after reaching OD600 ≈ 50 (exponential phase) and expression was induced with IPTG (final concentration 0.5 mM).



Enzyme activity was measured spectrophotometrically at 234 nm for the formation of conjugated double bonds using an extinction coefficient of 25,000 dm3·mol−1·cm−1 [14].




3.4. HPLC Analysis of Media


Media were diluted (R = 51) into mobile phase (9 mM H2SO4). Then, 20 μL was injected and analyzed on a WATREX polymer IEX H+ column (form 8 μm, 250 × 8 mm) equipped with WATREX polymer IEX H+ guard column (form 8 μm, 40 × 8 mm) at 40 °C. Signals were detected with RID (1260 Infinity (Agilent, Santa Clara, CA, USA), 40 °C) and UV detector (258 nm).




3.5. Synthesis of 13-HPOT


Synthesis was carried out in DASbox bioreactors (350 cm3, mini bioreactor DASbox® system, Eppendorf, Hamburg, Germany) with final volume of 60 cm3, 200 rpm, and air flow of 3 sL·h−1.



First, 444 mg of dry cell weight of E. coli BL21(DE3) with expressed LOX was resuspended in chilled (4 °C) 50 cm3 Na-borate buffer (70 mM, pH = 9) with Tween 20 (0.06 cm3). After 25 min of permeabilization, biotransformation was initiated by addition of 143 mg (6 mM) or 286 mg (12 mM) of α-linolenic acid (70% purity) resuspended in 5 cm3 of Na-borate buffer (70 mM, pH = 9), where 0.132 mL from the NaOH stock solution (200 g·dm−3) was added. This addition resulted in a decrease in the oxygen level to 0%; after reaching 50% of dissolved oxygen (biotransformation finished), the reaction mixture was centrifuged (4 °C, 10,000× g, 15 min). Supernatant was transferred to an ice-cold bottle with a rubber plug and purged with N2 gas for 20 min while kept on ice. Then, it was dispensed into smaller volumes in an anaerobic atmosphere (anaerobic chamber Bactron, Sheldon Manufacturing, Cornelius, OR, USA), secured with parafilm, and stored at −80 °C prior to use.



Concentration of hydroperoxides was determined by iodometric titration with 1 mM Na2S2O3, and quality was controlled by HPLC.




3.6. Cultivation of E. coli Expressing HPL


A single colony of E. coli JM109(DE3) with pET22b + hpl was taken from an LB agar plate and aseptically transferred into a sterile glass tube containing 3 cm3 of LB media with ampicillin (50 µg·cm−3). The culture was incubated at 37 °C, 200 rpm (New Brunswick Scientific, Enfield, CT, USA) overnight (12–15 h). Then, 0.4 cm3 of the cell suspension was used to inoculate 40 cm3 of AI media with ampicillin (50 µg·cm−3) in a 250 cm3 Erlenmeyer flask. The culture was incubated at 37 °C, 200 rpm for 2 h and then cooled to 20 °C for 24 h. This was considered to be the reference biomass. A second version of the induction was processed at 30 °C, 200 rpm for 24 h [38]. Cells were harvested by centrifugation (7197× g, 15 min, 4 °C) and sediment was stored at −20 °C.




3.7. Determination of HPL Activity


The biotransformation was performed using a tabletop thermostat at 25 °C, 900 rpm with a final volume of 0.2 cm3 in 1.5 cm3 closable plastic tubes. Each tube was used as one measuring point and was triplicated. One unit of HPL activity was determined as the amount of enzyme that catalyzed the formation of 1 µmol of C-6 aldehydes (cis-3-hexeal and trans-2-hexenal) per minute in the 5th minute of reaction (linear part of reaction) and was determined from the difference in concentration of C-6 aldehydes at 5th minute and at the beginning of reaction.



Biotransformation was initiated by addition of 68 µg DCW of E. coli with expressed HPL in 0.02 cm3 of phosphate buffer (0.1 M; pH = 8), which was added to 0.180 cm3 of hydroperoxide solution as described above (3.5). The reaction was stopped by addition of 0.002 cm3 of pure acetic acid and immediately extracted with 0.4 cm3 of ethyl acetate (containing 1 g·cm−3 of octanol as internal standard). The organic phase was analyzed by GC.



Negative control for LOX and HPL activity was performed with E. coli BL21(DE3) strains [28]. No LOX and HPL activity was determined (data not shown).




3.8. GC Analysis of C-6 Aldehydes


Aldehydes formed by catalytic activity of HPL were determined using a flame ionization detector (GC-FID; Agilent, Santa Clara, CA, USA) with an HP-FFAP capillary column (Agilent J&W, 30 m × 0.25 mm × 0.25 μm, Agilent, Santa Clara, CA, USA) with H2 as the carrier gas (1.5 cm3·min−1). The volume of injection was 1 µL, split 100:1. Oven temperature started at 70 °C (6 min), increasing to 200 °C (30 °C/min), held for 3 min, and finally increased to 230 °C (30 °C/min) and held there for 5 min.



The concentration of aldehydes was determined by comparison of their peak area to the peak area of the internal standard—octanol 1 g·dm−3.





4. Conclusions


Enzymes of the lipoxygenase pathway were successfully expressed: lipoxygenase (from Pseudomonas aeruginosa) in E. coli BL21 (DE3) by high cell density cultivation and hydroperoxide lyase (from Psidium guajava) in E. coli JM109(DE3) by autoinduction in flask cultivation. Whole-cell biocatalysts were applied for the synthesis of hydroperoxides and subsequently C-6 aldehydes in a cascade manner. HPL activity was increased 2.6-fold by the addition of 1 mM of FeII+ to the culture media. Absolute activity produced was further increased 1.82-fold by increasing the cultivation temperature from 20 to 30 °C, which is an overall 13.94-fold increase compared to standard biomass (without addition).



HPL from plant sources is being used for the commercial production of GLVs [14] and considerable effort is being made to improve the yields of C-6 aldehydes [11]. Since cleavage of the fatty acid hydroperoxides is a production limiting step [10], the recombinant production of a large quantity of active enzyme on a cheap cultivation medium brings opportunities to overcome production drawbacks (fluctuation in plant material quality and price, low productivity). Moreover, the reported strategy for heme enzyme production is applicable for the production of different proteins—for example, for the production of human hemoglobin, which is limited by holoprotein formation in E. coli [39].
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Figure 1. Lipoxygenase pathway with C-13 specific LOX and HPL. 
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Figure 2. Fed-batch cultivation of E. coli BL21(DE3) expressing LOX. DO−dissolved oxygen (%), OD600−optical density of culture determined at 600 nm; asp−specific activity of E. coli whole cells expressing LOX. 
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Figure 3. Oxygen monitoring during the synthesis of hydroperoxides by E. coli BL21(DE3) expressing LOX (P+ with permeabilization, P- without permeabilization (see Section 3.5)). 
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Figure 4. Final OD600 and specific activity of E. coli JM109(DE3) expressing HPL. 
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Figure 5. Specific activity of E. coli JM109(DE3) expressing HPL and absolute activity produced per liter of culture media with combination additions of 1 mM of δ-ALA and 1 mM of FeII+. 
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