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Abstract

:

The use of stable isotope-labeled polymers in in situ biodegradation tests provides detailed information on the degradation process. As isotope-labeled raw chemicals are generally expensive, it is desirable to prepare polymer samples with high production yields and high isotope-labeling ratios. The biodegradable plastic poly[(R)-3-hydroxybutyrate)] (P(3HB)) is produced by microorganisms. In this study, to produce carbon 13 (13C)-labeled P(3HB) from [U-13C6]D-glucose (13C-glucose), the culture conditions needed for high production yields and high 13C-labeling ratios were investigated using Ralstonia eutropha NCIMB 11599 and recombinant Escherichia coli JM109. We found that over 10 g/L of P(3HB) could be obtained when these microorganisms were cultured in Luria-Bertani (LB3) medium containing 3 g/L NaCl and 40 g/L 13C-glucose, while 1.4–4.7 g/L of P(3HB) was obtained when a mineral salt (MS) medium containing 20 g/L 13C-glucose was used. The 13C-labeling ratio of P(3HB) was determined by 1H nuclear magnetic resonance and gas chromatography-mass spectrometry (GC-MS), and both analytical methods yielded nearly identical results. High 13C-labeling ratios (97.6 atom% by GC-MS) were observed in the MS medium, whereas low 13C-labeling ratios (88.8–94.4 atom% by GC-MS) were observed in the LB3 medium. Isotope effects were observed for the P(3HB) content in cells cultured in the LB3 medium and the polydispersity of P(3HB).
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1. Introduction


Polyhydroxyalkanoates (PHAs) are aliphatic polyesters that are stored in microbial cells in preparation for starvation. Recently, PHAs have attracted considerable interest because of their potential applications as biodegradable plastics [1,2,3]. Among PHAs, poly[(R)-3-hydroxybutyrate] (P(3HB)) is the most common PHA synthesized by microorganisms, and 3HB-based copolymers are used as practical biodegradable plastics. P(3HB) and 3HB-based copolymers are biodegradable in a wide range of environments, such as compost, soil, river water, and marine water [4].



During PHA biodegradation, PHA depolymerases secreted by microorganisms first attach to the polyester surface and then hydrolyze the ester bonds, after which the resulting oligomers are taken up by cells, metabolized, and mineralized into carbon dioxide and water [4]. P(3HB) and 3HB-based copolymers show excellent biodegradability in the environment [4,5], as elucidated by weight loss and biochemical oxygen demand (BOD) measurements of the sample polymers [4]. However, these methods have certain limitations. Weight-loss measurements cannot determine whether the polymer has been mineralized to carbon dioxide in situ, and the BOD method cannot be used for in situ measurements in actual degradation environments. Polymer samples composed of stable isotopes have been proposed to overcome these limitations [6,7,8,9,10]. For example, carbon-13 (13C) is a stable carbon isotope that occurs naturally at a rate of 1.1%. Therefore, when monitoring in situ degradation, a substantial increase in the abundance of 13C in the surrounding environment is indicative of mineralization.



In addition, stable isotope probing can be used to identify the types of microorganisms that have assimilated polymer degradation products [11,12,13]. In this method, the DNAs of environmental microorganisms enriched with 13C is extracted by centrifugation based on density differences, and the type of microorganism is determined based on the 16S ribosomal RNA sequence. Thus, polymers enriched with stable isotopes can be used to identify assimilating bacteria in field studies. During PHA degradation, a biofilm forms on the surface of PHA, and a large number of bacteria that do not retain PHA depolymerase can be detected by examining the bacterial flora [4]. The relationship between bacteria that directly degrade PHA and those that assimilate degradation products has not yet been clearly elucidated.



13C-labeled PHAs are useful substrates for in situ biodegradation tests that provide insights into the degradation process. Because 13C-enriched raw chemicals are usually expensive, efficient PHA synthesis from raw chemicals aids in conducting experiments. In this study, we investigated a method for the efficient synthesis of 13C-labeled P(3HB) from [U-13C6]D-glucose. The production yield and 13C-labeling ratio of P(3HB) were compared using the glucose-utilizing mutant strain Ralstonia eutropha NCIMB 11599 and recombinant Escherichia coli JM109 harboring pGEM-phaCABRe as production hosts.




2. Materials and Methods


2.1. Bacterial Strain and Plasmid


The wild-type R. eutropha (Cupriavidus necator) H16 strain cannot utilize glucose; therefore, the mutant strain R. eutropha NCIMB 11599, that can utilize glucose, was used as a host for P(3HB) production [14]. In contrast, E. coli JM109 was employed as the recombinant host for P(3HB) production. The plasmid pGEM-phaCABRe [15] carrying the PHA biosynthetic genes (phaCABRe) from R. eutropha H16 was introduced into E. coli JM109. The phaC gene encodes PHA synthase (PhaC). The phaA and phaB genes encode 3-ketothiolase (PhaA) and NADPH-dependent acetoacetyl-CoA reductase (PhaB), respectively, which provide (R)-3HB-CoA as the substrate for PhaC.




2.2. Culture Conditions


For the preculture of R. eutropha NCIMB 11599 and E. coli JM109, Luria-Bertani (LB) medium (10 g tryptone, 5 g yeast extract, and 10 g NaCl per liter of water) was used [16]. For the main culture, 3 g/L NaCl-containing LB medium (hereafter referred to as LB3 medium) containing 40 g/L glucose was used as a complete medium, while mineral salt (MS) medium (9 g/L Na2HPO4·12H2O, 1.5 g/L KH2PO4, 0.5 g/L NH4Cl, and 1.4 g/L MgSO4·7H2O) containing 20 g/L glucose and 1 mL/L of trace metal solution was used as a minimal medium. The trace metal solution consisted of the following (per liter of 0.1 M HCl): 0.22 g of CoCl2·6H2O, 9.7 g of FeCl3, 7.8 g of CaCl2, 0.12 g of NiCl2·6H2O, 0.11 g of CrCl3·6H2O, and 0.16 g of CuSO4·5H2O. As an exception, in experiments investigating the effect of NaCl concentration on P(3HB) synthesis, the NaCl concentration in the LB medium was varied from 0 to 10 g/L. To maintain the plasmid during culture, 50 mg/L ampicillin was added to the E. coli culture. The main culture was initiated by adding 1% (v/v) of the inoculum.



As for the main culture, the cells were incubated in a 5 mL culture medium in a 16.5 × 165 mm test tube at 30 ℃ with reciprocal shaking at 160 rpm for 72 h. 13C-labeled P(3HB) was biosynthesized using [U-13C6]D-glucose (Cambridge Isotope Laboratories, Inc., Andover, MA, USA; 99% 13C enrichment; hereafter referred to as 13C-glucose). Following incubation, the cells were harvested by centrifugation and lyophilized for approximately three days. The cell supernatant was used to measure the glucose concentration in the culture medium using a glucose assay kit (Fujifilm Wako Pure Chemical Corporation, Tokyo, Japan).




2.3. Quantitative Analysis of P(3HB)


The P(3HB) concentration and content were determined by gas chromatography (GC) using a Shimadzu GC-2014s (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID). The lyophilized cells were methanolyzed to convert P(3HB) into 3HB-methyl ester constituents in the presence of 15% (v/v) sulfuric acid and 85% (v/v) methanol for GC-FID analysis. The methanolysis reaction was carried out at 100 °C for 140 min. The methanolyzed samples were allowed to cool to room temperature, and 1 mL of deionized water was added to separate the polar and non-polar components. The non-polar fraction containing 3HB-methyl ester was filtered, and an equal volume of chloroform solution containing 0.1% (w/v) methyl-n-octanoate as an internal standard was added to prepare the final sample for GC-FID analysis. The samples were injected through the GC capillary column InertCap 1 (30 m × 0.25 mm, GL Science, Tokyo, Japan). The column temperature was initially set at 90 °C for 2 min, increased to 110 °C at a rate of 5 °C/min, and then increased to 280 °C at a rate of 20 °C/min. The signal peak area was calculated to determine the P(3HB) concentration and P(3HB) content of the dried cells.




2.4. Polymer Extraction


Polymer samples used for nuclear magnetic resonance (NMR) and gel permeation chromatography (GPC) were extracted from lyophilized cells. The lyophilized cells were dissolved in chloroform (1 mg PHA: 2 mL chloroform) at room temperature for three days, after which the cell residue was filtered, and the resulting polymer solution was purified by precipitation in cold methanol. The polymers were then collected using filter paper and dried in a fume hood for 2–3 days.




2.5. Gel Permeation Chromatography


The molecular weight of the polymers synthesized in this study was determined by GPC using a Shimadzu Nexera GPC system with an RI-504 refractive index detector (Shodex, Tokyo, Japan) equipped with two KF-406 LHQ joint-columns (at 40 °C, Shodex). Chloroform was used as the mobile phase at a flow rate of 0.3 mL/min. The polymer sample concentration and injection volume were set at 1 mg/mL and 10 μL, respectively. Polystyrene standards with low polydispersity were analyzed as reference standards to construct a calibration curve.




2.6. Nuclear Magnetic Resonance


The 13C-labeling ratio of the biosynthesized P(3HB) was analyzed by NMR using an Avance III 400 A spectrometer (Bruker BioSpin, Rheinstetten, Germany). A 400 MHz 1H NMR spectroscopic analysis was performed on approximately 10–15 mg of the purified polymer samples dissolved in 1 mL of deuterated chloroform. The 13C-labeling ratio of the methine and methyl carbons in P(3HB) was determined by calculating the ratio of the peak areas originating from 1H-12C and 1H-13C in the NMR spectrum.




2.7. Gas Chromatography-Mass Spectrometry


Trimethylsilylation of the 3HB methyl ester prepared for GC-FID analysis was performed to determine the 13C-labeling ratio of P(3HB) using gas chromatography-mass spectrometry (GC-MS) [17,18]. The 200 μL of the 3HB methyl ester dissolved in chloroform, 300 μL dimethylformamide, and 100 μL of bis(trimethylsilyl)trifluoroacetamide (BSTFA) as the silylating agent were added to a screw cap glass tube, and the mixture was then heated at 70 °C for 30 min, with intermittent stirring. After the completion of the reaction, the mixture was cooled to room temperature. Subsequently, 1 mL of ultrapure water and 1 mL of hexane were added, and the mixture was vigorously stirred. The upper layer, consisting of the hexane phase, was collected as a sample after allowing it to stand. This sample was then subjected to GC-MS analysis.



Trimethylsilylated 3HB methyl ester was quantified using a Shimadzu GCMC-QC2010 equipped with InertCap 1 (GL Science). The separated sample was ionized using electron impact ionization. The SCAN mode was used for qualitative analysis and the selected ion monitoring (SIM) mode was used for quantitative analysis. The SCAN mode is a qualitative analysis method based on the mass fragment in each peak of the detected total ion chromatogram and is excellent for qualitative analysis because the mass fragment is unique to each compound. The SIM mode selects arbitrary ions and measures changes in the number of ions over time. The 13C-labeling ratio of P(3HB) was calculated from SIM mode analysis using the following formula:


%13C-labeling ratio = 100 × (MS13-Glc − MSGlc)/Nc



(1)




where MS13-Glc and MSGlc are the average molecular masses of trimethylsilylated 3HB methyl ester synthesized from 13C-glucose and natural glucose, respectively. Nc is the number of carbon atoms present in the 3HB repeating unit, and an Nc of 4 was used. In this study, MSGlu was determined as 175.16 by GC-MS analysis, in the presence of natural isotopes such as carbon, silicon, and oxygen.





3. Results


3.1. Effect of NaCl Concentration on P(3HB) Synthesis from Natural Glucose


LB medium generally contains 10 g/L NaCl [16], and is frequently used for culturing E. coli; however, it can also be used for culturing R. eutropha. In contrast, R. eutropha is usually cultured in a nutrient-rich medium that does not contain NaCl [19,20]. First, we investigated the NaCl preferences of these bacteria for P(3HB) synthesis to verify whether the same medium composition can be used for the culture tests in this study. Using R. eutropha NCIMB 11599 [14] and recombinant E. coli JM109 harboring pGEM-phaCABRe [15], the effect of NaCl concentration in the LB medium on P(3HB) synthesis was examined. To this end, the NaCl concentration in the LB medium was varied from 0 to 10 g/L with supplementation of 40 g/L natural glucose.



P(3HB) synthesis by R. eutropha NCIMB 11599 at different NaCl concentrations is shown in Figure 1A. The highest P(3HB) concentration of 14.5 g/L was obtained with 3 g/L NaCl in LB medium. Figure 1B shows the synthesis of P(3HB) using recombinant E. coli JM109 at different NaCl concentrations. In the culture test, the highest P(3HB) concentration of 15.7 g/L was obtained without NaCl addition, whereas the P(3HB) concentration decreased to 10.7 g/L with the addition of 10 g/L NaCl, which differed from the trend shown by R. eutropha. However, even at an NaCl concentration of 3 g/L, the recombinant E. coli showed a relatively high P(3HB) concentration of 13.5 g/L. Based on these observations, we cultured both strains in LB medium supplemented with 3 g/L NaCl. This medium is hereafter referred to as LB3 medium.




3.2. P(3HB) Synthesis from 13C-Glucose by R. eutropha NCIMB 11599


R. eutropha NCIMB 11599 was cultured in LB3, and MS media supplemented with 20 and 40 g/L 13C-glucose, respectively. The results were compared with those of cultures containing natural glucose. The culture results are presented in Table 1. When LB3 medium supplemented with 40 g/L 13C-glucose was used, cell growth was nearly identical to the one observed when using natural glucose; however, the P(3HB) content and concentration decreased. This implied that 13C-glucose slightly reduced the activity of P(3HB) synthesis in LB3 medium due to isotope effects. In contrast, almost all 13C-glucose was consumed during the cultivation, resulting in a P(3HB) yield of 0.26 g-P(3HB)/g-glucose, which was also lower than that from natural glucose (0.38 g-polymer/g-glucose).



In the MS medium, similar cell growth, P(3HB) content, and P(3HB) concentration were observed between cultures using 13C-glucose and natural glucose (Table 1). The P(3HB) yields from 13C-glucose and natural glucose were 0.28 and 0.29 g-P(3HB)/g-glucose, respectively. No difference was observed between 13C-glucose and natural glucose when the MS medium was used.




3.3. P(3HB) Synthesis from 13C-Glucose by Recombinant E. coli JM109


Recombinant E. coli JM109 harboring the plasmid pGEM-phaCABRe was cultured in LB3 and MS media supplemented with 13C-glucose or natural glucose. The culture results are shown in Table 1. When LB3 medium supplemented with 13C-glucose was used, slightly higher cell growth was observed than with natural glucose, although the P(3HB) content and P(3HB) concentration decreased. This indicates that the isotope effect of 13C-glucose slightly inhibited P(3HB) synthesis in the LB3 medium, as was similarly observed for R. eutropha NCIMB 11599. Almost all 13C-glucose was consumed during the cultivation, and the P(3HB) yield from 13C-glucose was 0.26 g-polymer/g-glucose, which was also a lower value than that for natural glucose (0.35 g-polymer/g-glucose).



In the MS medium, slightly higher cell growth, P(3HB) content, and P(3HB) concentration were observed when the cells were cultured on 13C-glucose than on natural glucose (Table 1). This trend was different from the one obtained using the LB3 medium. In contrast, 13C-glucose consumption during the cultivation was only 13.1 g/L, and the P(3HB) yield from 13C-glucose was as low as 0.11 g-polymer/g-glucose.




3.4. Molecular Weight of P(3HB)


The molecular weights of P(3HB) synthesized using 13C-glucose and natural glucose were determined using GPC. The results are presented in Table 2 and Figure 2. P(3HB) synthesized by R. eutropha NCIMB 11599 showed weight-average molecular weight (Mw) of (1.77–1.87) × 106 for LB3 medium and (1.36–1.52) × 106 for MS medium. Thus, no significant effect of 13C-glucose on the molecular weight of P(3HB) was observed in R. eutropha NCIMB 11599. However, the polydispersity (Mw/Mn, Mn is the number-average molecular weight) of P(3HB) synthesized from 13C-glucose, whose values are 3.37–3.41, being larger than those from natural glucose (2.08–2.45).



In contrast, the Mw and Mw/Mn of P(3HB) synthesized by recombinant E. coli JM109 in LB3 medium were (1.04–1.27) × 106 and 8.67–9.87, respectively. The high polydispersity suggests that these polymer samples have a wide distribution of molecular weights (Figure 2C) owing to abnormal polymerization. Using 13C-glucose further increased the polydispersity of P(3HB). According to a previous study [15], when recombinant E. coli JM109 was cultured in LB medium supplemented with natural glucose, the Mw exceeded 3 × 106 with a narrow polydispersity of 1.8. In a previous study, shake flasks were used as the culture vessels [15], whereas test tubes were used in the present study. The difference in the molecular weights of P(3HB) may be due to the aeration capacity of each culture vessel.



In the MS medium, the Mw and Mw/Mn of P(3HB) synthesized from 13C-glucose by recombinant E. coli JM109 were 3.60 × 106 and 2.30, respectively. Recombinant E. coli is known to synthesize ultra-high molecular weight (UHMW)-P(3HB) with Mw > 3 × 106 [15,21], and this study also demonstrated that UHMW-P(3HB) can be synthesized using the MS medium supplemented with 13C-glucose. However, P(3HB) synthesized from natural glucose did not reach Mw of 3 × 106, most likely because of an anaerobic metabolism due to insufficient aeration of the test tube culture. The endogenous ethanol generated during anaerobic metabolism in E. coli greatly influences the molecular weight of PHA [21].



As described above, isotope effects were commonly observed in the polydispersity of P(3HB). 13C-glucose tended to increase the polydispersity of P(3HB), except in one of the culture conditions.




3.5. 1H NMR Analysis of P(3HB)


1H nuclear magnetic resonance (NMR) analysis was performed on P(3HB) synthesized from 13C-glucose. The spin-spin coupling of 1H atoms to an adjoining magnetically active 13C atom (1H-13C) in 1H NMR results in a different chemical shift from that of 1H-12C. Furthermore, 1H resonance showed excellent quantification. Thus, the 13C-labeling ratios of the methine carbon (>CH−) and methyl carbon (−CH3) of the 3HB unit were calculated based on the 1H NMR spectra.



Figure 3 shows 1H NMR spectrum of P(3HB) synthesized from 13C-glucose by R. eutropha NCIMB 11599 in the LB3 medium. Figure 4 shows enlarged spectra of P(3HB) biosynthesized from 13C-glucose under all conditions. Table 2 summarizes the 13C-labeling ratios of the methine (B3) and methyl (B4) carbons in the 3HB repeating unit, as shown in Figure 3.



For the methylene (B2) carbon, the 1H-13C and 1H-12C signals overlapped; thus, they were not used to calculate the 13C-labeling ratio. Additionally, the 13C-labeling ratio of the carbonyl (B1) carbon could not be calculated from the 1H NMR analysis because it lacked protons. The average 13C-labeling ratios of the B3 and B4 carbons are listed in Table 2. The average 13C-labeling ratio of P(3HB) synthesized by R. eutropha NCIMB 11599 was 88.0 atom% in LB3 medium and 97.6 atom% in MS medium.



In contrast, the 13C-labeling ratio of P(3HB) synthesized by recombinant E. coli JM109 was 94.3 atom% in the LB3 medium and 95.1 atom% in the MS medium. P(3HB) synthesized by E. coli JM109 in MS medium showed quite different 13C-labeling ratios depending on the carbon position; the 13C-labeling ratios of B3 and B4 were 100 and 90.1 atom%, respectively (Figure 4D). Although it is unclear why this difference occurred in this sample, it may have been influenced by the low sample concentration used for the measurement. The signal may be buried in the background noise.



Among the four conditions tested, the highest and second-highest 13C-labeling ratios were observed when R. eutropha NCIMB 11599 and recombinant E. coli JM109 were cultured in MS medium. In contrast, the lowest 13C-labeling ratio (88.0 atom% was observed when R. eutropha NCIMB 11599 was cultured in the LB3 medium. However, the 13C labeling ratio determined by 1H NMR had the disadvantage that it was limited to specific carbons.




3.6. GC-MS Analysis of P(3HB)


The 13C-labeling ratio of P(3HB) was determined using gas chromatography-mass spectrometry (GC-MS). To analyze the P(3HB) samples using GC-MS, the samples were methanolyzed and converted into 3HB-methyl esters. However, as 3HB-methyl ester yielded a low intensity of the parent ion in the GC-MS analysis, it was unsuitable for determining the 13C-labeling ratio. Therefore, to increase the intensity of the parent ion, 3HB methyl ester was further silylated and subjected to GC-MS analysis [17,18]. Silylated 3HB methyl ester yielded a signal at m/z 175 when all four carbons in the 3HB unit were not labeled with 13C, whereas it yielded a signal at m/z 179 when all four carbons in the 3HB unit were labeled with 13C. In reality, the detected mass was distributed in the range of m/z 175–181 because there were trace amounts of natural isotopes in the silylated 3HB methyl ester, namely, the silicon used for silylation, the carbons that constitute tetramethylsilane and methyl ester, and the oxygens that constitute the ester bond and carbonyl group.



Figure 5 shows the molecular mass distributions of the silylated 3HB methyl esters analyzed by GC-MS. The 13C-labeling ratios of P(3HB) calculated using GC-MS analysis are listed in Table 2. The 13C-labeling ratios obtained by GC-MS analysis were in the range of 88.8 to 97.6 atom%, which were in good agreement with those obtained by 1H NMR analysis, except for recombinant E. coli JM109 cultured in MS medium. This indicated that the 13C-labeling ratios determined by GC-MS were reliable, and that this method was more suitable than the 1H NMR because the overall 13C-labeling ratio could be determined.





4. Discussion


Previous studies have reported on culturing of R. eutropha using 13C-labeled substrates; most have focused on the analysis of metabolic routes in bacterial cells [22,23,24,25,26,27,28]. For example, fatty acids labeled with 13C on specific carbon(s) were used for studying the metabolic pathway of PHA via the β-oxidation pathway [22,23]. Additionally, using 13C-labeled amino acids, such as leucine and valine, PHA monomer-supplying pathways from amino acids have been studied [24]. To the best of our knowledge, there have been no reports on the biosynthesis of PHA highly labeled with 13C for use in biodegradation tests. This is the first study to investigate an efficient 13C-labeling method for P(3HB) biosynthesis.



Additionally, the findings of this study reveal the isotope effects, which are the differences between 13C-labeled and non-labeled carbon sources, for P(3HB) biosynthesis. The most significant difference was observed in the P(3HB) content of cells cultured in the LB3 medium. However, the reason the isotope effect was observed only under these conditions has not yet been elucidated. Another isotope effect was observed in the molecular weight distribution of P(3HB) synthesized under all of the conditions tested. As the molecular weight and polydispersity of P(3HB) are easily changed by the intracellular conditions present [21], 13C-glucose may lead to a slightly different metabolic state from that of natural glucose.



In summary, when a large amount of 13C-labeled P(3HB) is required, a P(3HB) yield of over 10 g/L can be obtained by culturing recombinant E. coli JM109 in LB3 medium supplemented with 40 g/L 13C-glucose. The obtained P(3HB) showed 94.4 atom% 13C-labeling ratio. Meanwhile, 97.6 atom% of 13C-labeling ratio in P(3HB) was obtained at 4.7 g/L by culturing R. eutropha NCIMB 11599 in the MS medium supplemented with 20 g/L 13C-glucose. Because the 13C enrichment of the 13C-glucose used in this study was 99 atom% according to the supplier’s information, the observed 13C-labeling ratio was very close to the upper limit. In a previous study, autotrophic production of stable isotope-labeled arginine in R. eutropha H16 was studied, and isotope enrichments of 98.8%–99.4% for arginine were achieved [28], which were slightly higher than the labeling ratios observed in this study. To prepare 13C-labeled UHMW-P(3HB) (Mw > 3.0 × 106), recombinant E. coli JM109 was cultured in MS medium supplemented with 13C-glucose. Unfortunately, this biosynthesis method did not result in high P(3HB) concentration and P(3HB) yield (1.4 g/L, 0.11 g-polymer/g-glucose, respectively).



The lowest 13C-labeling ratio (88.8 atom% by GC-MS) was observed when R. eutropha NCIMB 11599 was cultured in the LB3 medium supplemented with 13C-glucose. The main reason for this was that R. eutropha NCIMB 11599 metabolized the amino acids contained in the LB3 medium to produce 3HB monomers [29,30]. In addition, a slight decrease in the 13C-labeling ratio (94.4 atom% by GC-MS) was observed in recombinant E. coli JM109 grown on LB3 medium, suggesting that a small amount of amino acid was metabolized to the 3HB monomer. The abundant amino acids in LB medium, such as alanine and leucine [31], may be degraded to acetyl-CoA in cells to form 3HB monomers via the dimerization of acetyl-CoA by the action of 3-ketothiolase (PhaA) and NADPH-dependent acetoacetyl-CoA reductase (PhaB). Alternatively, (S)-3HB-CoA, an intermediate metabolite of lysine degradation [32], may isomerize to (R)-3HB-CoA and then polymerize to P(3HB). The differences in the 13C-labeling ratio between the MS and LB3 media (8.8 atom% and 3.2 atom% for R. eutropha and E. coli, respectively) indicated the amount of carbon derived from the LB3 medium components other than the glucose in P(3HB). This study is the first to show how much carbon is converted into P(3HB) from the components of the medium other than the main carbon source.



To compare the P(3HB) synthesis under the same culture conditions, LB3 and MS media were used for both R. eutropha and E. coli. Generally, E. coli is cultured in LB medium containing 10 g/L NaCl as the complete medium. R. eutropha is usually cultured in the nutrient-rich medium containing polypeptone and meat extract, but not NaCl [19,20]. When R. eutropha was cultured in the LB medium containing 10 g/L NaCl, the P(3HB) concentration was relatively low. However, in the present study, we found that the LB medium containing 3 g/L NaCl maximized P(3HB) synthesis in R. eutropha NCIMB 11599 (Figure 1). Based on these results, we performed culture experiments using 3 g/L NaCl-containing LB medium. In contrast, in E. coli, P(3HB) synthesis tended to decrease slightly as the NaCl concentration increased. Previously, PHA synthesis and secretory production of hydroxyalkanoate oligoesters using recombinant E. coli were investigated [33,34,35,36]. Increasing the NaCl concentration in the culture medium resulted in an increased intracellular PHA concentration and HA oligoester secretion when PHA synthase from Pseudomonas sp. 61-3 was used [33]. In contrast, increasing the NaCl concentration negatively affected P(3HB) synthesis and 3HB oligoester secretion when PHA synthase from Bacillus cereus YB-4 was used [34]. The osmotic pressure caused by NaCl can influence PHA synthase via the host reaction. Thus, the behavior of PHA synthases in response to the host reaction may differ depending on the PHA synthase used.



R. eutropha is a hydrogen-oxidizing chemoautotrophic bacterium [37,38,39,40,41,42]. R. eutropha NCIMB 11599 can grow in a mixture of hydrogen, oxygen, and carbon dioxide [42]. Meanwhile, it has been suggested that R. eutropha can fix carbon dioxide even under heterotrophic culture conditions [43]. Furthermore, carbon dioxide fixation appears to be promoted by the presence of glycerol, a substrate for R. eutropha that is hardly assimilated under heterotrophic culture conditions [44,45,46,47]. In this study, a high P(3HB) yield of 0.28 g-polymer/g-glucose was observed when R. eutropha NCIMB 11599 was cultured in MS medium supplemented with 20 g/L 13C-glucose. The P(3HB) yield was approximately three-fold higher than that of the recombinant E. coli. Moreover, the 13C-labeling ratio of P(3HB) remained high at approximately 98 atom%. Under these culture conditions, no amino acids in the culture medium could be converted to the 3HB monomer unit; thus, another mechanism may be involved in the enhancement of the P(3HB) yield from glucose. One possibility is that the carbon dioxide generated by the glycolysis of glucose and the tricarboxylic acid cycle may be re-fixed via the Calvin–Benson–Bassham cycle, as suggested in a previous study [43]. As the basis for this possibility, the present ratio of m/z 178 (6.3 ± 0.1%, Figure 5B), in which one out of four carbons in 3HB repeating unit is 12C (carbon that may come from the atmosphere), for the sample from R. eutropha cultured in MS medium was slightly higher than that of E. coli (5.5 ± 0.1%). Although this difference is statistically significant, it is unclear whether it is a difference reflecting metabolic backgrounds, and further studies are needed to confirm this hypothesis.




5. Conclusions


In this study, we investigated the culture conditions for the synthesis of 13C-labeled P(3HB) from 13C-glucose using R. eutropha NCIMB 11599 and recombinant E. coli JM109 as hosts. Culturing recombinant E. coli in LB3 medium yielded a large amount of P(3HB) (10.4 g/L, 94.4 atom% by GC-MS), while culturing R. eutropha in MS medium yielded highly 13C-labeled P(3HB) (4.7 g/L, 97.6 atom% by GC-MS). In contrast, culturing E. coli in MS medium yielded 13C-labeled UHMW-P(3HB). In addition to the technical aspects of 13C-labeled P(3HB) production, the findings of this study provide important insights into the metabolic differences between R. eutropha and E. coli. R. eutropha showed a greater capacity to convert medium components other than glucose to 3HB than E. coli. Furthermore, isotope effects were observed on the P(3HB) content in the cells when cultured in LB3 medium and the molecular weight distribution of P(3HB) synthesized under all of the conditions tested.
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Figure 1. Effect of NaCl concentration in LB medium on P(3HB) production by (A) Ralstonia eutropha NCIMB 11599 and (B) recombinant Escherichia coli JM109 harboring pGEM-phaCABRe from natural glucose. Cells were cultured in 5 mL media in the test tube at 30 °C for 72 h. Results are the averages of values from three individual experiments (n = 3). 
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Figure 2. Molecular mass of P(3HB) biosynthesized by (A,B) Ralstonia eutropha NCIMB 11599 and (C,D) recombinant Escherichia coli JM109. The culture medium used was (A,C) LB3 or (B,D) MS supplemented with 13C-glucose (solid line) or natural glucose (dotted line). 
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Figure 3. The 400 Mz 1H NMR spectrum of P(3HB) biosynthesized by R. eutropha NCIMB 11599 in LB3 medium supplementing 40 g/L 13C-glucose. 
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Figure 4. The enlarged 1H NMR spectra of 1.0–1.5 ppm (methyl proton, B4) and 4.5–6.0 ppm (methine proton, B3). 12C and 13C represent 1H-12C resonance and 1H-13C resonance, respectively. The positions of B3 and B4 are shown in Figure 3. 
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Figure 5. GC-MS analysis of P(3HB) after methanolysis and trimethylsilylated treatment. (A) The chemical structure of trimethylsilylated 3HB methyl ester. The m/z of the parent ion is in the range of 175–181, depending on the involved isotopes. The red asterisks (*) denote the 13C-labeling positions. (B) The m/z distribution of 3HB-derived parent ions biosynthesized by Ralstonia eutropha NCIMB 11599 (n = 3). (C) The m/z distribution of 3HB-derived parent ions biosynthesized by recombinant Escherichia coli JM109 (n = 3). The average molecular masses of trimethylsilylated 3HB methyl ester are also shown in (B,C). 
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Table 1. Biosynthesis of P(3HB) from glucose using Ralstonia eutropha NCIMB 11599 and Escherichia coli JM109 harboring pGEM-phaCABRe.
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Strain

	
Culture

Medium

	
Type of

Glucose

	
Initial

Glucose

(g/L)

	
Dry Cell wt.

(g/L)

	
P(3HB)

Content

(wt%)

	
P(3HB)

(g/L)

	
Glucose

Consumption

(g/L)

	
P(3HB) Yield

(g-polymer/

g-glc)






	
R. eutropha

	
LB3

	
Natural

	
40

	
16.3 ± 0.8

	
82 ± 6

	
12.6 ± 3.5

	
38.6 ± 0.3

	
0.38 ± 0.03




	
LB3

	
[U-13C6]

	
40

	
16.2 ± 0.6

	
64 ± 1

	
10.0 ± 0.3

	
38.2 ± 0.0

	
0.26 ± 0.01




	
MS

	
Natural

	
20

	
5.4 ± 1.7

	
84 ± 2

	
4.5 ± 0.1

	
15.8 ± 0.1

	
0.29 ± 0.00




	
MS

	
[U-13C6]

	
20

	
5.7 ± 0.1

	
82 ± 0

	
4.7 ± 0.1

	
16.7 ± 0.1

	
0.28 ± 0.00




	
E. coli

	
LB3

	
Natural

	
40

	
15.7 ± 0.2

	
83 ± 4

	
13.5 ± 0.4

	
38.2 ± 0.2

	
0.35 ± 0.01




	
LB3

	
[U-13C6]

	
40

	
16.5 ± 0.1

	
63 ± 4

	
10.4 ± 0.7

	
39.9 ± 0.1

	
0.26 ± 0.01




	
MS

	
Natural

	
20

	
2.2 ± 0.0

	
53 ± 1

	
1.2 ± 0.0

	
12.9 ± 0.1

	
0.09 ± 0.00




	
MS

	
[U-13C6]

	
20

	
2.6 ± 0.1

	
57 ± 6

	
1.4 ± 0.1

	
13.1 ± 0.3

	
0.11 ± 0.01








Cells were cultured in 5 mL media in a test tube at 30 °C for 72 h. LB3 medium denotes LB medium containing 3 g/L NaCl. MS medium denotes mineral salt medium. Results are the averages of values from three individual experiments (n = 3).













 





Table 2. Molecular weight and 13C-labeling ratio of P(3HB).
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Strain

	
Culture

Medium

	
Type of

Glucose

	
Molecular Weight a

	
13C-Labeling Ratio (atom%)




	
Mw

(×106)

	
Mw/Mn

	
by 1H-NMR b

	
by GC-MS c




	
B3

	
B4

	
Average






	
R. eutropha

	
LB3

	
Natural

	
1.87

	
2.08

	
-

	
-

	
-

	
-




	
LB3

	
[U-13C6]

	
1.77

	
3.41

	
88.8

	
87.2

	
88.0

	
88.8 ± 1.4




	
MS

	
Natural

	
1.52

	
2.45

	
-

	
-

	
-

	
-




	
MS

	
[U-13C6]

	
1.36

	
3.37

	
98.1

	
97.1

	
97.6

	
97.6 ± 0.0




	
E. coli

	
LB3

	
Natural

	
1.04

	
8.67

	
-

	
-

	
-

	
-




	
LB3

	
[U-13C6]

	
1.27

	
9.87

	
93.8

	
94.7

	
94.3

	
94.4 ± 0.3




	
MS

	
Natural

	
2.06

	
3.31

	
-

	
-

	
-

	
-




	
MS

	
[U-13C6]

	
3.60

	
2.30

	
100

	
90.1

	
95.1

	
97.6 ± 0.1








LB3 medium denotes LB medium containing 3 g/L NaCl. MS medium denotes a mineral salt medium. a Determined by GPC. b B3 and B4 denote the methine and methyl protons of P(3HB), respectively (Figure 3). c Results are the averages of values from three individual experiments (n = 3). -, not determined.
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