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Abstract

:

Two minor phospholipids, i.e., mono- and/or dimethylphosphatidylethanolamines, are widespread in many organisms, from bacteria to higher plants and animals. A molecular mixture of methyl-PE and dimethyl-PE was obtained from total lipids by liquid chromatography and further identified by mass spectrometry. Total methyl-PE and dimethyl-PE were cleaved by phospholipase C, and the resulting diacylglycerols, in the form of acetyl derivatives, were separated into alkyl-acyl, alkenyl-acyl, and diacylglycerols. Reversed-phase LC/MS allowed dozens of molecular species to be identified and further analyzed. This was performed on a chiral column, and identification by tandem positive ESI revealed that diacyl derivatives from all four bacteria were mixtures of both R and S enantiomers. The same applied to alkenyl-acyl derivatives of anaerobic bacteria. Analysis thus confirmed that some bacteria biosynthesize phospholipids having both sn-glycerol-3-phosphate and sn-glycerol-1-phosphate as precursors. These findings were further supported by data already published in GenBank. The use of chiral chromatography made it possible to prove that both enantiomers of glycerol phosphate of some molecular species of mono- and dimethylphosphatidylethanolamines are present. The result of the analysis can be interpreted that the cultured bacteria do not have homochiral membranes but, on the contrary, have an asymmetric, i.e., heterochiral membranes.
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1. Introduction


Phospholipids are a part of cells from the simplest microorganisms, i.e., from bacteria, to plants and animals. In addition to standard and dominant phospholipids several minor phospholipids, e.g., mono- and/or dimethylphosphatidylethanolamines (methyl-PE and/or dimethyl-PE) are also present [1]. Several pathways are known for their biosynthesis, and one pathway involves the sequential methylation of PE by S-adenosylmethionine [2]. Methyl-PE and dimethyl-PE have been identified as intermediates in PC biosynthesis. These reactions are catalyzed by phosphatidylethanolamine N-methyltransferase [3,4,5]. It is clear from Table S1 that the enzyme phosphatidylethanolamine N-methyltransferase, sometimes also called phospholipid N-methyltransferase, is present in all organisms studied, or at least present in a taxonomically close organism.



Furthermore, phospholipids with interesting distributions in nature are ether lipids, To date, these lipids have been identified in anaerobic bacteria and also in animals but not in fungi or plants [6]. Table S1 lists the relevant references in GenBank.



Another group of unusual lipids are glycerol derivatives, primarily phospholipids that have a unique chirality of the glycerol molecule. A common biosynthetic precursor-sn-glycerol-3-phosphate ((R)-2,3-dihydroxypropyl dihydrogen phosphate) (Figure 1) has been found in all bacteria and eukaryotes [7,8]. On the contrary, in archaeal lipids [9], its enantiomer is expected, i.e., sn-glycerol-1-phosphate ((S)-2,3-dihydroxypropyl dihydrogen phosphate). Some organisms may biosynthesize both enantiomers because both enzymes are present, e.g., in the bacterium, Arthrobacter are both glycerol-3-phosphate dehydrogenase (GenBank KUM38942.1) and glycerol-1-phosphate dehydrogenase (GenBank SDP79711.1). A recent article [10] states that bacteria from the Candidatus Cloacimonetes strain can contain mixed lipids based on glycerol-3-phosphate and glycerol-1-phosphate.



One of the most effective methods of complex lipid analysis is based on liquid chromatography–mass spectrometry (LC–MS). In HILIC, lipids are separated based on the structure of polar head groups, while separation by chain length, number, and configuration of double bonds, etc., and is only partial. In contrast, by RP-HPLC, lipids are separated mainly according to the length and unsaturation of hydrocarbon chains [11,12].



Analysis of PE, methyl-PE, dimethyl-PE, and PC and other phospholipids was performed, for example, using precursor ion scanning (PIS) and neutral loss scanning (NLS) [13]. Another possibility is nitrogen derivatization using deuterated methyl iodide (CD3I) to give a PC containing 3, 6, or 9 deuterium atoms [14].



From various organelles of the yeast Saccharomyces cerevisiae, in addition to common phospholipids, methyl-PE were also identified [15]. Analysis of several yeast species by LC-MS, including S. cerevisiae, showed that the concentrations of methyl-PE and dimethyl-PE were approximately an order of magnitude lower than that of conventional phosphatidylethanolamine and phosphatidylcholine (PE, PC) [16]. Lipid extracts from four phyla of Planctomycetes bacteria [17] were analyzed using LC-HR/MS, and PE, PC, methyl-PE, and dimethyl-PE were identified in the genus Gemmata. In addition, shotgun lipidomics has made it possible to identify eight classes of lipids in the soil bacterium Sinorhizobium meliloti, including methyl-PE and dimethyl-PE [18].



Phospholipase C hydrolyzes the polar head group of phospholipids to alkyl-acyl, alkenyl-acyl, and diacyl-glycerols, which can be identified by HPLC [19,20]. A method using LC–MS/MS has been developed to separate individual plasmalogens and identify 1-O-alk-1′-enyl and 1-O-alkyl ether lipids in wild and genetically modified mice [21]. During the separation of plasmalogens and diacyl phospholipids, plasmenyl PE is usually eluted before diacyl PE [22,23]. The use of 2D chromatography has been used for a detailed analysis of plasmalogens, for example, in pig organs [24], mouse brain [25], blood plasma and induced sputum samples [26], and also in soil microbes [27]. Almost half a century ago, one of the first analyzes of alkenyl-acyl, alkyl-acyl, and diacylglycerols was performed as isolated acetates of total bovine brain phospholipids [28].



Based on these articles and our previous reports [29,30] that describe the identification of regioisomers and enantiomers of different lipids, lipid classes from fourteen organisms or their organs were analyzed. Using several analytical techniques (see below), all animal sources were shown to contain methyl-PE and dimethyl-PE, and anaerobic bacteria also contained plasmalogens; in all four bacteria, both enantiomers of glycerol and alkenyl-acyl or diacyl phospholipids were identified.




2. Materials and Methods


2.1. Chemicals and Standards


For a full description of all chemical compounds, see the Supplementary Materials. Two triacylglycerols (TAG) enantiomers (1-palmitoyl-2-oleoyl-3-acetyl-sn-glycerol, i.e., ((S)-1-acetoxy-3-(palmitoyloxy)propan-2-yl oleate) and its enantiomer 3-palmitoyl-2-oleoyl-1-acetyl-sn-glycerol, i.e., ((R)-1-acetoxy-3-(palmitoyloxy)propan-2-yl oleate)), see Figure S1, were prepared according to previously published papers [31,32].




2.2. Sample Preparation of Organisms


Four bacteria were cultured under standard conditions (see the Supplementary Materials). Briefly, the cultivation of Gram-positive Kocuria rhizophila CCM 552 has been described previously [30]. In addition, a description of the cultivation of the Gram-negative bacterium of the genus Raoultella sp. KDF8 has been published [33]. The culture conditions of two anaerobic bacteria, i.e., Pectinatus frisingensis (DSM 20465) and Megasphaera cerevisiae (DSM 20461) are described in detail in Supplementary Materials. Furthermore, a description of the cultivation of two algae, i.e., the extremophilic unicellular red alga Galdieria sulphuraria (ACUF 002) [34] and the green alga Desmodesmus quadricauda (CCALA 463) [35], are described in the Supplementary Materials. The mold Aspergillus niger was cultivated under conditions described in the Supplementary Materials. Mushroom Laetiporus sulphureus was collected on an oak stump near Prague. Saccharomyces pastorianus, a bottom fermenting brewer’s yeast, was obtained from a large brewery in the Czech Republic (yearly beer production of 130,000,000 L) [36]. The freshwater sponge Spongilla lacustris was collected in the Opatovický pond near Třeboň (South Bohemia). Carp (Cyprinus carpio) was purchased from the company Rybářství Třeboň a.s. (Fishing Třeboň). Beef heart and chicken breast were purchased from a local butcher, while spinach was from a gardener, respectively. Cells of all microorganisms were separated by centrifugation and lyophilized.




2.3. Extraction of Lipids


The extraction procedure was based on the method described by Bligh and Dyer [37] with modifications as previously described [38]. Briefly, lyophilized samples were suspended in a dichloromethane-methanol mixture (2:1, v/v) for 30 min with stirring, after which dichloromethane and water were added. The dichloromethane phase was evaporated to dryness under reduced pressure. Total lipids were dissolved in the mobile phase (acetonitrile: 2-propanol (99:1, v/v)) for further analysis.




2.4. Semipreparative HILIC-ESI-MS


Semipreparative HPLC equipment consisted of a 1090 Win system, a PV5 ternary pump (400 bar pressure (5801 psi)), an automatic injector (HP 1090 series, Hewlett Packard, Palo Alto, CA, USA) and a HILIC HPLC ZIC®-HILIC 250 × 10 mm, 5 μm, 200 Å column. Elution with a flow rate of 4.5 mL/min was performed and a linear gradient was carried out from the mobile phase containing methanol/acetonitrile/aqueous 1 mM ammonium acetate (50:30:20, v/v/v) to methanol/acetonitrile/aqueous 1 mM ammonium acetate (10:70:20, v/v/v) for 60 min. The column temperature was 35 °C and the re-equilibration period between runs was 30 min. The efficiency of the column was approximately 11,000 plates/25 cm. 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine was used as an external standard. The eluent from the HPLC column was split so that 2% of the flow was introduced to ESI-MS and 98% of the flow containing fractions of lipid classes were collected manually. Intervals of collection for fraction of dimethyl-PE and methyl-PE were 22.25–23.15 min and 24.50–25.45 min, respectively. The LTQ Orbitrap Velos (Thermo Fisher Scientific, Bremen, Germany) high-resolution hybrid mass spectrometer was used for ESI-MS analysis under conditions described below. Fractions of lipid classes were further evaporated and redissolved in diethyl ether for hydrolysis (chemical and enzymatic, respectively).




2.5. Analysis of Aldehydes and Fatty Acids from Phospolipids


To analyze plasmalogens, the eluted methyl-PE and/or dimethyl-PE from semipreparative HILIC were derivatized [39,40]. Briefly, fatty acid methyl esters (FAME) and aldehyde dimethylacetals (DMA) were prepared using lipids and BF3 (14% in methanol, 15 min at 70 °C) and extracted with hexane. The extracts were analyzed by GC-MS. A detailed description of additional preparations of derivatives (free alcohols, nicotinates [41], and 3-pyridylcarbonyl esters [42]) and their GC-MS analysis is provided in the Supplementary Materials. Mass spectra in the electron ionization (EI) mode were analyzed as previously described [43,44,45].




2.6. Labeling with Deuterated CD3I


Two separated lipid fractions (methyl-PE and dimethyl-PE) were dissolved in 75 μL CD3I, heated for 3 h at 90 °C, and the reaction was terminated by evaporation. Methylated lipids were extracted in a mixture of 0.1 mL of CHCl3-MeOH (1:1, v/v) and used for shotgun ESI-MS.




2.7. Shotgun Lipidomics


An LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA), a high-resolution hybrid mass spectrometer equipped with a heated electrospray interface (H-ESI), was operated in positive and negative ionization modes. Flow injection analysis (FIA) was used for sample introduction into the H-ESI ion source. Acetonitrile/water (50:50, v/v) was used at a flow rate of 150 μL/min. The MS scan range was performed in the Fourier transform mode and recorded within a window between 200–1000 m/z. Mass spectra were acquired with a target mass resolution of R = 110,000 at m/z 800. The ion spray voltage was set at 3.5 kV (in the positive ionization mode) and −2.5 kV (in the negative ionization mode). Both ionization modes used the following parameters: sheath gas flow, 18 arbitrary units (AU); auxiliary gas flow, 7 AU; ion source temperature, 250 °C; capillary temperature, 230 °C; capillary voltage, 50 V (in-source dissociation potential); and tube lens voltage, 170 V. Helium was used as a collision gas for collision-induced dissociation (CID) experiments. The CID normalization energy of 35% was used for the fragmentation of parental ions. The MS/MS product ions were detected in high-resolution FT mode. Calibration of the MS spectrometer was conducted using a Pierce LTQ Orbitrap positive and/or negative ion calibration solution (Thermo Fisher Scientific, San Jose, CA, USA). The internal lock mass was used in the acquisition of mass spectra, i.e., 255.2330 m/z [M − H]− palmitic acid in negative ESI. The mass accuracy was better than 0.9 ppm. The chemical structures of the compounds were confirmed with the help of the LIPID MAPS® Lipidomics Gateway spectral database (http://www.lipidmaps.org/; accessed on 11 February 2022).




2.8. Phospholipase C Hydrolysis


Phospholipid (~1 mg) and commercially available Bacillus cereus phospholipase C (2.5 units) were dispersed in 1 mL of Tris buffer (17.5 mM; pH 7.3) with 1% calcium chloride (0.1 mL) and diethyl ether (0.3 mL) [46]. The mixture was shaken vigorously at 37 °C for approximately 45 min. The degree of hydrolysis was determined by TLC (silica gel with fluorescent indicator on 20 cm × 20 cm TLC plates; Merck, Prague, Czech Republic), mobile phase dichloromethane-methanol-acetic acid (65:25:8, v/v/v). The resulting glycerol derivatives were acetylated to monoacetyldiradylglycerols [47] by standing overnight in a mixture of acetic anhydride/pyridine (3:2, v/v) at 20 °C. These derivatives of glycerol were further separated and identified.




2.9. Separation of Subclasses—Alkyl-Acyl, Alkenyl-Acyl, and Diacylglycerols


Acetyl diradylglycerols were analyzed by LC–MS on a Zorbax Rx-SIL Semi-Prep HPLC Column L × I.D. 250 × 9.4, particle size 5 µm, Agilent Technologies (Munich, Germany) using as mobile phase, n-hexane–isopropanol (99:1, v/v). The column was maintained at 30 °C and the flow rate was 3.1 mL/min.




2.10. Separation and Identification of Acetyldiradylglycerols by RP-HPLC/MS2


The LC equipment consisted of a 1090 Win system, PV5 ternary pump and automatic injector (HP 1090 series, Agilent, Santa Clara, CA, USA), and three Luna Omega 1.6 µm, C18, 100 Å, LC Columns L × I.D. 150 × 2.1 mm, connected in series. Although the manufacturer’s efficiency was not achieved, i.e., 350,000 theoretical plates/meter (see the manufacturer’s literature), we achieved an efficiency of ~311,000 theoretical plates/meter. 1-Palmitoyl-2-oleoyl-3-acetylglycerol with tR 63.76 min was used as an external standard, with a flow rate of 0.95 mL/min, an injection volume of 10 μL, and column temperature of 25 °C. The gradient program with the solvent mixture from 50% A and 50% B to 100% B was used. Solvent A contained acetonitrile-2-propanol (1:1, v/v) and solvent B had acetonitrile-2-propanol (2:3, v/v), both containing 2.5 mmol/L of ammonium acetate from 5 min to 105 min, and held for 10 min. The composition was returned to the initial conditions for 10 min. The 10 % HPLC flow was introduced into the ESI source, and 90% of the flow containing molecular species of acetyl-diradylglycerols was collected manually. For ESI-MS analysis, the LTQ Orbitrap Velos was used under conditions as described above. The two enantiomeric diacylglycerols obtained by hydrolysis of commercially available standards (1-palmitoyl-2-oleoyl-sn-glycerol and 3-palmitoyl-2-oleoyl-sn-glycerol) were also acetylated and the resulting triacylglycerols (1-palmitoyl-2-oleoyl-3-acetyl-sn-glycerol and 3-palmitoyl-2-oleoyl-1-acetyl-sn-glycerol) were used as external standards. Previously published information [48,49,50] was used in this analysis.




2.11. Chiral Analysis of Acetyldiradylacetyl Glycerols by HPLC-ESI-MS2


The LC system used for separation in the chiral mode was the same as the system used in the reversed-phase mode. Acetyldiradylacetyl glycerols (~1 mg/mL in mobile phase) were chromatographically separated on two Astec cyclobond TM I 2000 DMP (3,5-dimethyl-phenyl-carbamate modified β-cyclodextrin) chiral LC columns (5 μm, 25 cm × 4.6 mm) (Sigma-Aldrich, Prague, Czech Republic) connected in series. The mobile phase was a gradient from 95% A and 5% B at 0 min to 45% A and 55% B over 180 min, and then isocratically maintained for 30 min, where A was hexane and B was a hexane-2-propanol (97:3, v/v) mixture [29,51]. The flow rate, column temperature, and injection volume were 0.45 mL/min, 24 °C, and 10 μL, respectively. Other conditions were the same as those used for RP-HPLC/MS2, as described above. The elution order of enantiomers from the chiral column was determined based on the tR of both synthetically prepared isomers (see Chemical and standards).




2.12. Lipid Nomenclature


Lipid nomenclature was applied according to Liebisch et al. [52].





3. Results and Discussion


3.1. Analysis of Fatty Acids and Aldehydes


Individual samples from all fourteen organisms were lyophilized and extracted according to Bligh–Dyer [37] using a modification by inactivating phospholipases [38]. Hydrolytic products of total lipids were analyzed and identified by GC–MS. Analysis of fatty acid methyl esters (FAME) and dimethylacetals of aldehydes (DMA) confirmed the presence of fatty acids and aldehydes derived from 1-O-1′-(Z)-chains (vinyl ethers).



Based on the GC–MS of DMA, it was assumed that in addition to straight chains, the branched chains plasmalogens were also present in bacteria of the genus Kocuria. Therefore, free aldehydes were reduced with lithium aluminum hydride, and the resulting alcohols were derivatized with nicotinic acid (see Supplementary Materials). The resulting derivatives can be identified by GC–MS as nicotinate esters [53,54]. These are structural analogs of 3-pyridylcarbinol esters (formerly picolinyl esters), and their fragmentation is similar. In the mass spectrum of all nicotinate esters with long-chain fatty alcohols, the two most abundant ions are at m/z 107.0 and 124.1.



The last methyl (15 Da) was lost to form an ion at m/z 332.3, and ions differing by 14 Da were also present. Nicotinate of branched fatty alcohols had a gap of 28 Da between m/z 304.3 and 332.3, i.e., 14-methylhexadecanol (anteisoisomer) and/or a gap of 28 Da between m/z 318.3 and 346.3, i.e., 15-methylhexadecanol (iso-isomer) (Figures S2 and S3). This proved the presence of branched alkenyl ethers. In addition, the tR of the branched and unbranched derivatives were found to differ, as previously published [53]. The elution order was iso-, anteiso-, and straight-chain nicotinates.



In the case of the freshwater sponge, the structure of less common acids, i.e., called demospongic acids (long chain fatty acids with a Δ5,9 unsaturation system), was confirmed using GC-MS of 3-pyridylcarbinol esters. In the mass spectrum of 3-pyridylcarbinyl 5,9,19-pentacosatrienoate (5,9,19–25:3), key ions determining the Δ5,9 double bond structure were identified; these are ions at m/z 219 and 272, which indicate cleavage between carbons 7 and 8 and between 11 and 12, respectively. The ions at m/z 178, 204, 232, 258, 370, and 396 also located the double bonds, with the last pair confirming the position of the double bond Δ19 (see Figure S4).




3.2. Hydrophilic Interaction Liquid Chromatography-HILIC


The total lipids of all 14 organisms or their organs were analyzed by HILIC (see Figure 2). Unfortunately, the separation of commercial alkyl-acyl, alkenyl-acyl, and diacyl standards of PC and PE was unsuccessful. In contrast, the separation of diacyl standards of PC, dimethyl-PE, methyl-PE, and PE was not a problem, and the classes of phospholipids were separated on a baseline. The analysis time as a result of using a semipreparative column, diameter 10 mm, was from 21 to 28 min. The abundance of different classes of phospholipids is shown in Figure 3 (heat maps). The preliminary structure of individual classes of phospholipids was determined based on retention times (tR) compared to standards. Two fractions of phospholipids, i.e., methyl- and dimethyl-PE i.e., including alkyl-acyl, alkenyl-acyl, and diacyl forms, were collected manually and further analyzed by direct-inlet high-resolution negative ESI (see below).



Investigated minor phospholipids are not commonly analyzed; see, e.g., the paper of Peterson and Cummings [55], which summarized published data up to 2006. They were found, for example, in mouse livers [56] or in unpasteurized milk from ewes and cows, and were analyzed by 31P-NMR, where signals for methyl-PE and dimethyl-PE were obtained [57]. Yeast was one of the first organisms in which was detected two biosynthetic pathways that led from PE to PC [58]. The direct presence of methyl-PE and dimethyl-PE was provided by a global analysis of the yeast lipidome using quantitative shotgun mass spectrometry [59]. Quantitative profiling of PE, methyl-PE, dimethyl-PE, and PC lipid species by multiple precursor ion scanning was used as a tool for monitoring PE metabolism in S. cerevisiae [14]. Hein and Hayen [16] identified both minor phospholipids in S. cerevisiae and in four hemiascomycetous yeasts, and their content was orders of magnitude lower than that of usually found phospholipids, i.e., PE, PC, or PI.



Photosynthetic organisms have also been investigated. Nakamura [4] described the biosynthesis of the phosphatidylcholine and phosphatidylethanolamine head group in seed plants. The presence of phosphoethanolamine N-methyltransferase was detected in spinach [60]. The paper of Hirashima et al. [61] describes the possibility that both red and green algae can biosynthesize methyl-PE and dimethyl-PE. These authors identified phospholipid-N-methyltransferase in green algae, e.g., in the genus Monoraphidium, which belongs to the same order (Sphaeropleales), including the alga Desmodesmus analyzed in this paper. In the red alga Galdieria sulphuraria, both methyl-PE and dimethyl-PE were identified by MS and the presence of N-methyltransferase has also been demonstrated [61]. Methyl-PE has also been found in the lipidome of the marine phytoplankton Emiliania huxleyi [62].



The situation in bacteria is similar, where about 15% of the bacteria contained phosphatidylcholine, which can be biosynthesized by the phospholipid N-methylation pathway [5]. Direct evidence for the presence of methyl-PE and dimethyl-PE was provided, for example, by shotgun lipidomic analysis in the soil bacterium Sinorhizobium meliloti [18] or acidophilic mixed microbial communities [63]. The proportion of methyl-PE and dimethyl-PE in Mesorhizobium ciceri was approximately an order of magnitude lower than that of PE and/or PC [64]. Analysis of the bacterial phylum Planctomycetes revealed that the Gemmata-like strain contained methyl-PE and dimethyl-PE [17].



Based on the above references, as well as from the results of the analysis presented in this paper, it is clear that both phospholipids are present as a minority in all four kingdoms, i.e., Eubacteria, Fungi, Plants, and Animals.




3.3. Identification of Methyl-PE and Dimethyl-PE


Preliminary analysis of the fractions from HILIC was performed using negative HR-ESI. To confirm the structure of at least one molecular species from each fraction, two significant peaks were selected at m/z 714.5445 ([C40H77NO7P]−, i.e., P-16:0/18:1-methyl-PE) and at m/z 728.5602 ([C41H79NO7P]−, i.e., P-16:0/18:1-dimethyl-PE) having structures determined by tandem MS (Tables S2 and S3). In tandem mass spectra, abundant ions result from the loss of the sn-2 acyl chain as a ketene (RCH = C = O) from [M − H]− at m/z 450.2993 (methyl-PE) and at m/z 464.3148 (dimethyl-PE). Other ions, i.e., precursor ion [M − H]−, sn-2 RCOO− ion and methyl-(dimethyl-)ethanolamine phosphate ion with loss of H2O, were also identified (see Figure S5).



Further confirmation of the structure of methyl-PE and dimethyl-PE and, in particular, the quantification of PE, methyl-PE, dimethyl-PE, and PC was accomplished by the methylation of the nitrogen group. The reaction of NH2, NHMe, or NMe2 groups with CD3I yielded a mixture of phosphatidylcholines containing 1–3 CD3 groups. Phosphatidylcholines, because they already contain a quaternary nitrogen atom, do not react with CD3I. Additional identification of the molecular species of methyl-PE and dimethyl-PE was performed using multiple precursor ion scanning (MPIS) (see Figure 4). Scanning of ions having a value of 184.07, 187.09, 190.11, and 193.13 Da clearly showed the presence of dozens of molecular species that contained from zero to three CD3 groups. Tandem mass spectra (positive ESI) of lithium adducts of deuterium-labeled natural phospholipids 1-alkenyl-2-acyl-PC (P-16:0/18:1-dimethyl-PE with 1 × CD3 and P-16:0/18:1-methyl-PE with 2 × CD3) are shown in Figure S6. The structures of important ions used for identification are demonstrated for molecular species P-16:0/18:1-methyl-PE with 2 × CD3 in Figure S7.



In this way, the structure of the individual classes of phospholipids (PE, methyl-PE, dimethyl-PE, and PC) was demonstrated. However, the four classes of phospholipids have the same polar head group but differ substantially in molecular weight (always ~3 Da), and MS has similar responses, so they can be quantified. On the basis of this positive tandem MS of both lithiated and deuterium-labeled PC, the ratio of PE:methyl-PE:dimethyl-PE:PC for the molecular species of P. frisingensis containing sn-1 P-16:0 and sn-2 18:1 was found to be 100:4:3:55. This confirmed the already published results [16,64] that the content of methyl-PE and dimethyl-PE is approximately one order of magnitude lower than PC or PE.




3.4. Separation of Subclasses–Alkyl-Acyl, Alkenyl-Acyl and Diacylglycerols


In the next step of the HILIC analysis, the fractions (methyl- and dimethyl-PE from animals and anaerobic bacteria, i.e., those organisms in which plasmenyl lipids could be expected, were further treated by phospholipase C) from HILIC were hydrolyzed with phospholipase, C and the resulting diradyl-glycerols were acetylated. All three types of acetyl diradylglycerols, that is, alkenylacyl, alkylacyl, and diacyl subclasses, were easily separated on a semipreparative Zorbax Rx-SIL column (Figure 5). However, the efficiency of the column was not sufficient to separate molecular species with different chain lengths and number of double bonds.



Nakagawa and Horrocks [28] used HPLC to separate alkenylacyl, alkylacyl, and diacyl acetylglycerols obtained by PE. Total lipids of the bovine brain were divided into individual classes of phospholipids, and PC were hydrolyzed with phospholipase C and acetylated with acetic anhydride. The resulting diradyl-acetyl-glycerols were separated on a µPorasil silica column, and the molecular species of each of the three classes were analyzed by RP-HPLC. Furthermore, the compositions of several tens of molecular species were determined using gas chromatography.



A significantly improved method has been published by Guan et al. [19], where the authors esterified the free primary OH group formed after hydrolysis of phospholipids and separated the resulting mixture of alkylacyl-, alkenyl acyl, and diacyl glycerols on a Zorbax SIL column. All three classes were divided on a baseline and also quantified. Human, mouse and rat brains, mouse heart, and rat liver were used as sources. Confirmation of the structure was performed by GC–MS of fatty acid methyl esters and dimethyl acetals. Yamashita et al. [65] used HPLC with evaporative light-scattering detection for separation and detection of plasmalogen in marine invertebrates. The content of plasmalogens in the class Cephalopoda and Crustacea reached more than 60% of the total PE.




3.5. Analysis of Ether Lipids by RP-HPLC


The resulting mixture of diradyl-3-acetylglycerols was separated into three reverse phase columns connected in series (Figure 6). Tables S4 and S5 show the abundance of alkenyl-acyl-acetyl glycerol molecular species of both anaerobic bacteria, i.e., including the structures of regioisomers (e.g., P-15:1/17:0/2:0 versus P-17:1/15:0/2:0), retention times, and [M + NH4]+ values. From both tables, it is clear that due to the connection of three columns in series, about 311,000 theoretical plates per 1 m of column length were achieved. This made it possible to separate molecular species with different lengths of hydrocarbon chains, such as P-16:1/18:1/2:0 and P-17:1/17:1/2:0, and the already mentioned regioisomers (P-15:1/17:0/2:0 versus P-17:1/15:0/2:0).



Tandem MS alkenyl-acyl-acetyl glycerols are characterized by abundant ions of the type: precursor ion [M + NH4]+, neutral loss of sn-2 and sn-3 RCOOH + NH3 from [M + NH4]+, and acyl chain sn-2 ([RC = O + 74]+). The other ions, whose structure is given in Table S6 and the values of m/z are shown in Figure S8 only confirm the accuracy of the individual molecular species.



Yang et al. [66] used multidimensional-mass-spectrometry-based shotgun lipidomics to analyze the molecular species alkenyl-acyl-glycerols, obtained from mouse brain tissues. These molecular species were obtained by hydrolysis with phospholipase C and identified by neutral loss scanning and precursor ion scanning and were distinguished from isomeric alkyl-acyl-glycerol species and isobaric odd chain length diacylglycerol species. From the brains of winter and summer carp, diradyl-dinitrobenzoyl derivatives were prepared using the methods mentioned above, which, after separation by RP-HPLC, were identified by retention times with standards [67]. Direct analysis of intact phospholipids, specifically PE, has been used more recently, for example, by Yamashita et al. [68], who analyzed marine and land foodstuffs by LC–MS with ESI in negative and positive ion modes. PIS identified several dozen molecular species isolated from the viscera of the scallop, cuttlefish muscle, and salmon muscle. Tandem MS demonstrated plasmalogens in marine invertebrates, i.e., blue mussel and ascidian, but not in brown algae.



As assumed based on published papers (see Introduction), ether lipids (alkyl-acyl and alkenyl-acyl) were identified only in animals as vertebrates (cow, chicken, carp) or in an invertebrate (sponge). In anaerobic bacteria, only plasmalogens (alkenyl-acyl) and diacyl-glycerols were identified using data already published.




3.6. Analysis by Chiral HPLC


Two fractions obtained from RP-HPLC were collected at intervals of 63.57 to 64.06 min and 84.10 to 84.55 min. The molecular species from six different sources mentioned below were separated on a chiral column.



Figure 7 shows the chiral chromatography of both standards and sn-1-alkenyl-2-acyl-3-acetyl glycerols from four animals and two anaerobic bacteria. The first problem that needed to be addressed was the preparation of standards. Commercially available are 1-O-1′-(Z)-octadecenyl-2-oleoyl-sn-glycero-3-phosphocholine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine, and 3-palmitoyl-2-oleoyl-sn-glycero-1-phosphocholine. All three phospholipids were hydrolyzed with phospholipase C and further acetylated to give (S)-1-acetoxy-3-(palmitoyloxy)propan-2-yl oleate, (R)-1-acetoxy-3-(palmitoyloxy)propan-2-yl oleate, and (S)-1-acetoxy-3-((Z)-hexadec-1-enyloxy)propan-2-yl oleate. Figure 7 clearly shows that natural 1,2-diacyl-3-acetyl glycerols have the R configuration. On the contrary, 1-alkenyl-2-acyl-3-acetyl glycerols have the S configuration; this apparent difference is based on the interpretation of the Cahn–Ingold–Prelog rule [69], but the spherical arrangement is the same. A small amount of the “unnatural” S enantiomer was formed during hydrolysis and acetylation, as described previously [31]. Acyl migration can only take place from position 2 to position 3 in plasmenyl lipids. Diradyl glycerol, in this case 1-alkene-2-acyl-glycerol, has a group in position 1 which is stable in a basic medium (Tris buffer (pH 7.3)) and is therefore neither enzymatically nor chemically hydrolysed. After acetylation, 1-alkenyl-2-acetyl-3-acyl glycerol, i.e., a possible hydrolysis product, was not detected. The only possible product from the 1-O-1′-(Z)-octadecenyl-2-oleoyl-sn-glycero-3-phosphocholine standard would be 1-O-1′-(Z)-octadecenyl-2-acetyl-3-oleoyl-sn-glycerol. We performed the experiment again and because it is a regioisomer to the two detected enantiomers, it was sufficient to use a reverse phase column that had several times the number of theoretical plates (311,000 theoretical plates per 1 m of column length (this manuscript) versus 55,000 [70] to prove the presence or absence of this isomer. No peak with selected ion monitoring at m/z 367.321 (neutral loss of sn-2 RCOOH + NH3 from [M+NH4]+) was detected on this column. To be sure, a similar experiment was performed on the chiral column and no peak at m/z 367.321 was detected. Therefore, we believe that migration of the acyl group from position 2 to position 3 does not occur, or if it does occur, the amount of isomer is at most about 1% of the total mixture of isomers. The amount of the “unnatural” enantiomer reached percent levels in animals. The situation was completely different for two anaerobic bacteria, where the content of the “unnatural” enantiomer reached tens of percent. This fact was supported by a search in GenBank, in which it was found that both bacteria contained glycerol-1-phosphate dehydrogenase and glycerol-3-phosphate dehydrogenase (WP_048513017.1 and WP_122628282.1, vs. WP_132549284.1 and WP_132548237.1). Lipids whose chirality on the secondary carbon atom is opposite can thus be biosynthesized starting from sn-glycerol-3-phosphate or its enantiomer sn-glycerol-1-phosphate.



Two enantiomers, i.e., two molecular species P-16:0/18:1/2:0 and 2:0/18:1/P-16:0, i.e., (€-1-acetoxy-3-((E)-hexadec-1-enyloxy)propan-2-yl oleate and (S)-1-acetoxy-3-((E)-hexadec-1-enyloxy)propan-2-yl oleate) were separated and their tandem MS are shown in Figure S9. From these spectra, it is clear that the majority of ions were, again, precursor ions [M + NH4]+, neutral loss of sn-2 RCOOH + NH3 from [M + NH4]+, and sn-2 acyl chain ([RC = O + 74]+) (Table S7). Furthermore, as expected from the tandem MS of the two enantiomers, their spectra were nearly identical, differing only in the insignificant abundance of ions and can only be distinguished based on tR on a chiral phase column. Figure S9 and Table S7 give an example of the tandem MS of the synthetic derivative (P-18:0/18:1/2:0), which shows a similar structure and abundance of all ions. It follows from the above mass spectra that two classes of plasmalogens (MMPA and DMPA) from the bacteria analyzed have both enantiomers of glycerol phosphate as biosynthetic precursors.




3.7. Analysis of all Four Bacteria by Chiral HPLC


Furthermore, chiral HPLC was used to analyze diacyl-acetylglycerols (AcTAG), obtained in a similar way to that previously published [29]. Briefly, individual AcTAG obtained by selective hydrolysis of the appropriate molecular species methyl-PE and dimethyl-PE, by phospholipase C (see experimental methods), and subsequent derivatization, were separated into molecular species by RP-HPLC and further chiral chromatography. Analysis showed that the AcTAG of all four bacteria were mixtures of R and S enantiomers. Based on the chiral HPLC of these standards, it was possible to determine that the S enantiomer of AcTAG always predominated, meaning that the R enantiomer was mainly present in the phospholipid (Figure 8). In the case of all eukaryotic organisms, the proportion of R enantiomers was many times lower. The hypothesis that bacteria of four different genera use two pathways, i.e., with both starting units ((S)-2,3-dihydroxypropyl dihydrogen phosphate and (R)-2,3-dihydroxypropyldihydrogen phosphate), is likely because Table S1 shows the results of the search in GenBank. This search demonstrates that both enzymes-glycerol-3-phosphate dehydrogenase and glycerol-1-phosphate dehydrogenase, are present. It can be assumed that some bacteria can form mixed membranes as described by Fiore and Buchet [71].



The most commonly found phospholipids in bacterial membranes are PE, PG, and cardiolipin (CL). However, 15% of all bacteria are predicted to encode enzymes for the biosynthesis of PC [5]. Methyl-PE and dimethyl-PE are synthesized as intermediates of the mechanisms of phosphatidylcholine biosynthesis by sequential methylation of phosphatidylethanolamine using the enzyme phosphatidylethanolamine N-methyltransferase [72]. This pathway is generally minor in animals, although it is significant in their livers, especially when there is a lack of choline in the diet. In contrast, it is the main biosynthetic pathway in yeast and bacteria [5]. They are never found in animal or plant tissues in amounts greater than trace amounts, which is not the case for yeasts and bacteria. The enzyme phosphatidylethanolamine-N-methyltransferase has been identified in some green algae of the genus Chlamydomonas [61]. However, not all bacteria were found to have complete biosynthesis, i.e., the PE-methyl-PE-dimethyl-PE-PC pathway [73].





4. Conclusions


Methyl-PE and dimethyl-PE were successfully separated by HILIC from total lipids derived from fourteen organisms, and their structures were confirmed by shotgun negative ESI and MS/MS (MPIS) of deuterated derivatives. In the next step, the polar head-group was removed by phospholipase C, and the resulting diradylglycerols after acetylation were separated by normal phase HPLC. Molecular species were obtained and identified by RP-HPLC. The column with a chiral phase allowed the separation of the R and S enantiomers of diacyl- and alkenyl-acyl-glycerols and was identified by positive ESI. Chiral HPLC revealed that both enantiomers were present in all four bacteria. Therefore, it can be assumed that both sn-glycerol-1-phosphate and sn-glycerol-3-phosphate are precursors for the biosynthesis of methyl-PE and dimethyl-PE. This finding strongly suggests that the bacteria contain the biosynthetic pathway described so far only in Archaea. This conclusion is supported by the search results shown in Table S1, which lists possible enzymes obtained by the GenBank search.



As early as 2003, the theory was expressed that phospholipid membranes of last universal common ancestor (LUCA) were heterochiral. This theory was based on the assumption that lipids of different chirality are incompatible and that two lipid enantiomers are unstable. This theory, known as the “lipid divide” theory [74], has been widely accepted but has been challenged in several papers, such as that heterochiral membranes are known to be as stable or even more stable than homochiral membranes [75]. Their increased resistance to environmental stress has been also demonstrated [76], where growth was unchanged in E. coli cells but the robustness of cells with a hybrid heterochiral membrane was slightly increased. Furthermore, bacteria discovered in deep of the Black Sea may be the first group of organisms to be thought to have the ability to biosynthesize the heterochiral membrane [10]. Based on these published papers and the results reported above, it can be assumed that at least some bacteria biosynthesize both glycerol-3-phosphate and glycerol-1-phosphate and therefore their membranes are asymmetric, i.e., heterochiral.
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Figure 1. Presumed biosynthesis of both enantiomers of phosphatidic acid. Both enantiomers and their sn-glycerols are designated according to the Cahn–Ingold–Prelog nomenclature. 
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Figure 2. Hydrophilic interaction liquid chromatography-HILIC/ESI-MS separation of the major lipid classes of the 14 different biological sources (beef heart, chicken breast, carp brain, sponge, spinach, green alga, red alga, mushroom, mold, yeast, Gram-positive bacterium Kocuria, G- bacterium Raoultella, beer spoilage bacteria Pectinatus and Megasphaera). The TIC (total ion current) was filtered and exhibits ions in the interval from 200 to 1500 Da. Abbreviations: alkyl-acyl-phosphatidylcholines (1), alk-1-enyl-acyl-phosphatidylcholines (2), phosphatidylcholines (3), dimethylphosphatidylethanolamines (4), monophosphatidylethanolamines (5), alkyl-acyl-phosphatidylethanolamines (6), alk-1-enyl-acyl-phosphatidylethanolamines (7), phosphatidylethanolamines (8), lysophosphatidylcholines (9), phosphatidylinositols (10), plasmenyl-dimethylphosphatidylethanolamines (11), plasmenyl-methylphosphatidylethanolamines (12). The TIC was filtered and indicates ions in the interval from 200 to 800 Da. 
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Figure 3. The abundance of different classes of phospholipids-heat maps. 
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Figure 4. High-resolution multiple precursor ion scanning of four ions having values 184.07, 187.09, 190.11, and 193.13 Da (lithium adducts in ESI positive ionization mode) acquired by shotgun lipidomic analysis. Numbers correspond to the accurate mass values. 
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Figure 5. Separation of acetyl diradylglycerols (alkenylacyls, alkylacyls, and diacyls) obtained after hydrolysis by phospholipase C from the beef heart, chicken breast, carp brain, sponge, and beer spoilage bacteria Pectinatus and Megasphaera. The total ion current was filtered and exhibits ions in the interval from 200 to 1500 Da. 
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Figure 6. The reverse phase separation of mixture of alkenyl-acyl-acetyl glycerols on three reversed phase columns connected in series from two beer spoilage bacteria Pectinatus and Megasphaera. 
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Figure 7. Chiral separation of natural AcTAG, that is, enantiomers and regioisomers from beef heart, chicken breast, carp brain, sponge, and beer spoilage bacteria Pectinatus and Megasphaera. Total ion current was filtered and indicates the type of ions [DAG]+, i.e., ions resulting from loss of neutral RCOOH + NH3 from [M + NH4]+ in the interval from 450 to 700 Da. The [DAG]+ type ion was always the base peak. 






Figure 7. Chiral separation of natural AcTAG, that is, enantiomers and regioisomers from beef heart, chicken breast, carp brain, sponge, and beer spoilage bacteria Pectinatus and Megasphaera. Total ion current was filtered and indicates the type of ions [DAG]+, i.e., ions resulting from loss of neutral RCOOH + NH3 from [M + NH4]+ in the interval from 450 to 700 Da. The [DAG]+ type ion was always the base peak.



[image: Symmetry 14 00616 g007]







[image: Symmetry 14 00616 g008 550] 





Figure 8. The chiral HPLC of the AcTAG from all four bacteria showed that they are the mixtures of R and S enantiomers. 
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