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Statins are widely used cholesterol-lowering drugs. Their potential application in anti-cancer treatment is also under investigation. The individual variance in statin response has been observed, which may be caused by the variation in human HMG-CoA reductase (hHMGR)—the inhibition target of statin drugs. Herein, we reported the design and construction of two Escherichia coli whole-cell biosensors. The first one is statin-efficacy testing sensor, which is composed of two separate modules: a hybrid mevalonate (MVA) pathway and a HMG-CoA sensing system. A truncated hHMGR was used as the key enzyme of the MVA pathway and a promiscuous transcription factor (TF) BsFapR was used as the HMG-CoA sensor. When hHMGR was inhibited by statins, HMG-CoA accumulated intracellularly and was sensed by BsFapR, which subsequently turned on its cognate promoter. This biosensor has the potential to be used as a “precision medicine” tool—selecting potent statin drugs for individual patients. The second one is a statin-production testing sensor, which is based on another promiscuous TF AraCM that can sense statins. This biosensor can be used in optimization of statin-producing strains. The prototypes of these two biosensors were successfully constructed and their further optimization is highly expected.
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INTRODUCTION

Statins are a class of cholesterol-lowering drugs that are widely used in clinical practice (Rizzo et al., 2012; Garattini and Padula, 2017; Hennekens et al., 2017). They are competitive inhibitors of the HMG-CoA reductase (HMGR) that catalyzes the conversion of HMG-CoA to mevalonate (Endo, 1992; Istvan, 2003). HMGR is the rate-controlling enzyme of the mevalonate (MVA) pathway in human cell and is the target of statin inhibitors that regulate cholesterol concentration in human blood (Tabernero et al., 1999; Vögeli et al., 2019); hence, once HMGR is inhibited by statins, the cholesterol synthesis is impeded (Figure 1A). In addition to the usage as cholesterol-lowering medicines, recent studies also proposed the potential application of statins as anti-cancer drugs (Iannelli et al., 2018). Statins are able to affect cancer cell through mevalonate-dependent mechanisms (Mullen et al., 2016), and modulate specific signal transduction pathways to influence several cellular processes, such as angiogenesis, metastasis, apoptosis, and cell proliferation (Sopková et al., 2017). Despite the generally good treatment effect of statins, notable individual variation in response has been reported (Armitage, 2007; Wysockakapcinska et al., 2009; Sopková et al., 2017). This could be caused by the HMGR variance in different individuals. Human HMGR (hHMGR) has 1677 single nucleotide variants (NCBI), and diverse statin drugs are in the market as well; therefore, it is beneficial to construct a biosensor for pre-testing the inhibition effect of different statin drugs upon an individual hHMGR clinical treatment.
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FIGURE 1. Statins block cholesterol synthesis through inhibiting hHMGR (A). Schematic representation of the whole design of statin-efficacy testing sensor (B) and computational modeling of the dynamics of each component (C–F). Modeling parameters are provided in Supplementary Material. Computational modeling indicates that the hHMGR activity, HMG-CoA accumulation, and GFP expression all show responses to statin in a dose-dependent mode.


Natural statins are produced from polyketide biosynthetic pathways (PKS) of various microorganisms. For instance, lovastatin is produced by Aspergillus terreus, and mevastatin by Penicillium citrinum (Manzoni and Rollini, 2002). Tremendous efforts have been made to increase the production and yield of these strains, but their potentials have not been fully developed, mainly due to the complexity of PKS pathways and related enzymes (Campbell and Vederas, 2010). Although the biosynthesis of these compounds is not yet completely understood, rational metabolic engineering approaches targeting on construction of more efficient heterologous cell factories are on the way (Vajdić et al., 2014). For further optimization of either native or non-native statin-producing strains, development of biosensors that can quickly detect the statin production will be helpful. Until now, no such biosensor has been reported yet.

Signal-responsive transcription factors (TFs) play a major role in biosensor design (Mahr and Frunzke, 2016). The DNA binding activities of this type of TFs are affected by effectors, such as small molecules, ions, temperature, pH, or light, which subsequently lead to switch-like change of their cognate promoters (ON/OFF). These TFs can be directly applied in biosensor design (Siedler et al., 2014), or can be modified to construct non-natural biosensors (Bitzur et al., 2013; Morsut et al., 2016; Khatun et al., 2018). Herein, we reported the development of two prototypes of TF-based whole-cell biosensors. One is for statin-efficacy testing and another is for statin-production testing. For the statin-efficacy testing sensor, we used a HMG-CoA sensing TF to monitor the activity of HMGR. For the statin-production testing sensor, we employed a mutant TF that can directly sense the presence of statin. Both sensors were constructed in the Escherichia coli platform.



RESULTS AND DISCUSSION


Design and Computational Modeling of the Statin-Efficacy Testing Sensor

Computational modeling has become a useful tool in developing synthetic gene networks with designed functions (Gould et al., 2014; Berset et al., 2017). Herein, we used it to guide the design and construction of the statin-efficacy testing sensor. The whole design consists of two separate modules: the hHMGR-based MVA pathway module and the MVA pathway monitoring module (Figures 1A,B). Statins inhibit the activity of hHMGR in the first module, which causes the accumulation of HMG-CoA. This process can be modeled with an IC50 equation (Figure 1C). A linear equation is used to model the relationship between hHMGR activity and HMG-CoA concentration (Figure 1D). In the second module, TF sensing the accumulation of HMG-CoA and turning on the expression of a reporter, GFP (Figure 1E). This process is modeled by a Hill equation (Figure 1F). Computational modeling indicates that the hHMGR activity, HMG-CoA accumulation, and GFP expression all show responses to statin in a dose-dependent mode (Supplementary Figure S1), suggesting they all can be indicators of statin efficacy.

A global equation was obtained by combining the three equations (Figure 1F). This equation indicated the Ka value, which represents the HMG-CoA concentration inducing half turn-on of the GFP promoter, is critical for the whole design. Ka value is mainly determined by the binding affinity of HMG-CoA sensing TF. If a TF with a too high Ka is used, GFP expression cannot be turned ON even when intracellular HMG-CoA accumulates to the maximum concentration caused the completely inhibition of hHMGR by statin. In this case, GFP expression will be constantly OFF no matter statin is present or not. If a TF with a too low Ka is used, GFP expression will be turned ON at low concentrations of HMG-CoA. In this case, a low concentration/efficacy of statin can lead to maximum GFP expression. Therefore, HMG-CoA-sensing TF is the key element that determines the performance of the statin biosensor.



Expression of a Truncated hHMGR in E. coli

The hHMGR (GenBank: XP_011541659.1) is a transmembrane protein that contains two main domains: a conserved N-terminal sterol-sensing domain anchored in the membrane of the endoplasmic reticulum, and a C-terminal catalytic domain in the cytosol, which is also the target domain of statins (Roitelman et al., 1992). We synthesized a codon optimized ORF encoding the C-terminal domain (residues 493-908) of hHMGR. This truncated hHMGR (thHMGR) gene was ligated to pET30a plasmid and transformed into E. coli BL21 (DE3). The N-terminal His-tag was used for purification. SDS-PAGE analysis indicated the expressed thHMGR was soluble in E. coli cytoplasm (Supplementary Figure S2A). After purification, we assayed the activity of thHMGR. The thHMGR catalyzes the reduction of HMG-CoA to mevalonic acid using NADPH as the coenzyme. We observed the NADPH consumption evidenced by the decrease of absorbance at 340 nm, indicating that the thHMGR expressed by E. coli retained the catalytic activity (Supplementary Figure S2B). To check the sensitivity of thHMGR to statin drugs, we added different concentrations of statins to the reaction system. The activity of thHMGR was significantly inhibited by both pure simvastatin (ps) and statin medicine (cm). The IC50 values were calculated to be 31.19 and 22.20 μg/mL, respectively (Figures 2A,B). The IC50 value of ps was three orders of magnitude lower than that of cm, which should be owing to ps is a relatively pure compound (simvastatin content ≥97%), while cm is clinical used drug containing much less simvastatin.


[image: image]

FIGURE 2. The inhibition effects of statin drugs on thHMGR. A pure simvastatin (ps) (A) and a commercial statin medicine (cm) (B) were used to treat purified thHMGR. The activity of untreated thHMGR was defined as 100%. The IC50 values of simvastatin and statin medicine were calculated to be 31.19 and 22.20 μg/mL, respectively.




Construction of the MVA Pathway With thHMGR

To check whether E. coli has unspecific HMGR activity that may disturb further analysis, we first constructed an operon encoding acetyl-CoA thiolase (AACT) and HMG-CoA synthase (HMGS). These two enzymes are obtained from Saccharomyces cerevisiae, which can convert acetyl-CoA to HMG-CoA (Figure 1B). This operon was driven by an aTc (anhydrotetracycline) inducible promoter Ptet (Ptet-AACT-HMGS) and expressed in E. coli BL21. HPLC analysis showed that no mevalonic acid was produced after aTc induction, indicating no unspecific HMGR activity is present in E. coli. We then co-expressed thHMGR with AACT and HMGS as one operon, using the same promoter Ptet (Ptet-AACT-HMGS-thHMGR). HPLC analysis showed that when aTc was added, 1.9 g/L of mevalonic acid was produced (Figure 3). These results indicated the thHMGR-dependent MVA pathway was successfully constructed in E. coli. To test the inhibition effects of statin drugs at whole cell background, we added ps (50 ng/mL) simultaneously with aTc. The production of mevalonic acid was decreased to 0.6 g/L, indicating statin can penetrate E. coli cell and inhibit the intracellular thHMGR enzyme.
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FIGURE 3. Mevalonate production of the thHMGR-based MVA pathway. E. coli BL21 harboring the MVA pathway was used. Pure simvastatin (50 ng/mL) was added into the LB medium and 1.9 g/L of mevalonic acid was produced.




Construction of TF-Based Biosensor for Detecting HMG-CoA

No HMG-CoA specific TF has been reported so far. We turned to the TFs that can sense analogs of HMG-CoA. Three types of fatty acyl-CoA binding TF have been identified (Albanesi et al., 2013). FadR that binds long-chain fatty acyl-CoAs, DesT that binds unsaturated acyl-CoAs, and FapR that binds malonyl-CoA. Among them, FapR attracted our attention due to its ligand malonyl-CoA is structurally the most similar to HMG-CoA (Figure 4A). The FapR-ligand binding mechanism has been elucidated at structural level (Albanesi et al., 2013). Briefly, the ligand binding domain of FapR forms a “hot-dog” fold (Figure 4B). The malonyl moiety is involved in the binding whereas the CoA moiety locates outsides of the binding cavity. The binding of malonyl-CoA leads to series of conformational changes of FapR and finally makes it release from its DNA binding site. Hence, FapR is a derepression TF and malonyl-CoA is its native inducer.
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FIGURE 4. Both malonyl-CoA and HMG-CoA have a carboxyl group and a carbonyl group (A). The FapR dimer forms a “hot-dog” pocket where malonyl-CoA locates in (top view). The malonyl moiety is deeper inside whereas the CoA moiety is mostly outside (B). AutoDocK simulation of BsFapR-malonyl-CoA interaction (side view). Dark blue represents the actual binding conformation determined by crystallography and light yellow represents the simulated binding conformation (C). AutoDocK simulation of BsFapR-HMG-CoA interaction (D).


To predict the possibility of FapR-HMG-CoA binding, we performed protein-ligand binding simulations using the AutoDock software. The Bacillus subtilis FapR (BsFapR, PDB: 2F3X) was used as the docking protein. The BsFapR-malonyl-CoA binding simulation gave a result very similar to the experimental confirmed conformation (Figure 4C), suggesting the algorithm and parameters used for BsFapR simulation was reliable. The BsFapR-HMG-CoA binding simulation produced a result having similar binding energy but higher affinity to that of BsFapR-malonyl-CoA (Figure 4D and Supplementary Table S1). These results suggested HMG-CoA can be a candidate ligand of BsFapR.

Both in vitro and in vivo experiments were performed to test the actual interaction between BsFapR and HMG-CoA. For in vitro experiments, BsFapR was expressed in E. coli BL21 (DE3) and purified using the N-terminal His-tag. A reporter DNA fragment was constructed, which contains an artificial promoter composed of Ptrc core sequence (−10 and −35) and two FapR binding sites (fapO). After this promoter is the mKate reporter gene (Figure 5A). The purified BsFapR and constructed reporter DNA fragment were mixed in the in vitro transcription-translation system. If HMG-CoA can actually work as a ligand of FapR, it will induce the release of FapR from the fapO site, transcription of mKate mRNA and subsequent translation will be detected from the in vitro system. Results showed that high amount of mKate was synthesized when no BsFapR was present, whereas much lower amount was synthesized when BsFapR was added into the in vitro system. When HMG-CoA was added simultaneously with BsFapR, the amount of synthesized mKate significantly increased. As a control, when malonyl-CoA was added simultaneously with BsFapR, the amount of synthesized mKate was higher than that of HMG-CoA addition (Figure 5B).
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FIGURE 5. Schematic representation of the HMG-CoA (HA) sensing module and the HMG-CoA producing module (A). In vitro transcription-translation test of the derepression effect of HMG-CoA. A DNA fragment containing Ptrc-(fapO)2-mKate was used as the template. Ma-CoA represents malonyl-CoA. The number 0 represents no addition and 1 represents addition (B). In vivo test of the derepression effect of HMG-CoA. E. coli BL21 containing plasmid A or both A and B plasmids were used. aTc is the inducer of Ptet (C).


For the in vivo experiments, a plasmid was constructed containing the reporter DNA. When the reporter plasmid was transformed into E. coli BL21, no obvious mKate expression was detected. However, when it was co-transformed with Ptet-AACT-HMGS, the HMG-CoA producing plasmid, high expression of mKate was observed. The expression could be further increased when aTc was added (Figure 5C). Both in vitro and in vivo results indicated that in consistent with AutoDock simulation, HMG-CoA indeed, although not as efficient as malynol-CoA, can react with BsFapR and induce the derepression process.



Construction of the Statin-Efficacy Testing Sensor

The reporter and the Ptet-AACT-HMGS-thHMGR plasmids were co-transformed into BL21 to make the final whole-cell biosensor. Pure simvastatin (ps) was firstly tested on the obtained biosensor. Without presence of ps, mKate expression was low, indicating thHMGR was active. When ps was added (20, 50, 100, 200, 500 ng/mL), mKate expression was turned on, indicating thHMGR was inhibited by ps. The IC50 value of ps was calculated to be 16.36 ng/mL using the mKate fluorescence intensity as the indicator (Figure 6A). The commercial medicine (cm) were also tested (5, 10, 20, 50, 100 μg/mL) on this biosensor and its IC50 was calculated to be 6.04 μg/mL (Figure 6B). The IC50 values calculated from mKate intensity were about half to one third of the data calculated from the enzyme inhibition experiments (Figure 2). This should be caused by the relative lower sensitivity BsFapR (Ka) to HMG-CoA. Other statins with high-purity (≥97%), including lovastatin, mevastatin, pravastatin, fluvastatin were also tested by this sensor and their IC50 values were calculated (Figures 6C–F). We also performed toxicity testing experiments with these statins. None of them showed inhibition effect on growth of E. coli BL21 (Supplementary Figure S3), indicating statins only target for thHMGR in the strain.
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FIGURE 6. Using the statin-efficacy testing sensor in drug test. E. coli BL21 harboring both the reporter and the Ptet-AACT-HMGS-thHMGR plasmids were used. A pure simvastatin (ps), (A) a commercial simvastatin containing drug (cm), (B) and other statins were tested including fluvastatin (C), pravastatin (D), mevastatin (E), lovastatin (F). IC50 values of different statins were all tested by this sensor and calculated.


It needs to emphasize that the biosensor reported herein is the first version. Although it successfully indicates the statin efficacy difference, there is still much room for its improvement. First, the MVA pathway module needs to be further optimized. The range of mevalonate production is between 0.6 g/L (with excess statin) to 1.9 g/L (without statin), HMG-CoA production should be also in a narrow range, which limits the sensitivity of the biosensor. Using more efficient AACT and/or HMGS enzymes to enhance the metabolic flux to MVA pathway, or balance their activities should further amplify the HMG-CoA production range, hence improve the sensitivity of the sensor. Second, the binding affinity of BsFapR to HMG-CoA is critical for the statin sensor. Using protein engineering methods to construct FapR mutant with higher HMG-CoA affinity should significantly increase the sensitivity of biosensor.



Construction of the Statin-Production Testing Sensor

Compared with the statin-efficacy testing sensor, the design principle and construction of statin-production testing sensor is relatively simpler. Statins are extracellular products of some microorganisms; hence, a co-cultured strain containing a statin-sensing TF and a reporter gene can be used as a whole-cell biosensor. No such TF has been reported so far. Istvan and Deisenhofer (2001) reported that statins interact with HMGR through the carboxyl and hydroxyl groups on their tails, and the binding pocket of HMGR locates at an open zone of surface. This finding gave us a clue that the TF having a similar pocket and statin tail-like ligand may have the potential to bind statins. AraCM is a mutant of AraC (the arabinose sensing TF) that can sense mevalonic acid, whose structure is very similar to that of statin tails (Figure 7A). The crystal structure of AraCM is not available. We modeled its 3D structure by using SWISS-MODEL. AraC (PDB: 1XJA) at 2.4 Å resolution was used as the template (61% sequence similarity). The global QMEAN score is 0.65 for this model, implying the predicted models are valid. The AraCM-mevalonic acid binding simulation was performed using the AutoDock software. The simulation results showed that mevalonic acid binding site locates at a pocket of AraCM surface (Figure 7B).
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FIGURE 7. Statins 1 and mevalonic acid 2 in linear form (A). AutoDocK simulation of AraCM-mevalonic acid interaction (B). Schematic presentation of the statin sensing circuit (C). Statins were tested in E. coli BL21 containing the statin-sensing plasmid. Control is the strain without statin treatment. All statins induced more or less expression of GFP, and dose-response relationships were also observed (D).


Based on this finding, we constructed a statin-sensing plasmid, which contains AraCM, its cognate promoter Pbad, and the GFP reporting gene (Figure 7C). The plasmid was transformed into E. coli BL21. Pure compounds of simvastatin, lovastatin, fluvastatin, pravastatin, and mevastatin were used to treat the plasmid containing E. coli. All statins induced more or less expression of GFP, and dose-response relationships were also observed (Figure 7D). These results indicated that AraCM indeed can sense statins and the statin-sensing biosensor was successfully constructed. The AraCM-based sensor can be introduced into statin-producing strains directly, or the E. coli containing AraCM-based sensor can be co-cultured with statin-producing strains for screening more efficient statin-producing cell factories. It is noteworthy that the increase of GFP expression caused by statins were less than twofold, indicating the sensitivity of AraCM to statins is limited. To construct more sensitive biosensors, further screening more statin-sensitive TFs or modifying AraCM with protein engineering methods is required.



CONCLUSION

In conclusion, we successfully developed two prototypes of statin biosensors. The first one has the potential to be used as a tool for “precision medicine.” Among the 1677 single NCBI of hHMGR, 176 are missense variants and 11 are frame-shift variants, which alters the amino acid sequence of hHMGR. Statins are one of the most commonly used medications to lower cholesterol (Ahmed et al., 2020), which have been known to cause various side effects such as muscle pain, muscle weakness, rhabdomyolysis, especially high-dosage statins (Bitzur et al., 2013; Ahmed et al., 2020; Won et al., 2020). By replacing the thHMGR gene with the individual’s variant in the statin-efficacy testing sensor, we can test which statin drug has the best inhibition effect on his/her HMGR activity, and what is the best dosage. Based on this test, we can provide personal tailored therapy plan, and hence it is possible to control the usage of statins and avoid side effect of the drugs, such targeting a drug(s) to an individual patient or a subclass of patients is a strategy of precision medicine. The second biosensor can be used for screening of statin-producing strains. The AraCM based reporter also can be transferred into statin-producing strains, which may work as a useful tool for strain optimization or metabolic engineering modification.

There are still some weaknesses in application of sensors, such as the human-derived proteins being expressed in E. coli requiring future optimization, as well as solubility problems of statins during the experiment. These issues may be the limiting aspects of sensor applications. Further optimization of these two biosensors with more rounds of “design-construction-test-learn” cycles is expected.



MATERIALS AND METHODS


Strains and Growth Conditions

Escherichia coli DH5α was used as the plasmid construction host, E. coli BL21 (DE3) was used as the protein expression host and the biosensor construction platform. Luria-Bertani (LB) medium (1% NaCl, 0.5% yeast extract, and 1% tryptone) was used for E. coli cultivation. When needed, antibiotics were added at required concentration. Simvastatin (ps) was purchased from Sigma-Aldrich, commercial simvastatin containing drug (cm) was purchased from a local pharmacy, lovastatin, mevastatin, pravastatin, and fluvastatin were purchased from MedChem Express.



Plasmid Construction and DNA Manipulation

Plasmids used in this study are listed in Table 1 and primers are listed in Supplementary Table S2. Plasmid construction was performed using the In-Fusion method (Invitrogen). The ORF of thHMGR sequence was synthesized by the BGI Company and its codon was adapted to fit the E. coli translation system. The ORF of BsFapR was cloned from B. subtilis and the ORF of AraC was cloned from E. coli DH5α. Site-specific mutations were performed on AraC to make AraCM using a previously reported method (Roitelman et al., 1992).


TABLE 1. Strains and plasmids used in this study.
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Protein Expression and Purification

The protein ORFs were cloned into vector pET30a at the BamHI and XhoI sites with an N-terminal His-tag. The recombinant plasmids were transformed into E. coli BL21 (DE3). The recombinant E. coli was grown in LB at 30°C with shaking until OD600 nm reached about 0.6. When isopropyl-β-D-thiogalactopyranoside (IPTG) was added, the final concentration was 0.2 mM, and the cells were further cultivated at 16°C for 20 h. Cells were harvested via centrifugation, washed twice with ice-cold lysis buffer (50 mM NaH2PO4, 300 mM NaCl, and 20 mM imidazole, pH 8.0), and broken through the high pressure crusher SPCH-18 (STANSTED). Cells were removed via centrifugation and the supernatant was loaded onto the nickel-nitrilotriacetic acid (Ni-NTA) agarose resin (Invitrogen). The resin was washed with 5 column volumes (CV) of resuspension buffer, and added the His-tagged protein with an elution buffer (50 mM NaH2PO4, 300 mM NaCl, and 250 mM imidazole, pH 8.0). The eluted fractions with the c were loaded onto a PD-10 desalting column (GE Healthcare) for buffer exchange (25 mM Hepes, 300 mM NaCl, and 10% glycerol, pH 8.0). Dithiothreitol (1 mM) was added into the resuspension buffer. Purity of the proteins was analyzed by SDS-PAGE.



HMG-CoA Reductase Activity Assay

The activity of thHMGR was assayed using the HMGR-CoA Reductase Assay Kit (Sigma CS1090). Experiments were performed by following the manufacturer’s protocol. Briefly, the reaction was conducted in a 96-well UV plate and monitored with a microplate reader (Synergy H1). Purified thHMGR, HMG-CoA, and the coenzyme NADPH were mixed in the reaction buffer. The total volume of the reaction mixture was 100 μL. After a 10 s blending, the 340 nm absorbance of the mixture was continuously monitored for 10 min. The HMGR activity was normalized to the protein concentration. For statin inhibition efficacy assay, different amount of statin drugs were added into the reaction mixture. The thHMGR activity data were plotted against the statin concentration data, and the IC50 was calculated by fitting the curve into an IC50 equation embedded in Graphpad.



HPLC Analysis

For mevalonate production analysis, 50 μl overnight cultures of E. coli BL21/Ptet-AACT-HMGS and E. coli BL21/Ptet -AACT-HMGS-thHMGR were individually inoculated into 5 mL fresh LB medium and cultivated at 30°C with 200 rpm shaking. After 2 h, 50 ng/mL of anhydrotetracycline (aTc, Clontech) was added and the cultivation continued for 3 h. After removing the cells by centrifugation, the cultivation supernatant was treated with 0.5 mM of sulfuric acid and then subjected to HPLC analysis. Shimadzu HPLC equipped with a Bio-Rad HPX-87H column (Bio-Rad) and a RID-10A refractive index detector were used. The HPX-87H column was kept at 55°C. Sulfuric acid solution (0.5 mM) was used as mobile phase and the flow rate was set to 0.4 mL/min; mevalonic acid lithium (purity ≥97%) was used as the external standard for quantificational analysis.



In vitro Transcription-Translation Assay

The in vitro protein synthesis kit PURExpress®, RNA polymerase, and RNAase inhibitor were purchased from New England Biolabs. Purified BsFapR and the DNA fragment containing PTrc-(fapO)2-mKate were used. The experiment was carried out according to the manufacturer’s instructions with slight adjustments. Briefly, The reaction system contained 5 μL solution A, 3.5 μL solution B, 10 units RNase inhibitor (NEB), 100 ng DNA template (0.2 pmol), and 0.8 μL E. coli RNA polymerase. When required, 0.2 μL FapR (0.6 pmol) and 0.8 μL Malonyl-CoA (30 pmol) or HMG-CoA (60 pmol) was added. The total volume of the mixture was 12.5 μL. The reaction mixture was incubated at 37°C for 3 h, followed by cooling to 4°C.

To check the synthesized mKate, the reaction mixture was diluted, then subjected to fluorescence analysis. The microplate reader (Synergy H1) was used and the excitation and emission wavelengths were set to 588 and 633 nm, respectively.



In silico Analysis

Computational modeling was performed using MATLAB (v2014b). The BsFapR-ligands and AraCM-mevalonic acid interactions were performed using AutoDock (v4.2.6) (Albanesi et al., 2013). The BsFapR structural data was from Protein Database Bank (PDB: 2F3X). Its docking center was assigned with x = 4, y = −28, and z = 60. Search space was assigned with x = 30 Å, y = 60 Å, and z = 50 Å, and exhaustiveness was assigned with 10. The 3D structure of AraCM was generated by SWISS-MODEL1. AraC (PDB: 1XJA) at 2.4 Å resolution was used as the template (61% sequence similarity). The generated model was analyzed using PyMOL-1.5.0.3. Its docking center was assigned with x = 122.1, y = 28.9, and z = 0.722. Search space was assigned with x = 44 Å, y = 44 Å, and z = 32 Å, and exhaustiveness was assigned with 10. Grid maps were automatically computed.



Using Whole-Cell Biosensors in Drug Tests

Escherichia coli whole-cell biosensors were grown and tested in LB medium. Overnight cultured bacteria (100 μL) was inoculated into 10 mL fresh LB in 50 mL corning tubes and cultivated at 37°C for 3 h with 200 rpm shaking. Then statin drugs and inducer (aTc, 0.1 μg/mL) were added simultaneously into the culture. The cultivation was continued for another 2 h, then 1mL of E. coli cells were collected by centrifugation and washed twice with 0.9% NaCl solution. The obtained cells were re-suspended in 200 μL of 0.9% NaCl solution and subjected to fluorescence analysis. The microplate reader (Synergy H1) was used and for mKate analysis, the excitation and emission wavelengths were set to 588 and 633 nm, respectively; for GFP analysis, the excitation and emission wavelengths were set to 485 and 528 nm, respectively. Cell density (OD600 nm) was also analyzed by the microplate reader and the fluorescence intensity was normalized to per unit OD600 nm of cells.
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Amyloid-beta (Aβ) is produced by the cleavage of amyloid precursor proteins in the cell membrane by β-secretase and γ-secretase into a monomeric form with peptides of different lengths such as Aβ1–40 or Aβ1–42, which is then transformed into oligomeric and fibril forms and is considered to be one of the hallmarks of Alzheimer’s disease (AD). The plasma concentrations of Aβ1–40 and Aβ1–42 are unstable after blood samples have been obtained. In order to examine the dynamic changes of plasma Aβ1–42 and Aβ1–40 in blood samples, we used fresh blood samples in ethylenediaminetetraacetic acid tubes from 32 clinically diagnosed AD patients. Each sample was subdivided into eight sub-samples, and levels of Aβ1–40 and Aβ1–42 were measured at 0 (baseline), 0.5, 1, 2, 3, 5, 8, and 24 h, respectively. All samples were incubated at 37°C before being measuring. The results showed that compared to baseline, 87.5 and 62.5% of the patients had higher plasma levels of Aβ1–42 and Aβ1–40 at 24 h, respectively. The patients with an increased amyloid level did not have a significantly different apo-lipoprotein E4 allele (APOE4) gene status for either Aβ1–40 (p = 0.422) or Aβ1–42 (p = 1.000). However, for plasma Aβ1–42, the APOE4 carriers had a significantly lower level than the non-carriers at baseline [31.2 ± 6.5 (mean ± SD) ng/ml vs. 50.4 ± 47.7 ng/ml, p = 0.031] and 0.5 h (37.5 ± 7.6 ng/ml vs. 51.9 ± 30.8 ng/ml, p = 0.043). There were no significant differences between the APOE4 carriers and non-carriers in plasma Aβ1–42 concentration at 1, 2, 3, 5, 8, and 24 h (p = 0.112, p = 0.086, p = 0.112, p = 0.263, p = 0.170 and p = 0.621, respectively). The Aβ1–40 level was related to disease severity as assessed using the clinical dementia rating (CDR) scale. Patients with advanced stages of dementia (CDR = 1 and CDR = 2) had a significantly higher Aβ1–40 level compared to those with very mild stage dementia (CDR = 0.5) at all time points (p < 0.05) except for 24 h (p = 0.059). Our findings illustrate the effects of APOE4 status on dynamic changes in plasma Aβ1–40 and Aβ1–42 levels, and significant associations between Aβ1–40 level and disease severity. Further studies are needed to investigate the exact mechanisms of how APOE4 affects the dynamic changes in plasma Aβ1–40 and Aβ1–42, and the association between Aβ1–40 and advanced dementia.

Keywords: amyloid-beta-protein, Alzheimer’s disease, APOE, CDR, dementia


INTRODUCTION

As people age, the aging process, cardiovascular disease (Prince, 2015; Yang et al., 2018) and other factors (Winblad et al., 2016; Yang et al., 2019) may increase the risk of Alzheimer’s disease (AD). It has been estimated that 46.8 million people worldwide were living with dementia in 2015, and this number is expected to reach 74.7 million by 2030 and 131.5 million by 2050 (Hebert et al., 2004; Prince, 2015). AD is the most common form of dementia worldwide (Hebert et al., 2004; Prince, 2015; Yang et al., 2019). The neuropathological hallmarks of AD are formations of senile plaques composed of amyloid-beta (Aβ) peptides and neurofibrillary tangles consisting of abnormal deposition of tau protein in the brain (Karn et al., 2007; Tapiola et al., 2009). Aβ is produced by the cleavage of amyloid precursor proteins into a monomeric form with peptides of different lengths by β-secretase and γ-secretase, which is then transformed into oligomeric and fibril forms, and eventually into amyloid plaques (Haass and Selkoe, 2007; Tapiola et al., 2009) in brain tissue. Aβ1–42 and Aβ1–40 in cerebrospinal fluid (CSF) are regarded to be biomarkers in the diagnosis of AD (Strozyk et al., 2003; Tapiola et al., 2009), although consensus with regards to the standard procedures for detecting Aβ1–42 and Aβ1–40 concentrations in CSF is currently lacking. Moreover, given the invasiveness of obtaining CSF for examinations and inter-laboratory variability in the detection of Aβ1–42 and Aβ1–40 concentrations (Mattsson et al., 2010, 2012, 2013), CSF examinations for Aβ1–40 and Aβ1–42 level are not always practical.

To overcome this problem, many researchers have focused on identifying blood-based biomarkers for AD, however the results have been inconsistent (van Oijen et al., 2006). van Oijen et al. (2006) reported that a higher Aβ1–40 concentration but not Aβ1–42 or Aβ1–40/Aβ1–42 ratio was associated with a higher risk of AD. In addition, several studies have reported that a higher plasma Aβ1–42 level was mildly associated with AD, but that this association was not found in subsequent longitudinal examinations of Aβ1–40, Aβ1–42 level, or its ratio (Lopez et al., 2008; Mayeux and Schupf, 2011). These discrepant results may be due to several causes. First, it is not currently known whether plasma Aβ1–40 or Aβ1–42 peptides in AD patients originate from the brain, peripheral tissues or both sources (Kuo et al., 1999). Second, variations in laboratory protocols for handling samples of Aβ1–40 and Aβ1–42, and the physicochemical properties of Aβ1–40 and Aβ1–42 peptides. However, supporting evidence for these hypotheses is currently lacking (Mattsson et al., 2011; Rissman et al., 2012).

Enzyme-linked immunosorbent assay (ELISA) has been reported to be a standardized method for the quantification of Aβ1–40 and Aβ1–42 in clinical studies as biomarkers of AD (Mattsson et al., 2012). In a comparison study of different immunoassay platforms, the Alzheimer’s Association quality-control program (Mattsson et al., 2013) reported 20–30% within- and between-laboratory variability in the quantification of Aβ1–42 and Aβ1–40. A consensus with regards to the protocol for the ELISA quantification of Aβ1–42 and Aβ1–40 is still lacking.

Confounding factors for ELISA measurements include automatic plate washing, the use of polypropylene plates for pre-incubation, and the duration of sample thawing at room temperature. ELISA usually uses samples that are thawed at room temperature before being measured, which does not accurately reflect the condition in human blood, at around 37°C. In addition, the duration of sample thawing at room temperature may be associated with changes in the concentration of amyloid peptides because the process of amyloid aggregation from monomers to oligomers or fibrils is continuous, and some peptides would degrade over time.

The aim of this study was to understand the actual status of Aβ1–40 and Aβ1–42 in human blood and the possible changes in Aβ1–40 and Aβ1–42 during the measuring process in relation to other factors such as apo-lipoprotein E gene (APOE) status (Kang et al., 2015) and disease severity. We examined the concentrations of plasma Aβ1–40 and Aβ1–42 at different time points and assessed their associations with APOE genetic status and disease severity in fresh blood samples obtained from AD patients.



MATERIALS AND METHODS


Patients

All patients diagnosed with AD were recruited from the Department of Neurology, Kaohsiung Municipal Ta-Tung Hospital, an area hospital in southern Taiwan. The diagnosis of AD was based on the NINCDS-ADRDA criteria (McKhann et al., 2011), and involved a series of comprehensive neuropsychological tests, including the Mini-Mental State Examination (MMSE) derived from the Cognitive Abilities Screening Instrument (CASI) (Lin et al., 2002), CASI, and Clinical Dementia Rating (CDR) scale (Morris, 1991). Patients with other conditions possibly contributing to the diagnosis of AD were excluded.



Evaluations

All procedures were approved by the Kaohsiung Medical University Hospital Institutional Review Board, and written informed consent was obtained from all participants or their legal representatives. For each recruited AD patient, a series of neuropsychological assessments, including the MMSE, CASI, and CDR, were administered every 12 months to trace the clinical outcomes. The MMSE, CASI, and CDR were conducted by a senior neuropsychologist and an experienced physician based on information from a knowledgeable collateral source (usually a spouse or adult child).



Apolipoprotein E (APOE) Genotyping

For every AD patient, restriction enzyme isotyping of the APOE allele was performed following a modification of the protocol developed by Pyrosequencing1. In brief, 10 ng of DNA was amplified in a 20 μL reaction volume in which dGTP was replaced by a mixture of 25% dGTP and 75% dITP to facilitate analysis of the GC-rich fragment. A 276-bp fragment was generated using the forward primer AGA CGC GGG CAC GGC TGT and reverse biotin-labeled primer CTC GCG GAT GGC GCT GAG. Single-strand DNA was prepared using streptavidin coated beads, and APOE gene variants at codons 112 and 158 were sequenced using the following primers and dispensation order: SNP112 GAC ATG GAG GAC GTG and SNP158 CCG ATG ACC TGC AGA and dispensation order GCTGAG CTAGCGT. Individuals with one or two copies of the APOE4 allele were considered to be APOE4 positive [APOE4(+)], and otherwise APOE4 negative [APOE4(−)].



Plasma Sample for ELISA

Venous blood was drawn by venipuncture in the morning after an overnight fast. Plasma samples were collected in ethylenediaminetetraacetic acid (EDTA) vacutainers, which were immediately centrifuged for 10 min at 3000 rpm. After centrifugation, each sample was divided into eight sub-samples and incubated at 37°C. Aβ1–42 and Aβ1–40 levels were measured in the eight sub-samples at different time points, including baseline (0 h), immediately after obtaining the blood sample (0.5 h), and then at 1, 2, 3, 5, 8, and 24 h, respectively. All samples were incubated at 37°C before being measured. An increase in Aβ1–42 or Aβ1–40 level was defined according to the difference in concentration between baseline and 24 h. If the 24-h concentration was higher/lower than the baseline level, the patient was defined as having an increase/decrease in Aβ1–42 or Aβ1–40. Quantification of Aβ1–42 and Aβ1–40 in plasma was performed using a specific ELISA kit (Human Amyloid β(1–40) Assay Kit – IBL, code number 27713; and Human Amyloid β(1–42) Assay Kit – IBL, code number 27711). All assays were performed according to the manufacturer’s protocol. All reagents were prepared at room temperature (20–25°C) approximately 30 min before use.



Statistical Analysis

Data analysis was performed using SPSS statistical software (Standard version 11.5.0; SPSS Inc., Chicago, IL, United States). All statistical tests were two-tailed, and p > 0.05 was taken to indicate significance. Age, education, CASI, MMSE, Aβ1–42, and Aβ1–40 were treated as continuous variables, and sex, APOE4 status, CDR, increase in Aβ1–40 and increase in Aβ1–42 were treated as categorical variables.

Independent t-tests for the two independent groups [APOE4(+) and APOE4(−) groups] were used to assess differences in plasma concentrations of Aβ1–42 and Aβ1–40. Repeated measures ANOVA was used to examine differences in Aβ1–42 and Aβ1–40 across all eight sub-samples.




RESULTS

In total, 32 AD patients were recruited into the study. The mean (±SD) age of the patients was 77.7 ± 7.3 years, and 28.1% were APOE4(+) (Table 1). Each patient had eight samples in which plasma Aβ1–42 and Aβ1–40 levels were measured at different time points. Compared to the baseline level, 87.5 and 62.5% of the patients had an increase in plasma Aβ1–42 and Aβ1–40 levels at 24 h, respectively (Table 1). Other clinical and demographic characteristics are shown in Table 1.


TABLE 1. Demographic characteristics of the recruited patients.
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The mean baseline level of plasma Aβ1–40 was 314.1 ± 178.9 pg/ml, compared to 320.3 ± 157.9 pg/ml at 24 h. Overall, 62.5% of the patients had an increase in the level of plasma Aβ1–40 at 24 h (Table 2 and Figure 1). There was no significant difference in the ratio of AD patients having an increase in Aβ1–40 level between the APOE4(+) and APOE4(−) groups (p = 0.422).


TABLE 2. Plasma concentration of amyloid β1–40 (Aβ1–40) by time in the patients with Alzheimer’s disease.
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FIGURE 1. Overview of mean plasma beta-amyloid1–40 (Aβ1–40) concentration in AD patients (N = 32) in relation to time.


There were significant differences in Aβ1–40 level at all time points, and the concentration for any one was significantly different to the others (p = 0.001). However, there were no significant differences in Aβ1–40 level at any time point between the APOE4(+) and APOE4(−) groups (p = 0.386–1.000) (Table 2 and Figure 2). In addition, there were significant differences in Aβ1–40 level according to disease severity at all time points (p = 0.008–0.024) except for 24 h (p = 0.059) (Table 2). The patients with very mild stage dementia (CDR = 0.5) had a lower Aβ1–40 level compared to those with an advanced stage of dementia (CDR > 0.5) (Table 2 and Figure 3).
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FIGURE 2. Plasma concentration of beta-amyloid1–40 (Aβ1–40) at different time point by apolipoprotein E4 (APOE4) genetic status (N = 32).
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FIGURE 3. Plasma concentration of beta-amyloid1–40 (Aβ1–40) at different time point by disease severity (N = 32).


The mean baseline plasma Aβ1–42 level was 45.0 ± 41.3 pg/ml, compared to 63.6 ± 59.4 pg/ml at 24 h. Compared to the baseline level, 87.5% of the patients had an increase in the level at 24 h (Table 3 and Figure 4). There was no significant difference in the ratio of AD patient having an increase in Aβ1–40 level between the APOE4(+) and APOE4(−) groups (p = 1.000).


TABLE 3. Plasma concentration of amyloid β1–42 (Aβ1–42) by time in the patients with Alzheimer’s disease.
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FIGURE 4. Overview of mean plasma beta-amyloid1–40 (Aβ1–40) concentration in AD patients (N = 32) in relation to time.


There were significant differences in Aβ1–42 level at all time points, and the concentration for any one was significantly different to the others (p = 0.042). There were significant differences between the APOE4(+) and APOE4(−) groups in Aβ1–42 level at baseline (31.2 ± 6.5 pg/ml vs. 50.4 ± 47.7 pg/ml, p = 0.031) and 0.5 h (37.5 ± 7.6 pg/ml vs. 51.9 ± 30.8 pg/ml, p = 0.043). Apart from these two time points, there were no significant differences in the other time points between the APOE4(+) and APOE4(−) groups (p = 0.086–0.621) (Table 3 and Figure 5). There were also no significant differences in Aβ1–42 level at any time point by disease severity (p = 0.427–0.867) (Table 3 and Figure 6). We also analyzed the associations between the Aβ1–40/Aβ1–42 ratio and APOE4 genotypes and disease severity at all time points, and the results were similar to those for Aβ1–40 and Aβ1–42 alone. Aβ1–40/Aβ1–42 ratio was not significantly associated with APOE4(+) status or disease severity at any of the eight time points (all p > 0.05).
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FIGURE 5. Plasma concentration of beta-amyloid1–42 (Aβ1–42) at time point by apolipoprotein E4 (APOE4) genetic status (N = 32).
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FIGURE 6. Plasma concentration of beta-amyloid1–42 (Aβ1–42) at different time point by disease severity (N = 32).


We further compared the standard deviation of Aβ1–42 level between the APOE4(+) and APOE4(−) patients, and found that the APOE4(+) patients had smaller standard deviations at each time point (Table 3).



DISCUSSION

In this study, we investigated dynamic changes in plasma Aβ1–40 and Aβ1–42 concentrations from fresh blood samples at eight time points. The results showed that not every sample had a consistent increase in Aβ1–40 and Aβ1–42 level after 24 h (Aβ1–40: 62.5% and Aβ1–42: 87.5%). The effects of APOE4 genetic status on plasma Aβ1–42 level were observed only in sample measured within 30 min. Moreover, APOE4 genetic status did not affect plasma Aβ1–40 level at any time point. However, Aβ1–40 level was significantly higher in the patients with advanced stage dementia (CDR = 1 and CDR = 2) compared to those with mild stage dementia (CDR = 0.5).


Effect of APOE4 Gene Status on Plasma Aβ1–40 and Aβ1–42 Levels

We used fresh plasma, and found significant differences in plasma Aβ1–42 at baseline (p = 0.031) and 0.5 h (p = 0.043) by APOE4 genetic status. However, no significant effects were noted at any other time points (Table 3), and no significant effects were observed in Aβ1–40 level at any time point. These findings are to some extent different to another study which examined plasma amyloid peptides in 19 non-demented participants immediately and after storage at room temperature for 24 and 48 h, respectively (Bibl et al., 2012). In their study, the authors reported that sample storage led to a significant loss of measurable amyloid peptide levels, and that this was most pronounced during the first 24 h of storage regardless of whether the distinct Aβ peptide species was Aβ1–42 or Aβ1–40 (Bibl et al., 2012). The differences between our study and Bibl’s study are that their samples came from non-demented participants, and they did not analyze changes in Aβ1–42 or Aβ1–40 between baseline and 24 h or control for APOE genetic status in their participants.

The effects of APOE4 genetic status on plasma Aβ1–42 level but not Aβ1–40 level in our samples indicates the possibility that there is an increase in the aggregation process of Aβ1–42 from the monomer to fibril form in APOE4 carriers. Similar findings have also been reported in a previous study, in which apo-lipoprotein E4 protein, mediated by the APOE4 gene, was shown to induce the aggregation of Aβ1–42 more specifically and rapidly than that of Aβ1–40 (Kang et al., 2015). The authors used a simple method to assess APOE4-mediated Aβ aggregation in physiological conditions using single gold nanoparticles based on localized surface plasmon resonance, which could be directly observed with a dark-field microscope or even by the naked eye, although some evidence of the biophysical properties of the interaction between apo-lipoprotein E4 protein and Aβ1–42 was unclear (Kang et al., 2015).



Aβ1–40 and Aβ1–42 Levels in Relation to the Severity of AD

As mentioned, our results indicated that minor effects of APOE4 on plasma Aβ1–42 level and no significant effect on Aβ1–40 level. This is consistent with a previous longitudinal study which examined Aβ1–40 and Aβ1–42 levels in clinical trials (Donohue et al., 2015). In that study, there were no significant differences in Aβ1–40 and Aβ1–42 levels between AD patients who were and were not APOE4 carriers. However, there were significant differences in patients with mild cognitive impairment who had minor symptoms that were not sufficiently severe to be classified as AD (Donohue et al., 2015). The exact and detailed mechanisms by which APOE4 genetic status affects Aβ1–40 and Aβ1–42 levels should be clarified in other studies. However, the effects of APOE4 genetic status on our 0 and 0.5-h samples could more directly reflect the real situation of Aβ1–42 and Aβ1–40 in human blood because of the limited time from obtaining the venous samples.

In our samples, the patients with an advanced stage of dementia (CDR = 1 and CDR = 2) had increased Aβ1–40 levels compared to those with a very mild stage of dementia (CDR = 0.5). These findings could be, in part, attributed to the increased vascular contributions in advanced dementia (Yang et al., 2018), as the Aβ1–40 level has been reported to be higher in vascular amyloid deposition compared to Aβ1–42 (Iwatsubo et al., 1994; Gravina et al., 1995).



Sample Storage

In this study, 87.5% of the AD patients had a higher mean Aβ1–42 level after 24 h (Figure 4), whereas only 62.5% of the AD patients had a higher mean Aβ1–40 level after 24 h (Figure 1). This finding is different to previous studies that reported a significant loss of measurable Aβ1–42 and Aβ1–40 peptide levels in their stored samples (Donohue et al., 2015; Kang et al., 2015). Donohue et al. (2015) examined the plasma concentrations of Aβ1–42 or Aβ1–40 after a longer storage time ranging from 0 to 1.8 years, and found that they declined significantly over time (−14.42 pg/ml Aβ1–40 per storage year, p < 0.001; −1.893 pg/ml Aβ1–42 per storage year, p = 0.003). In addition, Kang et al. (2015) reported that the loss of Aβ1–40 and Aβ1–42 was most pronounced during the first 24 h, in which the level of Aβ1–40 decreased from 267 ± 46 pg/ml at baseline to 190 ± 41 pg/ml at 24 h, and the level of Aβ1–42 decreased from 29 ± 4 pg/ml at baseline to 2 ± 4 pg/ml at 24 h. In order to avoid these declines or loss of Aβ1–40 and Aβ1–42, the authors recommended completing the measurements within 24 h after collecting the sample (Donohue et al., 2015). Compared to these studies, we provide more precise information with eight time points for both Aβ1–42 and Aβ1–40 levels within 24 h, and found that the changes in plasma Aβ1–42 and Aβ1–40 were dynamic and individualized.



Measurement of Beta-Amyloid

The increase in mean plasma Aβ1–42 level at each time point in our AD patients may be due to several reasons. First, the Aβ1–42 aggregation process is continuous, from monomer, oligomer, protofibril, and eventually to fibril forms (Sinha and Lieberburg, 1999; Selkoe and Hardy, 2016). Compared to healthy subjects, the plasma of AD patients has been hypothesized to have a tendency to foster Aβ1–42 aggregation (Haass and Selkoe, 2007; Youn et al., 2019). Consistent with this hypothesis, the detected Aβ1–42 plasma levels increased from baseline to 24 h in this study. Second, the commercial kit that used to detect Aβ1–42 may not have only examined the monomer form of Aβ1–42, as the antibody in the kit may also have recognized the specific area of amyloid peptide, and amyloid peptide would continue the aggregation process to the formation of the fibril form. Third, Aβ1–42 may bind to carrier proteins such as apo-lipoprotein E and apo-lipoprotein J present in plasma (Matsubara et al., 1995; Zlokovic, 1996) that would possibly make the measurements difficult and result in a higher level. It is also possible that the commercial kit captured and detected oligomers in the sample. This would have resulted in an increase in the detected Aβ1–42 level at 24 h.



Strengths and Limitations

This study has several strengths. First, we examined eight time points from 0 to 24 h and reported detailed changes in Aβ1–42 and Aβ1–40, and we also examined the effects of APOE4 genetic status and disease severity on plasma levels of Aβ1–42 and Aβ1–40. Second, we incubated all of the samples at 37°C before measurement to mimic the temperature of human blood in order to reduce possible confounding effects and approximate the actual level of Aβ1–42 and Aβ1–40. However, we do not know how beneficial this study design was, and the detailed effects and mechanisms of such design could be examined in another study. Third, we used the same protocol, commercial kits, and technician for all the examinations to avoid variabilities. There are also several limitations to this study. We reported changes in plasma Aβ1–42 and Aβ1–40 across all time points, however we did not examine the exact mechanisms, especially with regards to the possible effects of APOE genetic status, disease severity, or the possible bidirectional conversion between monomers and fibrils or oligomers. As there is currently no consensus on how best to evaluate dynamic changes in plasma Aβ1–42 and Aβ1–40, we chose the eight time points arbitrarily. These time points could be revised in future studies. In addition, our sample size was small, and further studies with a larger sample size comprehensively controlling for other confounding factors are warranted.
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Plasmalogens are a special class of polar glycerolipids containing a vinyl-ether bond and an ester bond at sn-1 and sn-2 positions of the glycerol backbone, respectively. In animals, impaired biosynthesis and regulation of plasmalogens may lead to certain neurological and metabolic diseases. Plasmalogens deficiency was proposed to be strongly associated with neurodegenerative and metabolic diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), and appropriate supplement of plasmalogens could help to prevent and possibly provide therapy of these diseases. Plasmalogens evolved first in anaerobic bacteria with an anaerobic biosynthetic pathway. Later, an oxygen-dependent biosynthesis of plasmalogens appeared in animal cells. This review summarizes and updates current knowledge of anaerobic and aerobic pathways of plasmalogens biosynthesis, including the enzymes involved, steps and aspects of the regulation of these processes. Strategies for increasing the expression of plasmalogen synthetic genes using synthetic biology techniques under specific conditions are discussed. Deep understanding of plasmalogens biosynthesis will provide the bases for the use of plasmalogens and their precursors as potential therapeutic regimens for age-related degenerative and metabolic diseases.
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INTRODUCTION

Plasmalogens (1-O-alk-1′-enyl 2-acyl glycerol phospholipids and glycolipids), also called plasmenyl phospholipid and plasmenyl glycolipids, are a special group of polar lipids, accounting for approximately 18–20 mol% of the total phospholipids in cell membranes of almost all mammalian. They are the constituents of biomembranes, which has a diversity of functions such as cell homeostasis, signaling and neural transmission (Ferlay et al., 2015; Dean and Lodhi, 2018). Plasmalogen contains a vinyl ether (-O-CH = CH-)-linked chain at sn-1 position and an ester chain at sn-2 position of glycerol backbone (Snyder, 1999; Braverman and Moser, 2012), respectively (Figure 1). Plasmalogens in animal tissues usually have a polyunsaturated acyl chain at the sn-2 position. Most of the polyunsaturated fatty acids (PUFAs) at sn-2 of plasmalogens are docosahexaenoic acid (DHA; C22:6 n-3) or arachidonic acid (AA; C20:4 n-6) in animals (Nagan and Zoeller, 2001). The representative plasmalogens in mammalian tissues are plasmalogen phosphatidylethanolamine (PlsEtn) and phosphatidylcholine plasmalogen (PlsCho) (Heymans et al., 1983), and a small portion is present as plasmenylserine (PlsSer) and phosphatidic acid plasmalogen (Deeley et al., 2009; Ivanova et al., 2010; Nagy et al., 2012). PlsEtns constitute up to 50% of ethanolamine containing glycerophospholipids in the brain (Maeba et al., 2018).
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FIGURE 1. Structures of diacyl glycerophospholipid and plasmenyl glycerophospholipids (plasmalogens). X denotes the polar head group, such as ethanolamine or choline. R1 and R2 denote the hydrocarbon chains at the sn-1 and the sn-2 positions, respectively.


Plasmalogens evolved first in anaerobic bacteria, but they are absent in facultative and aerobic bacteria except for Myxobacteria, which were recently found to use an oxygen-dependent synthetic pathway (Lorenzen et al., 2014; Gallego-García et al., 2019). Plasmalogens are not found in fungi or plants (Goldfine, 2010). It has been proposed that plasmalogen biosynthesis requiring molecular oxygen appeared later in animal cells as respiration evolved, indicating the emergence, disappearance and recurrence of plasmalogens during evolution. This disrupted evolution of plasmalogen may be due to the sensitivity of plasmalogens to reactive oxygen species (ROS) after the concentration of oxygen increased in the early earth’s history, which will cause rapid degradation at the vinyl ether bond. However, the ability of higher organisms to use plasmalogen in an advantageous manner with special features of plasmalogens as found in animals, including antioxidant capacity, intracellular signaling and preservation of transmembrane ion gradients, may account for their reappearance (Goldfine, 2010; Lorenzen et al., 2014).

Lipid metabolism abnormalities are related to the occurrence of many human diseases (Fhaner et al., 2012). Plasmalogens are highly expressed in the nervous system and play an important role in many cellular functions of neurons (Maeba et al., 2018). Defects in plasmalogen synthesis are associated with neurodegenerative and metabolic diseases, such as Zellweger syndrome, Alzheimer’s disease (AD), and Parkinson’s disease (PD) (Yamashita et al., 2017; Dean and Lodhi, 2018). Among them, AD is an age-related progressive neurodegenerative disease and the cause of common dementia symptoms. The number of AD patients might reach more than 74 million worldwide by 2030, while the pathogeny of AD remains unclear (World Alzheimer Report, 2015). Plasmalogens were considered to be one of the oxidation targets of AD (Wood et al., 2010). The level of plasmalogens in blood and cerebrospinal fluid of AD patients is decreased (Goodenowe et al., 2007), and serum PlsEtn was suggested to be one of the cognitive decline markers (Maeba et al., 2018). In recent years, increasing studies demonstrated that supplemental of plasmalogens can be used to treat the symptoms of AD patients. Patients with mild AD showed a significant decrease in plasma PlsEtn in the placebo group than in the treatment group with oral administration of plasmalogens, and plasmalogens may improve cognitive functions of mild AD (Fujino et al., 2017). Moreover, serum plasmalogen levels have been used to diagnose and successfully stratify AD patients (Wood et al., 2015). These illustrate the importance of comprehensive understanding of the functions and biosynthesis of plasmalogens, which might be developed as a potential medicine for AD.

This review summarized the enzymes (genes) and steps involved in the aerobic and anaerobic pathways of plasmalogens biosynthesis. The significance of recently found important genes and strategies for increasing the production and application potential of plasmalogens in medicine are discussed.



PLASMALOGENS BIOSYNTHESIS IN ANAEROBIC BACTERIA

The biosynthesis of plasmalogens differs in synthetic enzymes (genes) and substrates between anaerobic microorganisms and animals. In anaerobic bacteria, glycerol 3-phosphate has been confirmed as the precursor for plasmalogen synthesis (Hill and Lands, 1970; Prins and Van Golde, 1976), while dihydroxyacetone phosphate (DHAP) is the precursor of plasmalogens in animals. The enzymes related to phospholipid and plasmalogens synthesis identified in anaerobic bacteria up to date are listed in Table 1.


TABLE 1. Enzymes related to plasmalogens biosynthesis in anaerobic bacteria.

[image: Table 1]By measuring the kinetics of incorporation of 32Pi and 14C into the diacylphosphatides and plasmalogens using radioautography, the reaction steps of anaerobic pathway were investigated. In Clostridium beijerinckii ATCC 6015, rapid incorporation of 32Pi into diacylphosphatidylethanolamine (diacyl-PtdEtn) and diacyl N-monomethyl PtdEtn, and a delayed incorporation into their corresponding plasmalogens, indicating that diacylphosphatide could be substrates for the corresponding plasmalogens (Baumann et al., 1965). A subsequent 14C-labeled acetate incorporation study also demonstrated a consistent precursor-product relationship between the chains attached to the phosphatidyl and alkyl-1-alkenyl ethers (Hagen and Goldfine, 1967). Moreover, labeling of the plasmalogen forms of phosphatidylglycerol (PtdGro) and cardiolipin is also delayed relative to the labeling of all acyl forms in C. beijerinckii (Koga and Goldfine, 1984). When hydroxylamine was added to the medium to block the decarboxylation of phosphatidylserine (PtdSer), there was initially 95% diacyl form and a 5% plasmalogen form of PtdSer; PtdSer was rapidly decarboxylated to form PtdEtn followed by the PlsEtn after the removal of hydroxylamine (Goldfine, 2017).

A pathway of plasmalogen synthesis in anaerobic bacteria was proposed as shown in Figure 2 (Raetz and Dowhan, 1990; Dowhan, 1997; Zhang and Rock, 2008; Goldfine, 2010, 2017). First, fatty acyl-carrier protein (ACP) and glycerol 3-phosphate serve as precursors of phosphate acid (PA) under the catalysis of PlsX and PlsY. PA with cytidine triphosphate (CTP) is converted to cytidine diphosphate diacylglycerol (CDP-DAG) using CDP-diacylglycerol synthase (CdsA). Next, two additional transformations are required to produce PtdEtn or PtdGro. For PtdEtn synthesis, CDP-DAG can be converted to phosphatidylserine (PtdSer) using PtdSer synthase (PssA), and then PtdSer is converted to PtdEtn by PtdSer decarboxylase (Psd). For the branch of PtdGro synthesis, CDP-DAG is converted to phosphatidylglycerol 3-phosphate (PGP) by PGP synthase (PgsA) and then the 3-phosphate can be removed by a PGP phosphatase (PgpA or PgpB) to generate PtdGro (Dowhan, 1997). Finally, PtdEtn and PtdGro will be transformed into PlsEtn and PlsGro, respectively, under the catalysis of unknown enzymes. Although plasmalogens have been identified in anaerobic bacteria for nearly 50 years (Wegner and Foster, 1963; Goldfine, 1964), gene(s) and mechanism corresponding to the formation of the vinyl ether bond of plasmalogens remain unclear.


[image: image]

FIGURE 2. Anaerobic pathway for plasmalogen synthesis in bacteria. PA, phosphatidic acid; CDP-DAG, CDP-diacylglycerol; PGP, phosphatidylglycerol 3-phosphate; PtdEtn, phosphatidylethanolamine; PtdSer, phosphatidylserine; PtdGro, phosphatidylglycerol; PlsGro, phosphatidylglycerol plasmalogen; PlsEtn, phosphatidylethanolamine plasmalogen. The detail of enzyme and mechanism leading from the diacyl phospholipids to plasmalogens is still unknown.




THE OXYGEN-DEPENDENT PATHWAY OF PLASMALOGENS BIOSYNTHESIS

Phosphatidylethanolamine plasmalogen is the basic components of cell bilayers, accounting for about 20% of human phospholipids (Farooqui and Horrocks, 2001; Lessig and Fuchs, 2009; Braverman and Moser, 2012; Dorninger et al., 2015; Dean and Lodhi, 2018). Particularly, high concentrations of PlsEtn were found in the brain, retina, and other nervous tissues, accounting for 60% and 80% of the total ethanolamine phospholipids in gray and white matter, respectively (Saab et al., 2014). The plasmalogen-associated genes in animals have been studied as listed in Table 2. Among them, plasmanyl desaturase (1′-alkyl desaturase) is a predicted unstable membrane enzyme that remains to be identified for many years. In a recent report, the enzyme CarF found in an aerobic bacterium Myxobacteria was confirmed to be the 1′-alkyl desaturase for the last step of plasmalogen formation (Gallego-García et al., 2019). Its homolog TMEM189 was successively identified in mice and human (Gallego-García et al., 2019; Werner et al., 2020). Knock out of the animal homolog in human cell lines resulted in the deficiency of plasmalogens, indicating that TMEM189 is needed to catalyze the final step in plasmalogen synthesis in human cells (Gallego-García et al., 2019).


TABLE 2. Enzymes related to plasmalogen biosynthesis in animals.

[image: Table 2]Plasmalogen biosynthesis occurs in peroxisomes, an oxidative organelle found in virtually all eukaryotic cells, and terminates in the endoplasmic reticulum (ER) (Wallner and Schmitz, 2011). Based on the identified enzymes in previous publications (Wallner and Schmitz, 2011; Gallego-García et al., 2019; Werner et al., 2020), an overview of the synthetic pathway is proposed in Figure 3.
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FIGURE 3. Oxygen-dependent pathway of plasmalogens biosynthesis in animals. The enzymes involved in the indicated steps: FAS, fatty acid synthase; ACS, acyl-CoA synthase; FAR1/2, fatty acyl-CoA reductase 1 or 2; DHAP-AT, DHAP acyltransferase; ADHAP-S, alkyl-DHAP synthase; AADHAP-R, NADPH:alkyl-DHAP oxidoreductase; AAG3P-AT, acyl-CoA:1-alkyl-2-lyso-sn-glycero-3-phosphate acyltransferase; PH, 1-alkyl-2-acyl-sn-glycero-3-phosphate phosphohydrolase; E-PT, CDP-ethanolamine:1-alkyl-2-acyl-sn-glycerol ethanolamine phosphotransferase; TMEM189 homologs, plasmanylethanolamine desaturases.


Plasmalogens biosynthesis in peroxisomes of animals starts with acyl-CoA and DHAP. Under the action of DHAP-acyltransferase (DHAP-AT), DHAP is converted into 1-O-acyl DHAP, and then the acyl chain is replaced by a long-chain fatty alcohol from Acyl-CoA synthesis pathway (McIntyre et al., 2008) or from foods. DHAP-acyltransferase is also known as glyceronephosphate O-acyltransferase (GNPAT) (Nagan and Zoeller, 2001), which initiates the esterification of DHAP with a long-chain acyl-CoA (Hajra, 1997). Next, alkyl DHAP synthase (ADHAP-S) catalyzes the replacement of acyl group of 1-O-acyl DHAP with a long-chain fatty alcohol to generate 1-O alkyl-DHAP (Hajra, 1995; Hayashi and Sato, 1997; Cheng and Russell, 2004; Honsho et al., 2010; Wallner and Schmitz, 2011). The fatty alcohols are synthesized by fatty acyl-CoA reductases 1 and 2 (Far1/2) (Hajra, 1995, 1997; Nagan and Zoeller, 2001; Wallner and Schmitz, 2011) or directly taken up from diet. Notably, the Far1 is regulated by negative feedback of cellular plasmalogen levels (Honsho et al., 2010). Therefore, the formation and supply of long-chain fatty alcohols are considered to be one of the rate-limiting steps of the plasmalogen biosynthetic pathway (Paul et al., 2019). The alkyl-DHAP is then transferred from the peroxisome into the ER.

In the ER, acyl/alkyl DHAP reductase (AADHAP-R) catalyzes the reduction of 1-O-alkyl-DHAP to form 1-O-alkyl-2-hydroxyl- sn-glycerol-3-phosphate (1-O-alkyl-G3P) (Hajra, 1997). Then, the acyl/alkyl-G3P-acyltransferase (AAG3P-AT) catalyzes acylation with an acyl-CoA at the sn-2 position of the 1-O-alkyl-G3P to form 1-O-alkyl-2-acyl-G3P. The phosphate group of -O-alkyl-2-acyl-G3P is removed by phosphohydrolase (PH) to form 1-O-alkyl-2-acylglycerol (Wallner and Schmitz, 2011). Next, ethanolamine phosphate head group is added to 1-O-alkyl-2-acylglycerol by the ethanolamine phosphotransferase (E-PT) to generate plasmanylethanolamine (1-O-alkyl-2-acyl-GPE) (Brites et al., 2004). Finally, plasmanylethanolamine is converted into 1-O-alk-1′-enyl 2-acyl phosphatidylethanolamine (PlsEtn) through the action of 1′-alkyl desaturase (TMEM189 homolog) in the presence of molecular oxygen and NADPH. Because there is no plasmenylcholine desaturase found in animals, choline plasmalogens (PlsCho) might be formed only following the hydrolysis of ethanolamine plasmalogens into form 1-O -(1Z-alkenyl)-2-acyl-sn-glycerol, which was then modified by choline phosphotransferase and CDP-choline (Lee, 1998).



PERSPECTIVES OF PLASMALOGENS BIOSYNTHESIS USING SYNTHETIC BIOLOGY METHODS AND APPLICATION POTENTIALS IN MEDICINE

Traditionally, plasmalogens are obtained using chemical synthetic method or extraction from animal tissue. However, the need for large amounts of chemicals as well as generation of potential hazardous waste during the chemical synthetic process of plasmalogens limit the applications of the chemical synthetic method. Although plasmalogens are widely found and can be prepared from marine animals or bird tissues, the amount of plasmalogens from these natural materials are very low and only account for less than 10% of the phospholipids in cell membrane of the tissues used.

Synthetic biology is a discipline that uses biological functional elements, devices and systems to carry out targeted genetic design and transformation of living organisms, to enable cells and organisms to generate specific biological functions or produce natural materials and even to synthesize “artificial life.” Using the synthetic biology techniques, artificial PUFA biosynthetic gene cluster (BGC) including a polyketide synthase-like PUFA synthetase from Myxobacteria has been introduced into yeast Yarrowia lipolytica, and successfully produces the highest level of DHA (16.8% of total fatty acid) among PUFA-producing Y. lipolytica (Gemperlein et al., 2019).

With the elucidation of plasmalogen biosynthesis genes and pathway for aerobic organisms, especially the recent identification of 1′-alkyl desaturase responsible for the conversion of plasmanylphospholipid into plasmalogens (Gallego-García et al., 2019), designing and efficient expression of plasmalogen biosynthetic modules in engineering host cells such as yeast cells become possible. The production and composition of plasmalogens is controlled by synthetic genes and certain rate-limiting steps in biosynthesis such as Far1/2 and 1-alkyl-DHAP (Paul et al., 2019). It was found that supplementation with alkyl glycerol can increase plasmalogen levels in cultured cells (Marigny et al., 2002), animals (Brites et al., 2011), and humans (Das et al., 1992). The most commonly used alkyl glycerols to increase plasmalogen levels in mammalian research are chimyl (O-16:0), batyl (O-18:0), and selachyl (O-18:1) alcohols (Brites et al., 2011; Rasmiena et al., 2015; Tham et al., 2018). Therefore, expression of plasmalogen products can be regulated under specific conditions through the genetic circuit designing and integration of gene modules composed of plasmalogen-related genes and rate-limiting elements. Standard and modularized biological elements can be used to reconstruct the metabolic network in host cells to efficiently synthesize or improve plasmalogen products that meet needs. For anaerobic biosynthesis of plasmalogen, it is necessary for us to identify the key gene(s) responsible for the formation of the vinyl ether bond of plasmalogens in anaerobic bacteria before its synthetic biological study and application.

It has been known that cultured cells and animal tissues lacking plasmalogen are more sensitive to oxidative damage than their wild-type counterparts (Zoeller et al., 1988; Reiss et al., 1997). This is due to the presence of vinyl ether bonds making plasmalogens efficient antioxidants (Broniec et al., 2011). In particular, plasmalogens can protect unsaturated membrane lipids from oxidation by singlet oxygen and participate in the removal of various ROS (Maeba et al., 2002; Skaff et al., 2008). Plasmalogen is susceptible to cleavage by ROS, yielding products that may act as second messengers (Lorenzen et al., 2014). More importantly, plasmalogen deficiency correlates with various human neurological and aging diseases, such as AD and PD (Nadeau et al., 2019; Paul et al., 2019).

Alzheimer’s disease is a complex neurodegenerative disease characterized by progressive memory loss and progressive loss of neuronal cells mainly observed in the hippocampus (Fujino et al., 2017; Jan et al., 2017). Although the gradual accumulation of β-amyloid fibers (Aβ plaque) and abnormal forms of tau (tau tangles) inside and outside neurons are considered the neuropathology of AD, the causes and mechanisms of AD have not been fully elucidated (Fujino et al., 2017; Jan et al., 2017). Accumulation of β-amyloid in AD leads to the increase of ROS levels in cells and reduces the activity of ADHAP-S, which might result in the decrease of plasmalogens (Grimm et al., 2011). Plasmalogen levels in human serum decrease with age and reductions in alkyl PtdCho and alkyl PtdEtn levels have been observed in patients with hypertension (Graessler et al., 2009). The content of plasmalogens in the brain of AD patients after death is very low (Wood et al., 2010; Braverman and Moser, 2012). Among them, the PlsEtn decreased by about 70%(Wood et al., 2010; Onodera et al., 2015). Hossain et al. (2013, 2016) found that PlsEtn inhibited the death of hippocampal neurons by increasing the phosphorylation of Akt and ERK kinases through activating the neuronal specific orphan G-protein coupled receptors (GPCRs). In their study, pan GPCR inhibitors significantly reduce the plasmalogens-induced ERK signaling in nerve cells, indicating that plasmalogens could activate GPCR-induced signaling, Plasmalogens-mediated phosphorylation of ERK was inhibited in five of the GPCRs’ knockdown cells. Overexpression of these GPCRs enhanced the plasmalogens- mediated phosphorylation of ERK and Akt, and the GPCRs-mediated cellular signaling was reduced significantly when the endogenous plasmalogens were reduced, suggesting for the first time a possible mechanism of plasmalogens-induced cell signaling in the nervous system (Hossain et al., 2016). Direct consumption of plasmalogen or related phospholipids can be used to treat dementia. For example, DHA-PC and DHA-PS can restore the content of DHA-containing PS and PlsEtn in the brain, and significantly restore the lipid homeostasis of dementia mice (SAMP8 mice), which have a phenotype that accelerates aging (Zhao et al., 2020). Oral administration of PtdEtn rich in plasmalogens (PlsEtn) from viscera of marine animals ameliorated cognitive impairment and improved the learning ability in amyloid (Aβ)-infused rats (Yamashita et al., 2017). In recent human trials, Fujino et al. (2017) reported that oral supplementing scallop-derived purified plasmalogens (1 mg/day) for 24 weeks improved memory function of patients with mild AD. Hossain et al. (2018) reported that oral ingestion of plasmalogens can attenuate the lipopolysaccharide-induced memory loss and microglial activation in mice. These findings suggest the importance of comprehensive understanding of the functions and biosynthesis of plasmalogens, which might be developed as a potential medicine for AD. Due to the increasing need of plasmalogens, it is possible to biosynthesize plasmalogens on a large scale using synthetic biological strategy.

Parkinson’s disease is a metabolic disorder and neurodegenerative disease. The pathological feature is the abnormal aggregation of SNCA/α-synuclein in the brain and the loss of dopaminergic neurons in the substantia nigra (Ho et al., 2020). The relationship between PD and plasmalogen was controversial. Although the initial study found no changes in the PlsEtn of PD patients compared with the control group (Ginsberg et al., 1995), recent studies have found that the serum concentration of PlsEtn in PD patients is reduced and low levels of plasmalogen have also been detected in frontal lobe sebaceous rafts of PD patients (Dragonas et al., 2009; Fabelo et al., 2011). Nadeau et al. (2019) reported the neuroprotective and immunomodulatory effects of plasmalogen precursors on mice with PD. They found that the supplement of DHA-containing PlsEtn precursor PPI-1011 in the intestine of mice treated with 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP) could not only prevent MPTP-induced decrease in PlsEtn levels but also reduce macrophage infiltration in the intermuscular plexus of MPTP-treated mice (Nadeau et al., 2019). These results indicate the potential application of PlsEtn in the treatment of PD.



CONCLUSION

This review summarizes the current knowledge in the field of anaerobic and aerobic biosynthetic pathways and application potential of plasmalogens in medicine. The anaerobic biosynthesis of plasmalogens differs in synthetic genes and precursors from that of oxygen-dependent biosynthesis pathway. Two different biosynthetic pathways demonstrate the significant functions and evolution of plasmalogens in organisms. The recent identification of 1′-alkyl desaturase elucidated the aerobic plasmalogen biosynthesis pathway and opened the door to the aerobic synthesis of plasmalogens using synthetic biological strategy. Further investigation on the genes responsible for the critical step in anaerobic synthesis pathway is required for the comprehensive understanding of plasmalogens evolution and functions. Because of the relevance of plasmalogens to neurological diseases, it is increasingly important to investigate the production and application of plasmalogens as potential therapeutic strategies for treating and preventing neurodegenerative and metabolic diseases.
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The prolamellar body (PLB) is a periodic bicontinuous membrane structure based on tubular tetrahedral units. PLBs are present in plant etioplasts and, upon illumination, directly transform into the lamellar thylakoid networks within chloroplasts. Efficient tubular-lamellar rearrangement and later formation of the photosynthetically active thylakoid membranes are crucial steps in the development of plant autotrophy. PLB membranes are mainly composed of galactolipids, carotenoids, and protochlorophyllide (Pchlide), the chlorophyll precursor, bound in a complex with NADPH and Pchlide oxidoreductase. Although the PLB structure has been studied for over 50 years, the direct role of particular membrane components in the formation of the PLB paracrystalline network remains elusive. Moreover, despite the numerous literature data regarding the PLB geometry, their reliable comparative analysis is complicated due to variable experimental conditions. Therefore, we performed comprehensive ultrastructural and low-temperature fluorescence analysis of wild type Arabidopsis thaliana (Arabidopsis) seedlings grown in different conditions typical for studies on etiolated seedlings. We established that the addition of sucrose to the growing media significantly affected the size and compactness of the PLB. The etiolation period was also an important factor influencing the PLB structural parameters and the ratio of free to complex-bound Pchlide. Thus, a reliable PLB structural and spectral analysis requires particular attention to the applied experimental conditions. We investigated the influence of the pigment and polyprenol components of the etioplast membranes on the formation of the PLB spatial structure. The PLB 3D structure in several Arabidopsis mutants (ccr1-1, lut5-1, szl1-1npq1-2, aba1-6, pif1, cpt7) with disturbed levels of particular pigments and polyprenols using electron tomography technique was studied. We found that the PLB nano-morphology was mainly affected in the pif1 and aba1-6 mutants. An increased level of Pchlide (pif1) resulted in the substantial shift of the structural balance between outer and inner PLB water channels and overall PLB compactness compared to wild type plants. The decrease in the relative content of β-branch xanthophylls in aba1-6 plants was manifested by local disturbances in the paracrystalline structure of the PLB network. Therefore, proper levels of particular etioplast pigments are essential for the formation of stable and regular PLB structure.
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INTRODUCTION

The prolamellar body (PLB) is a unique periodic bicontinuous membrane structure of angiosperm etioplasts. It is formed mainly in young, light-deprived tissues having a photosynthetic potential when exposed to light (reviewed in Solymosi and Aronsson, 2013; Pogson et al., 2015; Kowalewska et al., 2019). Therefore, PLBs are persistent structures of plastids in cotyledons or the first true leaves of dark-germinating seedlings, but are also present in, e.g., close buds of some species (Solymosi and Böddi, 2006; Solymosi and Schoefs, 2010). Although the PLB was visualized for the first time already in the 1950s (Leyon, 1954), but still the knowledge about the structural pathway of its formation remains elusive and requires further investigation. On the other hand, the on-light transformation of the paracrystalline PLB into the lamellar structure of grana and stroma thylakoids is well known (Gunning, 1965; Forger and Bogorad, 1973; Bradbeer et al., 1974; Robertson and Laetsch, 1974; Mostowska, 1986; Rudowska et al., 2012), however, the spatial structural details of the tubular-lamellar membrane transformation during the chloroplast biogenesis was only recently shown (Kowalewska et al., 2016). Thus, the PLB is a direct precursor of one of the most complicated and important membrane systems in nature, i.e., the thylakoid network of chloroplasts hosting light-dependent reactions of the photosynthesis. Due to a specific composition and the structural configuration of an exceptionally high surface-to-volume ratio (Gunning, 2001), the PLB is considered to play various functions during the chloroplast development. For instance, PLB is a lipid reservoir for developing thylakoids, and a significant increase in de novo lipid synthesis was detected only when no remnants of PLB were visible (Armarego-Marriott et al., 2019). Moreover, we have shown previously that the presence of large and stable PLB correlates with a highly efficient formation of grana structures during the early stages of the chloroplast biogenesis (Kowalewska and Mostowska, 2016).

More generally, PLB, similar to cubic membranes in other configurations, separate aqueous phase into a two-channel system enabling their different molecular composition and, therefore, function. The size of the water channels, controlled by the scale of the structure, can exclude or enable the localization of certain molecules on the particular side of the membrane (Mezzenga et al., 2019). In such way, we can directly link the ultrastructural features of the PLB, length-scale in particular, with new possible biological functions of this membrane arrangement performed on the molecular level. At the 3D level the balance between channels can be expressed as a ratio of inner and outer volumes of the PLB lattice modeled region.

The PLB structure is in general based on the triply periodic minimal surface template; however, it is characterized by the asymmetry leading to a geometrical imbalance between two sides of the membrane (Mezzenga et al., 2019). The majority of PLB configurations is formed via repetition of a basic tetrahedral tubular element forming 3D hexagonal lattice with the same symmetry as the zinc sulfide crystal – wurtzite or zincblende (Gunning and Steer, 1975; Murakami et al., 1985; Lindblom and Rilfors, 1989; Lindstedt and Liljenberg, 1990; Williams et al., 1998; Selstam et al., 2007). PLB can also adapt a geometry based on different polyhedrons forming so-called “open” type arrangements (Gunning, 2001). It is worth mentioning that even PLBs having the same geometrical configuration can markedly differ in terms of length-scale and balance between different structural features like the tubule diameter or hexagon size.

The paracrystalline PLB structure is determined by its specific composition; however, the role of only several components of the internal etioplast network in the formation and maintenance of such unique cubic arrangement has been identified so far. The crucial role of polar lipids – monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) in this process was recently shown by Fujii et al. (2017, 2018, 2019) using dgd1 mutant and DEX-inducible amiR-MGD1 line. It was proposed already in earlier studies, that the proper MGDG/DGDG ratio could play a role in the PLB organization (Selstam and Sandelius, 1984). Such hypotheses were mainly based on different roles of the conically shaped MGDG and the bilayer-forming DGDG in the bending of etioplast membranes (Demé et al., 2014). Etioplasts with a decreased MGDG and DGDG levels exhibit a severe decrease in the PLB size and show aberrations in its geometrical configuration (Fujii et al., 2017, 2018).

Apart from lipid components, the PLB also contains over 60 proteins from, e.g., pigment biosynthesis pathways, Calvin–Benson–Bassham components, and thylakoid photosynthesis proteins (Dehesh and Ryberg, 1985; Blomqvist et al., 2008). The most abundant protein is the light-dependent protochlorophyllide oxidoreductase (LPOR) enzyme; its key role in the formation of PLB has been previously shown using the porA-1 mutant (Paddock et al., 2012). The accumulation of LPOR proteins can restore PLBs in the constitutive photomorphogenic (cop1) mutants highlighting the central role of LPOR in the maintenance of the PLB structure (Sperling et al., 1998). The LPOR protein forms a ternary complex with NADPH and protochlorophyllide (Pchlide) – chlorophyll precursor, the most abundant pigment of PLB membranes (Armstrong et al., 1995; Blomqvist et al., 2008). Plants defective in the Pchlide accumulation do not develop PLBs (Von Wettstein et al., 1995; Franck et al., 2000), which might be directly related to lack of the Pchlide:LPOR:NADPH complex associated previously with the PLB structure formation (Böddi et al., 1989; Lebedev et al., 1995; Sperling et al., 1997; Selstam et al., 2011; Myśliwa-Kurdziel et al., 2013). It was shown that the LPOR abundance is proportional to the photoactive (bound in the ternary complex) Pchlide content, which correlates with the increased ratio of the photoactive to non-photoactive (free) Pchlide and with the PLB size (Franck et al., 2000). High photoactive/non-photoactive Pchlide ratio was also registered for seedlings germinated on a medium with sucrose (Suc) (e.g., Samol et al., 2011; Fujii et al., 2017) compared to these etiolated on a medium solution without additional carbon source (Franck et al., 2000; Huq et al., 2004; Aronsson et al., 2008). However, no correlation of such results with PLB structural parameters was given. Reliable analysis of the literature data linking the ultrastructural and spectral level of the PLB organization is particularly difficult due to various experimental setups used and lack of systematic analysis that could possibly show the influence of the nutrition media and the etiolation time on the PLB formation.

Carotenoids form another group of molecules that are highly abundant in the PLB membrane fraction. Their structural role in the PLB formation was demonstrated in the PLB-deficient ccr2 mutant, which accumulates particular poly-cis carotenoids and maintains wild type levels of LPOR and Pchlide (Park et al., 2002; Cuttriss et al., 2007; Cazzonelli et al., 2020). In the ccr2 mutant, restoration of the PLB structure is possible due to further mutations in the ζ-carotene isomerase (ZISO) pointing directly to the role of the cis-carotenoid component in the PLB structure development (Cazzonelli et al., 2020). However, because carotenoids are a large and diverse group of the lipophilic pigments, the role of other molecules from this group in the PLB formation cannot be excluded and remains to be studied. Finally, PLB and developed thylakoid membranes share similarities in composition, especially in terms of lipids (Selstam and Sandelius, 1984). Nonetheless, the role of many membrane components in the formation of grana and stroma thylakoid structure has been proposed, while their role in the PLB structure development still remains elusive, e.g., curvature-inducing proteins from CURT1 family or plastidial polyprenols (linear polyisoprenoids structurally similar to carotenes) (Armbruster et al., 2013; Akhtar et al., 2017).

The main goal of this study was to reveal the structural role of different pigments and polyprenols localized in the PLB membranes in the formation of their ordered bicontinuous configuration. Moreover, we checked the influence of experimental setup on the PLB formation and spectral properties of Arabidopsis thaliana (Arabidopsis) etioplasts. We established that changes in the experimental conditions substantially influence the etioplast development. Such observation might explain ambiguity in the previously published results regarding the PLB structure and its correlation with the Pchlide spectra pattern in the wild type and different Arabidopsis mutants. The 2D and 3D analyses of the PLB arrangement in pigment and polyprenol deficient Arabidopsis mutants pointed to a significant influence of Pchlide and β-β-xanthophylls on the PLB nano-morphology. Finally, we gave a direct experimental evidence that spatial parameters of PLB might be reliably predicted from the generated 3D theoretical models based only on measurements of the 2D TEM cross-sections.



MATERIALS AND METHODS


Growth Conditions

Seeds of Arabidopsis thaliana mutants ccr1-1 (N68151, sdg8; Park et al., 2002), lut5-1 (N616660, SALK_116660; Kim and DellaPenna, 2006), szl1-1npq1-2 (N66023; Li et al., 2009), aba1-6 (N3772; Niyogi et al., 1998), pif1 (N66041; Huq et al., 2004), cpt7 (N48213, SALK_022111; Akhtar et al., 2017), and ecotype Col-0 (N1092, wild type) were obtained from The European Arabidopsis Stock Center. Seedlings were grown in Petri dishes on Murashige and Skoog Basal Medium and Gamborg’s vitamins supplemented with 0.8% PhytagelTM (P8169, Sigma-Aldrich). For particular experiments, the nutrition medium was additionally supplemented with 1% of Suc. Etiolation (3–6 days in 23°C) was preceded with a 24 h stratification in 4°C and 4 h illumination (120 μmol photons m–2 s–1 in 23°C) to induce germination. All samples were collected in the darkness with photomorphogenetically inactive dim green light.



Transmission Electron Microscopy (TEM)

Samples for TEM were fixed for 2 h in 2.5% glutaraldehyde in 50 mM cacodylate buffer (pH 7.4), postfixed in 2% OsO4 at 4°C overnight and dehydrated in a graded series of acetone using the following sequence: 10 min, 30% (v/v); 10 min, 40% (v/v); 10 min, 60% (v/v); 30 min, 70% (v/v); 40 min, 80% (v/v); 3 × 40 min, 100%. Dehydrated samples were infiltrated in acetone:resin mixtures (3:1; 1:1; 1:3) and finally embedded in a pure resin medium (Agar 100 Resin Kit). Blocks with samples were cut into 90 nm specimens using the Leica UCT ultramicrotome. TEM images were performed with the help of the JEM 1400 (JEOL) equipped with Morada G2 CCD camera (EMSIS GmbH) in the Laboratory of Electron Microscopy, Nencki Institute of Experimental Biology of Polish Academy of Sciences, Warsaw, Poland. The PLB ultrastructural characteristics were calculated with the help of ImageJ software (Abramoff et al., 2004). PLB cross-sectional area was measured from 2D images of whole etioplasts using manual polygon tracing of PLB cubic region visible on the micrograph (Supplementary Figure 1A). Periodicity parameter was calculated based on averaged values obtained from Fast Fourier Transform (FFT) of 2D cross sections of micrographs showing nearly hexagonal planar lattice (Supplementary Figures 1B–D). PLB tubule width was established via manual measurement of the diameter of PLB tubules visible in particular orientations of PLB cross sections (examples show in Supplementary Figure 1E); measurements were based on the outer limits of each tubule (Supplementary Figure 1F).



Electron Tomography (ET) and 3D Theoretical Models

For ET experiments, samples were fixed as described above, and 200 nm thick leaf sections were placed on 100 mesh nickel grids for further analysis. Tomograms were collected from +60° to −60° at the 1° increment around one axis using the same JEM 1400 electron microscope equipped with the tomography supply at the voltage of 120 kV. Aligned tomogram tilts were reconstructed by 100 iterations of the SIRT algorithm in the TomoJ (ImageJ plugin) software (Messaoudii et al., 2007). PLB segmentations were done via generation of PLB membrane isosurfaces in the Imaris 8.4.2 software (Bitplane AG) (surface detail 3.5 nm, background subtraction 6.2 nm). Spatial structural parameters were calculated using the MeasurementPro package of Imaris 8.4.2. Area and inner volume of PLB isosurface were automatically generated from the obtained model, while outer volume was calculated as a volume of the space outside the isosurface placed inside the cuboid of the modeled region (Supplementary Figures 1G–I). Theoretical 3D models were generated using the Autodesk Fusion 360 software based on the exact structural parameters obtained from TEM cross-sections.



Low-Temperature Fluorescence (77 K)

Steady-state low-temperature (77 K) fluorescence emission spectra of Pchlide were recorded using a modified Shimadzu RF-5301PC spectrofluorometer with optical fibers guiding the excitation and emission beams (fluorescence emission detection at 0° angle). Freshly collected seedling samples (n ≈ 50–100 plants per single measurement) were tightly packed and placed directly between polytetrafluoroethylene and non-fluorescent glass plates of 15 mm diameter. Sample holder was submerged in liquid nitrogen and scans were taken in the range of 600–800 nm and 1 nm interval through the LP600 filter. The excitation wavelength was set at 440 nm, the excitation and emission slits were set at 10 and 5 nm, respectively. Raw spectra were subtracted using spectrum obtained for empty sample holder (both plates), smoothed and normalized to the value indicated in the particular figure captions.



Pigment Extraction and Chromatography

Pigments were extracted from cotyledons and upper parts (∼2–4 mm) of seedling hypocotyls (n ≈ 200) in 1 mL acetone:ethyl acetate 3:2 (v/v) as described in Cuttriss et al., 2007. Extracted pigments were separated using the Shimadzu Prominence HPLC System with PDA detector on Atlantis C-18 (4.6 × 250 mm, 5 μm, 100 Å) column (Waters). Elution was performed using ethyl acetate gradient in acetonitrile:water:triethylamine 9:1:0.01 (v/v) at 1 mL min–1 for 40 min according to the following timetable (0–2 min, 0% ethyl acetate; 2–32 min 0–66.7%, 32.2–37 min 66.7–100%). Compounds were identified, and the HPLC peak areas were integrated based on absorption spectra and retention times, according to Cuttriss et al. (2007); peak areas were integrated at 456 nm.



Polyprenol Extraction and Chromatography

The procedure of polyprenol extraction and analysis was performed as described in Akhtar et al. (2017). Briefly, 350 mg of snap-frozen etiolated seedlings were grounded in liquid nitrogen using mortar and pestle, suspended in a mixture of chloroform:methanol 1:1 (v/v), supplemented with 10 μg of internal standard (Prenol-27; Collection of Polyprenols, Institute of Biochemistry and Biophysics, Polish Academy of Sciences) and incubated for 72 h at 4°C in darkness. The extracts were filtered, evaporated under a stream of nitrogen, and hydrolyzed for 1 h at 95°C in a mixture of toluene:7.5% KOH (in water):95% ethanol 20:17:3 (v/v). Next, lipids were extracted three times with hexane, applied to a silica gel 60 column, and purified using the isocratic elution with 20% (v/v) diethyl ether in hexane. Polyprenols were analyzed by HPLC, as described previously (Skorupińska-Tudek et al., 2003). Extracts were separated by HPLC (Waters) using a ZORBAX XDB-C18 (4.6 × 75 mm, 3.5 μm) reverse-phase column (Agilent). Polyprenols were eluted with a linear gradient from 0% to 100% of methanol:isopropanol:hexane 2:1:1 (v/v) in water:methanol 1:9 (v/v) at a flow rate of 1.5 mL/min. Polyprenols were detected by absorption at 210 nm and quantified relative to the internal standard.



Statistical Analysis

For determination of the statistical significance of differences between results, one-way ANOVA with post hoc Tukey test at p = 0.05 was applied. All experiments were performed in three repetitions at least. Structural cross-sectional features were calculated for ≥ 20, while 3D spatial parameters from three modeled regions of interest per each variant.




RESULTS

In the first part of this study, we addressed the literature discrepancies regarding the correlation of PLB structure with etioplast spectral properties by testing the sampling methods, type of nutrition media, and time of etiolation. Further, after the selection of preferable experimental setup, we performed detailed 2D and 3D structural analysis of PLBs in plants with altered levels of polyprenols and different pigments, present in etiolated tissue.


Etioplast Distribution in Arabidopsis Seedlings

The ultrastructural analysis of plastids in subsequent regions of the shoot in 5-day etiolated Arabidopsis seedlings (Figure 1) revealed that etioplasts, characterized by the presence of paracrystalline PLB structure, were located in cotyledons and the first 2 mm of upper hypocotyl part (Figures 1A,B). However, etioplasts were more abundant in TEM cross-sections of cotyledons, and the regularity of the PLB located in this part of the seedling was higher compared with the upper hypocotyl part. In the middle and lower parts of the shoot, we did not observe PLB in the plastid cross-sections; only porous prothylakoids, vesicular structures, and plastoglobules were visible. This result points to the presence of proplastids in the middle and lower hypocotyl sections (Figure 1C). Moreover, we measured the 77 K emission spectra of Pchlide (i) in the total shoot fraction, (ii) in cotyledons and small hypocotyl parts (both including etioplasts), as well as (iii) in the middle and lower hypocotyl parts enriched with proplastids (Figure 1D). All analyzed spectra had two characteristic bands (∼632 and ∼653 nm). The first one corresponded to non-photoconvertible, free Pchlide species, while the second was related to the Pchlide:LPOR:NADPH complex (e.g., Ryberg and Sundqvist, 1982; Schoefs and Franck, 2003, 2008). Slight differences in the 632/653 nm peak ratios were observed between samples from different seedling regions. The higher signal coming from Pchlide:LPOR:NADPH complex was registered in cotyledon samples, which correlates with the PLB presence registered in TEM data (Figures 1A,B,D). For all further experiments, we decided to collect seedling regions enriched with etioplasts only. Moreover, all TEM and tomography data were obtained from the central part of the cotyledon blade.
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FIGURE 1. Ultrastructure of plastids in different shoot regions of 5-day etiolated Arabidopsis (Col-0) seedling grown on Murashige and Skoog medium without sucrose supplementation; white arrowhead – prolamellar body (PLB), black arrowhead – plastoglobule, asterisk – vesicle (A–C). Representative low-temperature (77 K) fluorescence emission spectra (excitation at 440 nm) of shoot (hypocotyl and cotyledons), cotyledons and upper 2 mm of hypocotyl, and hypocotyl (D); all spectra were normalized to the maximal value; note that the same, representative Col-0 “cotyledon” spectra (green) is also presented in Figures 3, 4, 6 – color code is preserved throughout the manuscript.




The Role of Nutrition Media in the Formation of the PLB Structure

Due to the fact that the etiolation and de-etiolation process in Arabidopsis is studied using nutrition media supplemented with 1–2% Suc or depleted in an additional carbon source, we decided to test how such variability in growing conditions could influence the PLB structure and etioplast spectral properties (Figure 2). We established that the Suc supplementation resulted in an increased rate of the storage lipid degradation, i.e., no lipid bodies were visible in TEM sections of cotyledon cells (Figures 2A,D). Moreover, the addition of Suc was correlated with a markedly larger PLB size (Figures 2B,E,G and Supplementary Figure 1A) and an increased periodicity (Supplementary Figures 1B–D) of the PLB lattice compared with plants etiolated on a medium without sugar supplementation (Figures 2C,F,G). Periodicity is a parameter describing distances (nm) between the neighboring cross-sectional unit cells of the PLB hexagonal lattice; the higher the value, the more loose the PLB structure. Changes in the PLB structure were related with the fluorescence results in which larger PLB coincided with an increased contribution of the 653 nm band in the Pchlide emission spectra (Figures 2G,I). Although lack of lipid bodies in the cell cytoplasm is a factor that makes TEM analyses easier, we decided to use Suc-free nutrition media to follow a more natural pattern of seedling growth. Sugar metabolism is very complex and can influence different aspects of seedling development, including lipid and protein composition. Moreover, sugars also serve as signaling molecules, which can severely affect different metabolic pathways playing a central role in plastid biogenesis (Tognetti et al., 2013; Lastdrager et al., 2014).
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FIGURE 2. Cotyledon ultrastructure of 5-day etiolated Arabidopsis (Col-0) seedlings grown on Murashige and Skoog (MS) medium without (A–C) and with sucrose (1% Suc) supplementation (D–F); electron micrographs showing whole cell (black arrowhead – lipid body) (A,D), etioplast ultrastructure (B,E), and prolamellar body (PLB) nano-morphology (C,F). Measurements of the PLB structural parameters (G,H); the horizontal line and black square in each box represent the median and mean value of the distribution, respectively; the bottom and top of each box represent 25 and 75 percentile; whiskers denotes standard deviation (SD); results from MS + 1% Suc samples marked with asterisk differ significantly at p = 0.05 from MS samples. Representative low-temperature (77 K) fluorescence emission spectra (excitation at 440 nm) of cotyledons and upper ∼ 2 mm of hypocotyl (I); all spectra were normalized to the maximal value.




The Size of the PLB and Etioplast Spectral Properties During the Etiolation Process

Etiolation of Arabidopsis seedlings is a process that requires preceding stratification and exposition of seeds to light to induce the coordinated germination of seedlings (Figure 3A). We analyzed the PLB structure and its spatial properties in plants etiolated for 3, 4, 5, and 6 days to establish how does the etiolation time influence the etioplast development. We registered the PLB-containing etioplasts in cotyledons of all examined seedlings (Figures 3B–E). The area of PLB increased gradually up to 5 days of etiolation and decreased markedly during the last day of the experiment (Figure 3G). The PLB periodicity slightly decreased during the etiolation; however, no significant differences between subsequent days were noted (Figures 3F,H). Pchlide low-temperature emission spectra obtained from 3- and 4-day etiolated seedlings showed an additional red-shifted band with a maximum at around 670 nm (Figure 3I). This peak was previously attributed to the aggregates of free Pchlide (Myśliwa-Kurdziel et al., 2013). Therefore, in this case, the proportion of 632/652 nm bands did not properly reflect the ratio of free and complex-bound Pchlide. In the case of seedlings etiolated for 5 and 6 days, the Pchlide spectra were similar, with a small decrease in the signal coming from the Pchlide:LPOR:NADPH in the latter (Figure 3I). In experiments on the Arabidopsis mutants, we decided to use samples collected during the 5th day of etiolation showing a large PLB and a typical Pchlide fluorescence pattern with a relatively high contribution of the photoactive Pchlide.
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FIGURE 3. Scheme of the applied experimental setup. After stratification in 4°C plants were grown in the optimal (22°C) temperature (A). Ultrastructure of cotyledon etioplasts (B–E) and prolamellar bodies (PLB) (F) of 3- to 6-day etiolated Arabidopsis (Col-0) seedlings; all PLBs (F) are shown in identical magnification indicated in the lower right panel. Measurements of the PLB structural parameters (G,H); description of the chart box as in Figure 2; results marked with asterisk on the top of the boxplot differ significantly at p = 0.05 from the previous day of etiolation. Fluorescence emission spectra (excitation at 440 nm) of cotyledons and the upper 2 mm of hypocotyl (I); all spectra were normalized to 1 at 632 nm.




2D PLB Morphology in Plants With Disturbed Levels of Pigments and Polyprenols

To elucidate the structural role of pigment and polyprenol components in the formation of PLB structure, we selected different Arabidopsis mutants with disturbed levels of particular PLB membrane components (Figure 4). The first group of mutants was aberrant in the carotenoid composition. The ccr1-1 mutant had a significantly decreased lutein (Lut) and violaxanthin (Vio) contribution in the total carotenoid pool. Moreover, the accumulation of pro-lycopene (p-Lyc), as well as ζ carotene (ζ-Car), was registered in the ccr1-1 mutant only (Figure 4A). In the carotenoid composition of the lut5-1 seedlings, the most significant difference compared with the Col-0 ecotype was an increase in the neoxanthin (Neo) contribution to the total carotenoid pool (Figure 4A). The opposite effect was observed in the szl1-1npq1-2 plants in which a decrease in the Neo contribution was accompanied by lowered levels of Vio and a substantial increase in the Lut content compared with Col-0 plants (Figure 4A). We also registered Lut-overaccumulation in aba1-6 plants in which the complete depletion of Neo and Vio was detected (Figure 4A). Moreover, a small amount of β-cryptoxanthin (β-Ctx) was detected in Col-0 plants, and only traces of this pigment were registered in the examined mutants. Pchlide is the most abundant precursor pigment of PLBs, and, as we mentioned above, plants depleted of this molecule do not form the PLB paracrystalline lattice. In this study, we used the Pchlide over-accumulating pif1 mutant (Huq et al., 2004), which accumulates the non-photoconvertible form of this precursor pigment (Figure 4B). This enables us to reveal if increased Pchlide level can modulate the PLB morphology. To decipher the role of polyprenols in the PLB formation, we used the cpt7 mutant deficient in plastidial polyprenols (Figure 4C).
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FIGURE 4. Percentage contribution of particular carotenoids (Neo – neoxanthin, Vio – violaxanthin, Ltx – luteoxanthin, Lut – lutein, Atx – anteraxanthin, p-Lyc – pro-lycopene, Ctx – cryptoxanthin, Car – carotene) in the total carotenoid pool of 5-day etiolated seedlings of Col-0 and carotenoid deficient Arabidopsis mutants (ccr1-1, lut5-1, szl1-1npq1-2, aba1-6) (A); data are mean values ± SD from at least three independent experiments; results marked with asterisk on the top of the bar differ significantly at p = 0.05 from Col-0. Representative low-temperature (77 K) fluorescence emission spectra (excitation at 440 nm) of cotyledons and the upper 2 mm of hypocotyl of 5-day etiolated Col-0 and pif1 seedlings (B); all spectra were normalized to the maximal value. HPLC/UV chromatograms of total polyprenol extracts obtained from 5-day etiolated seedlings of Col-0 and cpt7 mutant (C); the main polyprenol (Pren-10) peak is indicated on the representative chromatograms.


In the ultrastructure of all examined mutant etioplasts, we observed well-differentiated PLB arrangements (Figure 5). Qualitative analysis revealed that in aba1-6 plants, local disturbances in the paracrystalline structure of the PLB network were present (Figure 5D). In other mutants, we observed a uniform bicontinuous PLB structure. However, in all examined genotypes, particular PLBs were composed of several identical periodic configurations connected at different angles forming pseudo polycrystalline arrangements (Figures 5A–F, 6A). In the quantitative analysis, we established that the PLB periodicity is most severely affected in the pif1 plants in which high PLB compactness was observed (Figures 5E,G). Moreover, due to a substantial increase in the diameter of the PLB-building tubule (Figure 5H and Supplementary Figures 1E,F), the observed PLB configuration in the pif1 mutant was highly balanced in terms of outer and inner channel widths (Figures 5G,H, 8G,H). Such an arrangement is typical for many nature-occurring cubic membrane structures (reviewed in Almsherqi et al., 2009); however, it has not been observed yet in the etioplast PLBs. Slightly increased PLB periodicity was detected in the ccr1-1, aba1-6, and cpt7 mutants compared with Col-0 plants (Figure 5G). In the case of ccr1-1 and cpt7 plants, a decreased PLB compactness was accompanied by an increase in the PLB tubule width (Figure 5H). We did not recognize any correlation between the PLB organization, its cross-sectional size, and the Pchlide fluorescence pattern in the analyzed plants (Figures 5A–F, 6B,C).
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FIGURE 5. Ultrastructure of cotyledon etioplasts of 5-day etiolated seedlings of Arabidopsis carotenoid deficient mutants (ccr1-1, lut5-1, szl1-1npq1-2, aba1-6) (A–F); black arrowhead – distortion in the bicontinuous structure of the aba1-6 prolamellar body (PLB). Measurements of the PLB structural parameters (G,H); description of the chart box as in Figure 2; results marked with asterisk on the top of the boxplot differ significantly at p = 0.05 from Col-0.
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FIGURE 6. Electron micrograph of a “polycrystalline” prolamellar body (PLB) (A); dashed white lines separate PLB regions arranged at different angles; note that PLB image is an enlargement of the Figure 5F micrograph. Representative low-temperature (77 K) fluorescence emission spectra (excitation at 440 nm) of cotyledons and the upper 2 mm of hypocotyl of 5-day etiolated Col-0 and ccr1-1, lut5-1, szl1-1npq1-2, aba1-6, cpt7 seedlings (B); all spectra were normalized to the maximal value. Measurements of the PLB cross-sectional area (C); description of the chart box as in Figure 2; results marked with asterisk on the top of the boxplot differ significantly at p = 0.05 from Col-0.




The Spatial Arrangement of PLB in Plants With Pigment and Polyprenol Deficits

We studied the PLB organization in 3D using the ET method (Figure 7). Based on the reconstructed tomography stacks, we rendered isosurfaces reflecting the PLB lattice configuration visible from the angle determined by the cross-section orientation (Figures 7A–G). Due to the randomness of TEM/ET sample-cutting, the PLB lattices of different genotypes were analyzed from various angles (Figures 7A–G). Weakness of this method had, however, a limited impact on the calculated spatial PLB parameters (Figure 7H). It was due to the fact that every tomogram (at least 3) obtained for a particular genotype was positioned at different angles, and the visualized region typically covered polycrystalline configurations. The inner/outer volume ratio (Iv/Ov) (Supplementary Figures 1G–I) is a spatial parameter reflecting the balance between inner and outer PLB regions that represent the lumen and stroma compartment, respectively. The Iv/Ov ratio calculated from the 3D models was significantly increased in the pif1 plants, reaching the value of about 0.85, which indicated an increased balance between the PLB water channels of this mutant (Figure 7H). On the contrary, the Iv/Ov ratio was decreased in all other examined mutants, cpt7 in particular. The local PLB structural aberrations resulted in a higher standard deviation (SD) of the Iv/Ov parameter in aba1-6 plants compared to other analyzed genotypes. In terms of the surface area to Iv ratio, significantly different values from Col-0 were registered in the szl1-1npq1-2 plants only (Figure 7H).
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FIGURE 7. Middle layer of the tomography stack (upper panel) and rendered 3D membrane isosurface from the same region of the prolamellar body (PLB) (lower panel) of 5-day etiolated Col-0 and mutant (ccr1-1, lut5-1, szl1-1npq1-2, aba1-6, pif1, cpt7) seedlings (A–G). Measurements of the spatial PLB parameters (H); V – volume; description of the chart box as in Figure 2; results marked with asterisk on the top of the boxplot differ significantly at p = 0.05 from Col-0.




The Relevance of Theoretical 3D Models in the Analysis of Spatial PLB Parameters

Based on measurements of the PLB structural parameters from the TEM cross-sections, we generated 3D theoretical models of the PLB lattice in Col-0 plants and two mutants showing the most significant aberrations in the PLB nano-morphology (aba1-6 and pif1) (Figure 8). Similarly to data obtained from the tomography-based 3D isosurfaces, we calculated the Iv/Ov ratio for the theoretical models (Figure 8A). The results based on the experimental and theoretical models correlate quite accurately (less than 10% differences) (Figure 8A). This indicates that, in terms of spatial parameters, theoretical 3D models of highly repetitive cubic structures based on 2D TEM measurements can serve as a reasonable replacement for time and money consuming tomography experiments (Figures 8B–H). Such assumption was confirmed for significantly different PLB structures of three selected genotypes.
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FIGURE 8. Comparison of the inner/outer volume (V) ratio obtained from the isosurface models based on tomography data (Y axis) and data generated from the theoretical 3D models rendered according to the prolamellar body (PLB) lattice dimensions calculated from the 90 nm thick 2D TEM sections for Col-0, aba1-6, and pif1 cotyledons (A). Reconstructed exemplary PLB tomography volume displayed in Imaris software (B); whole PLB (upper panel) and magnified lattice fragment (lower panel). Exemplary micrograph of the Col-0 PLB cut at an angle showing the hexagonal pattern of the lattice (C). Theoretical model of a single layer of the Col-0 PLB network seen from two different angles (upper/lower panel) (D). Exemplary micrograph of the aba1-6 PLB showing regular bicontinuous configuration and a region exhibiting distortions in the lattice structure separated by a dashed white curved line (E); note that the orientation of the aba1-6 PLB cut is not parallel to the one in Col-0 shown in panel C. Theoretical model of a single layer of the aba1-6 PLB network seen from two different angles (upper/lower panel); regular and aberrant region of the model is divided by a dashed curved line (F). Exemplary micrograph of the pif1 PLB cut at an angle showing a hexagonal pattern of the balanced lattice of this mutant (G). Theoretical model of a single layer of the pif1 PLB network seen from two different angles (upper/lower panel) (H). Note that all theoretical models were rendered using mean values calculated form the multiple 2D PLB cross-sections of respective genotypes; membrane thickness in all theoretical models was fixed to 6 nm.





DISCUSSION

This work concerns the interplay between the structure and composition of the cubic membranes, as exemplified by the influence of carotenoid and polyprenol on the PLB nano-morphology. Therefore, in a broader context, our studies provide a better understanding of membrane folding at the molecular level. This remains one of the key topics in cell biology, still poorly understood.


The Importance of Experimental Setup in PLB Morphology Studies

Although the skotomorphogenesis (etiolated growth) has been a subject of many studies and the use of the etioplast model to track the chloroplast biogenesis at different levels of their organization is quite common (reviewed in Adam et al., 2011; Gabruk and Mysliwa-Kurdziel, 2015; Pogson et al., 2015; Rast et al., 2015; Mechela et al., 2019; Armarego-Marriott et al., 2020), no uniform model of plant cultivation was established. In this study, we examined whether different, typically used, conditions of Arabidopsis etiolation could impact the PLB development, and therefore, be the source of literature discrepancies.

In many studies on the Arabidopsis etiolated seedlings, the Suc-supplement nutrition media is applied. Probably, it is mostly related to the fact that the addition of Suc results in an increase of the seedling size by promoting cell proliferation and in a delay of the switch to cell expansion via the glucose-6-phosphate transporter pathway (Van Dingenen et al., 2016). Due to very small size of the Arabidopsis etiolated seedlings such procedure is very useful in, e.g., biochemical experiments that require sufficiently large sample biomass. However, it should be noticed that Suc plays also a signaling role in plastid development, affecting the chloroplast structure and biogenesis in the early stages of leaf development (Van Dingenen et al., 2016). Similarly, using etiolated seedlings, we showed that the PLB nano-morphology and etioplast spectral properties are altered in plants growing on Suc-supplemented media (Figure 2). The observed changes in the chloroplast development are probably mainly related to the repression of the plastid and nucleus-encoded photosynthetic proteins (Krapp et al., 1993). The influence of Suc on the regulation of the biosynthesis of components localized in PLB remains to be tested. However, based on the different structural responses of etioplasts on various nutrition media (Figure 2), we argue for using experimental setup in which no additional carbon source is applied. Only such approach will enable reliable use of dark-grown seedlings in further de-etiolation experiments.

The structural pathways of PLB formation during the process of skotomorphogenesis have been a subject of several studies performed on bean, pea, oat, and tobacco plants (Von Wettstein, 1967; Ikeda, 1968; Weier and Brown, 1970; Klein and Schiff, 1972; Kesselmeier, 1980; Lütz, 1981; Mostowska, 1986). So far, however, no consensus on the way of the formation of the PLB cubic structure has been reached. The obtained data suggest different possible formation patterns, including fusion of vesicles or contraction of porous membranes into regularly ordered tubules. Studies on PLB formation are particularly difficult because PLB structures are found even in the early stages of etiolation (Kowalewska and Mostowska, 2016). Similarly, in this study, we showed that the developed bicontinuous regular PLB structure is detected already after 3 days of etiolation (Figure 3), arguing for a short timescale of the PLB formation. Such observations suggest a rapid PLB accumulation, which is performed via an organized phase transition rather than a unit-by-unit way of assembly proposed earlier as a possible general way of cubic membrane folding (Landh, 1996). However, further, highly resolved studies are required to address this topic. In subsequent days of etiolation the PLB enlarges, the network periodicity undergoes a gradual decrease, and the Pchlide fluorescence pattern changes (Figure 3). Therefore, particular attention should be drawn to the comparison of the structural and spectral results obtained for different dark-growth times. The same caution should be applied for seedling region subjected for further analysis (Figure 1) to exclude non-uniform plastid pool.



The Role of Pigments and Polyprenols in the PLB Structure Assembly

Carotenoids and chlorophylls are essential components of the thylakoid network of chloroplasts, and their complete depletion is lethal. In the thylakoid membranes, these pigments are mainly bound with the photosynthetic proteins and they together play both structural and functional roles in the establishment of the photosynthetic efficiency (Lundqvist and Franckowiak, 2003; Dall’Osto et al., 2014). However, it has been estimated that about 15% of the chloroplast thylakoid carotenoids in Arabidopsis are localized in the lipid matrix phase influencing the physical properties of the membrane (Dall’Osto et al., 2010). Since PLB membranes are deficient in such pigment-binding proteins (Blomqvist et al., 2008), probably almost all carotenoids of etioplasts are located directly in the lipid phase of PLBs and prothylakoids. Therefore, their direct influence on the PLB structure might be even more pronounced than in the lamellar arrangement of the chloroplast thylakoids. It should be stressed that at least part of the PLB carotenoid pool could be located in the plastoglobules directly interconnected with the cubic lattice. The presence of particular carotenoids was confirmed in plastoglobules of chromo- and chloroplasts; however, the pigment composition of etioplast plastoglobules has not yet been identified (Ytterberg et al., 2006; Van Wijk and Kessler, 2017).

We tested four Arabidopsis mutants (ccr1-1, lut5-1, szl1-1npq1-2, aba1-6) deficient in different carotenoid classes (Figure 4). These mutants were earlier studied using fully developed plants, mainly in the context of the efficiency of the photosynthetic apparatus (e.g., Niyogi et al., 1998; Park et al., 2002; Kim and DellaPenna, 2006; Li et al., 2009). However, their role in the formation of the chloroplast thylakoid network structure is still elusive. Regarding the PLB organization, we registered the most pronounced changes in aba1-6 plants, which over-accumulated Lut and were depleted in Neo and Vio (Figure 4). Local disturbances in bicontinuous PLB configurations were visible in this mutant (Figures 5, 7, 8). An increase in Lut contribution was earlier attributed to a decrease in membrane fluidity (Gruszecki and Strzałka, 2005), due mostly to specific Lut structure enabling its molecules in the all-trans conformation to adopt two orthogonal orientations in the lipid bilayer (Sujak et al., 1999). The role of Lut- and DGDG-dependent membrane rigidification of dark-chilled cucumber etioplasts in the switch from “close” to “open” PLB structure was shown before; however, no disturbances in the bicontinuous PLB lattice configuration were registered (Skupień et al., 2017). Such results, together with the fact that no aberration in the PLB structure was detected in the szl1-1npq1-2 plants (Figures 5, 7), points to limited role of Lut over-accumulation in the maintenance of the PLB cubic configuration. We rather presume that the β-β-xanthophylls (Neo, Vio), which are depleted in aba1-6 seedlings, could play a stabilizing role in the PLB formation. However, it is worth noting that in the aba1-6 plants, characterized by a decreased level of the abscisic acid (Peskan-Berghöfer et al., 2015), levels of other PLB membrane components might be disturbed due to a broad regulatory role of this phytohormone (Wasilewska et al., 2008). Therefore, further studies are required to address this topic both in the context of etioplast PLBs but also of the chloroplast thylakoid membranes. Surprisingly, although the carotenoid composition is severely affected in the ccr1-1 plants (Figure 4), the PLB in this mutant is fully developed and regularly arranged (Figures 5, 7). It was previously established that in the ccr2 plants, the formation of PLB is completely arrested (Park et al., 2002; Cazzonelli et al., 2020). Such fact was attributed to the accumulation of cis-carotenes – p-Lyc and pro-neurosporene in particular. Park et al. (2002) presented a theoretical scheme showing how the steeped structure of cis-carotenes could prevent formation of the membrane curvature necessary for the PLB development. Restoration of the PLB structure is possible in the ccr2 mutant via further mutation in the ζ-carotene isomerase (ZISO), resulting in the block of cis-carotenes synthesis (Cazzonelli et al., 2020). The reason for the wild-type like PLB formation in the cis-carotenoid accumulating ccr1-1 mutant remains unclear (Figures 4, 5). We hypothesize however, that milder ccr1-1 phenotype compared to ccr2 plants, visible as only a partial decrease of the amount of Lut and a lower abundance of cis-carotenoids (pro-neurosporene and neurosporene particularly), is the most probable reason for PLB survival in the ccr1-1 plants. Moreover, it is possible that accumulated cis-carotenoids do not form any type of steric hindrance for the PLB membrane bending. We can speculate that lack of PLB in the ccr2 plants is related to other, not identified yet membrane component and its level regulated via an apo-carotenoid signaling pathway.

Pchlide is the most abundant in the diverse group of PLB pigments; its importance in the PLB formation was studied previously using plants with decreased levels of this precursor pigment. Here we used the Pchlide over-accumulating pif1 plants to check whether increased Pchlide level can influence PLB structure. It was suggested before, that the complex-bound Pchlide is located in the PLB lattice, while free non-photoconvertible Pchlide is rather located in the prothylakoids, loosely arranged around PLB lattice (Lindsten et al., 1988). It was also proposed that an increased contribution of the photoconvertible Pchlide in the fluorescence spectra could serve as an adaptation mechanism maximizing the use of light during the Pchlide transformation and promoting efficient conversion of PLB to thylakoids (Aronsson et al., 2008). However, our studies on pigment and polyprenol deficient mutants did not reveal any pattern linking the PLB periodicity, its cross-sectional size, and the Pchlide 632/653 nm ratio (Figures 5, 6). This suggests that photo and non-photoconvertible Pchlide forms could be located both in PLB and prothylakoids. We showed that even in hypocotyl regions deprived of PLB structures, the fluorescence spectra have similar ratio of 632/653 nm peaks to the seedling shoot including whole hypocotyl and PLB-rich cotyledons (Figure 1). Therefore, Pchlide:LPOR:NADPH complex might be located in prothylakoids, which was also confirmed earlier on isolated and fractionated internal etioplast membranes of wheat (Ryberg and Sundqvist, 1982). Based on our structural and spectral analyses, we presume that free Pchlide overaccumulated in the pif1 plants is located directly in the PLB lattice, causing an increase in its compactness. Similar spectral pattern together with comparable PLB periodicity value were detected earlier in cop1/PBO-1 line characterized by cop1 mutation (lack of PLB structure and complex-bound Pchlide) and simultaneous overexpression of PORB protein rescuing PLB cubic arrangement and partial formation of Pchlide:LPOR:NADPH complex (Sperling et al., 1998). Probably Pchlide-dependent decrease in PLB periodicity is not directly related to the Pchlide molecule shape but is rather connected with the imbalance between different groups of the PLB building blocks, a relative decrease in the polar-lipid contribution particularly. Studies on ER-originating cubic membranes in the fibroblast cell culture lines revealed that over-accumulation of particular ER-resident proteins markedly changing the protein/lipid ratio results in formation of the cubic arrangements (Snapp et al., 2003; Almsherqi et al., 2006). Such observations of even distant biological species are particularly relevant for a better understanding of cubic membrane differentiation. This is based on the assumption that the formation and stability of membrane configurations can be understood from the same basic principles because formation mechanisms are probably dictated by the charge and geometry of molecules rather than a specific amino acid sequence or lipid class.

Finally, we tested the role of plastid-located polyprenols in the PLB formation. The possible structural role of polyprenols in the chloroplast thylakoid membranes was raised before (Akhtar et al., 2017); however, no data concerning their potential role in the PLB formation were available. Due to a lower protein/lipid ratio in the etioplast membranes compared to thylakoids (Solymosi and Aronsson, 2013), it is highly probable that polar and non-polar lipid components play crucial role in the establishment of the cubic arrangement. However, diminish in plastidic polyprenols in the cpt7 mutant had a limited influence on the PLB arrangement causing only a slight decrease in the PLB compactness (Figures 4, 5). It might be related to the fact that even in etiolated seedlings of wt plants, polyprenol level is relatively low, and the abundance of only main plastidial polyprenol (Pren-10) was registered. Such result is consistent with earlier studies indicating induction of polyprenol accumulation on light and substantial increase of their content in photosynthetic tissue during leaf senescence (reviewed in Swiezewska and Danikiewicz, 2005).

Studies on the 3D PLB nano-morphology are particularly complicated due to small dimensions of the PLB lattice. Previously, a template matching technique was applied to predict the spatial arrangement of cubic membranes visible in the TEM cross-sections (Deng and Mieczkowski, 1998). However, no spatial parameters of the predicted structures nor a confirmation in the 3D experimental data were provided. Here, we obtained the actual 3D models of the PLB lattices from the ET experiments and compared the structural parameters with the ones generated from rendered spatial theoretical models based on the 2D TEM information (Figure 8). High level of correlation of these results gives an experimental evidence directly justifying further development of the matching technique. Progress in this method will enable prediction of the cubic spatial parameters in a faster and more efficient way than by using time and money-consuming 3D electron microscopy experiments.




CONCLUSION

This study provides a comprehensive analysis of the influence of different experimental setups typically used in etiolation/de-etiolation studies on the PLB nano-morphology. Our results point to the important role of Suc supplementation of the nutrition media and the duration of etiolation on the compactness and size of the PLB, as well as etioplast spectral properties. Therefore, particular attention should be drawn whether data obtained in different etiolation conditions are reliably comparable. In our studies using different Arabidopsis mutants with disturbed levels of the PLB pigments and polyprenols, we pointed out the important role of β-β-xanthophylls in the stabilization of the bicontinuous PLB structure, as well as the Pchlide level in the control of PLB compactness. This study broadens our understanding of the mechanisms governing cubic membrane formation, shedding light on the role of other than polar lipid and protein components in the cubic structure development. Further studies should consider how the disturbed PLB structure can influence the process of the tubular-lamellar transformation taking place during the chloroplast biogenesis. Irregular, over-compacted, or very loosely arranged PLB structure could substantially retard the chloroplast biogenesis via, e.g., trapping of molecules in hyperbended membranes or providing a limited lipid reservoir for the developing structures.
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Cubic membranes (CMs) represent unique biological membrane structures with highly curved three-dimensional periodic minimal surfaces, which have been observed in a wide range of cell types and organelles under various stress conditions (e. g., starvation, virus-infection, and oxidation). However, there are few reports on the biological roles of CMs, especially their roles in cell cycle. Hence, we established a stable cell population of human hepatocellular carcinoma cells (HepG2) of 100% S phase by thymidine treatment, and determined certain parameters in G2 phase released from S phase. Then we found a close relationship between CMs formation and cell cycle, and an increase in reactive oxygen species (ROS) and mitochondrial function. After the synchronization of HepG2 cells were induced, CMs were observed through transmission electron microscope in G2 phase but not in G1, S and M phase. Moreover, the increased ATP production, mitochondrial and intracellular ROS levels were also present in G2 phase, which demonstrated a positive correlation with CMs formation by Pearson correlation analysis. This study suggests that CMs may act as an antioxidant structure in response to mitochondria-derived ROS during G2 phase and thus participate in cell cycle progression.

Keywords: cubic membranes (CMs), cell cycle, reactive oxygen species (ROS), mitochondria, cell synchronization


INTRODUCTION

It is universally known that all organisms except viruses have biomembranes. The emergence of biomembranes, which enable cells to exist independently of environment, is a leap in biological evolution. Generally, the morphology of biomembranes is a bimolecular lamellar structure. However, there are also non-lamellar membrane structures in the cells, such as the cubic membranes (CMs), which have highly curved 3D nanoscale periodic structure with a 3-fold periodic minimum surface (Almsherqi et al., 2012; Paillusson et al., 2016; Deng et al., 2017). CMs seem to be evolutionally conserved and have been continually discovered by transmission electron microscopy in all the five kingdoms of life, namely monera, protista, fungi, plant, and animalia (Almsherqi et al., 2009; Zhan et al., 2017).

Although the precise biological role of CMs is unclear until now, research in recent decades has provided some clues. Chong et al. found that in the case of starvation, the inner membrane of mitochondria of amoeba was transformed into a cubic membrane structure to enhance mitochondrial function and maintain ATP production-a process critical for survival (Chong et al., 2018). The formation of cubic mitochondrial cristae in amoeba cells protects them against oxidative damage by enhancing the leakage of H2O2 and reactive oxygen species (ROS) in mitochondria and reducing the sensitivity of membrane lipids to oxidants (Deng et al., 2002). In addition, it is found that phospholipids rich in long chain polyunsaturated fatty acids in CMs can preferentially bind with superoxide anions, thus inhibiting the oxidative damage of RNA induced by ROS (Deng and Almsherqi, 2015). Another role of CMs is a “virus factory” in the host cells infected by virus. Virus infection can lead to rearrangement of cell biomembrane system and induce appearance of CMs, which is likely to provide a protective microenvironment for virus assembly and proliferation (Deng et al., 2010).

Of particular concern is the potential role of CMs in cell cycle progression. In 1965, an observational study found that a large number of CMs from mitochondria appeared during mitosis in amoebae (Daniels et al., 1965). Although the role of CMs is unknown, the study suggests the possibility that CMs may get involved in cell division. Since then, however, this phenomenon seems not to be confirmed in mammalian cells, particularly in the cells derived from humans. Hence, by employing the universally accepted cell synchronization method (Banfalvi, 2017), we tried to investigate the changes of CMs in different cell cycle phases of synchronized HepG2 cells. Our study demonstrated the appearance of CMs at G2 phase of cell cycle in mammalian cells, and by evaluating the levels of mitochondrial ROS and ATP, we conducted further research on the potential roles of CMs in cell cycle.



MATERIALS AND METHODS


Cell Culture

HepG2, human hepatocellular carcinoma cell line, was obtained from the American Type Culture Collection (ATCC) and cultured with RPMI 1640 medium (HyClone) containing 10% fetal bovine serum at 37°C in 5% CO2 and saturated humidity. When the confluence reached 80%, the cells were digested with 0.25% trypsin (HyClone) for generation or subsequent experiments.



The Acquisition of Synchronized Cells

HepG2 cells were seeded in 6-well plates, and when the adherent rate was about 50%, the cells were treated with 1 mM thymidine (Sigma, T1895) for 48 h. The cells were washed with warm fresh medium twice and 25 μM deoxycytidine (Sigma-Aldrich) in medium was added to promote release. The cells in G2/M and G1 phases were collected at indicated time points.



The Detection of Cell Cycle Distribution

The cell cycle detection kit (KeyGEN BioTECH, KGA512) was used to detect cell cycle distribution according to the instructions. Briefly, the cells were fixed with 70% ethanol and stored at 4°C overnight. Then, the fixed cells were centrifuged at 1,000 g for 5 min. After being washed with the PBS buffer, the cell samples were incubated with 100 μL RNAase at 37°C for 30 min and then with 400 μL PI at 4°C for 30 min under a dark condition. The flow cytometry (BD Biosciences) was used to detect fluorescence signal at FL2-A channel by the CFlow Plus software. A quantitative analysis of the proportion of each phase in a cell cycle was conducted by the LT ModFit software.



The Detection of Cell Apoptosis

Cell apoptosis was detected by the AnnexinV-FITC/propidium iodide (PI) staining (Mao et al., 2019). When the treatment was completed, the cells were harvested and washed twice with PBS. After centrifugation, cells were resuspended at 2 × 105/mL and assayed by the AnnexinV-FITC/PI kit in accordance with the manufacturer's instructions. In each sample, 500 μL binding buffer, 5 μL Annexin V-FITC and 5 μL PI were added in turn and incubated at a room temperature for 15 min under a dark condition. Apoptosis was detected by flow cytometry (BD Biosciences). Annexin V-FITC and PI fluorescents were detected by FL1 and FL3 channels, respectively.



The Ultrastructural Study by Transmission Electron Microscope

HepG2 cells were seeded in T75 cell culture flask. After synchronization and release at indicated time points, the cells were collected and fixed by 2.5% glutaraldehyde. After ultrathin sections were made, the ultrastructure was observed and the number of CMs in cells was counted by transmission electron microscope (Tecnai G2, FEI).



The Determination of ROS

The intracellular ROS level was determined by DCFH-DA staining as described (Kong et al., 2019). After the cells were collected and washed with PBS, DCFH-DA dye (Sigma, D6883) with a final concentration of 10 μmol/L was used to incubate with each sample for 30 min at 37°C under a dark condition. Intracellular ROS levels were detected by flow cytometry (BD Biosciences) (EX/EM: 488 nm /530 nm). The CFlowPlus software was used to collect and process the data.



The Measurement of Mitochondrial ROS (mtROS)

A mitochondria-targeted MitoSOX probe was used to measure mtROS levels as described (Gao and Zhang, 2020). After the cells were collected and washed with PBS, each sample was added into 5 μmol/L MitoSOX (Invitrogen, M36008). After incubation for 30 min at 37°C under a dark condition, the flow cytometry (BD Biosciences) was employed to detect fluorescence intensity at FL2A channel (EX/EM: 510 nm /580 nm).



The Detection of ATP Content

Enhanced ATP Assay Kit (Beyotime Biotechnology, S0027) was employed to detect the ATP content as described (Ding et al., 2020). After lysis of the cells on the ice, the lysate was centrifuged at 4°C for 5 min and the supernatant was taken to store at 4°C. One hundred microliter ATP-detection solution was added to the test wells for 5 min. Twenty microliter samples or standard products were added to the test wells and RLU values were detected by multifunctional microplate reader (Tecan Group Ltd.). The concentrations of ATP in the samples were calculated by the standard curve. The protein concentration was determined by BCA assay kit (Thermo Scientific) and ATP content was normalized by protein concentration.



Statistical Analysis

The values were expressed as the mean ± SD. Statistical comparison was estimated by a one-way ANOVA followed by a Dunnett-t test for comparing all the groups with the control group. All analyses were performed using the Statistical Package for the Social Sciences 20.0 (SPSS20.0) software. In all the cases, a two-tailed p-value lower than 0.05 was considered statistically significant.




RESULTS


The Highly Synchronized Cells Were Induced by Thymidine Treatment

The cultured cells in vitro were a mixture of cells in all phases. By collecting the cells at indicated times after seeding, we found that the percentage of all phases remained relatively constant and the cells in G1, S and G2/M phases accounted for about 54.87, 36.22, and 8.90%, respectively (Figure 1A).


[image: Figure 1]
FIGURE 1. The highly synchronized cells in S phase were induced by thymidine for 48 h. (A) The distributions of cell cycle at indicated time after seeding asynchronous HepG2 cells. (B) Flow cytometric analysis showed the changes of cell cycle distributions after treatment with 1 mM thymidine for 0, 24, and 48 h, and the percentages of cells in G1, S and G2/M phases were statistically shown in (C). (D) After treatment with 1 mM thymidine for 48 h, AnnexinV-FITC/PI staining was employed to assess cell apoptosis, and the percentage of live cells was shown in the histogram. All data were denoted as the means ± SD; N = 3.


In order to collect synchronized cells, we screened a series of synchronization methods and employed thymidine treatment as a reversible blocking agent to induce cell synchronization. After treatment with 1 mM thymidine for 24 and 48 h, the distribution of cell phases showed a significant change in a time-dependent manner (Figures 1B,C). At 24 h, the cell proportion in G1 phase decreased and the cell proportion in G2/M phase reached nearly zero. The cells in S phase markedly increased to about 70%. At 48 h, the unique peak (i.e., S peak) appeared and the percentage of cells in S phase reached 100%. As an ideal synchronization method should not cause obvious apoptosis, we thus examined cell apoptosis after treatment with thymidine for 48 h. As shown in Figure 1D, the percentage of live cells at 48 h was about 98%, which was roughly the same as that at 0 h. Thus, treatment with thymidine for 48 h did not induce apoptosis, suggesting that thymidine treatment was a reasonable and reliable method for cell synchronization.



The Cells in G2, M and G1 Phases Were Collected After S Phase-Blocking Cells Were Released

To collect the cells in other phases, the S phase-blocking cells were released and then DNA contents were determined at different time points (0, 2, 4, 5, 6, 7, 8, 9, 10, and 12 h). As shown in Figures 2A,B, the distribution of cell phases at 2 h was the same as that at 0 h. However, the phase peaks dramatically altered 2 h later. The cells in G2/M phase robustly increased to 75% at 4 h, reached nearly the maximal level (~80%) at 6–7 h. At 8 h, the percentage of G2/M phase slightly decreased. At 9 h, the cells in G2/M phase decreased dramatically and G1 peak suddenly rose, and the cells in G1 phase were about 30% in cell population. More than half of the cells were in G1 phase at 10 h and the synchronization rate of 75% was achieved at 12 h. Based on an analysis of the time-dependent changes of cell cycle, G2 phase of cell cycle was from 4 to 8 h, and M phase was taken about 2 h from 8 to 10 h, which was verified by morphology showing that the round cells (undergoing mitosis) substantially appeared at 9 h (Figure 2C). Additionally, cells entered G1 phase at 12 h.


[image: Figure 2]
FIGURE 2. The distribution changes of cells in G2, M and G1 phase after S phase-blocking cells were released. (A) The distributions of cell cycle phases were measured by flow cytometry at indicated time points after releasing from S phase, and the dynamic changes of G1, S and G2/M phases were shown in (B). All of the values were denoted as the means ± SD; N = 3. (C) Representative photos showed the changes of general morphology of cells at indicated time points. The red arrow marking round cells represents those undergoing mitosis. The scale is 100 μm.




CMs Formed in the Cells of G2 Phase

Based on the results presented above, we identified some more targeted time points (0, 2, 4, 5, 5.5, 6, 6.5, 7, 7.5, 8, 9, and 12 h), trying to observe CMs by transmission electron microscope. As shown in Figure 3A, CMs weren't observed at 0 h and 2 h. However, different sizes of CMs were observed from 4 to 8 h except 7 h (i.e., in G2 phase). At 9 and 12 h, CMs were in absence. In conclusion, CMs formed in G2 phase of cell cycle, and they were more likely to be observed in cells at 5 and 8 h, which showed a bimodal distribution (Figure 3B).


[image: Figure 3]
FIGURE 3. CMs appeared in G2 phase of cell cycle. (A) Ultrastructural observations of cells at indicated time points after releasing from S phase. Representative images (20500X magnification) by transmission electron microscope were shown and the enlarged images in the rectangular area were placed below, respectively. (B) Statistics of CMs in every 100 cells at indicated time points. All values were denoted as the means ± SD; N = 3.




The Formation of CMs Was Positively Correlated With ROS Level

Because recent studies show that CMs correlate with cellular antioxidant activity, we measured the levels of intracellular ROS and mtROS. As shown in Figures 4A,B, intracellular ROS level showed a dynamic change with bimodal distribution and significantly increased at 5–5.5 h and 7.5–8 h. Then, we conducted a Pearson' correlation analysis to identify the relationship between CMs formation and intracellular ROS level, and found a positive correlation (r = 0.7263, p < 0.05, Figure 4C). Similarly, mtROS level rose at 5 and 7.5 h (Figures 5A,B), demonstrating a positive correlation with CMs formation (Figure 5C).


[image: Figure 4]
FIGURE 4. The occurrence of CMs in G2 phase was correlated with ROS level. (A) Representative charts showing the change of ROS peaks after releasing from S phase which were detected by flow cytometry. The middle line was as a reference. (B) The histogram represented the change of ROS levels at indicated time points by analysis of fluorescence intensity. All values were denoted as the means ± SD; N = 3. *P ≤ 0.05, compared to the 2 h group. (C) The correlation between the average count of CMs and relative ROS level was shown by Pearson's correlation analysis.
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FIGURE 5. The presence of CMs in G2 phase was correlated with mtROS level. (A) Representative charts showing the shift of mtROS peaks after releasing from S phase which were detected by flow cytometry, and the middle line was as a reference. (B) The change of mtROS levels at indicated time points was shown by analysis of fluorescence intensity. All data were expressed as the means ± SD; N = 3. *P ≤ 0.05, compared to the 2 h group. (C) The correlation between the average count of CMs and relative mtROS level was shown by Pearson's correlation analysis.




The Presence of CMs Had a Positive Correlation With ATP Level

Because of the relationship of CMs with mtROS and their potential association with mitochondrial function, ATP levels were detected to assess the mitochondrial function at indicated time. According to Figure 6A, the ATP levels significantly increased within the range from 4 to 8 h, reaching the peak levels at 5 and 8 h. Moreover, Pearson's correlation analysis showed a positive correlation between CMs formation and ATP level (r = 0.8999, p < 0.001, Figure 6B).


[image: Figure 6]
FIGURE 6. The occurrence of CMs in G2 phase was correlated with ATP level. (A) Histograms represented the change of ATP level at indicated time points after release. All of the values were denoted as the means ± SD; N = 3. *P ≤ 0.05, compared to the 2 h group. (B) Pearson's correlation analysis showed the correlation between the average count of CMs and relative ATP level.





DISCUSSION

Although CMs are found in many cell types, there still lacks a comprehensive understanding of their biological role. The role of CMs in cell cycle has been of interest since the discovery of CMs in amoeba cells during mitosis in 1965. However, there seems to be no evidence for the existence of CMs in mammalian cell cycle. This study proves that CMs exist in the mammalian (more specifically in human) cell cycle and only in G2 phase, and that CMs are associated with mitochondria-derived ROS. It is thus suggested that CMs, as a structural antioxidant defense system, may play an important role in cell cycle.

Generally, proliferating cells go through four phases, G1, S, G2, and M, among which G2/M phase takes the least time (Mercadante et al., 2020). Therefore, the proportion of G2/M cells is the lowest, for example, only 8.9% in HepG2 cells (Figure 1A). Obviously, the observation of events in G2/M phase requires cell synchronization, a technique of driving cells into one phase by certain drugs or other methods (Banfalvi, 2017). In this study, we used thymidine treatment as a synchronization method, which is widely used in cell cycle studies (Banfalvi, 2017; Booy et al., 2017). The ideal synchronization cannot cause damage to cells, and the cells can continue to complete mitosis after the synchronization treatment was removed. The synchronization method employed in this study was suitable, as it did not cause apoptosis or abnormal cell division (Figures 1D, 2C). It was due to the application of cell synchronization that in this study CMs were observed during G2 phase of the mammalian cell cycle. Compared with the CMs discovered in amoeba cells in G2 phase by Daniels et al. (1965), the CMs discovered in this study seem to have a similar structure (parallel, wavy or zig-zag configuration) and also appear in G2 phase, suggesting that CMs may be conservative in cell cycle. Compared with the method to roughly determine cell phase by cell morphological observation applied by Daniels et al. (1965), the synchronization method in this study can provide more details about CMs, such as the higher possibility of CMs to appear in the early and late G2 phase. Therefore, cell synchronization method was needed in the study of CMs in cell cycle.

It is well-known that ROS have both beneficial and deleterious effects, and “eustress” is employed to describe physiological stress (Sies, 2017; Antonioni et al., 2020; Sies and Jones, 2020). Obviously, the increase in ROS level in G2 phase of cell cycle belongs to eustress. However, the mechanism by which the high level of ROS does not cause oxidative damage remains unclear. This study found that the occurrence of CMs in G2 phase was closely related to the increased ROS, suggesting that CMs may be involved in cell cycle as an antioxidant. In fact, oxidant treatment has been reported to induce CMs formation (Sankhagowit et al., 2016). Although there is no report on the antioxidant effects of CMs in mammals, Deng et al. found that starvation-induced CMs in the amoeba Chaos protected RNAs and the gene expression regulatory system from oxidative damage caused by fasting, suggesting that CMs may play a protective role as an antioxidant and further promote cell survival under starvation-induced stress (Deng and Almsherqi, 2015; Deng et al., 2017; Chong et al., 2018). CMs are considered as an antioxidant defense system in organisms because of an abundance of plasmalogens with antioxidant properties in CMs (Deng and Almsherqi, 2015; Luoma et al., 2015). Plasmalogens are kinds of glycerophospholipids containing ether bonds, which are widely distributed in mammalian tissues, especially in heart, brain and muscle tissues (Paul et al., 2019). It is reported that plasmalogens can play a protective role against oxidative damage due to the special molecular composition and spatial conformation, and the supplementation of plasmalogens has a potential treatment effect on cardiometabolic and neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease (Luoma et al., 2015; Zhou et al., 2020). Hence, there is a high possibility that the appearance of CMs in G2 phase of cell cycle provides a shelter for RNAs which is critical to G2/M transition and mitosis, in case of attack by elevated ROS.

Mitochondrion is an energy factory of cells. When it produces ATP, some electrons in the electron transport chain of mitochondria inevitably leak out to produce mtROS (Figueira et al., 2013). Although the source of intracellular ROS includes but is not limited to mitochondria, peroxidase and NADPH oxidase complex under certain pathological condition, mitochondria are considered to be the most important ROS source in mammalian cells (Mailloux, 2020; Mari et al., 2020). MnSOD located in mitochondria is an important antioxidant enzyme. The methylation-dependent conformational change of MnSOD can gradually reduce its activity from G1 phase to G2/M phase, resulting in the increase in superoxide anion content in G2/M phase, which may be an important reason for the rise of ROS in G2 phase (Sarsour et al., 2012). This study found that mtROS (by employing mitochondria-targeted probe MitoSOX) and ATP levels increased in G2 phase, showing a similar trend as ROS. Moreover, the increase in mtROS level is correlated with the emergence of CMs, suggesting that the enhanced mitochondrial function (providing energy for mitosis) in G2 phase may lead to the increase in ROS level and the subsequent CMs formation. Accumulating evidence suggests that mitochondrial function has a dynamic change in cell cycle (Owusu-Ansah et al., 2008; Horbay and Bilyy, 2016; Mascanzoni et al., 2019), and ATP production is much more dependent on mitochondrial respiration in G2/M phase of cell cycle (Bao et al., 2013). This may be due to cell cycle machinery cyclin B1/Cdk1, which localized to the matrix of mitochondria and phosphorylated a cluster of mitochondrial proteins, and eventually resulted in the enhanced mitochondrial respiration and ATP generation in G2 phase (Wang et al., 2014).

Taken together, this study provides clues and methods for further research on the role of CMs in cell cycle progression. Future research is suggested to focus on the molecular regulatory mechanisms underlying the formation and depolymerization of CMs, a more detailed identification of the role of CMs in cell cycle, and their relationship with tumor. The elucidation of these issues will provide us with a more in-depth insight into the role of biomembranes.
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Amyloids are implicated in many diseases, and disruption of lipid membrane structures is considered as one possible mechanism of pathology. In this paper we investigate interactions between an aggregating peptide and phospholipid membranes, focusing on the nanometer-scale structures of the aggregates formed, as well as on the effect on the aggregation process. As a model system, we use the small amyloid-forming peptide named NACore, which is a fragment of the central region of the protein α-synuclein that is associated with Parkinson’s disease. We find that phospholipid vesicles readily associate with the amyloid fibril network in the form of highly distorted and trapped vesicles that also may wet the surface of the fibrils. This effect is most pronounced for model lipid systems containing only zwitterionic lipids. Fibrillation is found to be retarded by the presence of the vesicles. At the resolution of our measurements, which are based mainly on cryogenic transmission electron microscopy (cryo-TEM), X-ray scattering, and circular dichroism (CD) spectroscopy, we find that the resulting aggregates can be well fitted as linear combinations of peptide fibrils and phospholipid bilayers. There are no detectable effects on the cross-β packing of the peptide molecules in the fibrils, or on the thickness of the phospholipid bilayers. This suggests that while the peptide fibrils and lipid bilayers readily co-assemble on large length-scales, most of them still retain their separate structural identities on molecular length-scales. Comparison between this relatively simple model system and other amyloid systems might help distinguish aspects of amyloid-lipid interactions that are generic from aspects that are more protein specific. Finally, we briefly consider possible implications of the obtained results for in-vivo amyloid toxicity.
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INTRODUCTION

Aberrant protein folding and aggregation are closely related to many diseases. Amyloids are one type of aberrant protein aggregates made of stacked β-sheets that form highly ordered fibrillar structures. Amyloids are associated especially with diseases that cause neural degeneration such as Alzheimer’s and Parkinson’s diseases (Chiti and Dobson, 2017; Eisenberg and Sawaya, 2017). In addition to proteins, a large variety of other biomolecules exist in the biological environment. One type is lipids, such as phospholipids, which make up the basic structures of cellular membranes in the form of bilayers. Lipids constitute roughly 40% of the non-protein dry mass of mammalian cells (Alberts et al., 2008), and amyloid formation thus occurs in a lipid-rich environment. Lipids have been of interest in relation to amyloids because they have been found accumulated with the protein material in amyloid deposits in diseased tissues. Reports of lipids present in amyloid deposits can be found at least as far back as 1969 (Bonar et al., 1969). In that early study, X-ray scattering experiments suggested the presence of lipids in amyloid deposits isolated from diseased spleen tissue. Lipids have also been found together with amyloids in neural tissues, such as in the brains of people with Alzheimer’s or Parkinson’s disease (Gellermann et al., 2005; Kiskis et al., 2015; Kaya et al., 2017; Shahmoradian et al., 2019). Furthermore, in vitro studies have demonstrated co-localization and disruptive effects of amyloids on phospholipid bilayers (Janson et al., 1999; Butterfield and Lashuel, 2010; Zhang et al., 2014; Kollmer et al., 2016). It has also been shown that lipid membranes may strongly interfere with the aggregation process and affect the kinetics during amyloid formation (Gorbenko and Kinnunen, 2006; Galvagnion et al., 2015; Iyer and Claessens, 2019). For these and other reasons, the interplay between lipids and amyloid forming peptides and proteins is believed to potentially play a key role in the pathophysiology of amyloid associated diseases. This might be particularly significant in neurodegenerative disorders since the function of neural tissues is dependent on lipid structures in axons, dendrites, and synaptic vesicles.

In this report we have investigated amyloid formation by the amyloid model peptide NACore and how the formed aggregates are affected by the presence of phospholipids, from a structural perspective on nanometer length-scales. NACore is an eleven amino acid residue peptide from the so-called non-amyloid-β component (NAC) region of the Parkinson’s disease associated protein α-synuclein (68-GAVVTGVTAVA-78) (Bodles et al., 2001; Rodriguez et al., 2015; Pallbo et al., 2019). This peptide has previously shown cytotoxic effects on cells in vitro (Bodles et al., 2001; Rodriguez et al., 2015). The short model peptide is suitable for studies of physicochemical aspects of amyloid formation and can further bring insights into the role of the amyloid-forming NACore segment in relation to the remaining segments of the full length protein. We have studied the effect of varying the lipid composition in terms of headgroup charge and acyl chain saturation. The structures of the aggregates were analyzed with cryogenic transmission electron microscopy (cryo-TEM), small and wide angle X-ray scattering (SAXS, WAXS), and small angle neutron scattering (SANS), as well as circular dichroism (CD) spectroscopy. One question we address is how intimate the interaction of lipids and amyloids are on the molecular level. In other words, to what extent there is formation of new peptide-lipid-mixed structures that are distinct from both pure peptide fibrils and pure lipid bilayers. We believe that the results obtained here, with the relatively simple model systems outlined above, give important clues about the underlying physico-chemical mechanisms of phospholipid-amyloid interactions. In the end, this might help us to better understand the role of lipids in the pathophysiology of amyloid associated diseases.



MATERIALS AND METHODS


NACore Peptide and Phospholipids

Lyophilized NACore peptide powder was purchased from Innovagen AB [GAVVTGVTAVA, 944 g/mol, trifluoroacetic acid (TFA) salt, >95% purity as specified by the supplier] and used as supplied. The concentrations specified in the report refer to the amount of lyophilized peptide powder used. Phospholipids were purchased from Avanti Polar Lipids Inc., United States in powder form and were used as supplied. The phospholipids used in the experiments were mixtures in various proportions of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS).



Phospholipid Vesicle Preparation

The desired phospholipids were dissolved in a 9:1 mixture of chloroform and methanol (volume ratio) at a total lipid concentration of 10 mM. The required amount of solution was then dried into a lipid film in a glass vial under a stream of nitrogen gas, followed by further drying in vacuum overnight. A sodium phosphate solution (∼ pH 7) was then added to the film. A dispersion of small vesicles was obtained by vortexing followed by tip sonication (Sonics & Materials, Inc., United States, Vibra-Cell VCX 130). The sonication time was 10–15 min for POPC:POPS 8:2 and DMPC:DMPS 8:2, and 30 min for POPC in on-off cycles of 5–10 s, at an amplitude of 50–60%. Debris from the sonication tip was pelleted by centrifugation at 16 000 Relative Centrifugal Force (RCF) for 5 min, and the resulting supernatant was used as the final phospholipid vesicle dispersion for the experiments. For POPC:POPS 8:2 and DMPC:DMPS 8:2, the vesicle suspension appeared clear to the eye under ambient light, but for POPC alone some turbidity remained despite the longer duration of tip sonication (presumably due to lack of electrostatic repulsion between the bilayers).



Peptide Fibrillation Procedure

Lyophilized NACore peptide was dissolved at the desired concentration in 2 mM NaOH (pH 11.3). Fibrillation was induced by mixing the dissolved peptide with a sodium phosphate solution, which lowered the pH to about 7 and yielded a final sample with either 0.1 mg/ml peptide + 1 mM NaH2PO4 + 1 mM Na2HPO4 (for the cryo-TEM experiments), or 0.3 mg/ml peptide + 2 mM NaH2PO4 + 2 mM Na2HPO4 (for the X-ray scattering and CD measurements). The concentrations used differed because the different techniques required different amounts of material (and the experiments were initially carried out as parts of different data sets). When fibrillation was performed together with phospholipid, the vesicle dispersion was added together with the sodium phosphate solution as the pH was lowered. Approximately equimolar amounts of peptide and phospholipid molecules were present in the samples.



Cryogenic Transmission Electron Microscopy (cryo-TEM)

Vesicles composed of either POPC:POPS 8:2 or POPC only were prepared, and peptide fibrillation was induced by a change in pH. After 4 h of quiescent incubation at room temperature, a small part of the sample was taken out, vitrified, and observed with a JEM-2200FS (JEOL) transmission electron microscope with an accelerating voltage of 200 kV and an in-column energy filter for zero-loss imaging (Omega Filters, India), as has previously been described (Pallbo et al., 2019). Images were recorded digitally using a TVIPS TemCam-F416 digital camera.



Small and Wide Angle X-Ray Scattering (SAXS and WAXS)

The peptide alone and peptide-lipid samples were prepared as described above and then incubated quiescently over night at room temperature. The aggregated material was collected as a pellet by centrifugation for 3 h at 10 000 RCF at room temperature (resulting in a roughly 10 times increase in concentration of aggregated material, as estimated from the volume of the pellet). Part of the collected material was then placed in a glass capillary tube, and X-ray scattering was performed using a Ganesha 300XL system (SAXSLab) with a Cu ULD SL X-ray source (Xenocs) and a 2D PILATUS 300k detector (Dectris). The measurements were done in vacuum at room temperature unless stated otherwise, and a total of three detector distances were used (corresponding to different q-value ranges, from about 3⋅10–2 to 25 nm–1), with a total of 6 h of exposure time for each sample. Phospholipid vesicles incubated alone without the peptide were also investigated in a similar way, as well as water which was used as background. The scattering from the water was subtracted from the scattering curves of the samples before plotting. Fittings were performed in MATLAB by implementing standard form factor scattering models from SasView1, see Supplementary Table 1 for details. Polydispersity in the models was simulated by drawing 104 values of the polydisperse parameter from a lognormal probability distribution, calculating the scattering profile for each value, and averaging of all the resulting curves.



Circular Dichroism (CD) Measurements

Samples were prepared in the same way as for X-ray scattering, except that they were not concentrated by centrifugation. At different time points of the incubation, 300 μl of each sample was transferred a 1 mm path length quartz cuvette (Hellma, Germany, 110-QS), followed by measurement of the CD spectrum using a JASCO J-715 instrument at room temperature (two accumulations, scan rate of 20 nm/min, 2 s response time, and 2 nm band width, resulting in a HT voltage below 600 V at all wavelengths). The CD spectrum from the same cuvette filled with water was used as a reference and subtracted from the sample spectra before plotting.



RESULTS

We have previously reported that pH can be used to control the fibrillation of NACore (Pallbo et al., 2019). At high pH, the peptide has a net negative charge and a higher aqueous solubility than at lower pH closer to its isoelectric point (∼ pH 5.5). Fibrillation of dissolved NACore can thereby be induced by lowering the pH toward the isoelectric point. For the present experiments, we prepared the initial peptide solution at pH 11.3 (2 mM NaOH) and induced fibrillation by the addition of NaH2PO4 solutions to a final pH of about 7. We performed fibrillation both in the absence and presence of phospholipids. The phospholipids were either a mixture of 80 mol% POPC and 20 mol% POPS (POPC:POPS 8:2), POPC alone, or a mixture of 80 mol% DMPC and 20 mol% DMPS (DMPC:DMPS 8:2). In all samples that contained both peptide and phospholipids the amounts of peptide and lipids were approximately equimolar.


Cryo-TEM Reveals Affinity Between NACore Fibrils and Phospholipid Vesicles

Cryogenic transmission electron microscopy shows that fibrils are formed both in the absence and presence of phospholipid vesicles (Figures 1, 2 and Supplementary Figures 1–3). In the samples containing peptide and phospholipids, highly distorted vesicles can be observed interspersed among the fibrils (Figure 1 and Supplementary Figures 1, 2). In the case of POPC:POPS, many vesicles have highly distorted shapes as they are trapped in the fibril network, mainly as a consequence of the vesicle diameter being larger than the network mesh size. In the case of pure POPC, we observe lipid structures that strongly deviate from the originally sonicated vesicle dispersion. Many vesicles are much larger than in the original dispersion, presumably as a result of fusion events. Moreover, the shapes of these large vesicles deviate strongly from spheres and they appear to wet the fibril surfaces, indicative of an attractive fibril-bilayer interaction. It is also noted that substantially fewer fibrils are observed in the samples where NACore was aggregated in the presence of POPC vesicles (Figure 1B), compared to the sample with POPC:POPS vesicles (Figure 1A). While the distorted vesicles in both types of samples are associated with the fibrils, the bilayers of these distorted vesicles can still be rather clearly distinguished from the fibrils. In the samples containing POPC vesicles, some of them are multilamellar (Figure 1B) which is probably due to lack of electrostatic repulsion between the bilayers due to the zwitterionic nature of the glycero-3-phosphocholine (PC) head group (Scott et al., 2019). Multilamellar vesicles were observed also for POPC without NACore present (Supplementary Figure 4). In summary, the cryo-TEM images clearly show fibril-bilayer co-association, but they do not provide definite information about whether phospholipids are incorporated into the cross-β structure of the fibrils or if they are only adsorbed at the fibril surface.
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FIGURE 1. (A) NACore fibrillated in the presence of POPC:POPS vesicles. (B) NACore fibrillated in the presence of POPC vesicles. In both cases, highly distorted and trapped vesicles can be observed among the fibrils. There are more bilayer structures relative to the number of visible fibrils in the case of NACore with POPC than with POPC:POPS. “C” denotes the cryo-TEM carbon grid, “F” denotes fibrils, and “V” denotes distorted vesicles. Scale bars show 200 nm.
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FIGURE 2. (A) NACore fibrillated in the absence of phospholipids. (B) POPC:POPS vesicles in the absence of NACore. (C) POPC vesicles in the absence of NACore. POPC vesicles were mainly found associated with the cryo-TEM carbon grid, rather than free in the solution. “C” denotes the cryo-TEM carbon grid, “F” denotes fibrils, “V” denotes vesicles, and “E” denotes suspected ethane contamination (not part of the sample itself). Scale bars show 200 nm.




X-Ray Scattering of NACore Fibrillated in the Presence of POPC:POPS and POPC Vesicles

In order to gain further insight into the structure of the fibrils formed when NACore is incubated in the presence of phospholipid vesicles at smaller length scales, we performed small and wide angle X-ray scattering experiments (SAXS and WAXS). Below, we first describe the X-ray scattering data for samples composed either of peptide fibrils or lipid vesicles by themselves, and thereafter we analyze the aggregates formed when peptide has been left to aggregate in the presence of vesicles with different composition. Figure 3 shows WAXS and combined SAXS/WAXS data for aggregates formed by peptide alone. Here, the scattered intensity I(q) is plotted against the scattering vector q. These X-ray scattering patterns are in close agreement with previously reported data for NACore peptide fibrils formed under similar conditions, showing a characteristic power law scattering pattern at low q-values, and several Bragg peaks at higher q-values (Pallbo et al., 2019). The two main peaks occurring at q = 13.6 nm–1 and 7.6 nm–1, are associated with the β-strand separation of 0.46 nm and the β-sheet lamination distance of 0.82 nm (PDB ID: 4RIL) (Rodriguez et al., 2015). The SAXS pattern shows a power law dependence of about −2.3 at low q-values, with a cross-over to a power law of −4 (Porod regime) occurring around a q-value of 0.3 nm–1 (Figure 3B). The latter being consistent with an average cross section radius of the fibrils of circa 4 nm, which in turn is consistent with the cryo-TEM images. For long thin fibrils we would expect to see I(q)∼q–1 at lower q-values (Lindner and Zemb, 2002). The fact that we see a much steeper decay, q–2.3, indicates attractive fibril–fibril interactions resulting in an inhomogeneous distribution of fibrils forming clusters. The value 2.3 can be interpreted as a mass fractal dimension of the clusters (Solomon and Spicer, 2010).
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FIGURE 3. (A) WAXS and (B) SAXS profile of NACore fibrillated in the absence of phospholipids. The numbers denote crystal diffraction peaks corresponding to miller indices of 1 = [2, 0, 0], 2 = [2, 0, –1], 3 = [2, 0, 1], 4 = ([2, 0, –2], [0, 0, 2], [2, 0, 2]), and 5 = ([1, 1, –1], [1, 1, 1]) in the NACore crystal structure reported by Rodriguez et al. (PDB ID: 4RIL) (Rodriguez et al., 2015; Pallbo et al., 2019; see also Supplementary Figure 5). In (B) two theoretical fits are shown. One is an infinite lamellar model with a polydisperse average layer thickness of 6.5 nm (see Supplementary Table 1 for details). The other one is a mass fractal model with polydisperse average building block radius of 4.3 nm (see Supplementary Table 1).


The average X-ray scattering length densities (electron densities) of the phospholipid bilayers investigated are close to that of water (approximately 9.8⋅10–6 Å–2 and 9.5⋅10–6 Å–2 for the bilayers and water, respectively), which means that the vesicles scatter very little at lower q-values. Consequently, the size and shape of the vesicles cannot be easily determined using SAXS. However, because of the relatively strong difference in scattering length density between the phospholipid headgroups and the acyl chains (13.5⋅10–6 Å–2 and 8.0⋅10–6 Å–2), there is a significant electron density variation and hence contrast in the direction normal to the bilayer. This allows some features of the bilayers to be determined, such as the thickness and overall internal structure. We can see from the scattering pattern of POPC:POPS vesicles that it fits well with the scattering pattern of a single bilayer with a headgroup-to-headgroup distance of about 3.8 nm (Figure 4B), consistent with expectations from the literature (Kucerka et al., 2011; Eicher et al., 2017; Scott et al., 2019). In the case of vesicles composed of POPC only, we can fit them with the scattering of bilayers with the same headgroup-to-headgroup thickness as for POPC:POPS (Figure 5B).
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FIGURE 4. NACore together with POPC:POPS. (A) WAXS profile of NACore with POPC:POPS, POPC:POPS by itself, and the peptide by itself. The position of the two main diffraction peaks are indicated with dashed lines. For comparison, the gray curve shows the expected scattering for the same linear combination as in (C). (B) SAXS profile of 2.4 mM POPC:POPS without the peptide, together with a simple unilamellar vesicle model fit (see Supplementary Table 1). (C) SAXS profile of co-incubated NACore and POPC:POPS, together with a linear combination of scattering from peptide fibrils (Figure 3B) and POPC:POPS vesicles (B) (0.40⋅fibril + 1.55⋅vesicles).
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FIGURE 5. NACore together with POPC. (A) WAXS profiles similar to those in Figure 4A, except that POPC was used instead of POPC:POPS. (B) 2.4 mM POPC without the peptide together with a simple vesicle model fit with 90% unilamellar and 10% bilamellar vesicles (see Supplementary Table 1). (C) SAXS profile of NACore co-incubated with POPC, together with a linear combination of scattering from peptide fibrils (Figure 3B) and POPC vesicles (B) (0.15⋅fibrils + 1.40⋅vesicles).


A comparison of the X-ray scattering pattern between peptide fibrillated in the absence and presence of phospholipid vesicles provides information about how the structures are affected at nanometer length-scales. We are here interested in knowing whether the phospholipids from the vesicles are incorporated into the cross-β structure of the fibrils, or whether vesicles are just associated with the exterior fibril surfaces as, for example, adsorbed vesicles or deposited lipid bilayers. One way to obtain such information is to look at the positions of the Bragg peaks at high q-values, which arise from the crystal-like cross-β molecular packing of the peptide molecules within the fibrils, and how they are affected by the presence of phospholipids. To probe structural changes on slightly longer length-scales, we investigated whether the X-ray scattering pattern can be fitted as a linear combination of peptide fibrils alone and phospholipid bilayers alone, which should be the case if most of the phospholipid bilayers and fibrils exist as independent structures. If a linear combination of the individual components agrees poorly with the data, it would be an indication of new structures formed, or of substantial inter-species interactions.

From the X-ray scattering experiments we find that the positions of the two major cross-β associated Bragg peaks at 7.6 nm–1 and 13.6 nm–1 (corresponding to 0.82 nm and 0.46 nm periodicities in real space) are not markedly affected by the presence of POPC:POPS bilayers (Figure 4A). However, we note that the intensity of the peaks is substantially lower in the co-incubated sample, relative to peptide alone. This is consistent with a reduced amount of peptide fibrils in the presence of lipids. This will be discussed in more detail below. In the case of NACore together with vesicles composed of POPC only, the position of the peak at 13.6 nm–1 was unchanged, whereas the signal was too weak to resolve the peak at 7.6 nm–1 (Figure 5A). Furthermore, the X-ray scattering pattern of co-incubated peptide and POPC:POPS or POPC vesicles can be very well fitted as a linear combination of the scattering pattern of the two separate components (Figures 4C, 5C). This suggests that the co-incubation with phospholipids does not considerably alter the bulk of the structure of the fibrils on nanometer length scales. It also indicates that the bulk of the POPC:POPS and POPC bilayers are not considerably altered by the presence of the NACore peptide in terms of bilayer thickness and overall internal structure. However, these X-ray scattering experiments are not very sensitive to changes in features such as the size or shape of the vesicles. We finally conclude that most of the phospholipids that were present in the initial co-incubation suspensions were co-pelleted together with the fibrils in the centrifugation step, as judged by the bilayer contribution in the linear combinations used to fit the scattering data for the samples containing both peptide and lipid. This was the case both for NACore aggregated together with POPC:POPS vesicles and POPC vesicles (Figures 4, 5). The vesicles alone are not pelleted by the centrifugation step when they are small and unilamellar. This observation thus gives further support to the conclusion based on the cryo-TEM experiments that vesicles become attached to the fibrils.



Effect of Phospholipids on the Amount of Fibrils

One observation from the X-ray scattering data is that the scattering intensity at low q-values was substantially lower in the presence of phospholipid vesicles than for peptide fibrillated alone. This was especially true in the case when the peptide was fibrillated in the presence of POPC vesicles, where the intensity is almost an order of magnitude lower compared to the sample with peptide alone (15% of the intensity, Figure 5, compared to 40% for POPC:POPS, Figure 4). The difference between the case with POPC and POPC:POPS was also indicated by fewer fibrils found in the cryo-TEM images in the presence of POPC vesicles (Figure 1). This indicates that after 1 day of aggregation, the samples with phospholipids contain lower amounts of fibrils. To further investigate these differences, we performed CD measurement on peptide fibrillated in the presence and absence of POPC:POPS or POPC vesicles at various time points of incubation (Figure 6). The CD measurements give information about the secondary structure of the peptide and can be used to monitor the peptide fibrillation process (Kelly et al., 2005; Pallbo et al., 2019). Initially, the peptide has a disordered structure as judged from the CD spectra. The spectra for the initial state (t = 0) are essentially identical for all three samples (Figure 6A), implying that the structure of the initial unfibrillated peptide is the same in all cases, and that the phospholipids did not contribute with a CD signal of their own. After fibrillation has been induced, the CD spectra transform and reveal the presence of β-sheet-rich structures, which constitute the building blocks of the NACore amyloid fibrils (Figure 6B). Consistent with the X-ray scattering data, the CD measurements confirmed a rather substantial reduction of β-sheet content in the presence of both types of phospholipid vesicles, with the most prominent difference in the presence of POPC vesicles. This supports the conclusion that the differences in intensity observed in the X-ray scattering experiments were due to actual differences in amounts of fibrillated material. Another implication from the CD and X-ray measurements is that although samples were prepared with an approximately equimolar amount of total peptide and phospholipid molecules at t = 0, the molar fraction of fibrillated peptide relative to phospholipid was probably substantially lower than 1 at the time point of the X-ray scattering measurements (roughly 0.2–0.4 for POPC:POPS and 0.05–0.15 for POPC).
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FIGURE 6. CD spectra of peptide in the absence and presence of phospholipids, with duplicate samples for each system. (A) Initial time point. (B) After 1 day. (C) Estimation of the extent of fibrillation in the presence POPC:POPS (gray dotted line) relative to peptide fibrillated alone, based on a linear combination of the spectra for peptide alone at t = 0 and at t = 1 day (80% of the spectrum at t = 0 plus 20% of the spectrum at t = 1 day). (D) Same as (C) but with POPC instead of POPC:POPS. The linear combination shows 95% of the peptide alone spectrum at t = 0 plus 5% of the spectrum at t = 1 day. (E) Time evolution of the CD intensity at 195 and 220 nm, with and without phospholipid vesicles (based on a different peptide batch). It shows that the fibrillation continues to increase after 1 day in the presence of phospholipids. Phospholipids thus have an inhibiting effect on the rate of fibrillation.




Fibrillation in the Presence of DMPC:DMPS Vesicles

For further characterization of peptide-phospholipid interactions we performed X-ray scattering, contrast variation SANS, and cryo-TEM analysis for NACore that was aggregated together with vesicles composed of DMPC:DMPS, in both hydrogenated and deuterated form. DMPC and DMPS were used instead of POPC and POPS because the latter are not readily available in fully deuterated form. The WAXS pattern for the peptide together with DMPC:DMPS gave similar results as with the other lipid compositions in that the positions of the major cross-β associated Bragg peaks were not altered by the co-incubation with the lipids (Figure 7A). However, the scattering profile at lower q-values revealed a difference compared to the results with POPC:POPS and POPC. A small peak was present at 1.4 nm–1 in the scattering profile, which could not be fitted as a linear combination of the scattering from the separate components (Figure 7B). Further analysis based on neutron scattering and cryo-TEM data revealed that this was due to the presence of long multilamellar helical tubes in the samples (Supplementary Section 1). The peak at q = 1.4 nm–1 arise from the periodic spacing of d = 4.4 nm in the multi-lamellar tube wall. Similar structures have been reported before for other lipids (Fuhrhop and Helfrich, 1993), and for lipids with sn-glycero-3-phospho-L-serine (PS) head groups in the presence of divalent metal ions (Ca2+ in particular) which are then referred to as cochelates (Papahadjopoulos et al., 1975; Nagarsekar et al., 2016). We believe this is also the structures observed in our samples with DMPC:DMPS. Ca2+ can leach from some types of glassware under high pH conditions, and we found small amounts of Ca2+ that appeared to be present along with the lyophilized peptide powder (about 16 μM, see Supplementary Section 2). Indeed, when the X-ray scattering experiments were repeated in the presence of 0.1 mM added ethylenediaminetetraacetic acid (EDTA), the sharp peak at 1.4 nm–1 was absent and the resulting scattering curve more closely resembled those obtained with POPC:POPS and POPC. However, the fit obtained from a linear combination of the components was still slightly worse than for the other lipid systems (Figure 7C). We note that these samples were prepared and measured at 37°C instead of room temperature, due to the relatively high hydrocarbon chain melting point of DMPC:DMPS.
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FIGURE 7. NACore together with DMPC:DMPS. (A) WAXS profiles similar to those in Figures 4A, 5A, but with DMPC:DMPS as the lipid system. (B) SAXS profile of NACore co-incubated with DMPC:DMPS, together with a linear combination of scattering from fibrils and vesicles (0.30 fibrils + 1.20⋅vesicles). A sharp peak at q = 1.4 nm–1 is present in the scattering profile of the co-incubated sample. (C) SAXS profile of NACore co-incubated with DMPC:DMPS, together with a linear combination of scattering from fibrils and vesicles (0.70⋅fibrils + 0.90⋅vesicles), with 0.1 mM added EDTA. The sharp peak at q = 1.4 nm–1 is not present. For all experiments with this lipid system incubation and measurements were done at 37°C instead of at room temperature.




DISCUSSION

Here we have studied the 11 amino acid residue peptide NACore that is a fragment from the central NAC region of the 140 amino acid residue protein α-synuclein. NACore can form amyloid fibrils by itself without the rest of the full-length α-synuclein protein (Rodriguez et al., 2015; Pallbo et al., 2019), indicating that the driving forces for amyloid formation are still present for this small peptide fragment. However, other properties will of course differ between the NACore peptide fragment and the full-length α-synuclein protein. For example, NACore does not include segments of α-synuclein that are considered crucial for some of its interaction with lipid membranes. Monomeric α-synuclein has a strong affinity for anionic phospholipid bilayers. The N-terminal region of α-synuclein (from approximately residue 1 to 100) folds into an α-helix when it adsorbs to such anionic membranes. The C-terminal region, on the other hand, remains unstructured in the membrane-bound state and extends from the membrane surface (Pfefferkorn et al., 2012). An adsorbed layer of α-synuclein on anionic lipid membranes might be crucial for triggering α-synuclein amyloid formation (Galvagnion et al., 2015; Gaspar et al., 2020). Similarities and differences between the lipid interactions of the short NACore peptide fragment studied in this report, full length α-synuclein, and other proteins might highlight which features of the interactions are likely to be generic for most amyloid forming peptides and proteins, and which might be more protein specific. We have focused on the effects of phospholipids on the cross-β packing in the fibrils, lipid-peptide co-assembly, as well as on effects of lipids on the fibrillation process. Below these aspects will be discussed separately. Finally, the potential in-vivo significance will be considered.


Effects on Cross-β Packing and Fibril Morphology

One finding from the present study is that although there is lipid-protein co-assembly at larger length scales, the presence of phospholipids has no detectable effect on the cross-β organization in the amyloid fibrils at the resolution of our measurements. This suggests that the peptide-peptide interaction in the crystal-like fibrils is stronger than the peptide-lipid interaction, and that is perhaps not very surprising considering the typical observation of low solubility of solutes in crystalline solids. For example, crystallization is commonly used as a way of purifying chemicals from a mixture of substances (Mullin, 2001). The observation of no effect on the position of the main cross-β associated Bragg peaks from the peptide fibrils is also consistent with the very early report of amyloid lipid co-aggregation in diseased spleen tissue that was mentioned in the introduction (Bonar et al., 1969). In wide angle X-ray scattering they observed peaks typical of the cross-β structure found in amyloids, together with additional peaks that were likely due to lipid material. Delipidation of the sample removed the extra peaks but left the cross-β-associated peaks of the amyloid material unaffected, suggesting that the internal structure of the amyloid fibrils remained the same. However, it cannot be excluded that differences could be found by more sensitive measurements than those reported here. We also note that the fibril morphology, such as cross section dimensions, were not significantly altered when fibrillation occurred in the presence of lipid vesicles, compared with fibrillation in the absence of lipid. The SAXS pattern of mixed systems could be well described by a superposition of pure fibril and vesicle scattering. This implies that whatever the lipid-fibril interaction, final fibril morphology is not substantially affected.



Effect on Lipid Self-Assembly

The bilayer cross section form factors of POPC:POPS and pure POPC lipid systems were not affected by the presence and fibrillation of the NACore peptide (Figures 4C, 5C), as data from the mixed fibril-lipid systems could be described by a superposition of the scattering patterns observed in pure lipid and peptide samples, respectively. In fact, the SAXS cross section form factor of lipid bilayers is generally sensitive to variations in bilayer thickness and area per lipid molecule (head group area density) (Pabst et al., 2000; Saveyn et al., 2009). From this we may conclude that the lipid bilayers remain essentially intact in the presence of peptide. Thus, there are no indications of significant solubilization of peptide monomers in the bilayer membranes. Similar conclusions can be drawn for the case of DMPC:DMPS.



Co-aggregation With Lipids

We can distinguish between association of lipids and peptide in the monomeric and in the fibrillar state. In the present study we found a clear affinity between peptide fibrils and phospholipid vesicles. The lipid bilayers of the vesicles seem to have high affinity for the fibril surface, leading to vesicle attachment and deformations. Similar behavior has been demonstrated with amyloid fibrils made of proteins such as β2-microglobulin (Milanesi et al., 2012) and α-synuclein when aggregated with an excess of anionic vesicles (Hellstrand et al., 2013). Complete rupture of vesicles was observed for some lipid compositions and lipid-protein ratios (Hellstrand et al., 2013; Galvagnion et al., 2019). Some studies have also identified interaction with amyloid fibril ends as being especially disruptive for phospholipid vesicles (Milanesi et al., 2012; Kollmer et al., 2016). However, due to the long nature of the fibrils in our system, meaning low occurrence of ends, we could not readily assess that mode of interaction for NACore. The observed co-existence of fibrils and surface-associated vesicles is consistent with the X-ray scattering data (Figures 4, 5) since the SAXS profiles of the fibrillated samples containing both peptide and lipid could be fitted as linear combinations of fibrils and bilayers.

The fibrillation experiments were performed by dropping the pH from 11 to 7, where the hydrophobic peptide has essentially zero net charge. The aqueous solubility of the peptide is thereby drastically reduced, the solution becomes supersaturated, and the peptide precipitates out of solution. The self-assembly is driven by hydrophobic interactions. The fibrillar aggregates formed are also hydrophobic, and further aggregate into clusters as seen by the power law dependence I(q)∼q–2.3 at lower q-values. Thus, we may in principle expect hydrophobic attraction both between fibril and bilayer and between peptide monomer and bilayer. The different faces of the NACore amyloid fibrils are expected to have different surface properties. Based on the known crystal structure of NACore (Rodriguez et al., 2015; Pallbo et al., 2019) two faces of the fibrils have no charges and consist mostly of non-polar amino acid side chains. The other two exposed sides consist of oppositely charged N- and C-terminals of the peptide, stacked next to each other. As the fibrils have a net zero charge, hydrophobic interactions are most likely the dominating attractive interaction between the fibrils and lipid bilayers. Previous studies of co-assemblies of α-synuclein and phospholipids have demonstrated reduced molecular dynamics in the associated lipid molecules both in the headgroups and in hydrocarbon chain segments close to the headgroups (Hellstrand et al., 2013; Galvagnion et al., 2019).

Next, we consider the possibility of peptide-lipid co-assembly already in the initial stage of the process at about t = 0, when the peptide is still in monomer form. If a large proportion of monomeric NACore peptide is adsorbed to the phospholipid bilayers already at t = 0, we can tell from the CD spectra that the adsorption in such a case is not associated with any detectable conformation change. The CD spectra at short times are essentially identical in the presence and in the absence of lipid (Figure 6A). From a colloidal point of view, it is not surprising if the degree of association between the peptide and the lipid bilayer would increase as the peptide particles grow larger, such as when they form fibrils, because as the particles grow larger the strength of the interactions per particle increases. It is thus possible that the affinity between monomeric NACore peptide and phospholipid vesicles is rather weak, while the affinity is very strong between the fibrils and the vesicles.



Effects on the Fibrillation Process

An important finding from the CD (Figure 6) and X-ray scattering experiments is that the presence of phospholipids reduces the amount of fibrils formed after 1 day of incubation. This is observed both for the system containing POPC:POPS vesicles and POPC vesicles, with the strongest reduction observed for the latter system. As shown by the long time CD study (Figure 6E), this can be explained by a slowing down of the fibrillation kinetics rather than just a reduction of the final steady-state amounts of fibrils formed. This is because the extents of β-sheet signal have approached each other for all the samples at the longest time point relative to the earliest time points. This behavior is different from that observed with full-length α-synuclein, where fibrillation instead is accelerated by the presence of anionic vesicles for certain protein-to-lipid ratios (Galvagnion et al., 2015; Gaspar et al., 2018). One difference between these systems is that monomeric α-synuclein adsorbs to anionic membranes where it adopts a partial α-helical structure, while there are no signs of conformational changes for the NACore peptide when exposed to either zwitterionic or anionic vesicles. In quiescent conditions and pure buffer solutions, monomeric α-synuclein does not readily nucleate within time frames of several days. Lipid bilayers are thought to act as sites of primary nucleation (Galvagnion et al., 2015; Gaspar et al., 2018). In the kind of experiments with NACore performed here, the nucleation of fibrils occurs spontaneously also in the absence of phospholipid bilayers, and the rate of fibril formation is instead decreased due to some interaction with the bilayers. Assuming that extinction coefficients of the peptide UV absorption is unaffected by the presence of lipid, then we can use the CD signal to estimate the amounts of fibrils formed. For example, we can follow the time evolution of the CD signal at 220 nm, as presented in Figure 6E. From comparing the time evolutions in the presence of lipid with that in absence of lipid, it is revealed that the presence of lipid reduces the fibrillation rate by more than an order of magnitude. On the other hand, the amounts of fibrils that have formed at long time when steady state has been achieved, is only reduced by 10–20%, if at all.

Both lipid-fibril and lipid-monomer interactions may affect the fibrillation rate. Lipids may adsorb onto the growing fibrils, obstructing the attachment of peptide monomers to the aggregates. Such a mechanism has been observed for other systems, such as for the inhibiting effect of the polymer polyvinylpyrrolidone (PVP) on the crystal growth rate of bicalutamide (Lindfors et al., 2008). In that study, PVP was found to adsorb to the particle surfaces and thereby reduce the rate of crystal growth. PVP, however, was found not to affect the initial nucleation rate. When, in a nucleation and growth process, the growth rate is reduced without affecting the nucleation rate, this is expected to lead to smaller particles but larger in number. As these peptide fibrils in general grow to become very long, it is not possible to clearly say from the cryo-TEM images and SAXS patterns that they are significantly shorter in the presence of lipid. It is at the same time clear that we do not see evidence for a large fraction of relatively small fibrils (<100 nm). The fibrils observed in cryo-TEM (Figures 1, 2 and Supplementary Figures 1–3) are all very long also in the presence of lipid.

A reduced fibrillation rate may also result from peptide monomers being solubilized in, or adsorbed to lipid bilayers, thereby reducing the effective supersaturation. The peptide fibrillation can be seen as the precipitation of a solid crystalline phase. In the aqueous bulk monomer solution (m), the (monomer) peptide chemical potential can be written as [image: image], where [image: image] is the concentration independent part and cm is the bulk monomer concentration. kBT is the thermal energy with kB being Boltzmann’s constant and T the absolute temperature. In the solid fibril phase (f), the corresponding peptide chemical potential can be considered as constant, [image: image]. The equilibrium monomer concentration, S, coexisting with the fibril phase, i.e., the monomer solubility, is then given by [image: image]. Fibrils are nucleated from supersaturated solutions where cm > S, and the rate of nucleation, and also aggregate growth, is usually a strong function of the degree of supersaturation, cm/S (Kashchiev, 2000), also in the case of peptide fibrillation. The lipid bilayers can be seen as a third phase. If monomers have affinity to that phase, being adsorbed or solubilized, cm is reduced. If the peptides would dissolve mostly within the membrane, we would expect that to involve a change in secondary structure, e.g., to α-helix, with hydrogen bonding to water being replaced by intramolecular hydrogen bonding. No sign of this is observed in the CD spectrum at short times. Nor do we see by SAXS any change in the lipid bilayer form factor in the presence of peptide. Therefore, if the peptide monomers have an affinity for the lipid bilayers, they are likely adsorbed within the headgroup region, still hydrated and with random coil conformation. In the case of adsorption, we expect the adsorbed amount, Γ, to be proportional to cm, unless we are close to saturation (Evans and Wennerström, 1999). For reversible monomer adsorption, this mechanism may lead to a significant reduction of nucleation and growth rates, with only a minor decrease in final fibril concentration, as the adsorbed monomers still act as a reservoir due to reversibility, decreasing Γ as cm decreases. If the adsorption is saturated initially, Γ∼cm may be achieved at later times.

In the present experiments, the peptide-to-lipid molar ratio was close to one. Hence, if one peptide monomer adsorbs to every second lipid molecule, that is, to every lipid molecule of the outer monolayers of the vesicle bilayers, then cm is initially reduced by approximately one half. Whether this mechanism may quantitatively explain the observed kinetics remains to be shown. Discriminating whether peptide monomer-lipid association is occurring requires further studies. This may be done by measuring fibrillation kinetics as a function of peptide concentration and as a function of the peptide-lipid molar ratio.



In-vivo Significance

One important part of the physiology of cells and neural tissues is vesicle transport. Even without total disruption of vesicles, hindering of vesicle transport could be a mechanism of toxicity for cells (Auluck et al., 2010). In our experiments we have seen clear evidence of vesicles being trapped in fibril networks. Similar effects of organelles and lipid structures being entangled in fibrils have been seen in other studies (Auluck et al., 2010; Shahmoradian et al., 2019). Misfolding and fibrillation of proteins results in long colloidal objects with a lot of potentially very sticky surface area. When such sticky surfaces in the cellular environment lead to capture and entanglement of vesicles and organelles it could thus potential lead to cellular toxicity.
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There is mounting evidence that lipid bilayers display conductive properties. However, when interpreting the electrical response of biological membranes to voltage changes, they are commonly considered as inert insulators. Lipid bilayers under voltage-clamp conditions display current traces with discrete conduction-steps, which are indistinguishable from those attributed to the presence of protein channels. In current-voltage (I-V) plots they may also display outward rectification, i.e., voltage-gating. Surprisingly, this has even been observed in chemically symmetric lipid bilayers. Here, we investigate this phenomenon using a theoretical framework that models the electrostrictive effect of voltage on lipid membranes in the presence of a spontaneous polarization, which can be recognized by a voltage offset in electrical measurements. It can arise from an asymmetry of the membrane, for example from a non-zero spontaneous curvature of the membrane. This curvature can be caused by voltage via the flexoelectric effect, or by hydrostatic pressure differences across the membrane. Here, we describe I-V relations for lipid membranes formed at the tip of patch pipettes situated close to an aqueous surface. We measured at different depths relative to air/water surface, resulting in different pressure gradients across the membrane. Both linear and non-linear I-V profiles were observed. Non-linear conduction consistently takes the form of outward rectified currents. We explain the conductance properties by two mechanisms: One leak current with constant conductance without pores, and a second process that is due to voltage-gated pore opening correlating with the appearance of channel-like conduction steps. In some instances, these non-linear I-V relations display a voltage regime in which dI/dV is negative. This has also been previously observed in the presence of sodium channels. Experiments at different depths reveal channel formation that depends on pressure gradients. Therefore, we find that the channels in the lipid membrane are both voltage-gated and mechanosensitive. We also report measurements on black lipid membranes that also display rectification. In contrast to the patch experiments they are always symmetric and do not display a voltage offset.

Keywords: permeability, ion channels, rectification, lipid membrane, flexoelectricity, thermodynamics, voltage-gating, mechanosensitivity


1. INTRODUCTION

The permeability of biological membranes is of immense biological importance. The biological membrane separates inside and outside of cells and has to be selectively permeable to ions and substrates in order to establish well-defined chemical potential gradients of the components between inside and outside of the cells. Since this is a formidable task, it is believed that nature must control this by an appropriate “smart” mechanism, in particular by providing selective ion channels and pumps to cell membranes (Hille, 1992). The picture is that of an intelligent pump station with many switches, in which the opening and closing of individual pipes is controlled by substrates or system parameters, such as transmembrane voltage, mechanical membrane tension, or temperature. Channels that respond to these variables are called voltage-gated channels (e.g., Doyle et al., 1998; Bezanilla, 2005; Schmidt et al., 2006), mechano-sensitive channels (e.g., Martinac et al., 1990; Cruickshank et al., 1997; Corey et al., 2004; Syeda et al., 2016), or heat- and cold receptors (e.g., Voets et al., 2004, 2005). A complete field has dedicated its research to the investigation of the molecular nature of the switches. Since there are many substrates and ions, the whole machinery of the biological membrane is complex. In order to understand the working of a membrane with such a complex composition of “intelligent” components, one imagines a network of sequential (mostly binary) molecular interactions called pathways. This picture is inherently non-thermodynamic. Instead of making use of thermodynamic variables that act on a complete system with energy, entropy and distributions of states, the channels and receptors seemingly act as receptors to voltage and other intensive variables on the level of single molecules. This picture does not account for the thermodynamic nature of complex biological ensembles, which must undoubtably exist.

It comes as a profound surprise that appearance of channel-like conduction events can also be seen in pure lipid membranes in the absence of any proteins and macromolecules, i.e., in the complete absence of any single molecule that could act as a channel (e.g., Antonov et al., 1980, 2005; Kaufmann and Silman, 1983; Blicher et al., 2009; Wunderlich et al., 2009; Heimburg, 2010; Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013). These channel events are indistinguishable from those of proteins in so far as the current-traces alone do not provide any indication of whether the events originate from proteins or pure lipid membranes. Their single channel conductance, open-lifetime distributions and voltage dependence are very similar to those reported for proteins (Blicher and Heimburg, 2013). We have called the channels found in lipid membranes “lipid ion channels” (Heimburg, 2010) in order to stress these similarities. Lipid channels are thought being due to pores in the lipid membrane that open and close as a consequence of thermodynamic fluctuations. Due to the fluctuation-dissipation theorem, fluctuations become large close to melting transitions. Therefore, in this temperature regime lipid channels and lipid membrane conductance are strongly temperature sensitive (Papahadjopoulos et al., 1973; Nagle and Scott, 1978; Sabra et al., 1996; Blicher et al., 2009). We and others have shown that biological membranes display melting transition slightly below physiological temperature with heat capacity maxima in the range of 20–25°C, which in many electrophysiological experiments is the experimental temperature. The lipid membrane permeability is voltage-gated and can display rectified behavior, i.e., the conductance can be largely different at positive and negative voltage (Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013; Mosgaard et al., 2015a,b), especially when measured on patch pipettes. Since pure lipid membranes do not contain single macromolecules that could account for the formation of pores, these current fluctuations must be controlled by the thermodynamics of the membrane as a whole. This is striking because one can define a self-consistent macroscopic thermodynamic theory that describes these channels (Heimburg, 2010) without any need for macromolecules. It has even been shown that channels can be seen at the interface of patch pipettes with rubber surfaces (Sachs and Qin, 1993).

Such findings represents a serious problem for the interpretation of electrophysiological data. It is easy to demonstrate that quantized conduction events exist in lipid membranes in the absence of proteins. However, it is practically impossible to investigate channel proteins in the absence of membranes. A common approach in electrophysiology is to consider the lipid membrane as an insulator with very high resistance and attribute all discrete opening- and closing events to channel proteins. This is obviously not permissible if the membrane itself can display channels with similar appearance. Many publications have shown that the lipid membrane is not generally an insulator (e.g., Papahadjopoulos et al., 1973; Nagle and Scott, 1978; Sabra et al., 1996; Blicher et al., 2009). A complete field exists that describes the formation of nano pores in lipid membranes by voltage pulses (electroporation) (e.g., Neumann et al., 1999; Böckmann et al., 2008). This has found clinical applications in drug-delivery and the treatment of cancer (Gehl, 2003; Højholt et al., 2019). Thus, the interpretation of current traces in electrophysiological experiments rests on assumptions that are provably not generally true.

While the body of research on protein channels is huge, the permeability of pure membranes is still under-investigated. However, it seems unlikely that on one hand lipid pores represent the sole possible permeation mechanism in synthetic membranes but that on the other hand this mechanism is completely absent in cell membranes. It is interesting to ask the question whether including the thermodynamics of lipid channels into a picture for the biological membrane will help to elucidate the function of cell membranes. Most importantly, it is not known to which degree lipid pores and protein channels may share a similar mechanism or may even be the same. In Mosgaard and Heimburg (2013), we have proposed that proteins could act as catalysts for lipid pore formation, a view that is in line with the experimental finding that truncated proteins that cannot span through the membrane nevertheless can induce pores in biomembranes (Stoddart et al., 2014).

Besides the fact that lipid pores display a similar appearance as protein channels, it is not known what they look like. Glaser et al. (1988) have proposed that there exist hydrophobic and hydrophilic pores with openings on nanoscale, a view that is consistent with molecular dynamics simulations (Böckmann et al., 2008).

In this paper we study I-V profiles of synthetic lipid membrane patches using patch-clamp recordings. We use the droplet-technique, in which the membrane is formed across a patch pipette that is in contact with the aqueous surface of a buffer (Hanke et al., 1984; Gutsmann et al., 2015). In this setup, the depth of the pipette can be altered. This will influence the pressure gradients across the membrane. We study the depth dependence, analyze the theory of the I-V profiles and combine it with theoretical consideration about the equilibration processes directly after a voltage jump. We compared the patch experiments with black lipid membrane (BLM) experiments which are performed on much larger membranes. Finally, we compare our findings with potassium channels.



2. MATERIALS AND METHODS


2.1. Lipids and Chemicals

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC) and cholesterol were purchased from Avanti Polar Lipids (Alabaster/AL, US), stored in a freezer and used without further purification. Lipid patches consisted of DMPC:DLPC = 10:1 (mol:mol) for the patch clamp experiments and of DMPC:DLPC:cholesterol = 77.3:7.7:15 (mol:mol:mol) for the black lipid membrane experiment. Each lipid was suspended separately in chloroform and then mixed to the desired ratio. The mixture was then dried under vacuum. In the patch experiments, the dry lipids were resuspended in Hexane:Ethanol = 4:1(mol:mol) to a final concentration of 2mM for the patch clamp experiment. The cholesterol mixture used in the BLM experiments was dissolved in decane to a final concentration of 10 mg/mL.

In the patch clamp experiment, the electrolyte solution used on both sides of the membrane consisted of 150 mM KCl, 150 mM NaCl and it was buffered with 50 mM TRIS to a final pH of 7.6. All water used in the experiments was purified with a Direct-Q Water Purification System (Merck Millipore, Germany) and had a resistivity larger than 18.1 MΩ·cm. In the BLM experiments we used 150 mM KCl, 150 mM NaCl, 2 mM HEPES, and 1 mM EDTA (both from Sigma-Aldrich, Germany), pH was adjusted to 7.4.

Pores in lipid membranes occur due to fluctuations in the membrane. According to the fluctuation theorem, the heat capacity is proportional to the fluctuations in enthalpy. Therefore, one finds more pores close to transitions. However, large fluctuations also destabilize the membrane because there are cases when large pores start to grow and rupture the membranes. Thus, when we choose a lipid mixture we always try to be at the upper edge of a melting transition such that fluctuations are present but not large enough to rupture the membrane (see Figure 1). The DMPC-DLPC mixture displays a transition peak close to 22°C with heat capacity events extending out to 25°C. Experiments were done at room temperature (24–24.5°C) at the surface of a beaker exposed to air. This is just below the upper end of the transition. The DMPC-DLPC mixture was not stable in BLM experiments. This might be due to the fact that the area of the BLM membrane is about 150 times larger than the patch in the pipette experiment, and rupture due to a growing pore is much more likely. Since cholesterol stabilizes membranes—probably at least partially because it broadens the transition and lowers the heat capacity—we used a different mixture in the BLM experiments. Since the BLMs are completely surrounded by water, it is much easier to control the temperature. In our experiment it was 32.4°C as measured close to the membranes. Note that the heat capacity in the BLM experiments is about an order of magnitude lower as in the patch pipette experiments.


[image: Figure 1]
FIGURE 1. Calorimetric profiles of the two lipid mixtures used. The vertical dashed line indicates the experimental temperature at which I-V profiles and currents were measured.




2.2. Methods
 
2.2.1. Patch Clamp Experiments

Glass micropipettes were pulled from borosilicate capillaries with a vertical PC-10 puller (Narishe Group, Japan) following the two-steps procedure explained in Laub et al. (2012). They were then fire-polished using a Narishige MF-900 Microforge, which created pipette openings on the order of 10 μm.

Lipid membrane patches were reconstituted on the tip of glass pipettes following the method introduced by Hanke et al. (1984) and described in detail in Laub et al. (2012) and Gutsmann et al. (2015). According to the protocol a droplet of lipid solution is placed on the outer wall of a glass micropipette filled with the electrolyte. The pipette stands vertically with its tip in contact with the liquid/air interface of a buffered electrolyte filled glass beaker. As the lipid droplet flows down to the pipette tip, it gets sealed by a spontaneously formed lipid bilayer.

Two Ag/AgCl electrodes were placed one inside the pipette and the other one in the bulk electrolyte, the latter acting as ground electrode. They were both connected to a patch clamp amplifier (Axopatch 200B, Molecular Devices, US) through a headstage to which the pipette was also secured. The amplifier was run in whole cell mode, the signal was sampled at a frequency of 10 kHz and filtered with a 2 kHz low pass Bessel filter. The headstage was allowed to move vertically with the aid of a micromanipulator (Luigs & Neumann, Germany), with which the vertical position of the tip relative to the electrolyte surface could be monitored.

An equivalent circuit of the pipette at an aqueous surface is given in Figure 2. It contains a voltage-dependent pore conductance gp, a leak conductance gL that contains contributions from the seal between membrane and pipette walls and defects in the membrane, a series resistance RS inside of the pipette, a capacitive element Cpipette between glass wall and buffer, and an applied voltage V. The charge on the membrane capacitor is given by q = Cm(V + V0) (see section 3.3.1), where Cm is the voltage-dependent membrane capacitance and V0 is the offset potential cause by a (voltage dependent) polarization of the membrane (Petrov and Sachs, 2002; Mosgaard et al., 2015a). This can be written as [image: image], where [image: image] is an effective capacitance that includes polarization effects. This element is shown in Figure 2. The arrows across conductive and capacitive elements indicate the voltage-dependence.


[image: Figure 2]
FIGURE 2. Equivalent circuit diagram of the patch experiment. Here, [image: image] is the effective voltage-dependent capacitance of the membrane (see text), gp is the voltage-dependent conductance of the lipid pores, gL is the constant leak conductance, RS is a series resistance of the pipette interior, Cpipette is the capacitance of the pipette, and V is the externally applied voltage.




2.2.2. Black Lipid Membrane Experiments

A DMPC:DLPC:cholesterol = 77.3:7.7:15 (mol:mol:mol) mixture was dissolved in decane to a final concentration of 10 mg/mL. Black lipid membranes were formed on a circular aperture in a 25 μm thick Teflon film. We used commercially available horizontal bilayer slides (Ionovation GmbH, Germany) made of two microchambers (filled with ~150 μl of the same electrolyte solution) separated by an horizontal Teflon film. The upper and lower chambers are connected only through the 120 μm aperture in the film. Once a small droplet (≈0.2 μl) of lipid solution is placed in the upper chamber close to the aperture, a bilayer is formed automatically by a microfluidic perfusion system (Ionovation Explorer, Ionovation GmbH, Germany). The membrane formation was monitored with capacitance measurements and was automatically repeated until the membrane capacitance was stable above a minimum threshold value of 40 pF. The bilayer slide was placed on the work stage of a in inverted microscope (IX70, Olympus, Japan) which allowed for optical monitoring of the bilayer formation. See Zecchi et al. (2017) for more details.



2.2.3. Differential Scanning Calorimetry

Heat capacity profiles were obtained using a VP scanning-calorimeter (MicroCal, Northampton, MA) at a scan rate of 5°/h.




2.3. Electrophysiological Experiments

All experiments are representative and qualitatively reproducible. However, membranes break easily. In patch clamp measurements, voltage-jumps were performed between 200 and −200 mV in steps of 25 mV (Figure 3). Each step lasts 3.1 s for 17 different voltage-clamp traces needed for one I-V profile. Thus, each series lasts about 53 s. Only few membranes are stable long enough for a complete series of voltage jumps that lead to a single I-V profiles. Even less membranes allow for recording several I-V profiles to check for reproducibility and the variation of pipette depth. The typical interval between two I-V profiles recorded on the same membrane is 1–5 min. The series of I-V profiles shown in Figure 7 (top) contains five traces for one single depth of the pipette in the aqueous medium, which corresponds to 10–25 min. Since we could measure on this membrane at three different depths, the membrane was stable for a total of ~30 min–1 h. In total, we had nine membrane patches that were stable enough to allow us obtaining complete I-V profiles. Of those, three did not show channels but only leak conductance. There were six membranes that displayed both linear and rectified I-V profiles. Two of those were stable enough to record so many I-V profiles that one could obtain several curves for several depths of the pipette. For this reason, all patch clamp data shown in this paper originate from two different membrane patches. We name them membrane 1 and membrane 2 throughout the text. Those experiments are included in this work. However, the other membranes displayed similar behavior. We also obtained several membranes in the BLM-setup. They always yield symmetric IV-profiles.


[image: Figure 3]
FIGURE 3. Protocol of the voltage steps used in the I-V measurement. The lower bar indicates the duration of each part of the protocol. The arrow shows the direction of voltage steps, which ranged from 200 to −200 mV in steps of −25 mV.


The voltage-jump protocol for the BLM measurements shown in Figure 11 was different. Here, we changed the voltage from +10 to −10 mV, then to 20 and −20 mV, and so on (not shown).




3. RESULTS


3.1. Description of the Experiment

After a voltage jump, all the current traces measured showed an initial transient decay of about 10 ms from a current peak at t = 50 ms (the time of the voltage step, see Figure 4) to their steady state value (the current value at t = 3 s). The transient part of the current contains information about the charging of the pipette (and electrodes), the charging of the membrane and any relaxation phenomena in the membrane which can lead to changes in resistance, capacitance, and polarization.


[image: Figure 4]
FIGURE 4. Initial phase of a voltage jump from 0 to 0.175 V (left) and back (right) from the experiment shown in Figures 5B,D. The profiles are reasonably well-fitted by a biexponential function with the same two relaxation times for the jump in both directions. The two exponential functions are shown in the inserts.


The relaxation processes are well-described by a biexponential function (Figure 4). We decided to not include the first data point in the fit. This corresponds to the first 100 μs which is the time resolution of our experiment.

The current response of the membrane after a voltage jump was measured. As an example, we show two sets of recordings in Figures 5A,B. Possible voltage offsets were corrected by subtracting the mean value of the current at the holding voltage from the corresponding current trace during the step protocol.


[image: Figure 5]
FIGURE 5. (A,B) Detail of the last 1.5 s of two representative current responses to the voltage pulses shown in Figure 3 recorded from the same membrane. The graph shows the response to only every other voltage step for clarity. Current traces were corrected for the initial offset at zero voltage. Currents in (A) were measured with the tip of the pipette at the air/water interface. Traces in (B) were measured with the tip of the pipette 3 mm below the water surface. (C,D) Current-voltage relationship for the traces in (A,B), respectively. All points of all the current traces between 1.5 and 3 s were plotted and fitted. The model used for the fit were a linear relation in (C), and Equation (5) in (D) as outlined in the Theory section. The fit gives a conductance of gL = 372 ± 4 pS for the recording in (A,C), and a voltage offset of V0 = 209 mV for the recording in (B,D). Solid circles show the average values of the current. The measurements were performed at a temperature of T = 297.85 K.


In order to obtain steady state currents for the I-V profiles, we restricted ourselves to determine averages of the second half of the current traces corresponding to the last 1.5 s after each voltage step (open circles in Figures 5C,D).



3.2. General Trends

Both recordings in Figures 5A,B were obtained from the same membrane (membrane 1). Nevertheless, they show distinct features that are representative of all the recordings made on the two membranes used in the patch clamp measurements described in this work. These are outlined below.

Figure 5A shows the current response of the membrane when the tip of the pipette was at the air/water interface. The current traces are symmetric with respect to voltage and their relatively small value indicates a large membrane resistance. This can be quantified by inspection of the correspondent current-voltage relationship (Figure 5C). A linear fit to the data in Figure 5C gives a value for the conductance of gL = (372 ± 4) pS, or equivalently, a membrane resistance of about R0 = 2.69 GΩ. The conductance in this case is constant and independent of voltage.

A different scenario is shown in the traces plotted in Figure 5B, measured for the same membrane at a different depth with respect to the water surface (3 mm). Here, the current response to positive and negative voltage-jumps is clearly different, as confirmed by the asymmetric and non-linear I-V curve in Figure 5D. The membrane appears to be more conductive at positive voltages, showing a fairly constant conductance of about g = 1.7 nS (or resistance of roughly R = 500 MΩ), as obtained by a linear fit to the positive voltage range. Thus, it is almost five times larger than the linear I-V profile shown in Figure 5C. The response to negative voltages, in contrast, is slightly non-linear and less pronounced, comparable in magnitude to the linear case.

The data point at 200 mV in Figure 5D has not been included in the fit. In our protocol this is the first datapoint. The corresponding current trace shows a transient behavior and does not equilibrate fully in the 3 s of the test pulse. This transient behavior of the current starting from a low conductance value and increasing without reaching a steady state was not uncommon. It was only observed at positive high voltages, and under few instances (in case of reversed voltage protocol) at high negative voltages. In the absence of any satisfactory explanation, in this work traces showing similar behaviors were discarded from steady-state analysis. Further, we generally find that the first datapoint in each I-V profile is an outlier with respect to an otherwise systematic behavior. This might also be related to an equilibration of the membrane patch after the first voltage jump of a series.

The two sets of recordings shown in Figures 5A,B have been performed at different depths of the pipette tip with respect to the bath surface. Different vertical positions of the pipette relative to the surface correspond to different values of hydrostatic pressure at the bath-facing leaflet of the membrane. Since the pressure at the inner leaflet is constant, this corresponds to different pressure gradients across the membrane. A pressure difference between the two leaflets can result into a net curvature according to the Young-Laplace law. Curvature in a chemically symmetric membrane can break the otherwise symmetric charge and dipole distribution, and therefore produce a voltage offset, as outlined in Mosgaard et al. (2015a).



3.3. Theoretical Considerations
 
3.3.1. Current-Voltage Relations

The general tendency of a membrane to display a higher conductance at positive as compared to negative voltages is known as outward rectification. In the case of biological membranes, it's customary to ascribe electrical rectifications like the one shown here to the voltage dependent behavior of certain protein-channels spanning the membrane. However, outward rectified I-V curves like the one of Figure 5D have already been observed earlier in protein-free membranes (Laub et al., 2012; Blicher and Heimburg, 2013). In these publications, the rectified behavior was explained on the basis of a capacitor model like the one introduced below. It requires the formation of membrane pores and a spontaneous electrical membrane polarization as caused from an asymmetry between the two monolayers of a bilayer (Mosgaard et al., 2015b). This could, for instance, originate from membrane curvature that changes the relative lipid dipole density on the two monolayers of the membrane.

We will describe the conductance of a membrane by using a description from Mosgaard et al. (2015a).

We assume that the membrane contains pores with an open probability that display a quadratic voltage dependence (Winterhalter and Helfrich, 1987; Blicher and Heimburg, 2013). The chemical potential difference between open and closed pore, μ0, is given by
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Here, Δμ(0) is the free energy of a pore at a voltage of V = 0 V, and α is a coefficient. Δμ0 displays a minimum at V = −V0, where V0 is the voltage offset that originates from a polarization of the membrane. Its origin will be discussed below. Defining an equilibrium constant K = exp(−Δμ0/kT) between a closed and an open pore, we obtain for the probability of finding an open or a closed pore, Popen or Pclosed, respectively:
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which sum up to one. This formalism assumes that the membrane is equilibrated. This is permissible for the following reason: In the past, we have investigated equilibration processes in membranes (Grabitz et al., 2002; Seeger et al., 2007). We generally found that the relaxation time is proportional to the heat capacity. The relaxation times in DPPC multilayers are about 30 s at the heat capacity maximum, in large unilamellar vesicles of DPPC they are about 1–2 s, in biological preparation, such as lung surfactant about 100 ms at the maximum. At the edge of transitions, the relaxation time is of the order of 1–100 ms. Since we attribute the lipid pores to fluctuations of the membrane state, the open-close kinetics of the pores is in fact identical to the relaxation time scale. In the experiments shown in Figures 8–10, the open lifetime of the channels is of the order of 10–100 ms. Thus, equilibration happens on a time scale much shorter than our experimental time of 3 s. We also see in Figure 12 (section 3.3.6) that relaxation processes are on the time scale of a few milliseconds.

If we assume that conduction occurs exclusively via open pores in the membranes, the overall current through the membrane pores will be given by
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where gpore is the conductance of a single open pore, N is the total number of pores, and gp = Ngpore is the conductance of N open pores.

In the experimental section we find that there exist current traces that do not display any open pore events. This is mostly the case when the current-voltage relation is linear. It is therefore possible that there exists a voltage-independent leak current, IL, and voltage-dependent current through pores in a membrane, Ip. If this were the case, the current-voltage relation in Equation (3) would be given by
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where gL is a constant leak-conductance of the membrane in the absence of pores. This equation assumes identical ion concentrations on both sides of the membrane (Nernst potential E0 is zero). If the ion concentrations were different from zero, we would obtain
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with E0 = (RT/zF)ln(cout/cin) for an ion with charge z and the concentrations cout and cin outside and inside of the pipette, respectively. Since we use the same buffer in the pipette and in the external medium, the Nernst potential in our experiments is E0 = 0 V.

Figure 6 shows the non-linear rectified I-V profile from Figure 5D and three attempts to describe it. We expect the I-V profile to pass through zero (E0 = 0) because we have the same ion concentrations on both sides of the membrane. We corrected for slight deviations in the current at zero voltage. For the fit in Figure 6A we assumed that there is only one single permeation process by pores and no leak-conductance (ie, gL = 0 in Equation 5). The fit is reasonable but not perfect. The insert shows the calculated pore open-probability. It displays a minimum at −162 mV corresponding to a spontaneous polarization of the membrane that leads to a voltage offset of V0 = +162 mV. The minimum open-probability at this voltage is about 0.27 which requires 27% of all pores being open. However, we will see below that no open pores can be detected at this voltage. For this reason we decided that this is not the most likely scenario. Figure 6C shows a free fit allowing for a variation of the leak conductance gL. The straight line in this panel corresponds to the leak currents IL = gLΔV. In this fit, the open probability of the pores reaches a minimum at −208 mV and the minimum open probability of pores is below 1%. Since there is one more fit parameter, it is not surprising that this describes the measured I-V profile better. However, what also speaks in favor of this description is that one does not expect open pores at negative voltages. Only at positive voltages, the open probability of pores is significantly different from zero. The fit in Figure 6C is composed of a leak current IL and a pore current Ip, which are independently shown in the figure.


[image: Figure 6]
FIGURE 6. Three different scenarios to fit the non-linear current-voltage relations. (A) Conductions by pores only (gL = 0). (B) Conduction by voltage-dependent pores and a voltage-independent fixed leak current taken from the experiment in Figure 5C. (C) Same as (B) but the leak current was not fixed. The latter fit describes the data best. The inserts show the pore open probability for the three different scenarios. The minimum of Popen represents the offset voltage −V0. See text for details.


In our experiments we sometimes find linear I-V relations and sometime outward rectified profiles. It is not exactly clear why both cases occur with the same experimental settings for the same membrane. Interestingly, the linear I-V profile (Figures 5C, 6B) yields a quite similar conductance gL as leak current IL in Figure 6C. This supports our assumption that the conductance of the lipid membranes is a phenomenon described by two different processes: A voltage-independent leak conductance and a voltage-gated pore formation process.

Therefore, we tentatively assumed that the two cases are only distinguished by the presence or absence of pre-pores that are ready to open but that the leak conductance of the membrane is identical in all experiments. Figure 6B shows a fit where the leak conductance gL was obtained from the linear I-V profile shown in Figure 5C. Its value was kept constant for fitting the rectified profile. We see that this describes the I-V profile quite well.



3.3.2. Relaxation Processes

In Figure 4 one could see that the initial current during equilibration displays more than one exponential component. Time-dependent changes of the membrane current can have two origins. The first is the charging of the membrane capacitor, of pipette walls and electrodes. The charge on a capacitor is given by
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where Cm is the capacitance, A is the area of the capacitor and P0 is its spontaneous polarization (Mosgaard et al., 2015a), which is related to the voltage offset V0 described above. The capacitive current is therefore given by
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The first term on the right hand side is considered in electrophysiology, while the second and third term are neglected. Thus, in the textbooks it is assumed that the capacitance of the membrane and all membrane properties are constant after a voltage jump. This assumption requires that the membrane structure is independent of voltage, which is practically impossible for a soft molecular layer the will deform in the presence of electrostatic forces. The time constant of charging a constant capacitor in an electrolyte solution, τ0, is typically fast because it is dominated by the low resistance of the electrolytic medium. The second term in Equation (7) represents the time-dependent change in capacitance caused by a voltage-induced structural change in the membrane, and the third term is the related voltage-induced change in the spontaneous polarization of the membrane, for instance caused by changes in lipid head-group orientation or changes in curvature. Due to electrostriction, the capacitance of membranes is voltage-dependent (Heimburg, 2012; Mosgaard et al., 2015a,b). The capacitance of a membrane is given by Cm = ε0εA/D where A is the membrane area and D is the membrane thickness. Electrostriction reduces the membrane thickness and increases the membrane area. Both effects lead to an increase in capacitance, ΔCm. This effect is most pronounced close to melting transitions in membranes because here the membranes are softest. This is the situation treated in this paper (see Figure 1). In this paper we assume that the slow timescale of capacitance and polarization changes, τm, results from the relaxation processes in membranes, which are in the millisecond regime (Grabitz et al., 2002; Seeger et al., 2007).

A further time-dependent change in the membrane current may originate from voltage-induced changes in the membrane conductance, Δg, due to changes in membrane structure. It is known that membranes are more permeable in their melting transitions (Papahadjopoulos et al., 1973; Nagle and Scott, 1978; Sabra et al., 1996; Blicher et al., 2009). Therefore, a voltage-induced change in membrane structure as caused by electrostriction will also change the conductance of the membrane. In the presence of a spontaneous voltage-offset (polarization) of the membrane, this effect will be different for positive and negative voltages, i.e., it will be rectified. Since it is related to structural changes in the membrane, the time-scale of its changes will also be dictated by the relaxation time-scale in the membrane, τm, where we have assumed a single-exponential relaxation process (as described in Grabitz et al., 2002; Seeger et al., 2007).

For the total membrane current we obtain for a jump from voltage Vb before the jump to a voltage Va after the jump:
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where the term related to charging the capacitor is described by the timescale τ0 and the amplitude A0. All terms related to changes in membrane structure change with the time constant τm and amplitude Am. Cm,b, Cm,a, gb, and ga are the steady-state capacitance and conductance before and after the voltage jump, respectively. ΔV = Va − Vb, ΔCm = Cm,a − Cm,b, Δg = ga − gb, and Δ(AP0) = (AP0)a − (AP0)b are the differences of the respective functions in steady state before and after the voltage change. We see that the steady-state current after a jump is given by
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The time-dependent current contributions are dominated by two time-scales. One of them, τ0, is related to charging a constant capacitor, while the second one, τm, is slow and dominated by the relaxation process of conductance, capacitance and polarization of the membrane.



3.3.3. Experiments at Different Pipette Depths

In order to better understand the appearance of the non-linear behavior and the origin of the voltage offset, I-V measurements were performed on the same membrane at different positions of the tip in the water bath. This is an indirect attempt of controlling the hydrostatic pressure gradient across the membrane, which increases linearly with the depth, h.

With the aid of a micromanipulator, the tip of the pipette was lowered from its initial position (close to the water surface) down to different depths inside the water bath. Figure 7 shows two series of I-V curves measured for the same membrane (membrane 1) at different positions, i.e., at 1 and 3 mm below the water surface, corresponding to a pressure difference of about 98 and 294 Pa. The numbers close to each curve indicate the temporal order of the recording in each sequence. The time interval between subsequent recording was not fixed but was never more than 5 min (with an average of 1 min and a half). Fits for the I-V profiles were generated by using Equation (4) and the procedure used in Figure 6C. The two contributions to the conductance are displayed separately in the small panels. No qualitative differences can be observed between the recordings at 1 and 3 mm. Both positions produce consistently both linear and non-linear responses, the latter being always in the form of outward rectified I-V curves. Interestingly, during each voltage-jump sequence, one behavior was consistently maintained while in the next sequence one can observe a different behavior. For instance, in Figure 7 top left, the first trace was outward rectified, the second was linear, the 3rd and 4th trace were rectified and finally the 5th was linear. The reason for this behavior is not clear. It seems that the linear contribution of the conductance is the same in both, linear and rectified profiles—but that it is not always possible to activate pores. The values of the voltage offset as obtained from the fit vary slightly from one recording to the other, but they are comparable between the two different positions. On average, it is 243 (±34) mV at 1 mm depth and 221 (±20) mV on average at a depth of 3 mm. The leak conductance gL and the pore conductance gp were larger at larger depth of the patch pipette. For membrane 1, the conductance gL increased by 32% and the pore conductance gp by 37% when going from 1 to 3 mm depth.
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FIGURE 7. I-V recordings of the same membrane as Figure 5 (membrane 1) at different depths below the air/water interface. (Top) Tip 1 mm below the surface. (Bottom) Tip 3 mm below the surface. Both sets of recordings show two different electrical behaviors, with both linear and non-linear I-V relationships. The curves were measured in sequence and are numbered in order of appearance. Only the average values of the current are displayed for clarity. The dotted lines are fit to all current data points.


It is interesting to note that trace 1 in the top left panel of Figure 7 displays a voltage regime around −50 mV, in which the dependence of the current on voltage, dI/dV, is negative. This is impossible without a voltage-dependent conductance. It can be explained if one considers that around −200 mV, all pores are closed while at −50 mV some pores are open. For this reason, one can find a larger negative current at −50 mV than at −200 mV.



3.3.4. Channel Activity

Non-linear I-V curves and outward rectification are not the only properties of the lipid membranes studied here that resembled those of biological membranes. We also find that several recordings of membranes showed current fluctuations and quantized steps that are typical of ion channel activity.

Figure 8 shows two current responses of membrane 2 to the same voltage protocol as describe in section 2.3. The membrane had the same lipid composition as the one of Figures 5–7. The two recordings shown here were obtained with the membrane at 4mm (left) and 8mm (right) below the water surface.
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FIGURE 8. Current response of membrane 2 at 4 mm (Left) and 8 mm (Right) below the water surface. The current response to negative voltages doesn't show current fluctuations. (Left) The membrane current at high positive voltages shows quantized steps to a lower current value before jumping down to it and staying there for the lower voltages. The current response at 200 mV shows a constant drift in the baseline and is not shown here. (Right) The current responses to 200, 175, and 150 mV have been shifted to the top panel for clarity as they overlap. The membrane shows current fluctuations for increasing voltages. They end up in well-defined quantized steps at high voltages when pores are open most of the time.


One can recognize that the I-V profiles in both cases are non-linear. They display a larger conductance at positive voltages, which is more pronounced at the depth of 8 mm as compared to the 4 mm recording. Further, one recognizes discontinuous conduction steps in both experiments, which are also more pronounced at 8 mm depth. The fits to the I-V profile are performed as in Figures 6, 7.

A continuous recording of this membrane at 4 mm depth and a fixed holding voltage allowed to observe consistent channel-like activity for a longer period of time. Figure 9 shows the first 5s of the raw current trace. The trace shows clear quantized steps from a baseline at 94pA that was slightly drifting to a set value of about 106pA. The step-size was about 13 pA, corresponding to a single lipid channel conductance of about ~68 pS, very similar to the single channel conductance in the same experiment at 150 and 125 mV. Thus, the single channel conductance is probably independent of voltage, as already found in Blicher and Heimburg (2013). The step size at 200 mV for the 8 mm depth recording in Figure 8 (right, top) yields a single channel conductance of about 137 pS, which is twice as high as in the 4 mm recording in the left panels. The current traces in Figure 8 indicate that at high positive voltage, pores can be open most of the time.


[image: Figure 9]
FIGURE 9. Continuous current recording for the same membrane as Figure 8 (membrane 2) at a holding voltage of 190 mV, 4 mm below the water surface (T = 297.15 K). The graph shows 5 consecutive seconds of recording, starting from the top row. The time-intervals are presented as a stack for clarity.


The above recordings were observed when the pipette tip was 4 and 8 mm below the water surface, so slightly lower than the recordings shown for membrane 1 in Figure 7.

We observed channels at high positive voltages and at different depths. In membrane 2 (Figures 8, 9), channel activity seemed to increase with increasing depth of the tip in the water bath. At the same time, the voltage threshold for activity onset seemed to decrease with increasing depth/pressure. However, we have only three data points in this sense (i.e., three different depths). Note that the depths here are larger than those for the previous membrane. Interestingly, also the first membrane showed current fluctuations when brought 10 mm below the air-water interface. This is shown in Figure 10. The current traces correspond to voltage steps in the range 200−0 mV (we did not record traces for negative voltage because at 0 V the membrane ruptured).

The membrane in Figure 10 ruptured at 0 mV. Indeed, membrane rupture at large depths was one of the main obstacles to investigating this phenomenon further. In fact, membrane instability seemed to increase with increasing depth.


[image: Figure 10]
FIGURE 10. Current response of the same membrane as Figures 6, 7 (membrane 1) at a depth of 10 mm below the water surface. The membrane ruptured at 0 mV. Hence only the positive range is shown. (Left) Current traces at different voltages. The top trace is the response to the first jump of the protocol (from 0 to 200 mV), and it has been plotted separately for clarity. At this voltage, the membrane shows a step-wise increase in conductance, from an initial value of about 1.2 nS to a final one of roughly 1.8 nS. In the bottom panel, the other traces are shown. Current fluctuations start to appear in the form of spikes already at 50 mV, and increase in number and duration at higher voltages. (Right) Current-voltage relationship for the traces shown at the left. A linear fit gives a value of the conductance of 1.8 nS. This is in line with the final value of conductance for the trace at 200 mV. Due to its transient behavior, however, this trace has not been included in the fit.


Summarizing, it seems that larger depth of the pipette enhances channel activity, and they occur at lower voltage. In the previous section, we have also found large conductances gL and gp at larger depth. This suggests that the lipid membrane channels are mechanosensitive.



3.3.5. Symmetric I-V Profiles in Black Lipid Membranes

In a previous publication (Zecchi et al., 2017) we suggested that the offset voltage responsible for the asymmetry and the apparent outward rectification of the I-V profiles is caused by flexoelectricity. Bending of the membrane creates an electrical polarization that is roughly proportional to the curvature (Petrov, 2001; Petrov and Sachs, 2002; Mosgaard et al., 2015b). The tip diameter of a patch pipette is small. The maximum curvature possible is that of a half sphere with a radius that corresponds to the radius of the tip opening. For a pipette with 1 μm diameter, the maximum curvature is c = 1/500nm. However, if one uses black lipid membranes spanning a hole with a diameter of about 100 μm, the maximum possible curvature is 100 times smaller (see Zecchi et al., 2017 for details about this argument). If the voltage offset were in fact caused by flexoelectricity, the voltage offset would be practically absent in black lipid membrane measurements. This means that patch pipettes allow for high curvature, while black lipid membranes rather imply membranes without or with low curvature.

Figure 11 shows a black lipid membrane experiment made with the Ionovation Explorer (see section 2). The aperture in this experiment had a diameter of about 120 μm. In the patch experiment it was ~8 μm, i.e., about 15 times smaller. We used a membrane with 77.3% DMPC, 7.7% DLPC, and 15% cholesterol and a temperature of 32°C at the upper end of the melting transition of this membrane (Figure 1). Cholesterol is known for largely broadening the melting transitions of membranes, thus reducing domain formation and fluctuations. This renders membranes more stable. This is an important factor in black lipid membrane measurements because of the notorious instability of the membranes close to transitions.
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FIGURE 11. Recordings on a DMPC:DLPC:chol. = 77.3:7.7:15 BLM measured at 32.4°C. (Left) Current traces. For better visibility, they are evenly spaced on the vertical axis. Note, the current traces in the linear regime of the I-V profile are not shown. (Right) I-V-profile. The solid line is a fit of the I-V profile to Equation (5). The insert represents the pore open probability. Note that for the BLM, the I-V profile is symmetric and the channel activity occurs at both higher positive and higher negative voltages.


We found an I-V profiles that is completely symmetric, i.e., it does not display a significant voltage offset (the fit yields ~−5 mV). We found a leak conductance of gL = 270 pS and a pore conductance of gp = 863 pS when fitting it with Equation (4). The conductance steps at 100 mV correspond to 78 pA, comparable to a single channel conductance of ~78 pS. This is similar to the single channel conductance of the traces in Figure 7 where we found ~68 pS. This indicates that the magnitude of the conductance steps does not depend on the size of the membrane. Most interestingly though, the near absence of a voltage offset allows seeing that the rectification pattern is also symmetric, and that channel activity appears both at positive and negative voltages in the non-linear part of the I-V profile that we attribute to pore formation. This supports our interpretation of having two conduction processes present.



3.3.6. Membrane Relaxation

In section 3.3.2 we described how after a voltage jump one finds transient equilibration processes that consist of capacitive currents and time-dependent changes in conductance (Figure 4). We have argued that one expects (at least) two relaxation processes. One is related to charging the capacitor via the electrolyte and a second one is coupled to changes in membrane structure with effects both on conductance and capacitance. In the present set of experiments, we performed voltage jumps from zero to a fixed voltage, and back to zero. The voltage across the membrane must not necessarily be equal to the voltage adjusted by the setup. The resistance of the pipette is a series resistance of glass pipette and membrane. Occasionally, our membrane ruptured during the experiment (e.g., Figure 8). Thus, one can observe the resistance of the setup with and without membrane after an instantaneous process. We found that in the absence of a membrane, the resistance is at least 2 orders of magnitude smaller than in the presence of the membrane. From this we concluded that the adjusted voltage was practically identical to the voltage across the membrane and that the resistance and capacitance of the pipette (with a tip diameter of about 8 μm) do not contribute much to the observed currents.

We describe the relaxation process by a bi-exponential function (see Figure 4 and Theory section):
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We fitted the relaxation profiles shown in Figures 12A,B with biexponential profiles. We found that one obtains good fits of the relaxation profiles if the same relaxation times were taken for a given membrane for all voltages jumps from zero to a fixed voltage (Figure 12A, 0 → V) and back (Figure 12B, V → 0). Empirically, we adjusted the two relaxation times to 258 μs (dominated by the digital filter time constant of the experiment) and 1.74 ms for all profiles. What is fitted are the amplitudes A0 and Am of the two relaxation processes (Figures 12C,D).


[image: Figure 12]
FIGURE 12. Relaxation processes corresponding to the I-V profiles shown in Figures 5C,D: (A) Relaxation processes after a jump from 0 volt to a fixed voltage for the rectified I-V profile shown in Figure 5D. The thin black lines represent the fits to a biexponential function. V. (B) Relaxation processes after jump from a fixed voltage V to zero volts for the rectified I-V profile shown in Figure 5D. (C) Bottom panel: The fit parameters of the relaxation processes corresponding to Figure 5C. The top panel shows the corresponding I-V relation Both the amplitudes of the fast and the slow process, A0 and Am are linear as is the IV profile. (D) Bottom panel: The fit parameters of the relaxation processes corresponding to Figure 5D. Here, Am is linear in voltage and equal in magnitude in both experiments (blue lines). Amplitude A0 displays a non-linear voltage dependence for the rectified I-V profile (right). The solid lines at the bottom are the same in (C,D). In (D) they serve as a guide to the eye to demonstrate the non-linearity of the voltage dependence for amplitude A0. The current relaxation profiles in (A,B) were not corrected for a slight current offset from zero.


We find that the bi-exponential relaxation profiles with fixed time constants describe the experimental data well. The amplitude Am of the slow process displays a linear dependence on the voltage for both the linear and the rectified I-V-relation shown in the top panels of Figures 12C,D (blue symbols). In contrast, the fast process with amplitude A0 (red symbols) is similar to the voltage dependence of the IV relation. It displays a linear behavior for the linear IV relation in Figure 12C, and a rectified behavior for the rectified I-V relation in Figure 12D. The analysis of the data in Figure 8 yields a similar result. Taking into account the similarities between the voltage-dependence of the fast process and the steady state current, it seems plausible to assume that the fast relaxation processes contains elements from the relaxation of the conductance after a voltage jump. Since we attributed the non-linearity of the I-V profile to the opening of pores in the Theory section, we suggest that the fast process is related to the timescale of pore opening.





4. DISCUSSION

In this work, we studied the conductance of DMPC:DLPC = 10:1 and DMPC:DLPC:cholesterol = 77.3:7.7:15 membranes subject to voltage jumps of different magnitude and direction. The experiments had different aspects: (1) Studying I-V profiles at different depths of a patch pipette in the aqueous buffer. (2) Studying discrete channel opening- and closing events. (3) Comparing BLMs with lipid patches. (4) Determination of the kinetics of membrane equilibration after a voltage jump.

For each of the two membranes that were stable enough for an extended experimental sequence in the patch clamp experiments that we describe here, we found two quantitatively different current-voltage profiles. We either found linear I-V relationships or outward rectified I-V profiles, even under the same conditions and for the same membrane. We could well describe these profiles with a model that allows for two electrical conduction processes: A voltage-independent leakage and a voltage-dependent pore-formation (i.e., the occurrence of lipid ion channels). This is consistent with our observation that membrane channels are usually found in the rectified profiles at positive voltages. The asymmetry of the rectified I-V profile is a consequence of an offset potential V0, i.e., a polarization of the membrane. The leakage-current of the rectified profiles was within error identical to that of the linear I-V profiles found for the same membrane in the absence of pores. One therefore has to conclude that the pore-formation sometimes lacks the nucleation sites for pore formation [sometimes called a pre-pore in the literature (Böckmann et al., 2008)]. Sometimes pores are present and sometimes they aren't. Details of this somewhat stochastic process remain to be explored. In contrast, the leak current is always present. In our theory, we assumed that the voltage-dependence of the free energy of the pores is quadratic in voltage, which has been proposed earlier (Winterhalter and Helfrich, 1987; Blicher and Heimburg, 2013; Mosgaard et al., 2015a). In Winterhalter and Helfrich (1987), it was also proposed that voltage may stabilize the formation of pores with a given radius, i.e., pores of fixed conductance, which we have also found here. Interestingly, the I-V relations of the BLM measurement was non-linear but symmetric, in agreement with previous findings (Wodzinska et al., 2009).

In the past, we have attributed an offset potential of the membrane to a spontaneous polarization of the membrane. Since our lipids are uncharged, the polarization may arise from membrane curvature due to an effect called flexoelectricity (Petrov, 2006; Mosgaard et al., 2015a). It arises from the asymmetric distribution of lipid dipoles in curved membranes. It may also arise from the asymmetric attachment of membranes to the glass pipette or from a lipid asymmetry (not likely in the present experiments). The offset potential V0 results in the rectified profiles. The voltage dependence of the pore open probability is also relative to the voltage V0.

We have changed the depth of the pipettes in the aqueous medium. This changes the pressure difference and might potentially lead to a change in the offset potential. For membrane 1 we found 243 (±34) mV on average in 1 mm depth, while we found 221 (±20) mV on average at a depth of 3 mm. The difference of these two values of V0 is smaller than the standard deviation. Similarly, for membrane 2 we found V0 = 221 mV at 4 mm depth and V0 = 193 mV at 8 mm depth. Thus, while it might be that the offset potential is smaller at larger depth, the error margin does not allow us to make a trustworthy statement about its depth dependence. It seems that the origin of membrane polarization is not primarily the pressure difference across the membrane. However, it was generally true that the leak conductance gL and the pore conductance gp were larger at larger depth of the patch pipette. For membrane 1, the conductance gL increased by 32% and the pore conductance gp by 37%. For membrane 2, gL change by 43% upon going from 4 to 8 mm depth, and gp changed by 86%, respectively.

Interestingly, one does not find a measurable offset potential in black lipid membranes (Figure 11). We attribute that to the fact that the maximum possible curvature for a membrane across an aperture of 120 μm in our BLMs is much smaller that of a lipid patch spanning a tip aperture of about 8 μm.

We reported that the rectified I-V relations are often accompanied by the voltage-gated opening of single lipid ion channels (see also Laub et al., 2012; Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013). This is surprising because it is usually believed that voltage-gated conduction-events are an exclusive feature of protein channels. In our experiments, the minimum pore open probability is found for V − V0 = 0, i.e., at a voltage around −200 mV. One expects opening of pores below about −400 mV (outside of our experimental range) and above about 0 V. This has in fact been observed in Figure 8. In the BLM measurements that do not display a voltage offset, the formation of channel events displays symmetric voltage-dependence, i.e., it occurs at both higher positive and negative voltages. In patch experiments, we found a single channel conductance at 8 mm depth that was 2.0 times larger than the single channel conductance at 4 mm depth (γ = 137 pS vs. γ = 68 pS, respectively). In the BLM experiment, the single channel conductance was γ = 78 pS.

In the previous section, we outlined that the conductance gp of the I-V profile associated with open pores was about 2 times larger at 8 mm depth than at 4 mm depth. These numbers are well in agreement with the difference in single channel conductance. This indicates that interpreting a conduction process related to pore-formation is reasonable. The second conduction process that we called a leak-current is voltage-independent and does not display discrete channel events. Larger depth of the pipette enhances channel activity, and they occur at lower voltage. This suggests that the lipid membrane channels are mechanosensitive.

The conductance of the lipid pores is of a magnitude typical for single channel proteins. Llano et al. (1988) reported single potassium channel conductances of γ = 10, 20, and 40 pS in the squid axon. Salkoff et al. (2006) found that the so-called SLO-potassium channel family may have larger conductances, e.g., γ = 100–270 pS (SLO1), γ = 60–140 pS (SLO2.1), γ = 100–180 pS (SLO2.2), and γ = 70–100 pS (SLO3). Sakmann and Trube (1984) described a potassium channel with a single channel conductance of 27 pS. Below we show that also the voltage-gating properties of our membranes are similar to potassium channels. This suggests that the phenomenology of lipid and protein channels is practically indistinguishable.

After a voltage jump one finds a transient time regime of about 10 ms, in which the membrane equilibrates to a new state. In the theory section we outlined that one expects at least two relaxation processes. One of them is the charging of the membrane (and pipette) capacitor with a timescale independent of the membrane state, and the second one is a structural variation of the membrane leading to changes in capacitance, polarization and membrane conductivity. The second timescale reflects relaxation processes in the membrane. We could describe all current traces with bi-exponential fits containing a fast timescale of about 300 μs (dominated by the low pass-filter time constant of the experiment) and a slow timescale of about 2 ms. The amplitude of the slow process was linear with the magnitude of the voltage jump and did not depend on whether the I-V profile was rectified or linear. In contrast, the amplitude of the fast process reflected the voltage-dependence of the steady-state conductance of the membrane after the voltage jump. We conclude that there exists a fast process altering the conductance by changing the membrane state. This could be reflected in a timescale of channel opening or of the overall membrane area. Usually one would assume that the membrane-related process is the slow process, which is opposite to the experimental evidence showing that the fast process reflects that rectification. The reasons for this remain to be explained. It is further not clear why the I-V profiles are sometimes rectified and sometimes not.


4.1. Comparison of Membrane Conductance With the Potassium Channel of Hodgkin and Huxley

We have found that many of the I-V curves are rectified, which we explained by the voltage-gated opening of pores. These pores can be recognized in many of the current traces. Our analysis allows for a determination of the probability of pore opening. We found that close to the offset-voltage V0, the pores are mostly closed, while the open probability increase as a function of [image: image]

Rectified behavior has usually been attributed to voltage-gated protein ion channels. These channels were originally introduced by Hodgkin and Huxley in order to explain the properties of the nervous impulse in squid axons (Hodgkin and Huxley, 1952a). In their model they introduced two channels (or more accurately: two gating mechanisms) for the conduction of sodium and potassium. The conductances of the potassium channel, gK, and of the sodium channels, gNa were described by

[image: image]

where n(V, t), m(V, t), and h(V, t) are voltage and time-dependent functions describing single-exponential kinetics of gate-opening in the channels. The potassium channel is described by four independent and identical gates. After a voltage jump from V0 to V, the conductance of the potassium channel is described by

[image: image]

where the relaxation time τn(V) and the steady state values of n, n∞(V), and n∞(V0) are given by

[image: image]

with

[image: image]

where the voltage V is given in units of [V].1 The functions αn(V) and βn(V) were not derived from first principles but rather parameterized from experimental voltage-clamp data (Hodgkin et al., 1952; Hodgkin and Huxley, 1952b). The steady state open probability of the potassium channel is then given by

[image: image]

This function is shown in Figure 13 (solid black line). It is interesting to compare it to the open probability of the pure lipid membranes of the experiments described above (blue traces).


[image: Figure 13]
FIGURE 13. Comparison of the open probability of the K+-channel of Hodgkin and Huxley (1952a) (fat line), the KvAP channel reconstituted into a POPE/POPC = 3:1 membrane (Schmidt et al., 2006) (fat red line and symbols), and selected open probabilities from Figures 7, 8 in the voltage regime of physiological relevance.


We took the calculated open probabilities of five selected traces from Figures 7, 8 and plotted them in comparison to the steady state open probability of the K+-channel determined by Hodgkin and Huxley. While the curves are not identical, they are in fact quite similar. Figure 8 shows that the open probability in fact goes along with the opening of pores. For comparison, we also added the normalized conductance of the voltage-gated KvAP channel (red symbols, Lee et al., 2005; Schmidt et al., 2006) that displays a voltage-dependent conductance that is very similar to the HH-potassium channel and the lipid channels from this publication. This demonstrates that many properties of the potassium channel can be described by the rectified properties of the lipid membrane in the absence of any macromolecules. The similarity of lipid membrane behavior with that of potassium channels has in fact been noticed before (Blicher and Heimburg, 2013; Mosgaard and Heimburg, 2013).

Interestingly, Seeger et al. (2010) showed that the both mean conductance and open channel life-times of the KcsA potassium channels reconstituted into a synthetic lipid membrane are proportional to the heat capacity of the lipid membrane. They used a POPG:POPG = 3:1 mixture, which is commonly used in conduction studies on reconstituted proteins. For instance, it was used as a demonstration for how lipids change the function of the KvAP channel (Schmidt et al., 2006). This mixture shows a transition exactly at room temperature (the experimental temperature in Schmidt et al.). This shows that even in membranes containing protein channels, it may be impossible to understand the results without studying the thermodynamics of the host matrix. Since this lipid mixture is so common, it is likely that in some of the respective studies the function of the protein may have been confused with that of the host membrane. This behavior would be a logical consequence of membrane fluctuations if the membrane conductance originated from the lipid membrane alone. Since the conductance of the membrane was still proportional to the concentration of K-channels in the membrane, we have proposed in the past that the conductance in the membrane originates from membrane pores that are catalyzed by the channel protein (Mosgaard and Heimburg, 2013).



4.2. Membrane Conductance and the State of the Lipid Membrane

Membrane conductance depends on the thermodynamic state of the lipid membrane, which is influenced by all intensive variables. These may be temperature, pressure and membrane tension, but also voltage and the chemical potentials of membrane components, e.g., due to lipid composition, membrane proteins and to drugs associated to the membrane. In this manuscript, we focused on voltage and pressure differences across the membrane that are responsible for membrane curvature.

We treated the temperature dependence and chemical potential changes (in terms of an anesthetic drug) in earlier papers. The temperature dependence of the membrane conductance is closely associated with the temperature dependence of membrane melting (Blicher et al., 2009). In the past we have shown that one can seemingly “block” lipid pores by anesthetics (e.g., ethanol and octanol) in a manner which resembles that being reported for some protein receptors, such as the nicotinic acetylcholine receptor, N-methyl-D-aspartate (NMDA), serotonin [5-HT(3)], glycine and GABA receptors (Wodzinska et al., 2009). The reason is that anesthetics affect the melting profiles of membranes (Heimburg and Jackson, 2007; Græsbøll et al., 2014). Therefore, anesthetic drugs actually do not block pores but change the thermodynamics of the membrane. This is a clear case for an action of a drug on conductance that can convincingly be explained by its effect on lipid membranes. Anything that alters the membrane state will alter the likelihood of lipid pore formation. These are not only the anesthetics, but also neurotransmitters, such as serotonin that display a large effect on lipid melting (Cantor, 2003; Seeger et al., 2007) (Robert Cantor called some of the neurotransmitters “endogenous anesthetics”), and proteins (Heimburg and Biltonen, 1996; Heimburg and Marsh, 1996; Mosgaard and Heimburg, 2013). We have also studied the effect of tetrodotoxin (TTX) on lipid membranes but did not find a measurable effect on lipid transitions (unpublished data). This is evidence for that TTX specifically acts on macromolecules and not un-specifically on lipid membranes. Thus, proteins are involved in TTX-dependent processes but probably not in the action of anesthetics. We have proposed in the past that proteins could affect the thermodynamics of membranes and act as catalysts for lipid pores (Mosgaard and Heimburg, 2013). Proteins have chemical potentials and add to the free energy of the membrane. This effect may be influenced by specifically binding drugs, such as TTX because they can alter the chemical potentials of the proteins.



4.3. Thermodynamic Variables and Protein Channels

The lipid melting transition is a function of the chemical potential difference between gel and fluid lipids, which depends on temperature, pressure, lateral tension, voltage, and the chemical potentials of the components (Heimburg, 2007). The open-close probability of pores is related to this chemical potential difference. It would not make sense to distinguish between heat- and cold sensing pores, mechanosensitive pores, voltage-gated pores, or pores created by changes in composition, protein and drug concentration, or pH-dependence. The lipid pores naturally are sensitive to all of these changes. We have demonstrated this here for mechanosensitivity and voltage, and previously for temperature and anesthetics. The effect of drugs, such as anesthetics can be reversed by pressure, temperature, or pH changes (Heimburg and Jackson, 2007; Heimburg, 2019; Mužić et al., 2019). It is therefore interesting to compare this with protein channels and receptors. In the protein field is believed that there exist proteins that “sense” different variables separately and that they are specialized receptors for thermodynamic variables. Receptors for temperature changes that have been proposed include the TRPM8- and TRPA1-channels for cold reception (and simultaneously for menthol), whereas TRPV1, TRPV2, TRPV3, and TRPV4 are believed to be activated by heating (Voets et al., 2005). Other proteins are voltage sensors, e.g., the KcsA potassium and other K+-channels (Doyle et al., 1998; Bezanilla, 2005) or sodium channels (Hodgkin and Huxley, 1952b). A lot of attention has been given to mechanosensitive channels that are activated by changes in membrane tension (Martinac et al., 1990; Sukharev et al., 1994), e.g., the piezo1 and piezo2 channels (Coste et al., 2010; Syeda et al., 2016) and the TMC1 and TMC2 proteins (Jia et al., 2020). As we have shown here, lipid channels are equally sensitive to membrane tension and are mechanosensitive.

As for the lipid channels, the kinetics for opening and closing of protein channels should depend on the chemical potential differences, which generally are functions of all variables. Some changes of the variables will activate and others deactivate channels. In general, also the channel events observed in the presence of proteins will depend on all thermodynamics variables. It is possible that many of the effects of changes in the variables on proteins may originate from the lipids. Thus, it is not surprising that the cold-sensing protein TRPA1 can be activated by calcium. Calcium increases the melting temperature of charged and uncharged lipid membranes due to its effect on the electrostatics. Uncharged membranes melt at higher temperature than charged membranes (Träuble et al., 1976). Therefore, the change in the state of a membrane upon addition of calcium is similar to that one obtains upon cooling. Likewise, it would be straight-forward to predict that TRPA1 is activated be lowering the pH because this has a similar effect on electrostatics than binding calcium. Interestingly, lowering pH reverses anesthesia. We have pointed out that many aspects of the phenomenology of TRP-channels can be found in artificial membranes (Laub et al., 2012). The cold activation of TRPM8 displays a similar critical temperature (19°C) and width (about 10°) as the melting transitions in biological membranes (Mosgaard and Heimburg, 2013; Mužić et al., 2019). Mechanosensitive channels from E. coli can be activated by membrane-soluble amphipathic drugs, such as trinitrophenol and chlorpromazine (a neuroleptic), or by changes in their chemical potential, respectively. This resembles the effect of anesthetics on lipid membranes and its channel activity discussed above. Martinac et al. (1990) in fact suggested that this could be explained by a lipid membrane effect because the effect is related to their membrane solubility. This is also the case for the effect of general anesthetics on lipid channels that obey the famous Meyer-Overton relation (Heimburg and Jackson, 2007; Blicher et al., 2009).




5. CONCLUSION

We describe the voltage-gated opening of channels in pure lipid membrane. When the I-V profiles are outward rectified, in most cases one finds single channel events at high voltage. When I-V profiles are linear, one does not see single channels. I-V profiles in BLMs are symmetric and show lipid channels at higher voltage. We concluded that there are two conduction processes: One leak current not related to membrane channels and with a conductance that is independent of voltage, and single channel events that are voltage-gated. We reported evidence for that channel-opening is mechanosensitive. The properties of the membrane channels resemble those of potassium channels.
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Maillard reaction products (MRPs) of protein, amino acids, and reducing sugars from many foods and aqueous extracts of herbs are found to have various bioactivities, including antiviral effects. A hypothesis was proposed that their antiviral activity is due to the interaction with the cellular membrane. Aiming to estimate the possible actions of MRPs on phospholipid bilayers, the Arg-Glc MRPs were prepared by boiling the pre-mixed solution of arginine and glucose for 60 min at 100°C and then examined at a series of concentrations for their effects on the phase transition of MeDOPE multilamellar vesicles (MLVs), for the first time, by using differential scanning calorimetry (DSC) and temperature-resolved small-angle X-ray scattering (SAXS). Arg-Glc MRPs inhibited the lamellar gel–liquid crystal (Lβ-Lα), lamellar liquid crystal–cubic (Lα-QII), and lamellar liquid crystal–inverted hexagonal (Lα-HII) phase transitions at low concentration (molar ratio of lipid vs. MRPs was 100:1 or 100:2), but promoted all three transitions at medium concentration (100:5). At high concentration (10:1), the MRPs exhibited inhibitory effect again. The fusion peptide from simian immunodeficiency virus (SIV) induces membrane fusion by promoting the formation of a non-lamellar phase, e.g., cubic (QII) phase, and inhibiting the transition to HII. Arg-Glc MRPs, at low concentration, stabilized the lamellar structure of SIV peptide containing lipid bilayers, but facilitated the formation of non-lamellar phases at medium concentration (100:5). The concentration-dependent activity of MRPs upon lipid phase transition indiciates a potential role in modulating some membrane-related biological events, e.g., viral membrane fusion.

Keywords: Maillard reaction products, phase transition, multilamellar vesicles, MeDOPE, x-ray scattering


INTRODUCTION

The Maillard reaction is a non-enzymatic browning chemistry reaction between amino acids (or peptides, or proteins) and a reducing sugar, usually requiring heat. As a major chemical change that occurs during food processing, herb decocting, and physiological aging, Maillard reaction products (MRPs) have been associated with a number of functions and bioactivities, such as flavoring, coloring, modification of proteins and lipids with glycation, and formation of antioxidant or mutagenic compounds. Both positive and negative influences of MRPs on cell reproduction have been reported (Einarsson et al., 1983; Harris and Tan, 1999; Kundinger, 2004; Rufián-Henares and Morales, 2006). MRPs from amino acids and glucose showed significant impacts on the growth of the microorganisms (Harris and Tan, 1999). This impact varies according to which amino acid was used. MRPs derived from reaction of arginine, glycine, and histidine with glucose promoted the growth of Staphylococcus aureus and Salmonella enteritidis, while MRPs of cysteine and glucose inhibited the growth of both germs.

Maillard reaction occurs widely during the preparation of boiling water extracts of herbs including herbal traditional Chinese medicine (TCM). The decoction of botanically distinguished herbs, e.g., Isatidis Radix, Momordica charantia, and ginseng, possesses antiviral activities by inhibiting influenza A virus adsorption on epithelial cells (Chen et al., 2006; Ke et al., 2012). Arginine and glucose are the most abundant Maillard reactants found in these herbs, implying that arginine-glucose MRPs (Arg-Glc MRPs) are the representative of MRPs in the decoction. Hemagglutination is mediated by the binding of viral envelope glycoprotein hemagglutinin (HA) to cellular plasma membrane receptors, sialic acid residues of glycolipids (Rogers et al., 1985; Wiley and Skehel, 1987; Kobasa et al., 2004). Arg-Glc MRPs inhibited the attachment of influenza virus to erythrocytes, which indicates that they may tackle the interaction between HA and lipid membrane of cells (Ke, 2010).

In order to infect the host cell, both enveloped and non-enveloped viruses have to penetrate the barrier of a cellular membrane. For enveloped viruses, influenza virus A for example, penetration involves membrane fusion. For non-enveloped viruses, picornaviruses, for instance, penetration involves membrane lysis or pore formation (Marsh and Helenius, 2006). Non-lamellar structures have been discovered either at the sites of membrane fusion or membrane pore formation. Peptides or proteins, which promote membrane fusion or lyse membrane, facilitate the formation of non-lamellar phases, either micelles, cubic phases, or hexagonal phases (Epand, 1998). Membrane fusion is a critical early event for an influenza virus to transfer its genetic information to human epithelial cells and complete its replication. From there, the new virus particles are formed and released to infect other cells. Nevertheless, membrane fusion is also involved in the budding of newly formed virus particles before they are released from the host cells.

In this study, we set off to elucidate whether Arg-Glc MRPs interrupt viral infection by interacting with lipid bilayers of the cells and blocking the formation of non-lamellar phases, hiring the MLVs of an unsaturated phosphatidylethonalamine as model vesicles. The potential inhibitory effects of MRPs on peptide-induced membrane fusion were examined, using simian immunodeficiency virus (SIV) fusion peptide as an example.



METHODS AND MATERIALS


Materials

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-methyl (MeDOPE) was purchased from Avanti Polar Lipids Inc., USA, and used without further purification. Chloroform, methanol, and buffers are all graded AR and purchased from Sigma-Aldrich (Irvine, UK).



Sample Preparation

For X-ray diffraction measurement, the MLVs were prepared by dispersing 15 wt% of MeDOPE in PIPES buffer [pH 7.4, 20 mM Piperazine-N,N'-bis(2-ethanesulfonic acid), 150 mM NaCl], Sigma-Aldrich (Irvine, UK). Various samples including Arg-Glc MRPs and SIV fusion peptide (GVFVLGFLGFLA, >99%) were dissolved in deionized water or methanol and mixed thoroughly with lipid MLVs by vigorous vortex for 2 min.



Differential Scanning Calorimetry

MeDOPE MLVs were prepared as reported previously (Harroun et al., 2003) with modifications. After the lipids were dissolved in chloroform, the samples were added and mixed thoroughly by vortex and sonication. The lipid/sample suspensions were then dried up with nitrogen stream and left in vacuum overnight. Lipid concentration in the corresponding vesicle suspension was 100 mM for all the samples. MRPs were dissolved in PIPES buffer (pH 7.4, 20 mM, 150 mM NaCl) added as a serial molar ratio of 0, 1, 5, 10, 20, 30, 40, 50–100 lipid molecules. The SIV peptide was dissolved in methanol and added to the lipid solution at 1 and 2 mol%.

The dried lipid film was rehydrated with PIPES buffer at a temperature higher than TM and vortexed to make 100 mM vesicle suspension. The suspension was sonicated for 1–2 min and soaked in liquid nitrogen (−180°C). The suspension was then defrosted at a temperature of at least 20°C above the TM. The freeze–thaw cycle was repeated six times to obtain a unified lipid packing by wiping off the memory of lipids on their thermal history. The vesicles were mixed thoroughly prior to being injected and sealed into the aluminum sample pan. The pans were weighted as both empty and sealed; thereby, the actual amount of lipids sealed in the pan was calculated. A Pyris 1 Differential Scanning Calorimeter (Perkin Elmer, USA) was employed, at a scan rate of 40°C/min. The sample chamber held 30 μl of vesicle suspension. Continuous heating scans were run from −30°C through to 85°C for MeDOPE MLVs (Sykora et al., 2005).

The transition peak was analyzed with the curve-fitting program (Pyris) based on non-linear least-squares minimization. The onset phase transition temperature (TM, TQ, and TH for melting transition, transition to cubic phase, and transition to hexagonal phase, respectively), energy consumption (ΔHf), transition peak height (h), and peak area (A) were calculated automatically by the software. The transition peak height and peak area were then used to calculate the transition temperature range ΔT (Equation 1), presenting the homogeneous degree of phases existing in the phase transition.

[image: image]

T, temperature from the scan rate (°C); t, time from the scan rate (s).



Temperature-Resolved SAXS

The X-ray diffraction experiments were performed on the Austrian SAXS beamline at ELETTRA, Trieste, Italy (Amenitsch et al., 1998; Rappolt et al., 2003). Diffraction patterns of MeDOPE MLVs were recorded by a one-dimensional position-sensitive detector (Petrascu et al., 1998) covering the corresponding s-range of interest from ~1/450 to 1/12 Å−1 [s = 2πSin(θ)/λ]. As shown in Figures 4, 5, the angular calibration was performed with silver-behenate [CH3(CH2)20 -COOAg] for the detector: d001 = 58.378 Å, λ = 1.54 Å (Huang et al., 1993). The specimen-to-detector length was ~0.75 m. Equation (2) was obtained for the calculation of s-range by drawing a linear curve of “s” as a function of detector channels. Each sample was sealed in a steel chamber with a pair of thin mica film on both the entrance and exit windows, held in a steel block that was in thermal contact with a water circuit connected to a programmable temperature control unit (Unistat CC, Huber, Offenburg, Germany). The temperature was continuously monitored with a thermocouple fixed to the sample chamber in a linear fashion at a heating rate of 60 K/h, written into the data files automatically. Each frame of data collection lasted for 10–20 s depending on the scattering intensity, and for every 0.5°C (collecting for 10 s) or 1.0°C (collecting for 20 s). The X-ray beams conduct a minimal effect of thermal radiation.



X-Ray Diffraction Data Analysis

The raw data were corrected for detector efficiency. The background scattering of water and the sample chamber was subtracted from the corrected raw data. The location, width, and amplitude of each Bragg peak were then fitted by Lorentzian distributions (SigmaPlot, Systat Software Inc.). After the sample temperature curve was drawn as a function of frames, the transition temperature of each sample was determined by identifying the initiate point of non-lamellar phases. The square root of the peak intensity was used for determination of the form factor F of each individual reflection. The electron density maps of the phospholipid samples in the HII phases were derived from the small-angle x-ray diffractograms by standard procedures (e.g., see Harper et al., 2001; Rappolt et al., 2003).

The following equation was used for calculating the s-range of diffraction.
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RESULTS

Lipids with smaller head groups and bigger tail groups present a cone shape. This type of lipids, e.g., MeDOPE, forms non-lamellar phases and allows us to monitor the influence of MRPs on the lamellar to non-lamellar phase transition. Primarily, the MeDOPE forms three types of structure in its aqueous dispersions: lamellar, cubic, and hexagonal, depending on the temperature, concentration, and thermal history. The non-lamellar structures are believed to relate to the initiation of peptide-induced membrane fusion. The presence of non-lamellar structure in MeDOPE samples indicates a destabilization of the lipid layers; thus, MeDOPE MLVs were used as a model lipid system for evaluating the effects of MRPs on membrane fusion induced by the SIV fusion peptide.


Arg-Glc MRPs Affected Phase Transitions of MeDOPE MLVs

Three phase transitions of MeDOPE MLVs, Lβ-Lα, Lα-QII, and Lα-HII, were observed by DSC. In general, as shown in Figure 1, Arg-Glc MRPs exhibited the concentration-dependent effects on the phase transitions. Despite the transition temperatures of all three phases being fluctuated with MRP concentration, MRPs increased the transition temperatures at moderate concentrations (lipid:MRPs = 10:1 by molar ratio), but decreased them at the higher concentrations, particularly at the highest concentration of 10:5 by molar ratio. The influences of Arg-Glc MRPs on ΔHf varied among the three phase transitions. When the Lβ-Lα transition reported the highest heat consumption of 30–50 kJ/mol, the Lα-QII reported the least, which was generally below 2 kJ/mol. The heat consumption of the Lα-HII transition was higher than that of Lα-QII, around 5 kJ/mol and below.


[image: Figure 1]
FIGURE 1. Thermodynamic effects of Arg-Glc MRPs on lipid phase transitions of MeDOPE MLVs. Examined by differential scanning calorimeter at the scan rate of 40 K/min. The continuous heating scans were performed from −30 to 85°C and repeated for at least five times for each sample. (A) Lamellar–lamellar (Lβ-Lα) phase transtition. [image: yes], TM; [image: yes], ΔHf (n = 4; P < 0.01). (B) Lamellar–inverted cubic (Lα-QII) phase transition. [image: yes], TQ; [image: yes], ΔHf (n = 4; P < 0.05). (C) Lamellar–inverted hexagonal (Lα-HII) phase transition. [image: yes], TH; [image: yes], ΔHf (n = 4; P < 0.01).


As shown in Figure 1A, the initial Lβ-Lα phase transition temperature (TM) was ~−7.5°C, consistent with a previous report (Kusube et al., 2006). Arg-Glc MRPs decreased this temperature gradually to ~−8.2°C along the increasing concentration, with an exceptional but significant increase of 1.0°C at the molar ratio 10:1. Although both the decrease and increase were small by numbers, they were statistically highly significant (n = 4; P < 0.01). The presence of 1 mol% MRPs did not affect the TM significantly, but remarkably increased the standard errors of measurements. The ΔHf was decreased to ~30 kJ/mol at 5 mol% of MRPs and then gradually increased along the increasing concentrations of MRPs and stabilized at ~50 kJ/mol.

The MRPs increased the initial temperature of transition (TQ) significantly from 62 to 68°C at the molar ratio of 10:1 (as shown in Figure 1B). At either lower or higher ratios, MRPs decreased the TQ with greater standard errors (P < 0.05). No Lα-QII phase transition was observed at molar ratios of 100:5 or 10:5. The ΔHf was decreased from 4 to ~1 kJ/mol in the presence of 1 mol% Arg-Glc MRPs.

In comparison, Arg-Glc MRPs possessed little influence on the Lα-HII phase transition with two exceptions (as shown in Figure 1C). The first, Arg-Glc MRPs (5 mol%) decreased the Lα-HII phase transition temperature (TH) from 73.6°C of pure MeDOPE to 69.9°C, and to 68.3°C at the higher molar ratio of lipid:MRPs (10:5). The second, the ΔHf was dramatically increased to 19 kJ/mol at the molar ratio of 10:5.

SIV peptide slightly decreased the TM of MeDOPE MLVs (P < 0.05 at 100:2) but increased TH by 4°C (P < 0.01). In terms of transition temperatures and heat consumptions, the higher SIV concentration (100:2) was eventually not more effective than 100:1, although it did result in the greater standard errors. The heat consumptions of both transitions were reduced by SIV (P < 0.01). The peptide decreased the temperature range of lamellar/non-lamellar phase transition by 2°C, but slightly increased that of gel-liquid crystalline phase transition by about 0.3°C (P < 0.01 for 100:1 SIV).



Arg-Glc MRPs Affected MLV Phase Transitions in the Presence of SIV Fusion Peptide

As reported previously, the SIV fusion peptide induces membrane fusion by oblique insertion into the phospholipid bilayers, promoting negative curvature, and thereby encouraging the formation of non-lamellar structures of lipid packing around the insertion site.

The influences of Arg-Glc MRPs on the peptide-induced membrane fusion were observed by determination of the phase transition profiles of MeDOPE MLVs in the presence or absence of SIV fusion peptide. In the Lβ-Lα phase transition (as shown in Figure 2A), the TM of MeDOPE vesicles was −7.5 ± 0.05°C, which was decreased by SIV peptide to −8.0°C. The MRPs increased the TM of containing 100:1 SIV peptide by 0.8°C at 100:2 (P < 0.01), decreased the TM to −8.2°C at 100:5 (P < 0.05) and increased TM back to −7.5°C at 10:1 (P < 0.01). SIV peptide decreased the temperature range (ΔT) of this phase transition in MeDOPE vesicles to 5.1°C (as shown in Figure 2C) when Arg-Glc MRPs increased it to 5.7°C at 10:1 (P < 0.01). However, in the presence of 100:1 SIV, the MRPs increased the temperature range of Lβ-Lα phase transition by 0.4°C at 100:5 (P < 0.05) and then decreased it by 0.3°C at 10:1 (P < 0.01). MRPs promoted the transition at 100:5 (lipid/MRPs molar ratio) but inhibited the transition at the lower (100:2) or higher concentrations (10:1) in the presence or absence of SIV peptide.


[image: Figure 2]
FIGURE 2. Effects of SIV peptide on phase behavior obtained in MeDOPE MLVs with DSC. Scan rate: 40 K/min. Temperature range of scanning: −30 to 85°C. Lipid concentration: 100 mM (n = 5; P < 0.01).


In the Lα-HII phase transition (as shown in Figure 2B), the effects of Arg-Glc MRPs showed different impacts. The MRPs promoted the transition at 100:5 but inhibited the transition at the lower (100:2) or higher concentrations (10:1) in the absence of SIV. As shown in Figure 3, in the presence of 100:1 SIV, the effects of Arg-Glc MRPs became much milder. TH of the MeDOPE vesicles was 72.6 ± 0.4°C, which was elevated to 75.9 ± 0.5°C in the presence of 100:1 peptide (P < 0.01) and brought back to 74.1 ± 0.1°C by adding 100:5 Arg-Glc MRPs (P < 0.01), and to 75.1 ± 0.1°C by adding 10:1 Arg-Glc MRPs (P < 0.01). Furthermore, the ΔTH of Lα-HII phase transition was significantly affected by Arg-Glc MRPs, but only at 100:2. The opposite effects were observed in the presence or absence of SIV. The MRPs decreased the ΔTH by 3°C in the absence of SIV, but increased the ΔTH by 2.8°C in the presence of SIV (P < 0.01). At the higher concentrations of the MRPs, 100:5 and 100:10, the MRPs did not affect ΔTH as potent as it was at 100:2.


[image: Figure 3]
FIGURE 3. Effects of Arg-Glc MRPs on the phase transition behavior of MeDOPE MLVs obtained in the presence of 100:1 SIV peptide by DSC. Scan rate: 40 K/min. Scanning temperature range: −30–85°C. Lipid concentration: 100 mM. Data of 100:1 SIV on MeDOPE vesicles (labeled as “100:0”) was included for comparison (n = 4; P < 0.01).




Structural Rearrangements in the Phase Transitions: SAXS Study

To gain more details of the structural rearrangements involved in the phase transition, small angle X-ray scattering (SAXS) was used to investigate the transitions from lamellar phase (Lα) to inverted hexagonal phase (HII) and/or from Lα to inverted cubic phase (QII) in the presence of Arg-Glc MRPs.

As shown in Figure 5, three phases, the lamellar, cubic, and hexagonal phase, were characterized with temperature-resolved SAXS in MeDOPE MLVs by determining the membrane structure-corresponding scattering density profiles at a heating rate of 1 K/min. At least two cubic structures, possibly the diamond and primitive bicontinuous phases, were observed while two orders of diffraction peaks in lamellar and hexagonal phase each were measured. The continuous existence and coexistence of different phases makes it possible to evaluate the influence of MRPs, SIV fusion peptide, and fusion inhibitor (LPC) on MeDOPE MLVs. For example, the Lα-to-HII and Lα-to-QII phase transitions were promoted in the presence of Arg-Glc MRPs (100:5), indicated by the dropping TH and TQ, as shown in Figure 6.

As shown in Figures 4, 5, the coexistence of HII and QII phase was observed in the pure lipid vesicle. The TH was 69.3°C. The inverted cubic phase started at 72.2°C. The scattering profile indicates that lipid bilayer in the cubic phase has more than one structure, possibly the double-diamond (Pn3m) and primitive phase (Im3m). The addition of 100:2 Arg-Glc MRPs raised the TH to 70.9°C and the TQ to 74.3°C (Figure 6). However, when the concentration of Arg-Glc MRPs was increased to 100:5, the TQ decreased to 69.4°C, while the TH decreased to 66.9°C. At this proportion, the MRPs induced a 2°C gap between the Lα and HII phase where no structure was observed. When the proportion of Arg-Glc MRPs reached 10:1, the TH and TQ were 1.3°C and 3.7°C lower than the blank vesicle, respectively.


[image: Figure 4]
FIGURE 4. Contour plot of X-ray scattering of MeDOPE MLVs. Temperature scan rate of 1 K/min. The figure shows a Lα-to-HII transition around 70°C and a coexisting of HII and QII.



[image: Figure 5]
FIGURE 5. Scattering profiles of MeDOPE MLVs in the presence of Arg-Glc MRPs (100:5). (A) Temperature-resolved 3D scattering density profiles. (B) The scattering density profiles as a function of s-range at 74.4°C (TH + 7.5°C). L(1) refers to the first-order scattering peak of Lα phase. L(2) refers to the second-order scattering peak of Lα phase. QII refers to the inverted cubic phase, in which three diffraction peaks were observed, labeled with *. HII (1,0)/(1,1)/(2,0)/(2,1) refer to the first and second order of the inverted hexagonal phase.



[image: Figure 6]
FIGURE 6. Schematic summary of the phase behavior of MeDOPE MLVs and the MeDOPE in the presence of Arg-Glc MRPs and/or SIV fusion peptide. The transition temperatures were measured by a temperature scanning at 1 K/min from 30 to 90°C with the temperature-resolved X-ray diffraction.


SIV fusion peptide (1 mol%) lowered the TQ to 64.3°C, but increased the TH to 85.0°C. SIV weakened and broadened the scattering profile of liquid crystalline phase, and extended the end of this phase to 72.7°C (Figure 6, “SIV 1%”). However, since the shape and intensity of the Bragg peak were not identical to those of the normal Lα phase, a further analysis needs to be performed on the lattice spacing and electron density. Different from the pure lipid, SIV induced a coexistence of Lα and QII phase at the temperature ranging from 64.3 to 72.7°C, and a coexistence of QII and HII phase at the temperature ranging from 85.0°C to the end of scan (90°C). This indicates the dominant impacts of SIV on the lipid phase behavior.

The low concentration of Arg-Glc MRPs (100:2) raised the TH to 85.5°C in the lipid bilayer with 1% SIV, which was slightly higher than the TH of SIV, whereas the TQ was not affected. The end of the lamellar phase was raised by 6.9°C, which narrowed down the gap from Lα to HII. The rise in the TH and the extension of lamellar phase both suggest a stabilizing effect of Arg-Glc MRPs (100:2) on SIV containing lipid bilayers. The TQ remains the same as that of SIV, which implies that the cubic phase is more preferable than the hexagonal phase in the presence of the MRPs.

At medium concentration, Arg-Glc MRPs lowered all of the TH, TQ, and the end of the Lα phase in the presence of SIV while inducing the largest temperature gap between the Lα and HII phase (Figure 6). This indicates a destabilizing effect of MRPs on the lamellar structure. The stronger scattering intensity of all the phases observed upon 100:5 MRPs may suggest the more ordered packing of lipids in each phase.




DISCUSSION

The polyphasic structural transformation of MeDOPE has been extensively studied with a variety of techniques (Ellens et al., 1986; Siegel et al., 1994; Colotto et al., 1996; Harroun et al., 2003; Kusube et al., 2006). The cubic structure is observed as a metastable phase when the vesicles are transferring from the lamellar phase to the hexagonal phase. This depends on the heating rate (thermal scan rate) across the lamellar-to-hexagonal phase transition (van Gorkom et al., 1992).

A wide range of temperature has been reported for the inverse hexagonal phase transition. As revealed in an X-ray diffraction study reported by Cherezov, the QII phase appears at 59.1°C while the HII phase appears at 63.5°C, at a scan rate of 1.5 K/h. TH increased by 2°C when the scan rate was raised to 6 K/h (Cherezov et al., 2003). Harroun et al. (2003) reported the TH of 64°C and the TQ of ~75°C at the scan rate of 30 K/h. In this study, there is a main phase transition at 72.6°C recorded by DSC at the much faster scan rate, 40 K/min. The transition is presumably TH, that is from the lamellar phase (Lα) to the inverted hexagonal phase (HII), since the hexagonal phase is the major visible structure of MeDOPE MLVs at high temperature. The TQ between the lamellar phase (Lα) and the inverted cubic phase (QII) was about 62.0°C. The TH determined in this study is much higher than the reported value. A remarkable difference among these measurements is the scan rate. It is 40 K/min in the DSC measurement compared to 1.5–30 K/h in the X-ray diffraction measurements. There was another phase transition at the lower temperature (~62°C), presumably the TQ, which did not appear in every single isothermal scan of DSC measurement. Data are given in Figure 1B for reference.

Firstly, either stabilization or destabilization effects of Arg-Glc MRPs were observed on the different phase of the MLVs. At the concentration of 100:5, Arg-Glc MRPs destabilized the MeDOPE bilayers in the lamellar phase, both gel and liquid crystalline phases, and accordingly lowered the TM and TH (Figures 1A,C). However, when the ratio went up to 10:1, the MRPs stabilized the bilayer in the lamellar phase and elevated the TM, TQ, and TH. At ratios higher than 10:1, the MRPs destabilized the bilayers again. However, TH was constantly going down, like what occurred to TM and TQ. TH rose back to about the same temperature as that of pure MeDOPE, at a ratio of 10:4, indicating another stabilization in the lipid structure before it transfers to inverted hexagonal phase. At the highest ratio, a bilayer breaking down was implied by the acute drop in TH and rise in ΔHf.

Taking together the effects of Arg-Glc MRPs across all three phase transitions, a general pattern of MRPs' effects emerges. The stabilization actions of the MRPs are split into two stages. Firstly, the MRPs fill up the spaces in the head group region of leaflet and keep the hydrophilic heads away from each other. This prevents the development of negative curvature strain in the bilayers and subsequently inhibits the lamellar/non-lamellar transition. The bilayers prefer to remain in gel or liquid crystal phase. MRPs at a molar ratio of 10:1 performed the strongest stabilization effects of this kind. Secondly, when more MRP molecules accumulate in the bilayers, they start to destabilize the lamellar structure of lipids and favor the lamellar-inverted cubic transition. Once the lipids transfer to non-lamellar structure, the lipids prefer to stay in the cubic phase rather than the hexagonal phase. The best example for this kind is bilayers containing Arg-Glc MRPs at a molar ratio of 10:4. MRPs decreased the TM and TQ but raised the TH. At concentrations beyond this point, the bilayer was further destabilized and became easier to transfer to the inverted hexagonal phase.

A drop in transition temperature can correlate with a rise in heat consumption, such as that observed in MeDOPE MLVs in the presence of Arg-Glc MRPs. For example, Arg-Glc MRPs, at the molar ratio of 10:5, decreased the temperature of lamellar-inverted hexagonal transition and increased the heat consumption. Similar outputs were observed in the gel-liquid crystalline phase transition at higher molar ratios than 10:1. This implies that Arg-Glc MPRs destabilize the lipid bilayers at high concentrations and promote the phase transition from an ordered to a less ordered status. Meanwhile, due to the possible coexistence of several sub-phases induced by interference of MRPs, the amount of energy in terms of heat as a function of time, was increased to overcome the overall energy barrier and encourage the formation of a regular structure.

Secondly, the SIV fusion peptide changed the phase behavior of the lipid vesicles, which was regulated by Arg-Glc MRPs. In the DSC study, SIV fusion peptide raises the TH of MeDOPE by 4°C but decreases TM at a high temperature scan rate (40 K/min). This is consistent with X-ray diffraction data (Harroun et al., 2003), in which the SIV peptide (lipid/peptide = 100:1) raises TH by 10°C (to about 74°C) at the temperature scan rate of 30 K/h, while at 100:2 SIV, the hexagonal phase is eliminated. In contrast, the SIV peptide (lipid/peptide = 100:1) raises TH to about 76°C at the scan rate of 40 K/min in this study. At 100:2 SIV, the hexagonal phase is still observed as TH is about 77°C. It has been described for TH to be scan-rate-dependent (Colotto et al., 1996), which is presumably varied along the different temperature scan rates. This might explain why the TH of MeDOPE MLVs obtained in my DSC study is higher by 2°C than that of X-ray data at 60°C/h. However, one can also attribute this variation to the differences in the sensitivity of the two methods. By analyzing the Gaussian peaks, a minor change in structure of bilayers can be detected and examined with X-ray scattering. DSC is capable of examining main phase transition events like lamellar-to-hexagonal phase transition but has a limited capacity to track transient structures of intermediates, e.g., cubic phase, at the relatively high scan rate employed in this study.

SIV promotes the breakdown of lamellar structure and the formation of the cubic phase (Harroun et al., 2003). Some effects of SIV on lamellar-to-cubic phase transition, such as lowering the TQ, are not readily measured by DSC as shown in Figure 1B, since the transient phases are in continuous change. However, the fusogenic nature of the peptide is still implied by the drop in ΔTH and heat consumption of the Lα-HII phase transition. The 2°C decline in the temperature range of this transition, in the presence of 100:1 SIV, possibly suggests that a relatively uniform lipid packing is installed in the transient structure prior to the occurrence of the Lα-HII transition. Furthermore, in terms of its effect on TM, TH, ΔHf, and ΔTH, the 100:2 SIV peptide is more potent than 100:1 SIV, but not much. It is also consistent with previous X-ray diffraction data reported by Harroun et al.

Arg-Glc MRPs partly offset the effects of SIV peptide on MeDOPE phase transition, in a concentration-dependent manner. In the presence of 100:1 SIV, the MRPs at 100:2 and 10:1 stabilize the gel phase when 100:5 MRPs destabilize the gel phase and liquid crystal phase. The MRPs reversed the destabilizing effects of SIV fusion peptide on the lamellar phase of liposome, to potentially inhibit membrane fusion induced by SIV.

By measuring the phase transition as a function of temperature with SAXS, the influences of Arg-Glc MRPs on the SIV peptide-induced membrane fusion are revealed. The rise in the transition temperature of non-lamellar phases, induced by 100:2 Arg-Glc MRPs, implies a stabilization of lamellar structure conducted by the MRPs. However, the effects of Arg-Glc MRPs on TH and TQ are reversed by increasing their proportion in lipid bilayer to 100:5. The MRPs destabilize the lamellar bilayer and encourage the formation of non-lamellar phase. At a higher MRP concentration (10:1), the promoting effects of Arg-Glc MRPs on the inverted hexagonal phase become weaker, while the TQ was dropping. This implies that the high concentration of Arg-Glc MRPs mildly affected Lα-to-HII transition while promoting Lα-to-QII transition. This observation is in good agreement with the phase transition studies conducted with DSC.

The action of fusion peptides on the inverse hexagonal phase is separated from their ability to inducing inverse cubic phase (Darkes et al., 2002). It has been reported that the SIV peptide dramatically delayed the inverse hexagonal phase while inducing “a gap between the phase where no structure was presented” (Harroun et al., 2003). In my study, SIV acts very similarly except the gap between Lα and HII phases is covered up by the extension of a lamellar-like phase. SIV tends to promote the formation of an inverse cubic phase when bypassing the intermediate structures leading to the hexagonal phase. Arg-Glc MRPs (100:2) stabilize the bilayer and increase the temperature range of lamellar phase by about 7°C. However, the MRPs at 100:5 destabilize the lamellar phase and promote the formation of the inverse cubic phase and inverse hexagonal phase, while partially offsetting the delay in lamellar-to-hexagonal transition caused by the fusion peptide. Therefore, the overall influences of MRPs at 100:5 on the peptide-induced membrane fusion remains uncertain and warrants further study.



CONCLUSION

In summary, Arg-Glc MRPs stabilize the lamellar phase and inhibit the SIV-induced negative curvature strain of bilayer at a low concentration (100:2). Although this inhibitory effect seemed to fade away at higher concentrations (100:5) of MRPs, the regulating activity of the MRPs upon lipid lamellar-to-non-lamellar phase transition indicates their potential role in modulating the membrane-related biological events, e.g., viral membrane fusion. The real antiviral efficacy of Arg-Glc MRPs, based on this novel mechanism, is worth further evaluation by using living biological models in vitro and in vivo.
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Structural properties of plasmenyl-glycerophospholipids (plasmalogens) have been scarcely studied for plasmalogens with long polyunsaturated fatty acid (PUFA) chains, despite of their significance for the organization and functions of the cellular membranes. Elaboration of supramolecular assemblies involving PUFA-chain plasmalogens in nanostructured mixtures with lyotropic lipids may accelerate the development of nanomedicines for certain severe pathologies (e.g., peroxisomal disorders, cardiometabolic impairments, and neurodegenerative Alzheimer’s and Parkinson’s diseases). Here, we investigate the spontaneous self-assembly of bioinspired, custom-produced docosapentaenoyl (DPA) plasmenyl (ether) and ester phospholipids in aqueous environment (pH 7) by synchrotron small-angle X-ray scattering (SAXS) and cryogenic transmission electron microscopy (cryo-TEM). A coexistence of a liquid crystalline primitive cubic Im3m phase and an inverted hexagonal (HII) phase is observed for the DPA-ethanolamine plasmalogen (C16:1p-22:5n6 PE) derivative. A double-diamond cubic Pn3m phase is formed in mixed assemblies of the phosphoethanolamine plasmalogen (C16:1p-22:5n6 PE) and monoolein (MO), whereas a coexistence of cubic and lamellar liquid crystalline phases is established for the DPA-plasmenyl phosphocholine (C16:1p-22:5n6 PC)/MO mixture at ambient temperature. The DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI) ester lipid displays a propensity for a lamellar phase formation. Double membrane vesicles and multilamellar onion topologies with inhomogeneous distribution of interfacial curvature are formed upon incorporation of the phosphoethanolamine plasmalogen (C16:1p-22:5n6 PE) into dioleoylphosphocholine (DOPC) bilayers. Nanoparticulate formulations of plasmalogen-loaded cubosomes, hexosomes, and various multiphase cubosome- and hexosome-derived architectures and mixed type nano-objects (e.g., oil droplet-embedding vesicles or core–shell particles with soft corona) are produced with PUFA-chain phospholipids and lipophilic antioxidant-containing membrane compositions that are characterized by synchrotron SAXS and cryo-TEM imaging. The obtained multiphase nanostructures reflect the changes in the membrane curvature induced by the inclusion of DPA-based PE and PC plasmalogens, as well as DPA-PI ester derivative, and open new opportunities for exploration of these bioinspired nanoassemblies.

Keywords: docosapentaenoyl phospholipids, lipid cubic phase, inverted hexagonal phase, plasmalogen-loaded cubosomes, hexosomes, SAXS, cryo-TEM


INTRODUCTION

Plasmenyl-phospholipids (plasmalogens) are a class of ether-type (1-alkyl-1′-enyl, 2-acyl) glycerophospholipids with essential functions for the living cells in the brain, retina, heart, lung, skeletal muscles, and testis (Gross, 1985; Creuwels et al., 1997; Batenburg and Haagsman, 1998; Snyder, 1999; Goldfine, 2010; Wallner and Schmitz, 2011; Saab et al., 2014; Dean and Lodhi, 2018; Jiménez-Rojo and Riezman, 2019; Paul et al., 2019). They are recognized as crucial for the human health considering that plasmalogens deficiency is associated with the disease progress in various pathologies (Han et al., 2001; Munn et al., 2003; Brites et al., 2004; Braverman and Moser, 2012; Brosche et al., 2013; Sutter et al., 2015; Jang et al., 2017; Messias et al., 2018). Decreased ethanolamine plasmalogen levels have been established with the progression of Alzheimer’s (AD) and Parkinson’s (PD) diseases, psychiatric disorders, and also in neuromuscular impairments, glaucoma, coronary artery disease, and acute myocardial infarction (Farooqui et al., 1997; Dragonas et al., 2009; Brodde et al., 2012; Sutter et al., 2016; Dorninger et al., 2017a, b, 2019; Paul et al., 2019; Su et al., 2019). The plasmalogen lipids modulate the membrane fluidity and dynamics, influence the membrane protein organization, and provide reservoirs of secondary messengers as well as precursors of inflammatory mediators (Bogdanov et al., 1999; Thai et al., 2001; Mannock et al., 2010; Koivuniemi, 2017; Jenkins et al., 2018; Pohl and Jovanovic, 2019; Fontaine et al., 2020). The vinyl ether moiety at the sn-1 position of glycerol backbone is significant for the antioxidant (scavenger) properties of plasmalogens and the protection of neuronal, cardiac, and muscle cells from oxidative stress (Reiss et al., 1997; Zoeller et al., 1999; Leßig and Fuchs, 2009; Wallner and Schmitz, 2011; Yamashita et al., 2015; Sibomana et al., 2019).

In this work, we aim at deeper understanding of the structural polymorphism of hydrated polyunsaturated fatty acid (PUFA) plasmalogens and esters and their capacity to form self-assembled nanoscale structures as pure lyotropic lipids or in mixtures with other amphiphilies. Figure 1 presents the major polymorphic states of hydrated lyotropic lipids (Mariani et al., 1988; Seddon and Templer, 1995). The arrangement of lipids and amphiphiles in supramolecular assemblies is governed by intermolecular hydrophobic and electrostatic interactions, temperature, degree of hydration, and the geometry of the molecules (Israelachvili et al., 1976; Cullis and de Kruijff, 1979; Cui et al., 2007; Shaharabani et al., 2016).
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FIGURE 1. Schematic presentation of lamellar and non-lamellar liquid crystalline phase structures resulting from the structural polymorphism of lyotropic lipid/water mixtures: lamellar bilayer, inverted hexagonal (HII), primitive cubic (P), bicontinuous double-diamond cubic (D), bicontinuous gyroid cubic (G), and sponge phases.


The non-lamellar phase-forming tendencies of some ether lipid types have been evaluated in an isolated state based on measurements of their lamellar-gel to lamellar-fluid chain-melting characteristics and also of lamellar-to-non-lamellar inverted hexagonal (HII) phase transition temperatures (Goldfine et al., 1981; Malthaner et al., 1987). Such parameters have been determined for ethanolamine plasmalogen derivatives extracted from egg, beef heart, or Clostridium butyricum (Goldfine et al., 1987a) using differential scanning calorimetry (DSC) and nuclear magnetic resonance (31PNMR) spectroscopic studies of lipid membrane systems (Boggs et al., 1981; Lohner et al., 1984; Malthaner et al., 1987). It has been intriguing to establish whether the non-lamellar phase behavior of plasmalogen lipids is a result of the location of carbon–carbon double bond (Goldfine et al., 1981, 1987a). The presence of 1′-carbon–carbon double bond at sn-1 position of the glycerol backbone of ethanolamine plasmalogens has been expected to influence lipid polymorphism through the degree of polarity of polar–apolar interfaces of lipid membranes (Goldfine et al., 1987b; Rog and Koivuniemi, 2016).

High-resolution structural data have been required to better understand the formation of non-lamellar liquid crystalline phases by plasmenyl phospholipids and the relationship between molecular structure and phase behavior (Figure 1). Such studies have been initiated in the past for plasmalogens with C16:0, C18:0, and C18:1 aliphatic moieties (Lohner et al., 1984, 1991). The performed small-angle X-ray scattering (SAXS) investigations have indicated that the induction of non-lamellar phases, in particular of an inverted hexagonal (HII) phase, is promoted by the increase in the hydrocarbon chain length (e.g., from C16 to C18) as well as by the increase in the degree of chain unsaturation (e.g., from di-C18:1 to di-C18:2; Lohner, 1996). The hydration of the headgroups and their interaction with the solvent has also been an important determinant for the physicochemical differences, which have been observed in the phase behaviors of the studied lipid types (Lohner et al., 1984). To our knowledge, structural SAXS data are not available yet for plasmalogens with PUFA chains.

Ultrastructural studies of subcellular organelles by transmission electron microscopy (TEM) have indicated the role of plasmalogens in the induction of non-lamellar cubic membrane structures under starvation stress conditions (Chong and Deng, 2012; Deng et al., 2017). From a structural viewpoint, docosapentaenoic acid (DPA) has been identified as the critical PUFA determinant for the cubic lipid membrane formation in amoeba Chaos mitochondria (Deng et al., 2009; Almsherqi et al., 2010). It has been emphasized that plasmalogens are structural membrane components that act also as antioxidants in the Chaos cells. The survival mechanism (from the applied cellular stress) has been explained by the formation of nanoperiodic arrangements of biological cubic membranes during cellular stress response to unfavorable environmental cues (Deng and Almsherqi, 2015). The presence of cubic membranes has been associated with improved cell survival during long-term starvation (Deng et al., 2009). In addition, it has been reported that the inverted hexagonal (HII) phase of plasmenyl-phosphoethanolamines promotes the membrane fusion (Boggs et al., 1981; Han and Gross, 1990; Glaser and Gross, 1994).

The lack of effective treatments of neurodegenerative diseases is an urgent challenge at present. Nanoparticles and nanoassemblies may offer innovative combinations of multiple bioactive molecules to target the various mechanisms of multiple neurodegenerative diseases (Angelova et al., 2011, 2019b; Fonseca-Santos et al., 2015; Angelova and Angelov, 2017; Harilal et al., 2019). In recent works, we have exploited self-assembly-based nanotechnologies for combination delivery of a key neurotrophic protein [brain-derived neurotrophic factor (BDNF)], curcumin, and omega-3 polyunsaturated fatty acids (ω-3 PUFAs) in order to trigger and promote neuro-repair (Guerzoni et al., 2017; Angelova et al., 2018; Rakotoarisoa et al., 2019). Biomedical studies have emphasized that AD patients lose up to 60% of plasmalogens from the brain cell membranes (Farooqui et al., 1997; Su et al., 2019). There is rising evidence that phospholipids of the plasmalogen-phosphatidylethanolamine type may provide a novel therapeutic approach to impact the neuronal functions in AD and PD pathologies (Hossain et al., 2013; Yamashita et al., 2015; Che et al., 2018, 2020; Mawatari et al., 2020). Results from recent clinical trials have shown that PUFA-chain ethanolamine plasmalogens can be 100-fold more powerful in stimulating neuro-repair as compared to the conventional ω-3 PUFA species (Fujino et al., 2017; Fujino et al., 2018). Biological assays also revealed that the suppression of the neuronal cell apoptosis by plasmalogens is more efficient for lipids with longer PUFA chains such as C18:0/p-22:6-PE or C18:0/p-22:6-PC (Yamashita et al., 2015; Che et al., 2020). Hence, further investigations of PUFA-chain phospholipid phase behavior, miscibility in lipid bilayers, effects on membrane curvature, membrane fusion, formation of transient, or permanent nanoperiodic arrangements, compartmentalization (Muallem et al., 2017; Bharadwaj et al., 2018; Casares et al., 2019), and nanostructure formation are needed in order to define prospective nanomedicine-based therapeutic strategies.

In this context, we report here a structural study of novel custom-synthesized plasmenyl (ether) and ester phospholipids with long PUFA (22:5n6) chains. They were designed by bioinspiration from the main constituents of the biological cubic membranes identified in mitochondria of starved amoeba Chaos cells (Deng et al., 2009; Almsherqi et al., 2010; Deng and Almsherqi, 2015; Deng et al., 2017). The choice of the docosapentaenoyl (DPA, 22:5n6) PUFA chains was determined by the lipidomic (gas liquid chromatography and mass spectrometry) analysis of membranous compositions extracted from amoeba Chaos mitochondria (Deng et al., 2009; Almsherqi et al., 2010).

Figure 2 shows the chemical structures of the custom-synthesized PUFA-chain phospholipid compounds, namely, plasmenyl phosphoethanolamine (C16:1p-22:5n6 PE), plasmenyl phosphocholine (C16:1p-22:5n6 PC), and DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI) ester. The formation of lyotropic liquid crystalline phases by these synthetic phospholipids and their mixtures with a non-lamellar lipid monoolein (MO) or a lamellar phospholipid DOPC, serving as matrix colipids, was studied by synchrotron SAXS at selected compositions. Stable dispersions of nanostructured particles, involving PUFA-chain phospholipids and natural small molecule antioxidants (vitamin E and coenzyme Q10), were produced. The effects of PUFA-chain phospholipids (plasmalogens or esters) on the membrane curvature were exploited in order to create liquid crystalline nanoparticles with different topologies and inner organizations, which were evidenced by SAXS and cryo-TEM imaging. Then, the significance of the particle topologies, crystalline organizations, and compartmentalization for prospective biomedical applications is discussed.
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FIGURE 2. Chemical structures of custom-produced polyunsaturated fatty acid (PUFA)-ether or ester type glycerophospholipids with long tails comprised of docosapentaenoyl (DPA) chains. Plasmalogens (1-alkyl-1′-enyl,2-acyl ether phospholipids) are obtained with phosphocholine and phosphoethanolamine headgroups, namely, 1-O-1′-(Z)-hexadecenyl-2-(4Z,7Z,10Z,13Z,16Z-docosapentaenoyl)-sn-glycero-3-phosphocholine, C16:1p-22:5n6 PC (top), and 1-O-1′-(Z)-hexadecenyl-2-(4Z,7Z,10Z,13Z,16Z-docosapentaenoyl)-sn-glycero-3-phosphoethanolamine, C16:1p-22:5n6 PE (middle). As a diacyl ester lipid, 1,2-bis(4Z,7Z,10Z,13Z,16Z-docosapentaenoyl)-sn-glycero-3- phosphoinositol, 22:5n6 PI, is enriched in docosapentaenoyl (DPA) moieties in order to increase the hydrophobic lipid volume with regard to the bulky phosphoinositol (PI) polar headgroup. Monoolein (bottom) is a single-chain monoglyceride used as a colipid in the studied mixed nanoassemblies.




RESULTS


Self-Assembled Bulk Liquid Crystalline Lipid/Water Phases of Docosapentaenoyl-Plasmalogens and DPA-Phospholipid Constituents Chosen by Bioinspiration From Biological Cubic Membranes

The structural polymorphism of synthetic PUFA-phospholipid/water phases resulting from the rationally chosen lipid chemical structures is characterized here by synchrotron SAXS. The following features are considered: (i) structural role of the hydrocarbon chains through a study of synthetic plasmalogen derivatives with long polyunsaturated DPA (C22:5n6) chains and (ii) structural role of the polar headgroups through a study of DPA-glycerophospholipids with PE, PC, and PI headgroups. The SAXS investigations were performed under neutral pH condition taking into account that the alkenyl (vinyl ether) bond in the plasmalogen molecules is susceptible to hydrolysis at strong acidic pH.

It is of great interest to find out whether the PUFA-chain plasmalogens and esters involving docosapentaenoyl (DPA, C22:5n6) tails (Figure 2) may generate non-lamellar liquid crystalline phases (Figure 1) upon self-assembly in a pure state in aqueous environment as well as whether they may induce non-lamellar bicontinuous cubic phase formation upon mixing with membrane lipids in synthetic self-assembled systems. These findings should add new knowledge about (i) the membrane curvature-modifying capacity of the designed DPA-phospholipid derivatives and (ii) the usefulness of nanocrystalline arrangements for the development of non-lamellar nanoparticles of bioactive lipids.


Non-lamellar Cubic and Inverted Hexagonal Phases Formed by Hydrated DPA-Plasmalogen Phosphoethanolamine

The SAXS patterns of the DPA-phosphoethanolamine plasmalogen (C16:1p-22:5n6 PE) in a hydrated bulk state are presented in Figure 3A. The investigated hydration level is determined by a lipid/water ratio of 50/50 (wt/wt). The positions of Bragg diffraction peaks detected in the SAXS pattern 1 (red plot) are indexed in Figure 3B. A coexistence of a liquid crystalline primitive cubic Im3m phase with an inverted hexagonal (HII) phase is identified at a temperature of 22°C for the freshly prepared bulk-phase DPA-ethanolamine plasmalogen (C16:1p-22:5n6 PE)/water system (Figure 3A, plot 1). The first Bragg peak of the primitive cubic Im3m phase is resolved at q = 0.0453 Å–1, while the first Bragg peak of HII phase is recorded at q = 0.0994 Å–1 (Figure 3B). The Im3m cubic lattice parameter (estimated from the sequence of Braggs peaks spaced in the ratio √2:√4:√6:√8:√10:√12:√14:√16:√18) is aQ(Im3m) = 19.6 nm. The HII-phase is characterized by a lattice parameter of aH = 7.23 nm. A closer examination of the SAXS plot in Figure 3B reveals an overlap of a Bragg diffraction peak of the primitive cubic Im3m phase with the first Bragg peak of the inverted hexagonal (HII) phase at q = 0.0994 Å–1. This coexistence characterizes the polymorphism of the liquid crystalline DPA-plasmenyl-PE/water system, which was studied at room temperature. The fact that the PE-plasmalogen does not form a unique stable non-lamellar mesophase suggests that the flexible long polyunsaturated DPA chains may impart a propensity for the formation of domain structures of this lipid in biological membranes.
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FIGURE 3. (A) Synchrotron small-angle X-ray scattering (SAXS) patterns of a hydrated bulk-phase plasmenyl-phospholipid [DPA-ethanolamine plasmalogen (C16:1p-22:5n6 PE)] at a lipid/water ratio of 50/50 (wt%/wt%) and aqueous phosphate buffer environment (1.10− 2 M) of pH 7 with added 2,6-di-tert-butyl-4-methylphenol (BHT). Pattern (1) corresponds to a freshly prepared plasmalogen/water sample examined by synchrotron SAXS. Plots (2)–(4) display the progressive vanishing of the cubic phase peaks upon multiple SAXS recordings with the same sample. (B) Indexing of the Bragg diffraction peaks resolved in the SAXS pattern (1) from (A). In a linear scale, the two sets of Bragg peaks index: (i) a primitive cubic phase of the Im3m space group of symmetry [purple bars corresponding to the (110), (200), (211), (220), (310), (222), (321), (400), and (411) cubic lattice reflections for peak positions spaced in the ratio √2:√4:√6:√8:√10:√12:√14:√16:√18] and (ii) an inverted hexagonal (HII) phase [green bars corresponding to the (10), (11), and (20) reflections at peak positions spaced in the ratio 1:√3:√4]. Temperature is 22°C.


The SAXS plots (2)–(4) in Figure 3A demonstrate the radiation-sensitive behavior of the hydrated plasmalogen (C16:1p-22:5n6 PE) assembly. The synthetic lipid membranes undergo a cubic-to-hexagonal phase transition, which reaches a weakly ordered lipid state upon repeated exposure to the X-ray beam. The Bragg peaks of the primitive Im3m cubic phase progressively vanish owing to the radiation-induced interconversion. The peaks of the inverted hexagonal (HII) phase are detectable in the SAXS plots (2)–(4) in Figure 3A and thus represent a longer-lived, more stable non-lamellar structure.



Cubic Phases and Structural Intermediates in Two-Component Bulk Phases of Docosapentaenoyl-Phospholipids and Monoolein

The single-component DPA-plasmalogen did not form a stable unique bicontinuous cubic phase at room temperature (Figure 3). Taking into account the instability on storage of the cubic Im3m liquid crystalline phase of the hydrated DPA-plasmalogen and the observed radiation-induced interconversion of the single-lipid system (Figure 3), mixed lipid phases were subsequently formulated using a colipid. The lyotropic single-chain lipid monoolein (MO; Figure 2) was added at a selected molar ratio to the studied double-chain ether or ester phospholipids involving polyunsaturated (22:5n6) tails. The impact of 15 mol.% DPA-phospholipid incorporation on the structural organization of self-assembled bulk two-component lipid/water phases was evidenced by SAXS. Under the investigated conditions, hydrated MO forms a bicontinuous cubic phase of the double-diamond Pn3m space group of symmetry (Figure 4, orange plot). The recorded first Bragg peak is centered at q = 0.083 Å–1. It belongs to a set of Bragg peaks, spaced in the ratio √2:√3:√4:√6:√8:√9:√10:√11:√12:√14 …, which determines a cubic lattice parameter aQ(Pn3m) = 10.8 nm.
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FIGURE 4. Synchrotron small-angle X-ray scattering (SAXS) patterns of bulk-phase mixtures of monoolein (MO) with incorporated 15 mol.% docosapentaenoyl (DPA, 22:5n6)-modified plasmalogen-phosphoethanolamine C16:1p-22:5n6 PE (red plot), plasmalogen phosphocholine C16:1p-22:5n6 PC (blue plot), or DPA-diacyl phosphoinositol 22:5n6-22:5n6 PI ester lipid (green plot). The red, blue, and green plots correspond to 15/85 (mol/mol) ratio between the polyunsaturated fatty acid (PUFA) phospholipids and monoolein (MO). The orange plot presents the SAXS pattern for the pure MO/buffer system. The lipid/water ratio is 40/60 (wt/wt). Aqueous phase: 1.10− 2 M phosphate buffer containing 2,6-di-tert-butyl-4-methylphenol (BHT). Temperature is 22°C.


The red plot in Figure 4 shows the SAXS pattern of a hydrated MO assembly incorporating 15 mol.% DPA-ethanolamine plasmalogen (C16:1p-22:5n6 PE). The PE-plasmalogen, containing a single polyunsaturated (22:5n6) fatty acid chain (Figure 2), preserves the non-lamellar organization of the host lipid/water system. The sequence of Bragg diffraction peaks, spaced in the ratio √2:√3:√4:√6:√8:√9:√10:√11:√12 … (with a first maximum centered at q = 0.092 Å–1), defines a distinct bicontinuous cubic phase structure of the double-diamond Pn3m space group of symmetry. The lattice parameter of the DPA-plasmalogen phosphoethanolamine (C16:1p-22:5n6 PE)/MO mixed cubic phase is aQ(Pn3m) = 9.65 nm, which suggests that the plasmalogen-ethanolamine modifies the hydration level of the aqueous channel networks in the host MO lipid cubic phase.

Differences in the phospholipid headgroup type (PE, PC, or PI) and the hydrocarbon chain structure are reflected in the liquid crystalline mixed-phase formation (Figure 4). The investigated lipid/water ratio of 40/60 (wt/wt) corresponds to a hydration level, which might not ensure homogeneous hydration of the bulk self-assembled mixture of MO and DPA-phosphocholine plasmalogen (C16:1p-22:5n6 PC). The sequence of Bragg peaks, displaying a first peak centered at q = 0.0635 Å–1, evidences a distinct domain of a cubic symmetry in the mixed assembly (Figure 4, blue plot). The Bragg peaks spaced in the ratio √2:√3:√4:√6:√8:√9:√10:√11 … define a double-diamond Pn3m cubic phase structure with a lattice parameter aQ(Pn3m) = 14.0 nm. The obtained swollen diamond-type Pn3m cubic phase (DLarge) appears to coexist with a domain of a less hydrated liquid crystalline structure. The Bragg peaks at q1 = 0.092 Å–1 and q2 = 0.184 Å–1, correspond to the first and the second orders of a lamellar phase with a bilayer periodicity d = 6.83 nm. This result indicates that the DPA-plasmalogen phosphocholine (C16:1p-22:5n6 PC)/MO assembly forms distinct mixed cubic phase domains (of the double-diamond Pn3m space group of symmetry), which coexist with a mixed lamellar phase. It should be noted that the structural parameters of the obtained binary plasmenyl-PC/MO lipid phases significantly differ from those of the pure MO, for which aQ(Pn3m) = 10.8 nm (at full hydration) and d = 4.6 nm [under limited hydration conditions, e.g., at lipid/water ratios above 60/40 (wt/wt)].

When the long-chain DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI) ester lipid was mixed with the colipid MO, the bulk liquid crystalline sample entirely transformed into a lamellar structure (Figure 4, green plot). The well-resolved Braggs peaks for the mixed di-22:5n6-22:5n6 PI/MO lamellar phase (q1 = 0.079 Å–1 and q2 = 0.158 Å–1) define a bilayer periodicity d = 7.95 nm. This repeat spacing is essentially bigger as compared to that of single-component MO bilayers (d = 4.6 nm), which may be obtained at lipid/water ratios above 60/40 (wt/wt).



Nanoparticles Loaded With Docosapentaenoyl-Plasmalogens or Docosapentaenoyl Diacyl Phosphoinositol Ester as Reservoirs for PUFA and Antioxidants

Despite that the biological activities of the novel synthetic ether or ester PUFA-phospholipids (Figure 2) are not yet known, we used these compounds to design nanoparticles as potential PUFA delivery carriers with antioxidant properties. The ongoing development of neutracetical formulations combining plasmalogen derivatives with natural antioxidants is motivated by the reports that emphasize the link between decreased ethanolamine plasmalogen concentrations and the risk of AD (Paul et al., 2019; Su et al., 2019). Recently, a marine-based plasmalogen formulation with curcumin supplement called “NeuroPlas Plasmalogen complex” (Bio-Mer International) has been offered to patients suffering from memory loss (brain fatigue) and having a risk of neurodegenerative diseases (e.g., AD and other types of dementia).

Here, stable nanoparticulate PUFA-plasmalogen (ether) and PUFA-ester-containing dispersions were fabricated, in excess aqueous medium, with the synthetic phospholipids in mixtures with co-amphiphiles [MO and D-α-tocopherol polyethylene glycol-1000 succinate (VPGS-PEG1000)] as well as lipophilic antioxidants (vitamin E and coenzyme Q10). In this way, the PUFA-phospholipids were protected by incorporation into nanocarriers, which were dispersed in a buffer environment of neutral pH. The cryo-TEM images, presented below (Figures 5–11), show the nanoparticle topologies, which were produced with selected mixed amphiphilic compositions. At full hydration, the liquid crystalline phase states were characterized by SAXS for each formulation involving DPA-phospholipids.
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FIGURE 5. (A) Synchrotron small-angle X-ray scattering (SAXS) pattern and (B,C) cryogenic transmission electron microscopy (cryo-TEM) images of a self-assembled nanoparticulate plasmalogen-phosphocholine (C16:1p-22:5n6 PC)/monoolein (MO)/vitamin E/coenzyme Q10/VPGS-PEG1000 system with a plasmalogen-PC/MO molar ratio of 15/85 (mol/mol) and added vitamin E (10 mol.%) and coenzyme Q10 (1 mol.%). Aqueous phase: 1.10− 2 M phosphate buffer containing 2,6-di-tert-butyl-4-methylphenol (BHT). Dispersion content: 5 wt% lipid/95 wt% aqueous buffer. The set of Bragg peaks in (A) indexes an inner cubic structure of the double-diamond Pn3m cubic lattice space group. The bars indicate the (110), (111), (200), (211), (220), (221), (310), and (311) reflections, for which the peak positions are spaced in the ratio √2:√3:√4:√6:√8:√9:√10:√11 … The topologies of the cubosome particles, stabilized by VPGS-PEG1000 (6 mol.%), and coexisting vesicular membranes are presented in (B,C).



Nanoparticles Containing Plasmalogen Phosphocholine (C16:1p-22:5n6 PC)

A cubosome dispersion of the synthetic plasmalogen-phosphocholine (C16:1p-22:5n6 PC)/MO self-assembled system, involving vitamin E (10 mol.%) and coenzyme Q10 (1 mol.%), was achieved using the amphiphile VPGS-PEG1000 (6 mol.%) for fragmentation of the lipid cubic phase into nanoparticles (Figure 5). The cubosomal organization was evidenced by the SAXS pattern in Figure 5A and the cryo-TEM image in Figure 5B. The positions of the Bragg peaks spaced in the ratio √2:√3:√4:√6:√8:√9:√10:√11 … (with a first peak maximum resolved at q = 0.053 Å–1) characterize the inner structure of cubosome particles through the double-diamond Pn3m cubic space group. A Pn3m lattice parameter aQ(Pn3m) = 16.76 nm is determined for the particles with a distinct cubic symmetry (cubosomes). The Bragg peaks in the SAXS pattern in Figure 5A are superimposed on a broad maximum (q ∼0.092 Å–1) arising from the presence of double-membrane vesicles or weakly packed 3D bilayer membrane architectures, which are referred to as cubosomal intermediates. The cryo-TEM image in Figure 5C shows that nanoparticles with inner liquid crystalline structures are accompanied by vesicular membranes. The inclusion of the PEGylated agent VPGS-PEG1000 (6 mol.%) in the lipid system causes certain disorder of the interfaces of the small cubosomes. The presence of vesicular membranes in the surrounding of cubosomes in fully hydrated non-lamellar lipid systems is often due to the sonication process employed for nanoparticles production (Yaghmur and Glatter, 2009).

To probe the self-assembly properties of the DPA-plasmalogen-phosphocholine (C16:1p-22:5n6 PC), the synthetic lipid was dispersed in a mixture with the lipophilic antioxidant vitamin E and the PEGylated surfactant VPGS-PEG1000 in an excess aqueous buffer medium. A colipid monoolein was not added in this sample. The SAXS pattern in Figure 6A and the cryo-TEM images in Figures 6B–F reveal a multilamellar bilayer behavior of the dispersed plasmalogen-phosphocholine (C16:1p-22:5n6 PC)/vitamin E/VPGS-PEG1000 system. The broad maximum at q ∼0.093 Å–1 in the SAXS pattern is a characteristic for the presence of bilayer membrane fragments in the formulation. The absence of sharp Bragg diffraction peaks in Figure 6A suggests that the bilayers are not packed in a periodic inner lamellar structure inside the nanoparticles. The observed slope (∼q–3) in the small q-vector range (q < 0.029 Å–1) is characteristic for particles with rough surfaces. Actually, the cryo-TEM imaging results demonstrate an abundance of onion-type nanoparticulate topologies resulting from the dispersion of the mixed amphiphilic assemblies (Figures 6B–F). A number of fragmented multilamellar membranes appear to be of irregular shapes and non-periodic arrangements (Figures 6B,C,F). Other object shapes are found to be intermediate between small cylinders (tubules), disks, and spheres (Figures 6D,E). These features imply an inhomogeneous distribution of membrane curvature in the studied mixed assembly. The diverse topologies, comprised of double membrane vesicles, multilayer onions, and other multimembrane architectures consisting of more than two bilayers, or large vesicles encapsulating several smaller bilayer-type particles, are formed under full hydration conditions (Figures 6B–F).
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FIGURE 6. (A) Synchrotron small-angle X-ray scattering (SAXS) pattern and (B–F) cryogenic transmission electron microscopy (cryo-TEM) images of a nanoparticulate plasmalogen-phosphocholine (C16:1p-22:5n6 PC)/vitamin E/VPGS-PEG1000 system obtained by self-assembly and dispersion in an excess aqueous phosphate buffer (1.10− 2 M) phase containing 2,6-di-tert-butyl-4-methylphenol (BHT). Dispersion content: 5 wt% lipid phase/95 wt% aqueous phase.




Incorporation of Plasmalogen-Phosphoethanolamine (C16:1p-22:5n6 PE) in DOPC Membrane Nanostructures

The effect of the non-lamellar lipid DPA-plasmalogen phosphoethanolamine (C16:1p-22:5n6 PE) on the formation of mixed membrane nanostructures with the colipid 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was examined by SAXS and cryo-TEM techniques at 15 mol.% DPA-plasmalogen content. The SAXS pattern of the dispersed plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/MO/coenzyme Q10/VPGS-PEG1000 system is shown in Figure 7A. Correlation peaks, indicating the presence of non-periodic membrane arrangements, are observed at q1 ∼0.05 Å–1 and q2 ∼0.099 Å–1. The latter maximum coincides with the position of the strongest Bragg peak for the bulk DPA-plasmalogen ethanolamine (C16:1p-22:5n6 PE) liquid crystalline phase. Nevertheless, the structural results do not demonstrate a topological transition from a lamellar to a non-lamellar phase in excess aqueous medium. The non-lamellar plasmalogen lipid does not induce a periodic cubic phase arrangement in the mixed self-assembled DPA-phosphoethanolamine (C16:1p-22:5n6 PE)/DOPC/Q10/VPGS-PEG1000 system. Thus, the lamellar phase, which is typical for the pure DOPC, represents the dominant structure in the dispersed amphiphilic system.
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FIGURE 7. (A) Synchrotron small-angle X-ray scattering (SAXS) pattern and (B–F) cryogenic transmission electron microscopy (cryo-TEM) images of a dispersed plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/dioleoylphosphocholine (DOPC)/coenzyme Q10/VPGS-PEG1000 system at a docosapentaenoyl (DPA)-plasmalogen PE/monoolein (MO) molar ratio of 15/85 (mol/mol) and containing a coenzyme Q10 (1 mol.%) and VPGS-PEG1000 (6 mol.%). Aqueous phase: 1.10− 2 M phosphate buffer with dissolved 2,6-di-tert-butyl-4-methylphenol (BHT). Dispersion content: 5 wt% lipid phase/95 wt% aqueous buffer phase.


The cryo-TEM images in Figures 7B–F display various nanoscale object topologies with smooth interfaces (Figures 7B–D,F). Double-membrane particles and weakly packed multimembrane assemblies are mostly formed upon incorporation of the DPA-plasmalogen ethanolamine, at 15 mol.% content, in host DOPC glycerophospholipid membranes (Figures 7B–F). The topology of the lipid particles in Figure 7E suggests a locally inhomogeneous distribution of the membrane curvature. The inhomogeneous curvature distribution along the lipid bilayer scaffolds evidently results in the formation of hierarchical-type objects such as large vesicle shells encapsulating smaller particles as well as elongated tubular membranes (Figures 6E, 7B).



Nanoparticles Containing Plasmalogen-Phosphoethanolamine (C16:1p-22:5n6 PE)

An abundance of nanoparticles of liquid crystalline topologies was produced with DPA-plasmalogen phosphoethanolamine (C16:1p-22:5n6 PE)-involving non-lamellar (MO) lipid mixtures stabilized by the D-α-tocopherol polyethylene glycol-1000 succinate (VPGS-PEG1000) amphiphile (6 mol.%). Two molar ratios between the plasmenyl-PE and MO lipids were investigated, namely, 15/85 (mol/mol), and 20/80 (mol/mol).

The mixture of the synthetic DPA-plasmalogen phosphoethanolamine (C16:1p-22:5n6 PE) with MO [molar ratio, 20/80 (mol/mol)] was dispersed via the PEGylated amphiphile VPGS-PEG1000 (6 mol.%) in an excess buffer medium. The SAXS pattern in Figure 8A shows distinct Bragg peaks, which are superimposed on a broad hump (q ∼0.05–0.1 Å–1). The latter arises from the presence of fully hydrated polydispersed vesicular objects (vesicle sizes in the range of 40–200 nm). The positions of the Bragg peaks at q1 = 0.114 Å–1, q2 = 0.145 Å–1, and q3 = 0.228 Å–1 (a very weak third peak) determine a space group derived from the sequence 1:√3:√4 … This result implies that the obtained nanoparticles were produced by the dispersion of an inverted hexagonal (HII) phase, for which the inner structure is characterized by a lattice parameter aH = 6.37 nm.
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FIGURE 8. (A) Synchrotron small-angle X-ray scattering (SAXS) pattern and (B–F) cryogenic transmission electron microscopy (cryo-TEM) images of a nanoparticulate plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/monoolein (MO)/VPGS-PEG1000 system with a docosapentaenoyl (DPA)-plasmalogen PE/MO molar ratio of 20/80 (mol/mol) and dispersed by VPGS-PEG1000 (6 mol.%). Aqueous phase: 1.10− 2 M phosphate buffer with dissolved 2,6-di-tert-butyl-4-methylphenol (BHT). Dispersion content: 5 wt% lipid phase/95 wt% aqueous phase.


The cryo-TEM images in Figures 8B–F reveal the formation of dense-core particles, vesicles, and intermediate structures derived from the fragmented liquid crystalline phase of the plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/MO/VPGS-PEG1000 assembly. The increased percentage of the DPA-plasmenyl-ethanolamine (20 mol.%.) in the amphiphilic mixture might lead to a phase separation of the PUFA-PE phospholipid, which has a propensity for non-lamellar phase formation. Figure 8E shows a large fragment of a HII-phase domain, which coexists with vesicles produced upon the dispersion of the bulk amphiphilic mixture. A coexistence of a small hexosome nanoparticle with single-bilayer and double-membrane vesicles is shown in Figure 8B. Dense core (HII-phase) particles coexisting with vesicles are presented also in the cryo-TEM images in Figures 8C,D. Several mixed type nanoscale objects, involving dense HII-phase domain joint with a vesicle, are observed in Figures 8C,D,F. The coexisting populations of two-compartment nano-objects (dense non-lamellar-domain embedding vesicles) and vesicles of non-spherical shapes in the cryo-TEM images (Figures 8D,F) evidence that the particles are derived from a DPA-plasmalogen phosphoethanolamine (C16:1p-22:5n6 PE)-based lipid dispersion with a non-lamellar propensity.

The SAXS pattern of the self-assembled plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/MO/vitamin E/coenzyme Q10/VPGS-PEG1000 system with a DPA-plasmalogen PE/MO molar ratio of 20/80 (mol/mol) with additional loading of small-molecule antioxidants, such as coenzyme Q10 (1 mol.%) and vitamin E (5 mol.%), is presented in Figure 9A. The inclusion of vitamin E and coenzyme Q10 stabilizes the inner inverted hexagonal (HII) structural organization of the PUFA-phospholipid/MO assembly. This is evidenced by distinct Bragg peaks at q-vector positions of 0.113, 0.196, and 0.224 Å–1. The Bragg peaks are spaced in the ratio 1:√3:√4 and determine a lattice parameter of the inverted hexagonal (HII) phase structure aH = 6.42 nm. The broad hump (q ∼0.03–0.09 Å–1) in the SAXS pattern (Figure 9A) indicates that the hexosome nanoparticles coexist with vesicular membranes in the lipid dispersion.
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FIGURE 9. (A) Synchrotron small-angle X-ray scattering (SAXS) pattern and (B–F) cryogenic transmission electron microscopy (cryo-TEM) images of a self-assembled nanoparticulate plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/monoolein (MO)/vitamin E/coenzyme Q10/VPGS-PEG1000 system with a plasmalogen-PE/MO molar ratio of 20/80 (mol/mol) and added vitamin E (5 mol.%) and coenzyme Q10 (1 mol.%). Aqueous phase: 1.10− 2 M phosphate buffer containing 2,6-di-tert-butyl-4-methylphenol (BHT). Dispersion content: 5 wt% lipid phase/95 wt% aqueous phase.


The morphological results for the plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/MO/vitamin E/coenzyme Q10/VPGS-PEG1000 assemblies in Figures 9B–F also evidence the formation of vesicular membranes, dense hexosome nanoparticles, and some non-lamellar structural intermediates. The latter involve the formation of soft corona of nanochannels, which is characteristic for weakly packed 3D membrane architectures.

The SAXS patterns in Figure 10A and the cryo-TEM images in Figures 10B–F characterize the dispersed plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/MO/vitamin E/coenzyme Q10/VPGS-PEG1000 particles containing coenzyme Q10 (1 mol.%) and vitamin E (10 mol.%) for plasmalogen-PE/MO molar ratio of 15/85 (mol/mol). The first three Bragg peaks, resolved at q-vectors of 0.112, 0.194, and 0.224 Å–1 in the SAXS pattern, correspond to the (10), (11), and (20) reflections of an inverted hexagonal (HII) phase structure in the lipid nanoparticles. The inner HII-phase structure of hexosomes is characterized by a lattice parameter aH = 6.48 nm.
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FIGURE 10. (A) Synchrotron small-angle X-ray scattering (SAXS) pattern and (B–F) cryogenic transmission electron microscopy (cryo-TEM) images of a self-assembled nanoparticulate plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/monoolein (MO)/vitamin E/coenzyme Q10/VPGS-PEG1000 system with a plasmalogen-PE/MO molar ratio of 15/85 (mol/mol) and added vitamin E (10 mol.%) and coenzyme Q10 (1 mol.%). Aqueous phase: 1.10− 2 M phosphate buffer containing 2,6-di-tert-butyl-4-methylphenol (BHT). The Bragg peak positions spaced in the ratio 1:√3:√4 correspond to (10), (11), and (20) reflections of an inverted hexagonal (HII) phase inner organization of the lipid nanoparticles (hexosomes). Dispersion content: 5 wt% lipid phase/95 wt% aqueous phase. The topologies of the hexosome nanoparticles surrounded with soft coronas and stabilized by VPGS-PEG1000 (6 mol.%) and fragments of a dense inverted hexagonal (HII) phase are presented in (B–F).
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FIGURE 11. (A) Synchrotron small-angle X-ray scattering (SAXS) pattern and (B–F) cryogenic transmission electron microscopy (cryo-TEM) images of a self-assembled nanoparticulate docosapentaenoyl (DPA)-diacyl phosphoinositol (22:5n6-22:5n6 PI)/monoolein (MO)/vitamin E/coenzyme Q10/VPGS-PEG1000 system with a DPA-diacyl PI/MO molar ratio of 15/85 (mol/mol) and added vitamin E (10 mol.%) and coenzyme Q10 (1 mol.%). The PEGylated amphiphile VPGS-PEG1000 is included at 6 mol.%. Aqueous phase: 1.10− 2 M phosphate buffer containing 2,6-di-tert-butyl-4-methylphenol (BHT). Dispersion content: 5 wt% lipid/95 wt% aqueous buffer.


Multiphase nanoparticles and hierarchical structures were observed upon dispersion of the mixed amphiphilic composition [plasmenyl-PE/MO lipid molar ratio of 15/85 (mol/mol) stabilized by the PEGylated surfactant]. The cryo-TEM images of the nanoparticulate plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE)/MO/vitamin E/coenzyme Q10/VPGS-PEG1000 system are displayed in Figures 10B–F. Figures 10C,E,F show large domains with distinct inner inverted hexagonal symmetry. They represent a weakly hydrated self-assembled structure with a densely packed hexagonal lattice (aH = 6.48 nm). The periphery of the hexosome nanoparticles, shown in Figures 10B,D, is less densely packed and comprises a soft corona of nanochannels. Moreover, a cubosome particle with large channels is visualized as a transitional state in the cryo-TEM image in Figure 10D. The swollen cubosomes, coexisting with vesicular particles, contribute to the scattering in the q-vector range ∼0.03–0.095 Å–1. Therefore, it can be concluded that the produced nanoparticles predominantly involve inverted hexagonal inner liquid crystalline structure surrounded by soft, less densely packed corona of nanochannels at this plasmalogen-phosphoethanolamine (C16:1p-22:5n6 PE) content. The stabilization of the formulation is provided by the included antioxidants and the coexisting vesicular membrane particles.



Nanoparticles Containing DPA-Diacyl Phosphoinositol (22:5n6-22:5n6 PI)

Liquid crystalline nanostructures including the synthetic PUFA-diacyl phosphoinositol ester species were obtained by dispersion of DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI)/MO/vitamin E/coenzyme Q10/VPGS-PEG1000 mixed assembly using the PEGylated amphiphile VPGS-PEG1000. The SAXS pattern in Figure 11A displays a hump, rather than sharp Bragg peak maxima of multilamellar structures that are established with the DPA-diacyl phosphoinositol ester-containing bulk phase (Figure 4, green plot). The correlation peak at q ∼0.093 Å–1 corresponds to a correlation distance of the bilayers L = 6.75 nm and indicates a non-periodic bilayer membrane organization.

The cryo-TEM images in Figures 11B–F indicate phase separation of the DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI) component in an amphiphilic mixture, which results in the formation of multicompartment and multiphase particles. Indeed, vesicular nanoparticles with aqueous core are joined with large oil domains and thus comprise oil droplet-embedding vesicles. These mixed objects are built up by a dense compartment (rich in PUFA-phospholipid) and a vesicular membrane, which indicates the little miscibility of the single- and double-chain lipids inside the inner structure of the nanocarriers. This leads to an abundance of nanoparticles with a mixed-type of liquid crystalline inner organizations and the presence of non-periodic membrane scaffolds.

It may be suggested that the formation of intermediate structures (e.g., oil droplet-embedding vesicles) are governed by the unsaturated chains of the PUFA-phospholipid and their miscibility with the MO matrix. Similar multicompartment topologies have been found in self-assembled systems of MO and single-chain PUFA species (Angelova et al., 2018). In the case of the dispersed eicosapentaenoic acid (EPA, C20:5)/MO mixtures, the correlation peak in the SAXS pattern has been positioned at q∼0.15 Å–1. Correspondingly, the determined correlation distance was smaller (L = 4.2 nm) and thus associated with thinner lipid membrane formation in the EPA/MO system with regard to the double-chain PUFA-phospholipid/MO mixtures, which are investigated in the present work.



DISCUSSION

Biological membranes contain significant amounts of non-lamellar-forming lipids, but their exact in vivo functions remain not fully understood. Lipids with PUFA chains [e.g., eicosapentaenoic (EPA, C20:5), docosahexaenoic (DHA, C22:6), and docosapentaenoic (DPA, C22:5)] acids exhibit diverse health effects and present strong current interest for structural investigations in view of biomedical applications. DPA exists in two isomeric forms, namely, C22:5n6 (all-cis-4,7,10,13,16-docosapentaenoic acid or 4Z,7Z,10Z,13Z,16Z-DPA) and C22:5n3 (all-cis-7,10,13,16,19-docosapentaenoic acid or 7Z,10Z,13Z,16Z,19Z-DPA). The use of the first isomer (DPA, C22:5n6) in the present work for the design of PUFA-plasmalogens (ether) or ester species is motivated by the increased percentage of DPA (C22:5n6) derivatives found in biological cubic membrane structures (Deng et al., 2009).

The performed SAXS investigations demonstrated the formation of non-lamellar, primitive cubic (Im3m), and inverted hexagonal (HII) phases by the hydrated DPA-ethanolamine plasmalogen (C16:1p-22:5n6 PE). Cubic liquid crystalline phases were formed also in hydrated mixed assemblies of monoolein with DPA-plasmalogen phosphoethanolamine (C16:1p-22:5n6 PE) and DPA-plasmalogen phosphocholine (C16:1p-22:5n6 PC). The colipid MO was found to maintain the stability of the mesophases embedding the polyunsaturated DPA-plasmalogen phosphoethanolamine and phosphocholine lipids and the DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI). The structural effects related to the differences in the phospholipid headgroup type (PE, PC, or PI) were found to be more significant at the hydration level employed for bulk lipid phases preparation [e.g., lipid/water ratio of 40/60 (wt/wt)] as compared to the mixtures dispersed in excess aqueous environment [i.e., lipid/water ratio of 5/95 (wt/wt) allowing full lipid hydration].

The tendency for induction of curved membrane structures and short-lived intermediates appears to be important for the comprehension of the role of the plasmalogen lipids in the cellular membranes (Lohner, 1996; Almsherqi et al., 2010; Koivuniemi, 2017; West et al., 2020). By inducing transient cubic phase intermediates or higher curvature regions in the membranes of subcellular organelles, the plasmenyl lipids may exert effects on the organization and the activity of membrane proteins or of proteins anchored to the plasma membranes. It has been claimed that non-bilayer-type lipids affect peripheral and integral membrane proteins via changes in the lateral pressure profile (Lee, 2004). This can induce modifications in the activity of membrane proteins under oxidative stress conditions (Pohl and Jovanovic, 2019). In fact, phosphatidylethanolamine is a crucial target for reactive aldehydes. Modifications of the lipid shape and membrane properties due to lipid peroxidation-derived aldehydes can alter the membrane curvature, lipid bilayer elastic properties, and lateral pressure profile. As a consequence, this may affect the functions of membrane receptors, transporters, channels, and enzymes (Pohl and Jovanovic, 2019). The modulation of the function of transporter and ion channel proteins by non-lamellar-structure forming plasmalogen species deserves more attention in future investigations. Curvature-dependent recognition of ethanolamine phospholipids by peptide fragments represents another promising direction for future research.

The propensity for formation of an inverted hexagonal (HII) phase (Seddon, 1990), as well as of non-lamellar structural intermediates, has been suggested as essential for the promotion of fusion properties of the membranes, into which plasmalogen lipids are embedded (Lohner, 1996). Primarily, the HII-phase formation has been reported in the literature for plasmalogens with a single double bond in the hydrocarbon tails (Lohner et al., 1991).

For the DPA-plasmalogen ethanolamine, involving long PUFA chains (C16:1p-22:5n6 PE), investigated here, a coexistence of a liquid crystalline primitive cubic Im3m phase with an inverted hexagonal (HII) phase is established in the performed synchrotron SAXS study. The failure for the DPA-PE plasmalogen to form a unique stable non-lamellar mesophase could be due to the flexible conformation of its PUFA chain. The cubic-to-HII phase coexistence suggests that the number of double bonds in the long polyunsaturated DPA chain (22:5n6) might correspond to the threshold limit for the formation of an inverted hexagonal (HII) phase structure. Indeed, HII phases have been observed for plasmalogens of lower degree of unsaturation of the tails, e.g., C16:1, C18:1, or di-C18:2 (Lohner et al., 1991). The capacity of DPA-PE plasmalogen to form non-lamellar phase coexistences and structural intermediates might be of key importance for its role in the dynamics of biological membranes under stress conditions (Deng et al., 2017).

Depending on the head group type (PE, PC, and PI), the studied membrane lipid compositions were characterized by either non-lamellar or lamellar liquid crystalline phase formation in the mixed PUFA-phospholipid/MO assemblies. The incorporation of plasmalogen phosphocholine (C16:1p-22:5n6 PC) in the host lipid (MO) matrix induced a phase coexistence of a swollen double-diamond Pn3m cubic phase [with a DLarge lattice parameter aQ(Pn3m) = 14.0 nm] and a lamellar phase with a much thicker repeat bilayer spacing (d = 6.83 nm) with regard to the periodicity of pure MO phases. The topological transition from a cubic to a lamellar phase, observed for the DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI)-containing mixture, can be explained by the bulky character of the PI headgroup, which lowers the critical packing parameter of this lipid and hence determines its propensity for a lamellar phase formation.

Whereas single-chain PUFAs have been found to reduce the membrane bilayer thickness (Feller et al., 2002), the incorporation of DPA-plasmenyl phospholipids resulted in an essentially increased thickness of the lipid bilayers. This was evidenced by the SAXS results for the plasmalogen C16:1p-22:5n6 PC/MO and di-1p-22:5n6:1p-22:5n6 PI/MO mixtures. The lamellar phase of the MO/DPA-diacyl phosphoinositol (22:5n6-22:5n6 PI)/MO mixture was characterized by a very large repeat bilayer spacing (d = 7.95 nm) as compared to the bilayer periodicity of weakly hydrated MO (d = 4.6 nm). Thickening of the bilayers in the liquid crystalline assemblies confirms that PUFA-plasmalogens and PUFA-esters play a role of structural determinant components in the membranes. Studies with other plasmalogen species have established thickening of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers upon incorporation of increasing amounts of plasmalogen (Rog and Koivuniemi, 2016; West et al., 2020). It should be noted that a bilayer thickness mismatch in mixed lipid membranes controls the domain size and the phase separation, which is of crucial importance for the embedded proteins. Thickening of the lipid bilayers may dramatically influence the organization of membrane proteins (Dean and Lodhi, 2018; Fontaine et al., 2020). It is known that membrane receptor clustering and domain formation may interfere with the protein function and signaling activation (Angelov and Angelova, 2017).

Self-assembly has been intensively exploited in recent years for the fabrication of liquid crystalline nanocarriers for various applications including therapeutic delivery (Yaghmur and Glatter, 2009; Fong et al., 2010, 2014, 2019; Azmi et al., 2015; Angelova et al., 2018, 2019a; Shao et al., 2018; Wang et al., 2018; Li et al., 2019; Talaikis et al., 2019; Zhai et al., 2019). Drug loading and release capacities have been shown to depend on the internal structural organization of the delivery vehicles (Yaghmur and Glatter, 2009; Rakotoarisoa et al., 2019; Zhai et al., 2019). Multiphase structures have been observed in lipid mixtures of multiple amphiphilic components as well as upon loading of therapeutic proteins and peptides in nanostructured assemblies (Angelov et al., 2014; Angelova et al., 2019b).

Stable synthetic liquid crystalline structures with new topological properties were obtained by self-assembly of the DPA-phospholipids with colipids and amphiphiles. The results indicated that abundant liquid crystalline structures and shapes can be fabricated as a consequence of the lyotropic lipid polymorphism of the DPA-based plasmalogens and ester phospholipids (plasmalogen-phosphoethanolamine C16:1p-22:5n6 PE, plasmalogen phosphocholine C16:1p-22:5n6 PC, and DPA-diacyl phosphoinositol 22:5n6-22:5n6 PI; Figures 5–11).

Figure 12 and Table 1 outline the nanoscale object types obtained as a result of the structural polymorphism of the investigated lyotropic lipid/DPA-phospholipid-containing systems at room temperature. Apart from the antioxidant properties of the encapsulated plasmalogen lipids, the biomedical usefulness of the resulting topologies will depend on the envisioned strategy for plasmalogen administration at target therapeutic sites. Some crystalline arrangements may be more desirable than others in controlled release applications. It has been indicated that cubosomes and hexosomes display different drug release profiles (Fong et al., 2014; Azmi et al., 2015; Wang et al., 2018), the release from hexosome nanocarriers being essentially slower. The inner structural organization of the cubosome carriers is advantageous for enhanced entrapment and protective encapsulation of hydrophilic proteins, peptides, and nucleic acids (Angelova et al., 2011). The shape of the nanoparticles is crucial for the transport and diffusion properties of the drug delivery carriers. Generally, drug transport via particles with elongated tubular shapes is different from that from sphere-shaped objects. Hexosomes with elongated, cylinder-like topologies may be more efficient in controlled release applications because of their increased circulation time as well as increased residence time at biological membrane barriers (Li et al., 2019). For combination therapy applications with bioactive lipids, core–shell multiphase cubosomes and hexosomes as well as multicompartment vesicles with joint oil domains (i.e., oil droplet embedding vesicles) have advantages for dual and multidrug delivery (Angelova and Angelov, 2017; Angelov et al., 2017; Angelova et al., 2018).
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FIGURE 12. Summary of the different nanoscale topology types of docosapentaenoyl (DPA) plasmalogen- and ester-based liquid crystalline multiphase structures generated by spontaneous assembly in excess aqueous medium. Examples of individual cubosome and hexosome particles are given together with multiphase nanoparticles and intermediate structures formed as a result of inhomogeneous curvature distribution in the studied polycomponent lipid mixtures.



TABLE 1. Summary of the nanoscale liquid crystalline structures identified for the different mixed lipid compositions upon spontaneous assembly in excess aqueous medium.
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The fact that plasmalogens may behave as stimuli-responsive phospholipid biomaterials has been exploited for elaboration of controlled release systems (Anderson and Thompson, 1992; Thompson et al., 1996). In perspective, it would be of interest to investigate the stimuli-responsive properties of the prepared nanoformulations. Multiple features of the designed antioxidant-involving nanoparticles with multiphase organization may be advantageous for the achievement of stimuli-activated drug release and pH-sensitive or temperature-controlled release properties in novel biomedical applications.



CONCLUSION

The performed structural investigations established that DPA plasmenyl phospholipids dramatically modulate the membrane curvature upon spontaneous assembly with colipids. They show a propensity for domain formation in membranes. For same DPA content of the hydrocarbon tails, the lipid miscibility in the two-component membrane assemblies varies depending on the phospholipid type (ether or ester) and the nature of the headgroups (PC, PE, or PI). The revealed multiphase liquid crystalline structure formation may be crucial for certain membrane-governed cell processes in the heart, lung, skeletal muscles, retina, immune cells, and brain (especially in the plasmalogen-rich human white matter frontal cortex and the human gray matter parietal cortex). The induction of non-lamellar or lamellar domains, enriched in PUFA-plasmalogens or ester phospholipids, provides a better understanding about the effects of these phospholipid species on different events occurring at the cellular and subcellular organelle level, e.g., molecular trafficking, signaling, receptor clustering and activation in membranes, lipid metabolism (cholesterol efflux), and biogenesis of cubic membranes.

The presented cryo-TEM data demonstrate the formation of multiphase nanoparticles and nanostructures with distinct symmetries or hierarchical organizations that result from variable curvature in the multicomponent membranes. The variety of inner liquid crystalline multicompartment topologies and nanoparticle shapes (cubosomes, hexosomes, double-membrane vesicles, multilayer onions, mixed objects with jointed vesicular and oil compartments, and core–shell structures) open the door to exploit plasmalogen-based soft nanoparticle architectures for novel bioinspired applications.



MATERIALS AND METHODS


Lipids, Chemicals, and Sample Preparation

Plasmalogen derivatives with DPA chains and two types of headgroups (PE and PC) as well as a double-chain polyunsaturated DPA-phosphoinositol ether analog (Figure 2) were obtained by custom synthesis from Avanti Polar Lipids Inc. (Alabama), namely, 1-O-1′-(Z)-hexadecenyl-2-(4Z,7Z,10Z,13Z,16Z-docosapentaenoyl)-sn-glycero-3-phosphocholine, C16:1p-22:5n6 PC (M.W. 791.58), 1-O-1′-(Z)-hexadecenyl-2-(4Z,7Z,10Z,13Z,16Z-docosapentaenoyl)-sn-glycero-3-phosphoethanolamine, C16:1p-22:5n6 PE, (M.W. 749.54), and 1,2-bis(4Z,7Z,10Z,13Z,16Z-docosapentaenoyl)-sn-glycero-3-phosphoinositol (ammonium salt), di-22:5n6 PI, (M.W. 958.56). The synthetic glycerophospholipids were of high purity (>99%) and were characterized by the provider via thin-layer chromatography (TLC), mass spectrometry (MS), and NMR analyses. According to the provider, the achieved purity of the synthetic plasmalogen was the highest possible for performance of structural SAXS investigations. The products were received as lipid solutions in chloroform. Monoolein (1-oleoyl-rac-glycerol, MO, C18:1c9, MW 356.54, powder, ≥99%), DOPC, Vitamin E, coenzyme Q10, and D-α-tocopherol polyethylene glycol-1000 succinate (Vitamin E-TPGS or VPGS-PEG1000) were purchased from Sigma-Aldrich. For sample preparation, we took into account that the alkenyl (vinyl ether) bond is susceptible to hydrolysis under strong acidic conditions. A buffer medium of a neutral pH was prepared using the inorganic salts NaH2PO4 and Na2HPO4 (p.a. grade) and 2,6-di-tert-butyl-4-methylphenol (BHT; Sigma-Aldrich). The MilliQ water (Millipore Co.), serving for the preparation of the aqueous phase, was purged by nitrogen gas in order to eliminate the dissolved oxygen. The obtained aqueous medium, containing the antioxidant BHT, ensured the oxidative stability of the formulations.

Bulk phase samples from the DPA-phospholipid/MO mixtures were prepared by self-assembly at a lipid/water ratio of 50/50 (wt/wt) using aqueous phosphate buffer (NaH2PO4/Na2HPO4, 1.10–2 M, pH 7) with dissolved small amount of BHT. The chloroform solutions of the lipid compounds were handled under stream of nitrogen gas to prevent oxidation of the vinyl ether bond of plasmalogen. Lipid nanoparticles were prepared at a lipid/water ratio of 95/5 (wt/wt). Both the bulk mesophases and the dispersed lipid particles were produced by the method of hydration of a dry lipid film followed by physical agitation (Angelova et al., 2018). The lipids were mixed at chosen proportions [95/5, 90/10, 85/15, and 80/20 (mol/mol)], and the solvent was evaporated under flux of nitrogen gas. The obtained fine and homogeneous lipid films were lyophilized overnight under cooling. Vortexing and agitation in an ice bath were applied in repeating cycles of 1 min each. Ultrasonic cycles with a total duration of <10 min (Branson 2510 ultrasonic bath, “set sonics” mode, power 60 W) were sufficient to produce dispersions of lipid nanoparticles in the presence of PEGylated amphiphile VPGS-PEG1000.



Synchrotron Small-Angle X-Ray Scattering

Bulk liquid crystalline phases formed by hydrated lipid assemblies and dispersed nanoparticles were investigated at the SWING beamline of synchrotron SOLEIL (Saint Aubin, France) as recently reported (Rakotoarisoa et al., 2019). The samples were placed in capillaries or in a designed gel holder with (X, Y, and Z) positioning. Temperature was 22°C. The sample-to-detector distance was 3 m, and the X-ray beam spot size on the samples was 25 × 375 μm2. The patterns were recorded with a two-dimensional Eiger X 4M detector (Dectris, Baden-Daettwil Switzerland) at 12 keV allowing measurements in the q-range from 0.00426 to 0.37 Å–1. The q-vector was defined as q = (4π/λ) sin θ, where 2θ is the scattering angle. The synchrotron radiation wavelength was λ = 1.033 Å, and the exposure time was 250 or 500 ms. The q-range calibration was done using a standard sample of silver behenate (d = 58.38 Å). An average of five spectra per sample was acquired. Data processing of the recorded 2D images was performed by the FOXTROT software (David and Pérez, 2009).

Toward nanostructure determination, the positions of the resolved Bragg diffraction peaks were fitted according to the relationships of the Miller indexes. A sequence of Bragg peak positions spaced in the ratio √2:√3:√4:√6:√8:√9:√10:√11:√12:√14 is a characteristic of a bicontinuous Pn3m double-diamond cubic lattice. The primitive Im3m cubic lattice is characterized by peaks spaced as √2:√4:√6:√8:√10:√12:√14:√16:√18:√20:√22, whereas the sequence of Bragg peaks positions spaced in the ratio √6:√8:√14:√16:√20:√22:√24:√26 defines a gyroid Ia3d cubic lattice structure. The Bragg peak positions of multilamellar bilayer structures are spaced in the ratio 1:2:3:4:… For an inverted hexagonal (HII) phase, the corresponding relationship is 1:√3:√4….



Cryogenic Transmission Electron Microscopy

The methodology of the cryo-TEM study was analogous to the previously described work (Angelova et al., 2019a). In brief, a sample droplet of 2 μl was put on a lacey carbon-film-covered copper grid (Science Services, Munich, Germany), which was hydrophilized by glow discharge (Solarus, Gatan, Munich, Germany) for 30 s. Most of the liquid was then removed with blotting paper, leaving a thin film stretched over the lace holes. The specimen was instantly shock frozen by rapid immersion into liquid ethane and cooled to approximately 90 K by liquid nitrogen in a temperature- and humidity-controlled freezing unit (Leica EMGP, Wetzlar, Germany). The temperature and humidity were monitored and kept constant in the chamber during all sample preparation steps. The specimen was inserted into a cryo-transfer holder (CT3500, Gatan, Munich, Germany) and transferred to a Zeiss EM922 Omega energy-filtered TEM (EFTEM) instrument (Carl Zeiss Microscopy, Jena, Germany). Examinations were carried out at temperatures around 90 K. The TEM instrument was operated at an acceleration voltage of 200 kV. Zero-loss-filtered images (DE = 0 eV) were taken under reduced dose conditions (100–1,000 e/nm2). The images were recorded digitally by a bottom-mounted charge-coupled device (CCD) camera system (Ultra Scan 1000, Gatan, Munich, Germany) and combined and processed with a digital imaging processing system (Digital Micrograph GMS 1.9, Gatan, Munich, Germany). The sizes of the investigated nanoparticles were in the range or below the film thickness, and no deformations were observed. The images were taken very close to focus or slightly under the focus (some nanometers) due to the contrast-enhancing capabilities of the in-column filter of the employed Zeiss EM922 Omega. In EFTEMs, the deep underfocused images can be totally avoided.
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Neonatal respiratory distress syndrome (NRDS) is a type of newborn disorder caused by the deficiency or late appearance of lung surfactant, a mixture of lipids and proteins. Studies have shown that lung surfactant replacement therapy could effectively reduce the morbidity and mortality of NRDS, and the therapeutic effect of animal-derived surfactant preparation, although with its limitations, performs much better than that of protein-free synthetic ones. Plasmalogens are a type of ether phospholipids present in multiple human tissues, including lung and lung surfactant. Plasmalogens are known to promote and stabilize non-lamellar hexagonal phase structure in addition to their significant antioxidant property. Nevertheless, they are nearly ignored and underappreciated in the lung surfactant-related research. This report will focus on plasmalogens, a minor yet potentially vital component of lung surfactant, and also discuss their biophysical properties and functions as anti-oxidation, structural modification, and surface tension reduction at the alveolar surface. At the end, we boldly propose a novel synthetic protein-free lung surfactant preparation with plasmalogen modification as an alternative strategy for surfactant replacement therapy.
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INTRODUCTION

In 1959, Avery and Mead reported that the saline extracts of lungs from premature infants succumbing to neonatal respiratory distress syndrome (NRDS) were surfactant deficient as compared with those newborn dying of other causes (Halliday, 2017). This discovery spurred enormous interest in the following lung surfactant research. Decades later, pulmonary surfactant replacement therapy was proved to effectively reduce the morbidity and mortality of NRDS (Kim and Won, 2018). According to clinical studies, animal-derived surfactants are the more desirable choice than currently available protein-free synthetic ones (Ardell et al., 2015; Kim and Won, 2018). Nevertheless, the synthetic surfactant preparations produced in the laboratory have significant advantages in purity, reproducibility, safety, and quality control as compared with the animal-derived products (Notter et al., 2007). Although two major surfactant membrane proteins, SP-B and SP-C, are considered to be critical for the adsorption and spreading of surfactant film at the air–water interface (Johansson and Curstedt, 1997), it is still difficult to prepare artificial surfactant with these two surfactant proteins (Walther et al., 2019). SP-B molecule is too big and structurally complex to be synthesized by organic chemistry methods; also the expression of functionally active recombinant SP-B has not been successful yet (Curstedt et al., 2013; Parra and Pérez-Gil, 2015). SP-C is also difficult to obtain due to its extreme hydrophobicity and structural instability, especially in its pure form (Curstedt et al., 2013; Parra and Pérez-Gil, 2015).

Although the synthetic surfactant preparations can be produced in the presence of synthetic peptides that are simplified surrogates of the surfactant proteins, they are still not available in the market (Hentschel et al., 2020). The increased understanding of mechanisms involved in the formation and preservation of surfactant film at alveolar surface has led to uncover a bioactive phospholipid (PL) component in lung surfactant, plasmalogen, which has been somehow underappreciated in lung surfactant research; and its unique features as structural attribute and antioxidant allow us to boldly propose new protein-free artificial surfactant preparations with plasmalogen modification as an alternative strategy for effective surfactant replacement therapies.



LUNG SURFACTANT: COMPOSITION, STRUCTURE, AND FUNCTION

The respiratory surface of the mammalian lung is stabilized by pulmonary surfactant, a membrane-based system. The primary function of lung surfactant is to minimize the surface tension at alveolar air–liquid interface, optimize the mechanics of breathing, and avoid alveolar collapse, especially at the end of expiration (Parra and Pérez-Gil, 2015). Lung surfactant is synthesized, stored, secreted, and recycled through type II alveolar cells (Notter et al., 2007), which emerge at the 24th gestation week and mature at the 34th–36th gestation week. The preterm babies (<34 weeks) with insufficient lung surfactant have much higher risk of developing NRDS, the main cause of perinatal mortality.

The composition and biosynthesis of lung surfactant are only better understood since 1950s due to the start of recognition of NRDS (Notter, 2000). Lung surfactant is a mixture of lipids (90%) and proteins (10%) (Figure 1). In mammals, dipalmitoylphosphatidylcholine (DPPC) contributes the largest fraction of total lung surfactant. DPPC, a di-saturated PL is considered to be indispensable to allow for a reduction of surface tension at alveolar air–water interface (Wüstneck et al., 2005; Olmeda et al., 2017). Phosphatidylglycerol (PG), the second most abundant PL in lung surfactant mixture (Pfleger et al., 1972; Hallman and Gluck, 1975), may improve the property of surfactant in stabilizing the alveoli (Hallman et al., 1977; Orgeig et al., 2003). The rest of the lipid fraction is constituted by other polyunsaturated PLs including bioactive plasmalogen and cholesterol as well.
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FIGURE 1. The composition and function of lung surfactant. The constitution of phospholipids% might be slightly different in different publications, and the discrepancy might be due to differences in the source (animal species) and the method of extraction (either from lavage or from whole minced tissue). Plasmalogen, a minor yet bioactive ether phospholipid of lung surfactant, is the ethanolamine and choline phospholipids vs. its ester counterpart.


The content of plasmalogens in alveolar surfactant has been rarely investigated. The concentration of total plasmalogens is around 2% in rat surfactant (Rüstow et al., 1994) and 5–6% in dog surfactant (Rana et al., 1993). There is about 1.2% plasmalogens extracted from total lipids of pig surfactant (Body, 1971). The relative percentage of plasmalogens in the term healthy infants is 1.8 ± 0.9% (Rüdiger et al., 2000). Plasmalogen phosphocholine (PC) was first identified in the mammalian lung surfactant preparations obtained from both adult cow and lamb fetal pulmonary lavage (Rana et al., 1993). Of particular interest, the amount of plasmalogen PC in these preparations is reported to be unexpectedly comparable with that of PG, the second most abundant PL in lung surfactant lipid mixture at the fractional level (Rana et al., 1993). Thus, the presence of plasmalogen PC in pulmonary surfactant might have significant impact on animal and human physiology and suggest new directions of biochemical and biophysical studies of lung surfactant (Rana et al., 1993). Another minor yet important component of lung surfactant lipids is cholesterol, which may optimize the surfactant activity (Orgeig et al., 2003) and is considered crucial as well in surfactant function.

As for the protein part, three out of total four surfactant proteins present in the alveolar hypophase (SP-A, SP-B, and SP-C) are membrane associated, and even with small amounts, they may have profound effect on surfactant membrane structure and function (Casals, 2001; Serrano and Pérez-Gil, 2006; Cabré et al., 2018). SP-A is able to bind to a wide variety of microorganisms (Lawson and Reid, 2000; Ariki et al., 2012), although it is hydrophilic, and together with SP-B (Suzuki et al., 1989; Knudsen and Ochs, 2018), it may participate in the formation of tubular myelin (TM), a liquid crystal membrane structure found within the alveolar space (Figure 2A). The structure of TM and its ability of being viscoelastically deformed have been suggested to explain the mechanism behind the reduction of work required for air breathing (Ninham et al., 2017). The addition of Ca2+ also promoted lamellar to hexagonal (HII) transitions in the mixtures of phosphatidylethanolamine (PE) and phosphatidylserine (Cullis et al., 1978). SP-B and SP-C, the hydrophobic surfactant proteins, have been demonstrated crucial for surfactant activity inside the alveoli, and their incorporation into the lipid mixtures could facilitate proper interfacial adsorption, film stability, and re-spreading abilities of lung surfactant (Wang et al., 1996; Cruz et al., 2000; Serrano and Pérez-Gil, 2006). Meanwhile, both SP-A and SP-D are part of the innate immune system at alveolar surface and may regulate the functions of other important innate immune cells such as macrophages (Vaandrager and van Golde, 2000; Matalon and Wright, 2004; Pastva et al., 2007; Kharlamova et al., 2020).
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FIGURE 2. The chemical structure of plasmalogen and its potential role in lung surfactant. Plasmalogens are a class of phospholipids carrying a vinyl ether bond at sn-1 and an ester bond at sn-2 position of the glycerol backbone. The vinyl ether bond at sn-1 position is highly prone to attack by reactive oxygen species (ROS). This was proposed to prevent the oxidative damage of polyunsaturated fatty acids and other vulnerable membrane lipids, suggesting a role for plasmalogens as sacrificial molecules (antioxidant). Plasmalogens also promote the formation of non-lamellar membrane structures, including tubular myelin (TM) (a deformed P-cubic structure). Orange spheres mark plasmalogens, and blue spheres mark other phospholipids. (A) Transmission electron microscopy (TEM) image containing TM structure (arrow) was adapted from Williams (1977) with permission; scale bar = 100 nm. (B) A tP model of TM bilayer structure with the minimal surface describes the center of the bilayer. Adapted from Larsson and Larsson (2014) with permission.




THE SIGNIFICANCE OF PLASMALOGENS

Plasmalogens are a class of PLs carrying a vinyl ether bond at sn-1 and an ester bond at sn-2 position of the glycerol backbone (Nagan and Zoeller, 2001; Wallner and Schmitz, 2011; Jiménez-Rojo and Riezman, 2019). They constitute 15–20% of total PLs of cell membranes (Braverman and Moser, 2012). Plasmalogens are abundant in the brain, retina, leukocytes (immune cells), sperm, heart, and skeletal muscle in the mammals (Braverman and Moser, 2012). They are also concentrated in specialized membranes, such as myelin, and secreted membranes such as synaptic vesicles and lung surfactant (Braverman and Moser, 2012). The physiological role of plasmalogens in cells has been proposed to range from free radical scavenging to promoting membrane fusion; it has been still difficult to assess their biophysical roles in cell membrane partly due to their variable concentration in different cell types and the change during development (Koivuniemi, 2017).

Plasmalogens as endogenous antioxidants to protect cell membrane PLs and lipoprotein particles against oxidative damage are still controversial (Yavin and Gatt, 1972; Khaselev and Murphy, 1999; Farooqui and Horrocks, 2001; Zemski Berry and Murphy, 2005; Richard et al., 2008). However, the high susceptibility of vinyl ether bond of plasmalogens to reactive oxygen species (ROS) and traces of acids has suggested their sacrificing role as a first-line defense system in a biological system (Yavin and Gatt, 1972; Khaselev and Murphy, 1999; Farooqui and Horrocks, 2001; Zemski Berry and Murphy, 2005; Richard et al., 2008). Plasmalogen-deficient cultured cells and animals have long been known to be more sensitive to oxidative damage than their wild-type counterparts, strongly suggesting that plasmalogens may act as an endogenous antioxidant in cells (Reiss et al., 1997; Morand et al., 1988; Zoeller et al., 1988; Nagan and Zoeller, 2001; Lessig and Fuchs, 2009; Wallner and Schmitz, 2011; Luoma et al., 2015). Cellular plasmalogens are also reported to act as antioxidants against ultraviolet light-induced lipid peroxidation (Zoeller et al., 1988). Moreover, plasmalogens seem to be able to act as antioxidants to protect low-density lipoproteins (LDLs) (Jürgens et al., 1995), whose oxidation is crucial in promoting atherogenesis in humans.

The depletion of plasmalogens, or their reduced amount, is associated with lipid raft microdomain (a cholesterol-rich membrane region) stability and raft involvement in cellular signaling (Pike et al., 2002; Munn et al., 2003; Rodemer et al., 2003). Both cholesterol and plasmalogen are of great significance in cell membrane fluidity and stability (Pike et al., 2002; Orgeig et al., 2003; Rodemer et al., 2003). Both may act as helper lipids to modify lung surfactant membrane structure (Lohner et al., 1991; Andersson et al., 2017). Model membrane system consisting of plasmalogens may go through the transformation from lamellar gel to liquid crystalline at the lower temperature (4–5°C) compared with their diacyl counterparts (Lohner, 1996). More striking is the observation that plasmalogens promote non-lamellar structures (including HII) at or below 30°C, while the diacyl analogs at much higher temperatures (Lohner, 1996; Nagan and Zoeller, 2001). These non-lamellar structures result in increased leakage of membranes and promotion of membrane fusion (Lohner, 1996; Nagan and Zoeller, 2001). This might be significant in certain cell processes such as endocytosis and exocytosis, highly depending on membrane fusion (Nagan and Zoeller, 2001). Plasmalogens are a key player in promoting HII phase structure in biomembranes and might be important in membrane fusion-mediated events. This biophysical property of plasmalogens has been suggested to link to the potential role in facilitating cell membrane and intracellular molecule trafficking (Dean and Lodhi, 2018).

Of particular interest, human leukocytes (neutrophils) are also enriched in plasmalogens (Gottfried, 1967; Getz et al., 1968; Mueller et al., 1982, 1984; Sugiura et al., 1982; Tencé et al., 1985; MacDonald and Sprecher, 1989; Manning et al., 1995). Membrane plasmalogen level may determine the characteristics of plasma membrane, such as the formation of lipid rafts, which are crucial for efficient signal transduction and optimal phagocytosis of macrophages (Rubio et al., 2018). Plasmalogens may thus modulate the phagocytotic activity of macrophages (Rubio et al., 2018). Since both SP-A and SP-D are part of the innate immunity of cell and may thus modulate the phagocytotic activity of macrophages (Vaandrager and van Golde, 2000; Matalon and Wright, 2004; Pastva et al., 2007). In an in vitro study, the alveolar lining materials obtained from rats have been shown to enhance the bactericidal capacity of alveolar macrophages against Staphylococcus aureus (Juers et al., 1976). It deserves further studies on both lung surfactant proteins (SP-A, SP-D) and how they may work together with plasmalogens to modulate the function of macrophages through their membrane.



ANTIOXIDANT PROPERTY OF LUNG SURFACTANT: FOCUS ON PLASMALOGENS

Lung tissues of preterm newborns are particularly sensitive to the exposure of high oxygen as level compared with staying inside the womb of the mother. Moreover, the main treatment options for NRDS, oxygen supplementation and mechanical ventilation, are both known to promote oxidative stress and regional pro-inflammatory responses (Worthen et al., 1987; Pierce and Bancalari, 1995). Endotracheal surfactant therapy may prevent oxidative damage of the alveoli (Matalon et al., 1990). The bronchoalveolar lavage of preterm neonates treated with surfactant presented lower levels of pro-oxidant markers than untreated neonates (Dani and Poggi, 2014). It was demonstrated in the animal model that the natural calf lung surfactants contain a measurable amount of superoxide dismutase (SOD) and catalase (CAT), and both antioxidant enzymes have been demonstrated to exert consistent scavenging activity when incubated with a definite amount of H2O2 (Matalon et al., 1990). The administration of exogenous surfactant has been shown to decrease the oxidative damages in the lungs of mice (Machado et al., 2018). However, the main antioxidant activity of surfactant probably depends on different mechanisms, which can be enzymatic or non-enzymatic scavenger molecules naturally contained in surfactant mixtures (Cantin et al., 1990). Plasmalogens and polyunsaturated PLs are the main molecules putatively responsible for non-enzymatic antioxidant activity of natural lung surfactants (Yavin and Gatt, 1972; Khaselev and Murphy, 1999; Farooqui and Horrocks, 2001; Zemski Berry and Murphy, 2005; Richard et al., 2008).

Analysis of murine lung surfactant revealed several plasmalogen PE lipid species, encompassing ∼38% of total PE species. Upon exposure of ozone to murine surfactant, plasmalogen PE as sacrificing molecules preferentially reacted, as compared with their diacyl counterparts (Wynalda and Murphy, 2010). Interestingly, peroxisome numbers were substantially increased in Clara and alveolar type II cells, implying an increased requirement for peroxisome metabolism that may secure sufficient plasmalogen synthesis (Karnati and Baumgart-Vogt, 2009). Since the lung is a direct target of ROS, plasmalogens might protect against respiratory diseases in general by virtue of their role as an antioxidant. Finally, although not using a plasmalogen-deficient cell line, Zoeller et al. (2002) showed that increasing plasmalogen levels in human pulmonary artery endothelial cells protected them in response to oxidative stress by prolonging survival and reducing ROS accumulation.

Premature infants who received surfactant replacement preparations with higher amount of plasmalogens showed much better respiratory outcomes (Rüdiger et al., 2005). Interestingly, plasmalogens in type II alveolar cells are composed of 93% plasmalogen PE and 7% plasmalogen PC, while plasmalogens isolated from the lung surfactant contain 36.5% plasmalogen PC and 63.5% plasmalogen PE (Rüstow et al., 1994). This discrepancy may partially explain the membrane structure conversion of a lamellar body (LB) (in type II alveolar cell) to TM (at alveolar surface), and it deserves further exploration and studies.



3D MEMBRANE STRUCTURES OF LUNG SURFACTANT

Structure and function are most likely interdependent and interrelated. As for lung surfactant, it undergoes three major structural transformations, namely, in the form of intracellular and extracellular LB, extracellular TM, and a surface monolayer (Sorokin, 1966; Weibel et al., 1966; Weibel and Gil, 1968; Kikkawa, 1970). Each of these forms has a distinct function, based on the structures they possess. First, lung surfactants containing LB are secreted by type II alveolar cells. Upon the release from type II alveolar cells, LB may convert to TM, which then forms a monolayer (Gil and Reiss, 1973; Paul et al., 1977). A lipid monolayer enriched in DPPC covering the air–water interface is considered to be responsible for the low surface tension. LBs are attached to the lipid monolayer, and together they make up the surface film, as visualized by transmission electron microscopy (TEM) (Veldhuizen and Haagsman, 2000). Though LBs have specific activity, which could directly adsorb and form surface-active films without being first converted into TM, the intact alveolar surfactant (a surface film that consists of a monolayer and a bilayer) performed better along with time (Magoon et al., 1983). The lung lavage subfractions rich in TM absorbed rapidly to air–liquid interfaces and reduced surface tension to very low values upon compression of the surface, and the preparations lacking TM were much less surface active, even though they contained identical PL composition (Thet et al., 1979; Young et al., 1992). Appearance of TM may give rise to a PL monolayer at alveolar air–liquid interface, and this PL monolayer together with LB may further elaborate the actual function and activity of lung surfactant (Weibel et al., 1966; Paul et al., 1977).

In order to compare the different membrane structures of lung surfactant from patients dying with/without NRDS, the lungs of 35 infants with NRDS and 19 without NRDS as control were examined by deMello et al. (1987) through light microscopy and electron microscopy. TEM data showed that the TM structure was not observed in the lungs of 35 infants who died with NRDS (Figure 3A), without exception. Abundant TM membrane structures, identified as characteristic lattice form (Figure 3B), were distinctly observed in 16 out of 19 control samples. TM as an intermediate phase between LB and monolayer appears indispensible in healthy lungs (Weibel et al., 1966; Gil and Reiss, 1973; deMello et al., 1987) and is thus considered as one of the polymorphic membrane structures of lung surfactant to act properly under normal physiological condition.


[image: image]

FIGURE 3. Transmission electron microscopy (TEM) micrographs of lung surfactant membrane structures and liposome construction of ameba-derived lipids. (A) Lung surfactant membrane structures display mainly as lamellar body (LB) in a premature infant with neonatal respiratory distress syndrome (NRDS). (B) Tubular myelin (TM)-rich surfactant membrane structure from a full-term newborn without NRDS. (C) Liposomal construct using cubic membrane-derived plasmalogen-rich ameba lipids. TEM images of (A,B) are adapted from deMello et al. (1987) with permission. All scale bars = 500 nm.


From the above-mentioned study, it is apparent that the absence of TM at alveolar surface of infants dying with NRDS showed a decrease in surface monolayer, which might finally lead to inactivity of lung surfactant. Therefore, it is important to know the key components that may contribute to the structure attribute of TM. Suzuki et al. (1989) have reconstituted TM in vitro with Ca2+ in a mixture of synthetic lipids (DPPC and PG) and surfactant proteins (SP-A and SP-B). The significance of Ca2+ on TM formation has been further evidenced by Sanders et al. (1980) and Benson et al. (1984).

TM was described by a tetragonally deformed P-based cubic surface (Figure 2B) (Schröder-Turk et al., 2006; Larsson and Larsson, 2014; Ninham et al., 2017), which is also used to depict intracellular cubic membranes (CMs) (Landh, 1995; Almsherqi et al., 2006, 2009). CMs represent highly curved, 3D nano-periodic membrane structures that correspond to mathematically well-defined triply periodic minimal and level surfaces (Landh, 1995; Almsherqi et al., 2006, 2009; Deng et al., 2017). Experimental data from ameba Chaos studies showed that CM is enriched with unique ether PLs, plasmalogens carrying very long-chain polyunsaturated fatty acids (PUFAs) (Deng et al., 2009, 2017; Deng and Almsherqi, 2015). Deng and Almsherqi (2015) proposed that these PLs not only facilitated CM formation but also together might act as an antioxidant defense system to provide a protective shelter for RNA (Deng and Almsherqi, 2015). The potential interaction of CM with RNA may reduce the amount of RNA oxidation and promote more efficient protein translation (Deng and Almsherqi, 2015; Deng et al., 2017). Specifically, intracellular membranes may transform into CM organizations in response to multiple pathological, inflammatory, and oxidative stress conditions (Almsherqi et al., 2009; Deng and Almsherqi, 2015). CM has been observed in numerous cell types from all kingdoms and in virtually any membrane-bound subcellular organelles (Almsherqi et al., 2009).



PLASMALOGENS MAY MODIFY PHASE STRUCTURES OF PHOSPHOLIPID MIXTURES

Perkins et al. (1996) demonstrated that a lipid mixture with dioleoylphosphatidylethanolamine (DOPE):DPPC:cholesterol in a molar ratio of 7:3:7 at 37°C appeared to be a co-existence structure of lamellar and HII phases. The HII transition might facilitate lipid transfer to air–water interface through unstable transition intermediates (Possmayer et al., 1984). The spreading rate of this lipid mixture formulation is similar to that observed in Curosurf® natural surfactant preparations (Perkins et al., 1996), suggesting that lipid polymorphic phase behavior might be essential to maintain surfactant activity and function. It is interesting to note that Curosurf® is a porcine surfactant with the highest content of plasmalogen and higher performance and efficiency than other commercially available nature surfactant products (Rüdiger et al., 2005).

It is important to establish the potential role of plasmalogens in 3D membrane structure of lung surfactant. Lohner et al. (1991) first reported the findings on biophysical property of plasmalogens in promotion and stabilization of non-lamellar membrane phase structure. The lipid mixtures of PE and PC of natural and synthetic surfactant preparations tend to assume the LB-like structure. The curved HII phase structure is unlikely to be seen when the content of PC in lipid mixture is high (>25 mol%) (Cullis and de Kruijff, 1978; Cullis et al., 1978), suggesting that the role of PC is to stabilize the planar bilayer structure of biomembrane. Nevertheless, this circumstance can be modified and reversed by plasmalogen, a curvature-modified ether lipid (Lohner et al., 1991). In the presence of 38 mol% PC and 62 mol% plasmalogen, HII phase is formed at 60°C (Lohner et al., 1991). The biophysical property of plasmalogens may determine the optimized packing of HII at interface area, and this could be well-explained by their unique conformation of vinyl ether bond at sn-1 chain (Cullis et al., 1978; Malthaner et al., 1987). Nevertheless, the role of plasmalogens as structural attributes in lung surfactant requires more studies to be confirmed.



PLASMALOGENS MAY MODIFY SURFACE TENSION AND SURFACE VISCOSITY OF SURFACTANT-LIKE PHOSPHOLIPID MIXTURE

The optimized performance of surfactant-like PL mixture with plasmalogen modification was first reported by Rüdiger et al. (1998). The measurements of surface tension in lipid mixtures with different concentrations of plasmalogens were analyzed and compared. The experimental data revealed that plasmalogens effectively lowered the surface tension of surfactant-like PL mixtures (Rüdiger et al., 1998). Only 2% plasmalogen of total PLs was able to dramatically lower the surface tension of about 10 mN/m (Rüdiger et al., 1998), suggesting that plasmalogen-modified lung surfactant preparations could effectively reduce the surface tension and might further promote the mechanics of breathing.

Highly PUFA-containing PLs (PUFA-PLs) and plasmalogen content in tracheal aspirate of preterm infants may reduce the risk of developing chronic lung diseases (Rüdiger et al., 2000). So far, biophysical properties of lung surfactant are best described and characterized with two parameters, surface tension and surface viscosity (Rüdiger et al., 2005). In order to clarify the relations between lipid mixtures and surface viscosity of lung surfactant, the lipid composition and surface properties of three commercial surfactant preparations (Alveofact®, Curosurf®, and Survanta®) were examined and compared (Rüdiger et al., 2005). The experimental data suggested that either vinyl ether link plasmalogen or ester link PUFA-PLs are both required for lowering the surface viscosity of the surfactant mixtures (Rüdiger et al., 2005); however, plasmalogen is superior and more effective than PUFA-PLs (Tölle et al., 1999). With the deeper understanding and appreciation of this special ether lipid molecule, it becomes clear that plasmalogens might indeed play a vital role in activity and function of pulmonary surfactant.



CONCLUSION

Plasmalogens are not only a structural component of biomembranes and a reservoir for secondary messengers, but they also participate in multiple cell processes, including membrane fusion, cholesterol efflux, and antioxidation (Nagan and Zoeller, 2001; Lessig and Fuchs, 2009; Wallner and Schmitz, 2011; Luoma et al., 2015). The membrane plasmalogen level may determine characteristics of cell membrane such as membrane fluidity and formation of lipid rafts microdomains, which are essential for efficient signal transduction prepared for optimal phagocytosis of macrophages (Rubio et al., 2018).

Two proposed roles of plasmalogens may serve for proper activity and function of lung surfactant. First, plasmalogens are considered as powerful endogenous antioxidants that can be supported by experiment data directly (Wynalda and Murphy, 2010). The main function of lung is engaged in the air breathing, and plasmalogens may protect lungs from the damage of oxygen-free radicals potentially from air breathing. Second, plasmalogens may promote non-lamellar (cubic or hexagonal) phase formation in vitro (Lohner, 1996; Koivuniemi, 2017). The presence of non-lamellar phase may speed the spreading rate of lipid mixture formulation, and the spreading rate is similar to that observed in Curosurf® (Perkins et al., 1996). There is still lack of direct evidence to support that plasmalogens may promote non-lamellar membrane structure such as TM in lung surfactant; nevertheless, the in vitro lipidic phase studies (Lohner et al., 1991; Lohner, 1996) in addition to the liposomal construction data (Figure 3C) by using ameba Chaos CM-derived lipids rich in plasmalogens (Deng et al., 2009) have led to the current hypothesis of having potential contribution of plasmalogens in non-lamellar TM (CM-like) formation of lung surfactant. Of great interest, an extensive literature survey has revealed that intracellular membranes may rearrange into CM organization in response to external and/or internal environmental cues (Almsherqi et al., 2009), especially oxidative stress (Deng and Almsherqi, 2015; Deng et al., 2017), and the evolution of CM has been proposed as an antioxidant defense system in the eukaryotes (Deng and Almsherqi, 2015).

A schematic representation in Figure 4 demonstrates how plasmalogen modification may be involved in membrane phase transitions in general. In this report, we simply and humbly intend to introduce the potential roles of plasmalogens in lung surfactant, as they may provide vital functions as antioxidation, phase modification, surface tension, and viscosity reduction in addition to immunity modulation even though they might be just a minor component of PLs in lung surfactant. A question emerges that whether a novel surfactant preparation without the requirement of surfactant proteins may provide a protein-free solution for the current synthetic surfactant products to avoid or eliminate the unwanted cellular immune responses potentially caused by surfactant proteins of animal origins. It might offer a novel synthetic surfactant preparations free from cultural and religion concerns, as compared with the preparations from the bovine or porcine origin.


[image: image]

FIGURE 4. A schematic drawing demonstrates that plasmalogen modification may promote lamellar to non-lamellar (cubic and hexagonal) phase transitions. Lipidic phase structures were adapted from Huang and Gui (2018) with permission.
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Unraveling the fine structure of the brain is important to provide a better understanding of its normal and abnormal functioning. Application of high-resolution electron microscopic techniques gives us an unprecedented opportunity to discern details of the brain parenchyma at nanoscale resolution, although identifying different cell types and their unique features in two-dimensional, or three-dimensional images, remains a challenge even to experts in the field. This article provides insights into how to identify the different cell types in the central nervous system, based on nuclear and cytoplasmic features, amongst other unique characteristics. From the basic distinction between neurons and their supporting cells, the glia, to differences in their subcellular compartments, organelles and their interactions, ultrastructural analyses can provide unique insights into the changes in brain function during aging and disease conditions, such as stroke, neurodegeneration, infection and trauma. Brain parenchyma is composed of a dense mixture of neuronal and glial cell bodies, together with their intertwined processes. Intracellular components that vary between cells, and can become altered with aging or disease, relate to the cytoplasmic and nucleoplasmic density, nuclear heterochromatin pattern, mitochondria, endoplasmic reticulum and Golgi complex, lysosomes, neurosecretory vesicles, and cytoskeletal elements (actin, intermediate filaments, and microtubules). Applying immunolabeling techniques to visualize membrane-bound or intracellular proteins in neurons and glial cells gives an even better appreciation of the subtle differences unique to these cells across contexts of health and disease. Together, our observations reveal how simple ultrastructural features can be used to identify specific changes in cell types, their health status, and functional relationships in the brain.
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INTRODUCTION

The first electron microscope was invented in 1931 by Max Knoll and Ernst Ruska (Savage et al., 2018). An electron microscope is a microscope that uses a beam of accelerated electrons as a source of illumination (Egerton, 2016). Because the wavelength of an electron can be up to 100,000 times shorter than visible light photons, electron microscopy (EM) has a higher resolving power than light microscopy, and can reveal the structure of much smaller objects. The original form of an electron microscope, the transmission electron microscope (TEM) uses an electron beam to create an image. A heated filament is used as a source of electrons. The beam is accelerated at high voltage, focused by electrostatic and electromagnetic lenses, and transmitted through an ultrathin (∼60–70 nm) specimen. As it goes through the specimen the beam carries information about its structure. The spatial variation in that information is afterward magnified by the objective lens system of the microscope which is then projected on a phosphor screen and captured by film or recorded with a charge-coupled device (CCD) camera (Knott and Genoud, 2013; Winey et al., 2014; Egerton, 2016).

To study the brain, for example in rodents, samples are normally fixed by transcardial perfusion of the animals with buffered aldehydes and then sliced to a 50–100 μm thickness using a vibratome. The vibratome sections are post-fixed with buffered osmium tetroxide (1–2%) which stabilizes membranes and enhances their contrast under the electron microscope. The sections are afterward embedded in a plastic resin, cut at 50–70 nm thickness with a diamond knife on an ultramicrotome, and collected onto grids, as required for imaging by TEM. Immunostaining with peroxidase, which produces an electron dense precipitate visible with EM, or with immunogold, can also be performed prior to embedding (Dykstra and Reuss, 2003; Skepper and Powell, 2008; Ligorio et al., 2009; Burry, 2010; Tremblay et al., 2010b; Savage et al., 2018). These steps need to be performed meticulously from brain sample fixation until plastic resin embedding to prevent ultrastructural degradation which would compromise the integrity of cellular membranes, organelles, and other subcellular elements (Dykstra and Reuss, 2003; Tremblay et al., 2010b; Bisht et al., 2016a; St-Pierre et al., 2019).

Over the last 60 years, ultrastructural examinations have provided important insights into the functional roles of neurons, synapses and glial cells under various conditions (Theodosis et al., 2008; Tremblay et al., 2010a; Paolicelli et al., 2011; Bourne and Harris, 2012; Schafer et al., 2012; Kettenmann et al., 2013; Knott and Genoud, 2013; Chung et al., 2015; Savage et al., 2018; Verkhratsky and Nedergaard, 2018). The neuronal, microglial, astrocytic as well as oligodendrocytic compartments can be identified using EM based on their different shape, size, nuclear heterochromatin pattern, organelles and cytoskeletal elements, as well as relationships with each other among the brain parenchyma. Plasma membranes, basement membranes, clefts in gap junctions, actin filaments, intermediate filaments, microtubules, ribosomes, extracellular spaces, glycogen granules, synaptic vesicles, dense-core vesicles, nuclear pores, and lysosomes, are only or best resolved with EM, at the highest resolution (reaching 1 nm) for a biological technique (Tremblay et al., 2010b; Savage et al., 2018; SynapseWeb, 2021). Although super-resolution microscopy, and more recently, expansion microscopy, were developed to resolve small structures, notably in correlation with EM (Carrier et al., 2020; Hoffman et al., 2020; Parra-Damas and Saura, 2020; Soria et al., 2020), the capacity of EM to reveal the ultrastructure of cells and their constituents without selective staining (although staining can be used to provide better visualization of membranes, cytoskeletal elements, and ribosomes, for instance; Dykstra and Reuss, 2003; Svitkina, 2009) confers an important advantage (Tremblay et al., 2010b; Savage et al., 2018).

Considering that only EM provides the resolution needed to reconstruct neuronal circuits completely with single-synapse information, EM with three-dimensional (3D) reconstruction is the main tool for the connectomics research, which aims to map the brain-wide circuits underlying behavior (Ohno et al., 2015; Swanson and Lichtman, 2016; Kubota et al., 2018). Several tools were developed in recent years to facilitate the acquisition, registration and segmentation which is the tracing of the elements of interest in all the pictures to generate 3D reconstructions (Knott and Genoud, 2013; Miranda et al., 2015; Savage et al., 2018; Carrier et al., 2020), allowing to identify and quantify organelles as well as cell types in the brain using deep machine learning analysis (Perez et al., 2014; García-Cabezas et al., 2016; Abdollahzadeh et al., 2019; Calì et al., 2019; Gómez-de-Mariscal et al., 2019; Santuy et al., 2020). Recent technological advances in scanning electron microscopy (SEM) have facilitated the automated acquisition of large tissue volumes in 3D at nanometer-resolution. Cutting-edge techniques, such as serial-block face and focused-ion beam SEM imaging (Knott and Genoud, 2013; Miranda et al., 2015; Savage et al., 2018, 2020; Carrier et al., 2020), combined with x-ray based modalities which allow to detect and correlate EM findings with disease hallmarks or neuroanatomical features in 3D, based on their electron density (Pacureanu et al., 2019; Töpperwien et al., 2020), will revolutionize the understanding of brain development, function, and plasticity across stages of the lifespan, regions, and contexts of health and disease.

This review article will summarize the series of identification criteria that we have developed in our EM studies to identify brain cells and their constituents, mainly within the cerebral cortex and the hippocampus of rodent models. Ultrastructural observations can provide thorough insights into the cellular and subcellular mechanisms underlying brain function and dysfunction in an unbiased manner, by revealing all cell types and their constituents simultaneously, without the restrictive use of markers that only show the elements of interest. Our goal with this review is to provide well-established and accessible resources that will help neuroscientists to identify biomarkers of aging and disease, including stroke, neurodegeneration, infection and trauma, as well as the outcome of various treatment strategies, with the use of EM. Our descriptions are based on the criteria defined by Peters et al. (Peters et al., 1990) and others (Skoff and Hamburger, 1974; Deitch and Banker, 1993; Fiala et al., 1998; SynapseWeb, 2021) that were refined over the years with the investigation of neuronal, microglial and astrocytic response to stress, aging, neurodegenerative disease pathology, and stroke, notably (Tremblay et al., 2010a, 2012; Nahirney et al., 2016; Henry et al., 2018; El Hajj et al., 2019; Savage et al., 2020). Our observations build on and complement the identification criteria that were historically established based on correlative light and EM (Luse, 1956; Herndon, 1964; Mori and Leblond, 1969; Griffin et al., 1972; Murabe and Sano, 1982; Shapiro et al., 2009). Emerging techniques that prevent aldehyde-fixation based artifacts, notably the reduction in extracellular space volume (Syková and Nicholson, 2008), such as cryo-EM, are beyond the scope of this review and covered elsewhere (Korogod et al., 2015; Subramaniam, 2019). Best practices in sample preparation to avoid hypoxia-induced artifacts are also discussed at length in excellent resources (Kuwajima et al., 2013).



AN OVERVIEW OF THE ULTRASTRUCTURAL IDENTIFICATION CRITERIA WE USE

In the brain parenchyma, neurons can be dispersed or organized into layers depending on the brain region, while glial cells are generally dispersed, occupying satellite positions around neuronal cell bodies or interacting structurally with one another (Peters et al., 1990). Direct contacts between glial cell bodies, often taking place at the vasculature (Bardehle et al., 2013), can also suggest recent division events (Tremblay et al., 2012). While glial cells generally occupy non-overlapping territories (Bushong et al., 2002; Sousa et al., 2017), this organization can be lost upon neurological pathology, for instance epilepsy (Oberheim et al., 2008), and depends on visualization method (Stratoulias et al., 2019). Except where noted differently, the identification criteria summarized in this section are from Peters et al. (1990), SynapseWeb, and Fine Structure of the Aging Brain | Boston University.


Cell Bodies

Neurons can be identified in microscopic sections by their pale cytoplasm, a large and round euchromatic nucleus, as well as the presence of one or more electron dense nucleoli (Figures 1–3). Depending on the type of neuron, cell bodies can range dramatically in size. Typical pyramidal neurons in the deeper layers of the cortex range in size from ∼15 to 30 μm in diameter in rodents, and contain multiple cell processes including several dendrites traveling mostly toward the cortical surface and a single axon projecting deep toward the white matter. Small patches of heterochromatin are present in the nucleus, typically peripheral in location under the nuclear envelope which contains abundant nuclear pores (Figure 2B). Their surrounding cytoplasm, or perikaryon, contains an abundance of organelles that vary in shape and volume with the neuronal activity (Antón-Fernández et al., 2015; Tao-Cheng, 2018). A prominent Golgi complex(es) (Figure 2B) is/are present near the nucleus along with long flattened cisternae of rough endoplasmic reticulum (RER) studded with ribosomes (Peters et al., 1990). Free ribosomes, or groups of ribosomes (polyribosomes), occupy the interstitial spaces between organelles. Round to ovoid mitochondria are dispersed throughout the cytoplasm and occasional lysosomes filled with electron dense material (lipofuscin) are also present. Neurons contain an extensive array of neurofilaments and microtubules that extend into large dendrites emanating from the cell body. Multivesicular bodies, filled with small 40–80 nm sized vesicles, are also present near the Golgi complex, likely to be transported into the axon where they become concentrated at axon terminals (Peters et al., 1990).
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FIGURE 1. Light micrographs of a toluidine blue-stained plastic section from the adult mouse somatosensory brain region seen at low (A) and high (B) magnification. The cortex is arranged into layers that contain different types of neurons, with the largest neurons (pyramidal) in layers 4–6 which contain large euchromatic nuclei with nucleoli. Pyramidal neurons have prominent dendrites that project toward the outer cortex. At the surface of the cortex is a thin pia mater layer with underlying blood vessels (BV) that are present throughout the cortex. Deep to the cortex are myelinated axons of the white matter (WM). (B) At high magnification, capillaries (Caps) are evenly distributed in the brain parenchyma amongst the neurons, along with glial cells, which are less obvious, and contain smaller nuclei. Dispersed myelinated axons stain deeper blue and appear as wormlike structures in the parenchyma.
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FIGURE 2. Low (A) and high (B) magnification EM images of a pyramidal neuron in layer 4/5 of the somatosensory cortex. The neuron contains a large euchromatic nucleus with two nucleoli (*) and a large primary dendrite emanates from the cell body. Surrounding the neuronal cell body is the neuropil consisting of a mixture of glial and neuronal processes, including synapses. The nuclear envelope contains numerous nuclear pores (NPs) and the perinuclear cytoplasm has a rich collection of organelles including mitochondria (Mito), RER, and Golgi complexes (GC) cisternae, vesicles, multivesicular bodies (MVBs), and lysosomes (Ly). Free ribosomes and neurofilaments (NFs) are dispersed in between the organelles.
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FIGURE 3. A pyramidal neuron in layer 5 with a satellite cell that displays ultrastructural features of an oligodendrocyte precursor cell closely abutting its cell body. The pyramidal neuron contains a large euchromatic nucleus with a centrally located nucleolus (*). Nuclear envelope invaginations (arrow) are occasionally seen in highly active neurons (Wittmann et al., 2009). Some neurons have intimately associated satellite cells (microglia and oligodendrocyte precursor cells) with a smaller ovoid nucleus. The surrounding neuropil contains synapses, axons (A) and glial cell processes.


Astrocytes, the largest and most populous of glial cells in the brain, are classified as either fibrous or protoplasmic. Elaborate and branched cell processes emanate from the stellate-shaped cell bodies into the neuropil. Protoplasmic astrocytes are recognized by their triangular shaped protuberances, pale nuclei with a thin rim of heterochromatin and pale irregular cytoplasm (Figure 4A and Supplementary Figure 1), often containing intermediate filaments (glial fibrillary acidic protein, GFAP) ranging in diameter from 8 to 12 nm (Figure 4B) (Peters et al., 1990). Astrocytes are distinguished by the relative sparseness of electron dense material in the cytoplasm. In addition, in our preparations with reduced osmium postfixation, we could identify astrocytic cell bodies and processes based on the fact that their mitochondrial membranes were less electron dense (lighter) than those found in neighboring neuronal and glial compartments (e.g., in neurons, dendrites, microglia, and oligodendrocytes) or in the endothelium and pericytes (Nahirney et al., 2016) (see Figure 4A and Supplementary Figure 1). This suggests that the membranes of astrocytic mitochondria contain a less dense concentration of lipids and/or proteins, which does not appear to be affected by the state of health or disease including stroke pathology (Nahirney et al., 2016). At the level of small blood vessels of the brain, astrocytes are an integral component of the blood-brain barrier (BBB) (Figures 5, 6). Expansions of astrocytic processes embrace capillaries and form so-called astrocytic (perivascular) end-feet. The BBB functions to protect neurons and glial cells in the CNS from drugs, toxins, as well as pro-inflammatory mediators and peripheral immune cells that would perturb the homeostasis, and includes in addition to astrocytes the microglia, which contribute to the glia limitans (Bisht et al., 2016c; Joost et al., 2019). Astrocytes, microglia, the endothelium and pericytes form together the neurovascular unit that regulates vascular remodeling and blood flow according to the needs of the neurons and glial cells (Andreone et al., 2015; Liu et al., 2020).
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FIGURE 4. Protoplasmic astrocyte in the mouse cerebral cortex (A) and high magnification view of a fibrous astrocyte in the CA1 region of a rat hippocampus (B). (A) In the cortex, astrocytes are branched and contain a relatively clear cytoplasm with a variety of organelles including mitochondria, RER, lysosomes, perinuclear Golgi complexes. In rodent astrocytes, mitochondria (Mi) stain relatively lighter after postfixation with reduced osmium. De, dendrite; Sp, dendritic spine; *, presynaptic terminal.
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FIGURE 5. Components of the blood-brain barrier (BBB) and neurovascular unit. (A) Transverse section through a mouse cortical capillary showing the highly attenuated endothelium with small branches of pericytes sitting on their abluminal surface. (B) The BBB consists of the capillary endothelium with their tight junctions, underlying pericytes, both surrounded by a prominent amorphous basement membrane (BM) and astrocytic end-feet. End-feet connect with neighboring end-feet of other astrocytes via gap junctions. Ast, astrocyte; De, dendrite.
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FIGURE 6. A fortuitous section of a mouse cortical capillary showing an endothelial cell and a pericyte at the level of their nuclei. Notice how the crescent-shaped heterochromatic nuclei take on the shape of the capillary. Tight junctions (TJs) link neighboring endothelial cells. The pericyte embraces the endothelium and resides within the same basement membrane. The position and branching nature of its processes are strategically situated to change the capillary lumen diameter. The relatively clear astrocyte end-feet (Ast) occupy the surrounding region around the capillary in the lower part of the image. Some electron dense glycogen granules are visible within the astrocyte.


Compared with astrocytes, oligodendrocytes have a darker, electron-dense cytoplasm (Figure 7). They are mainly distinguished from neurons and other glial cells by their heterogeneous nuclear chromatin pattern, as well as squarish or rectangular-shape cytoplasm. Oligodendrocytes have short and wide endoplasmic reticulum cisternae organized in the vicinity of their nucleus, ribosomes, and wider space between nuclear membranes compared with microglia (Peters et al., 1990). The oligodendrocytic precursor cells look very different and sometimes occupy positions beside neurons (Figure 3). In many respects they resemble astrocytes. However, their nucleus is more irregular in shape. Their cytoplasm is pale, electron-lucent but they do not contain intermediate filaments nor extend processes making acute angles in the neuropil. Their stretches of endoplasmic reticulum are short, and their mitochondria are smaller than those of astrocytes. In addition, they do not accumulate lipidic inclusions during aging and in disease, even in old monkeys (Peters and Folger Sethares, 2020), contrary to neurons and other glial cells in the CNS (Tremblay et al., 2012).
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FIGURE 7. Low (A) and medium (B) magnification images of a typical oligodendrocyte (Oligo) sectioned at the level of its small heterochromatic nucleus in layer 5 of the mouse cortex. Several neurons are seen in the surrounding region for comparison of nuclear size and chromatin density. A neighboring capillary (Cap) and numerous dendrites (De) are seen in the surrounding neuropil. (B) A collection of myelinated axons (A) juxtapose and appear partially embedded within the relatively electron-dense cytoplasm of the oligodendrocyte. The dense cytoplasm contains a prominent perinuclear Golgi complex (GC), scattered mitochondria and small segments of rough endoplasmic reticulum. A spine head (*) synapses on a presynaptic terminal in the lower right of the image.


Similar to oligodendrocytes, microglia have a dark, electron-dense cytoplasm. Microglial cell bodies are recognized by their small size, frequent triangle shape, and the cheetah-pattern clumps of peripheral chromatin beneath their nuclear envelope and throughout their nucleoplasm (Tremblay et al., 2012; Savage et al., 2018). Examples of perivascular and perineuronal microglial cells are seen in Figures 8 and 9. The microglial cytoplasm often contains long stretches of endoplasmic reticulum cisternae and lipidic inclusions (i.e., lipofuscin, lipid bodies or droplets, and lysosomes; to be described in the Organelles section below) (Savage et al., 2018), which accumulate with aging. Microglia are frequently associated with pockets of extracellular space, contrary to other cell types in the mature healthy brain, and interact with both the vasculature and synapses (Tremblay et al., 2010a, 2012; Bisht et al., 2016c), as well as myelinated axons (Lampron et al., 2015; Bordeleau et al., 2020).
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FIGURE 8. Low (A) and high (B) magnification views of a perivascular microglial cell in the cerebral cortex of an aged mouse (18 mo old). The nuclei of microglia are small and pleomorphic, and contain relatively more heterochromatin than neurons. Large, tertiary lysosomes with undigestible debris occupy the cytoplasm. Long stretches of rough endoplasmic reticulum (RER) characterize microglia that are active, in terms of producing inflammatory cytokines and other mediators. A dendritic spine (Sp) forms a synapse with a presynaptic terminal near the microglial cell, and an astrocytic branch (Ast) is in close proximity. Microglia are strategically situated between neurons and capillaries (Cap), and function as the resident immune cell and phagocyte required for maintaining brain health throughout life.
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FIGURE 9. Low (A) and high (B) magnification views of a perineuronal microglial cell closely abutting a pyramidal neuron in the aged mouse cortex. Microglia are now believed to play an integral part in maintaining the synapse (aka quadpartite synapse, encircled) which includes the presynaptic terminal (*), dendritic spine (Sp), astrocyte process (Ast), and microglia. A, axon; De, dendrite; Ly, lysosome.




Neuropil Elements

In the neuropil, which occupies most of the brain parenchyma outside of cell body layers and white matter, the intertwined neuronal and glial profiles can be identified according to criteria well defined previously (Skoff and Hamburger, 1974; Peters et al., 1990; Deitch and Banker, 1993; Harris and Weinberg, 2012), as summarized in Tremblay et al. (2007; 2009; 2010a; 2012).

Dendritic branches are distinguished from unmyelinated axons by their more irregular contours, fewer microtubules, frequent protuberances (spines, filopodia, and small branches), and usual synaptic contacts with axon terminals (Tremblay et al., 2009). Dendritic spines display a characteristic “fluffy” or “cotton candy” type content due to their actin cytoskeleton (Papa et al., 1995). Spines (e.g., mushroom spines) may contain a spine apparatus, and receive frequent synaptic contacts from axon terminals (Figure 10). Their post-synaptic density, where receptors for neurotransmitters are located, is electron dense and visible without any immunostaining. Dendritic filopodia, which are considered to be immature spines (Berry and Nedivi, 2017), identified when seen protruding from dendritic branches, are distinguished from spines by their absence of a post-synaptic density, thinner neck, greater length, and pointed, rather than bulbous, head (Fiala et al., 1998). Unmyelinated axons are positively identified when they are found within fascicles or bundles of similar profiles. Axons becoming myelinated are also observed, either wrapped by oligodendrocytic processes with moderately dark cytoplasm or ensheathed by just a few turns of compact myelin and loose outer sheets (Tremblay et al., 2009). Axonal varicosities (also named “boutons”) correspond to enlarged portions of axons containing aggregated synaptic vesicles with neurotransmitters and frequently show “en passant” synaptic specializations, while axon terminals similarly display aggregated synaptic vesicles and synaptic specializations, but only at axonal extremities (Mechawar et al., 2000; Parent and Descarries, 2008; Tremblay et al., 2009).
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FIGURE 10. Examples of synapses in the mouse substantia nigra (A) and dentate gyrus (B). (A) Three types of presynaptic terminals are evident in the substantia nigra: Cholinergic (Ach) with large (50–70 nm) vesicles, glutamatergic (Glut) with medium sized (35–50 nm) vesicles, and GABAergic (inhibitory) with small ovoid (20–35 nm) vesicles. (B) High magnification view of dendritic spines (Sp) emanating from dendrites (De) and synapsing with glutamatergic pre-synaptic terminals (Pre). post-synaptic densities (PSD) characterize glutamatergic synapses. Astrocytic processes (Ast) occupy the intervening spaces between these structures. Microtubules (MT) are seen running along the length of the dendrite. A, axon.


In certain areas of the brain, such as the substantia nigra (Figure 10), up to three types of axon terminals can be identified by their vesicle diameter and shape (cholinergic, glutamatergic, and GABAergic) (Umbriaco et al., 1995; Mechawar et al., 2000; Ligorio et al., 2009). Synapses are identified by their synaptic cleft, i.e., direct apposition with less than 20 nm extracellular space between pre-synaptic axon terminals and post-synaptic dendritic spines or dendritic shafts, as revealed by tilt tomography (Supplementary Video 1) and more recently by focused ion-beam SEM in 3D (Savage et al., 2020). Only synaptic profiles presenting an unequivocal post-synaptic density are considered as asymmetric or excitatory in ultrathin section (Tremblay et al., 2007). Axonal growth cones are identified as considerable enlargements of axons, presenting a dark cytoplasm filled with large amounts of smooth endoplasmic reticulum and pleomorphic vesicles (Skoff and Hamburger, 1974; Peters et al., 1990; Deitch and Banker, 1993). They are distinguished from dendritic growth cones by their more frequent filopodial extensions, which often contact dendritic branches instead of axon terminals. Occasionally, these profiles are seen in direct continuity with axon terminals. Axonal filopodia are identified when extending from axonal growth cones. Nevertheless, distinction between axonal and dendritic growth cones or filopodia is not always obvious (Tremblay et al., 2009).

In health conditions, processes from protoplasmic astrocytes are recognized by their irregular and angular shapes, making acute angles as they go in-between the other elements of neuropil (Figure 4 and Supplementary Figure 1). In samples devoid of aldehyde-fixation artifacts (cryo-EM), astrocytic processes are more voluminous and make less acute angles around the other elements of neuropil, notably synapses (Korogod et al., 2015). By contrast, profiles from neurons and other types of glial cells (i.e., microglia and oligodendrocytic lineage cells) have a characteristic rounded shape. The processes from protoplasmic astrocytes frequently ensheath and can also phagocytose synapses, both pre-synaptic axon terminals and post-synaptic dendritic spines, within cellular inclusions during normal physiological conditions (Witcher et al., 2007; Theodosis et al., 2008; Chung et al., 2015; Verkhratsky and Nedergaard, 2018; Lee et al., 2020). Astrocytic processes have a clear, electron lucent cytoplasm, while oligodendrocytic and microglial processes have a moderately dense cytoplasm, and neurons have a cytoplasm showing intermediate gray levels between astrocytes and the other two glial cells (Peters et al., 1990). Oligodendrocytic processes display obtuse angles among the neuropil, similar to microglial processes, and are positively identified when their membrane is in direct continuity with myelinating or myelinated axons (Tremblay et al., 2009). However, it should be noted that microglial processes also interact with myelinated axons (Bordeleau et al., 2020).

Microglial processes display irregular contours with obtuse angles, a dense cytoplasm, numerous large vesicles, frequent endosomes and cellular inclusions (e.g., large lipidic vesicles, profiles of cellular membranes, and profiles of other structural elements including dendritic spines and axon terminals), as well as distinctive long stretches of endoplasmic reticulum (Tremblay et al., 2010a; El Hajj et al., 2019). They are typically surrounded by pockets of extracellular space that can vary in volume by two orders of magnitude (Tremblay et al., 2010a). These morphological characteristics of microglia were defined using immunocytochemical TEM against the marker ionized calcium binding adaptor molecule 1 (IBA1; Tremblay et al., 2010a) and allowed the identification of microglial processes in non-immunostained brain tissue, as confirmed using serial-section TEM (Tremblay et al., 2010a).



AN OVERVIEW OF THE ULTRASTRUCTURAL CHANGES OBSERVED WITH STRESS, STROKE, AGING AND DISEASE


Changes to Cell Bodies

With stress, aging and disease, darker cells are frequently observed within the brain parenchyma. The condensation state of the cytoplasm and nucleoplasm is associated with cellular shrinkage, considered a marker of cellular stress, and could explain this increased electron density (Bisht et al., 2016b).

Dark neurons display ultrastructural features of neurons, in terms of size, shape and organelles, as well as synaptic contacts (Peters and Folger Sethares, 2020). They are defined by their electron-dense cytoplasm and nucleoplasm, giving them a dark appearance under EM examination. They often display an accumulation of mitochondria and nuclear indentations (Tremblay et al., 2012) associated with structural remodeling and plasticity (Versaevel et al., 2014) or cellular stress, and various other markers of cellular stress (e.g., dilation of the endoplasmic reticulum and Golgi complex) (Henry et al., 2018). Dark cells were identified as putative oligodendrocytes by Dr. Alan Peters, based on their very close proximity to myelin sheaths. These cells contained autophagic vacuoles and small spherical bodies (Peters and Folger Sethares, 2020).

Dark microglia display ultrastructural features of microglia, in terms of size, shape and organelles (e.g., long stretches of endoplasmic reticulum, associated pockets of extracellular space). They are, however, strikingly different from typical microglia due to their electron-dense cytoplasm and nucleoplasm, giving them a dark appearance in EM and their various markers of cellular stress (e.g., dilation of the endoplasmic reticulum and Golgi complex, alteration to mitochondrial ultrastructure, and loss of the microglial nuclear heterochromatin patterning). These cells frequently associate with the vasculature (see Supplementary Video 2), generally ensheathing the basement membrane while contributing to the glia limitans of capillaries (Bisht et al., 2016c). Another difference between the dark and typical microglia pertains to their synaptic interactions. Typical microglia rarely display processes directly protruding from their cell body in ultrathin section (Tremblay et al., 2010a), while dark microglia display several hyper-ramified processes, wrapping around instead of making focal contacts with synapses, and making acute angles in the neuropil (Bisht et al., 2016c; Hui et al., 2018a; St-Pierre et al., 2020). The contacted synapses include dystrophic neurites that are defined by their accumulation of autophagic vacuoles (Nixon, 2007) in Alzheimer disease pathology (Figure 11) (Bisht et al., 2016c). Dark microglia frequently contain endosomes with cellular elements such as axon terminals and dendritic spines which indicates a high phagocytic capacity and is suggestive of their specific involvement with the pathological remodeling of neuronal circuits (Bisht et al., 2016c).
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FIGURE 11. Dystrophic neurites closely surrounded by glial cells in the hippocampal CA1 region of a 20 mo old APP-PS1 mouse, a model of Alzheimer disease pathology (A). Magnified regions are shown in panels (B) and (C). An abnormally large astrocyte (Ast) contains distinctive intermediate filaments, while a dark microglia (DM) is recognized by the condensation state of its cytoplasm and nucleoplasm, in addition to its microglial features (e.g., long stretches of endoplasmic reticulum). (C) The dark microglia contains lipidic inclusions and extends a process (arrowheads) that contacts a synapse and encircles a dystrophic neurite (*). Cap, capillary.


Perivascular dark cells were also described recently, but it still remains undetermined whether these cells are dark microglia transiting from the parenchyma, or peripheral cells coming from the periphery (Bordeleau et al., 2020). These cells were identified by their markers of cellular stress, similar to dark microglia (Bisht et al., 2016c).

In addition, apoptotic cells, whether they are neuronal or glial, appear dark in EM (Bordeleau et al., 2020). They are recognized by their pyknotic nucleus, fragmentation and blebbing of the nuclear membrane, and accumulation of autophagosomes (see Organelles section for description) (Zhang et al., 1999).



Changes to Cell Processes

Stroke is one of the main pathological conditions associated with apoptotic cell death to neurons, but it also involves swelling of glial cell processes in the brain parenchyma. Astrocytes in the peri-infarct zone respond to stroke by swelling and accumulating glycogen granules in their perivascular end-feet (Figures 12, 13). Together with the other cellular elements of the neurovascular unit (i.e., endothelium and pericytes), astrocytes become drastically enlarged after stroke (Nahirney et al., 2016) and this change is thought to be associated with their uptake of water, notably mediated via astrocytic aquaporin 4 channels, which was shown to modulate edema formation, as well as reflect a beneficial mechanism operating to minimize brain damage upon ischemia (Steiner et al., 2012; Stokum et al., 2015; Xiang et al., 2016). In addition, it was proposed that the astrocytic swelling during stroke may represent a beneficial response to BBB dysfunction, contributing to limiting the egress of plasma constituents and blood (hemorrhage) into the brain (Xiang et al., 2016). Our ultrastructural findings further revealed that the mechanisms causing BBB disruption upon stroke involve endothelial transport mediated via caveolae or vacuoles, instead of tight junction loss, and are associated with an increased thickness of the basement membrane (Nahirney et al., 2016). These effects of stroke on the BBB were diminished with normal aging (Nahirney et al., 2016), suggesting a reduced capacity of astrocytes and other cells of the neurovascular unit to cope with homeostatic challenges during aging. Biological aging is associated with reduced immunity and an increased risk of developing various disease conditions including the highly prevalent Alzheimer disease and stroke (Montecino-Rodriguez et al., 2013; Tay et al., 2017b).
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FIGURE 12. Normal (A) and 3 day post-stroke capillaries (B) in the peri-infarct zone of the mouse cortex. Astrocytes (shaded red) are pseudocolored to illustrate the drastic increase in volume after ischemia. The endothelium (E) and pericytes (P) are also enlarged after stroke. Note the accumulation of glycogen granules in the perivascular end-feet of the astrocytes. De, dendrite; Micro, microglial cell.
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FIGURE 13. Low (A) and high (B) magnification views of changes to neurons and dendritic branches following ischemic stroke (3 days post-stroke) deep in the peri-infarct zone of the mouse cortex. A portion of a degenerating neuron (Degen neuron) is seen in the upper left and contains swollen mitochondria. Dendrites in the peri-infart zone swell and appear to absorb the spinous processes with evidence of the synapses apparent at the edges of the dendrite; note the post-synaptic densities (PSD) at the presynaptic terminal (Pre) contacts in (A). Mitochondria in the swollen dendrite undergo dysplastic changes and exhibit dilated, loosely arranged cristae. Note the increase in size of the pericyte surrounding the capillary and the swollen astrocyte (Ast). Compare to a normal capillary in Figure 6.


In deeper regions of the peri-infarct region of an ischemic stroke (i.e., closer to the necrotic core), more drastic changes can be seen in astrocytic and neuronal processes including mitochondrial disruption and rupturing of membranes (Figure 13A). Axons and dendrites, and especially dendrites, show significant swelling in the peri-necrotic zone where they appear to lose their spinous processes (they get absorbed into the dendrite as it swells) as post-synaptic densities are commonly observed inside dendrites in contact with glutamatergic axon terminals (Figure 13B).



Changes to Intracellular Elements

In neurons and glial cells, several markers of cellular stress or aging, as well as dystrophy, degeneration, and disease, can be identified ultrastructurally. The most frequently investigated ones are described below.

The best characterized marker of cellular stress is dilation of the endoplasmic reticulum and/or Golgi complex, which is associated with an accumulation of dysfunctional proteins. This feature is noted when the swelling between endoplasmic reticulum and/or Golgi cisternal membranes extends beyond 50 nm (Welch and Suhan, 1985; Schönthal, 2012; El Hajj et al., 2019). Autophagosomes are involved in autophagy – the removal of dysfunctional cellular components, and accumulate with cellular stress and aging (Leidal et al., 2018). They are observed in neurons and glial cells, and are identified by the presence of digested elements within endosomes enclosed by a double membrane (size ranging from 325 nm to 1.2 μm) (Hui et al., 2018a). Mitochondrial elongation, which is associated with mitochondrial stress, is noted in neurons and glial cells when their length exceeds 1 μm (Henry et al., 2018; Hui et al., 2018b; St-Pierre et al., 2019; Bordeleau et al., 2020). Lipofuscin granules, which are considered a hallmark of cellular aging, are identified in neurons and glial cells (except oligodendrocytic precursor cells; Tremblay et al., 2012) by their oval or round structure and finely granular composition endowed with a unique fingerprint-like pattern associated with their amorphous materials (Sohal and Wolfe, 1986; Henry et al., 2018). Lipid bodies, associated as well with cellular aging in glial cells, are further identified by their circular shape and homogenous core ranging from a size of 160 nm to 2.2 μm (Fujimoto et al., 2013; El Hajj et al., 2019).

In microglia, lysosomes – the organelles which fuse with endosomes to degrade cellular cargo during phagocytosis – are identified by their dense heterogeneous contents within a single membrane (De Duve, 1963; Holtzman et al., 1967; El Hajj et al., 2019). Primary lysosomes possess a homogenous granular content and their diameter ranges from 0.3 to 0.5 μm. Secondary lysosomes are 1 to 2 μm across, and their content is heterogeneous showing fusion with vacuoles. They are differentiated from primary lysosomes by their contacts with fusion endosomes. Tertiary lysosomes range in diameter between 1.5 and 2.5 μm, and they are usually fused to one or two vacuoles associated with lipofuscin granules, as well as lipidic inclusions showing signs of degradation (Figures 8, 9). Lipidic inclusions are identified as the clustering of round organelles with an electron dense, either opaque or limpid, cytoplasm enclosed by a single membrane (El Hajj et al., 2019; Bordeleau et al., 2020). A phagocytic index can be compiled by summing up the endosomes containing cellular materials such as membranes, axon terminals with 40 nm synaptic vesicles and dendritic spines with a postsynaptic density, on a microglial cell body or process basis (Milior et al., 2016; Lecours et al., 2020). The proportion of “gitter” cells, which are microglia filled with lipid bodies and cellular debris, can be determined by counting microglial cell bodies with more than four lipid bodies and at least one lipofuscin granule, or cells with at least one large lipid body and multiple lipofuscin granules (Tremblay et al., 2012).



Changes to Extracellular Elements and Intercellular Relationships

In the vicinity of microglial cell bodies and processes, degradation activities (e.g., degenerating myelin and extracellular digestion) were found to be exacerbated with aging and disease. In particular, extracellular space pockets containing debris, which could result from “exophagy” (the degradation of cellular constituents by lysosomal enzymes released extracellularly), exocytosis (the process of expelling the contents of a membrane-bound vesicle into the extracellular space, often lysosomal and in preparation for phagocytosis (Haka et al., 2016), or pinocytosis (also named bulk-phase endocytosis, by which immune cells can take up extracellular contents in a non-phagocytic manner; Kruth, 2011) become more prevalent with Alzheimer disease pathology. These space pockets containing debris are defined by the appearance of degraded materials (including cellular membranes and organelles) or debris in the extracellular space nearby microglia (El Hajj et al., 2019). In contrast, degenerating myelin is recognized by ballooning, swelling or distancing of myelin sheaths (Peters et al., 1990; Bordeleau et al., 2020) and is more often observed in aging (Peters and Folger Sethares, 2020) and demyelinating diseases such as multiple sclerosis pathology (Lampron et al., 2015). In addition, the prevalence of microglial contacts with synaptic clefts, termed synaptic contacts, which has been shown to be altered in disease states, such as Huntington disease pathology, can be determined by counting direct appositions between microglial plasma membrane and synapses between pre-synaptic axon terminals (identified by their synaptic vesicles) and post-synaptic dendritic spines (post-synaptic density) (Savage et al., 2020). Microglia perform various types of functional interventions at synapses, including synaptic stripping, which is the physical separation of pre- and post-synaptic elements by their intervening processes (Trapp et al., 2007). Microglial active contribution as the fourth element of the quadpartite synapse (Figure 9) is associated with important roles in synapse formation, maturation, structural, and functional plasticity, as well as elimination throughout life (Tay et al., 2017a, b). Considering the recent findings on dark microglia, which make extensive interactions with synapses, even more than the typical microglia, an updated version including these cells as the fifth element of synapses is also proposed here.



CONCLUSION AND PERSPECTIVE

Overall, this review provides a survey analysis of distinctive ultrastructural features that can inform on the state of health, stress, dystrophy or degeneration of the neurons and different types of glial cells (astrocytes, oligodendrocytes, and microglia) in the brain parenchyma (see Table 1 for summary). Comparing nanoscale information about cell bodies, processes, organelles and cytoskeletal elements, without selective staining to visualize the elements of interest, all at once and with the very best spatial resolution afforded by a biological technique (1 nm), reveals differences in their cellular function and dysfunction. The ultrastructural analysis becomes especially enlightening when comparing brain regions, stages of life, and contexts of health or disease, as well as sexes and species. The recent developments in the field of imaging have allowed to significantly increase the speed and automation of EM imaging acquisition, registration and segmentation, for both two-dimensional (2D) and 3D visualization (Miranda et al., 2015; Savage et al., 2018; Carrier et al., 2020), as well as organelle and cell type identification in the brain (Perez et al., 2014; García-Cabezas et al., 2016; Abdollahzadeh et al., 2019; Calì et al., 2019; Gómez-de-Mariscal et al., 2019; Santuy et al., 2020; among others). Recent breakthroughs further allowed researchers to image biological samples at a subatomic resolution and without any aldehyde fixation artifacts (e.g., cryo-EM; Subramaniam, 2019, named method of the year in 2016 by Nature Methods). In addition, various strategies were proposed for the efficient correlation of light and EM data, including with X-ray modalities (Begemann and Galic, 2016; Pacureanu et al., 2019; Töpperwien et al., 2020). Together, these advancements are expected to tremendously enhance the possibilities of identifying biomarkers and validating treatment strategies with EM.


TABLE 1. Main ultrastructural identification criteria and pathological features of the parenchymal brain cells discussed in this review.
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Coronaviruses have lipid envelopes required for their activity. The fact that coronavirus infection provokes the formation of cubic membranes (CM) (denoted also as convoluted membranes) in host cells has not been rationalized in the development of antiviral therapies yet. In this context, the role of bioactive plasmalogens (vinyl ether glycerophospholipids) is not completely understood. These lipid species display a propensity for non-lamellar phase formation, facilitating membrane fusion, and modulate the activity of membrane-bound proteins such as enzymes and receptors. At the organism level, plasmalogen deficiency is associated with cardiometabolic disorders including obesity and type 2 diabetes in humans. A straight link is perceived with the susceptibility of such patients to SARS-CoV-2 (severe acute respiratory syndrome-coronavirus-2) infection, the severity of illness, and the related difficulty in treatment. Based on correlations between the coronavirus-induced modifications of lipid metabolism in host cells, plasmalogen deficiency in the lung surfactant of COVID-19 patients, and the alterations of lipid membrane structural organization and composition including the induction of CM, we emphasize the key role of plasmalogens in the coronavirus (SARS-CoV-2, SARS-CoV, or MERS-CoV) entry and replication in host cells. Considering that plasmalogen-enriched lung surfactant formulations may improve the respiratory process in severe infected individuals, plasmalogens can be suggested as an anti-viral prophylactic, a lipid biomarker in SARS-CoV and SARS-CoV-2 infections, and a potential anti-viral therapeutic component of lung surfactant development for COVID-19 patients.
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INTRODUCTION

All seven coronaviruses capable of infecting humans, including severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), human coronavirus OC43 (HCoV-OC43), human coronavirus 229E (HCoV-229E), human coronavirus HKU1 (HCoV-HKU1), and human coronavirus NL63 (HCoV-NL63), employ lipid-binding domains for viral entry into host cells, intracellular lipid membrane modifications and host lipid reservoirs for viral replication and proliferation (Knoops et al., 2008; Miller and Krijnse-Locker, 2008; Ulasli et al., 2010; Oudshoorn et al., 2017; Abu-Farha et al., 2020). Lipids play an essential role during viral infection involving membrane fusion of virus to host cell, viral internalization through receptor-mediated or lipid-microdomain-mediated endocytosis, viral replication and viral exocytosis (Heaton and Randall, 2011; Belouzard et al., 2012; Li, 2016; Alsaadi and Jones, 2019). Figure 1 presents an earlier scheme about the viral entry and the replication cycle during coronaviruses infection. An emphasis is given on the locations of the membrane interactions, namely the endoplasmic reticulum (ER) from where double-membrane vesicles (DMV) and endoplasmic reticulum Golgi intermediate compartments (ERGIC) are generated. SARS-CoV-2 virus also enters the targeted host cell via endocytosis and fusion of the viral membrane with the host cell membrane.
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FIGURE 1. Coronavirus replication cycle highlighting areas where membrane interaction takes place (ER, Endoplasmic reticulum; DMV, Double-membrane vesicles; ERGIC, Endoplasmic reticulum Golgi intermediate compartments). SARS-CoV-2 viral particles consist of four proteins: S (“Spike”), M (“Membrane”), E (“Envelope”), and N (“Nucleocapsid”). The pathway of membrane interactions involves: (1) Viral internalization through binding of the viral spike (S) protein to the membrane protein receptor as human angiotensin-converting enzyme 2 (ACE2). The coronavirus particle enters the host cell by receptor-mediated endocytosis followed by RNA release and translation into virus polyproteins, which encode for non-structural proteins (NSPs). (2) NSPs stimulate the production of DMV compartments and the formation of replication transcription complexes (RTC). Translation of the structural proteins (M, E, and S) occurs in the ER membrane organelles. (3) Coronavirus assembly occurs in the intermediate compartment between the ER and ERGIC. The protein cargos migrate through Golgi stacks resulting in new virus particles that are embedded in vesicles (4). These vesicles can further fuse with the plasma membrane and egress. Reprinted from Alsaadi and Jones (2019) with permission.


Apart from endocytosis, coronaviruses such as SARS-CoV-2 can infect cells through direct fusion with the plasma membrane after activation of the human transmembrane protease serine 2 (TMPRSS2) (Li, 2015; Lukassen et al., 2020; Wan et al., 2020). The TMPRSS2 protein is essential for the viral infectivity by facilitating virus-cell membrane fusion through ACE2. The membrane fusion process between viral and host cells is a crucial step during coronavirus infection (Goldsmith et al., 2004; Wu et al., 2012). After binding of the surface-exposed spike protein trimer of SARS-CoV-2 virus to its high affinity receptor angiotensin-converting enzyme 2 (ACE2) in the host membranes, the viral entry occurs through fusion of glycoprotein and remodeling of host cell membranes (Li et al., 2003, 2005; Li, 2015; Wan et al., 2020). The membrane fusion has been considered to be several fold more efficient than endocytosis during viral infection. The role of lipid membrane properties in this process have not been examined in details. Membrane fusion of SARS-CoV and of SARS-CoV-2 results in RNA release into the cytoplasm of host cell followed by viral replication (Alsaadi and Jones, 2019).

The (+)ssRNA viruses exploit diverse intracellular membranes in host cells in order to assemble RNA replication complexes (Stapleford and Miller, 2010; Heaton and Randall, 2011) through creating compartments for viral genome amplification. Lipids from host cells are used for generation of lipid membrane envelope shape called double-membrane vesicles (DMV) (Figure 1). Coronavirus-induced DMVs are formed by protrusion and budding of the endoplasmic reticulum (ER) cisternae followed by the detachment of closed vesicular objects (Oudshoorn et al., 2017; Zhang et al., 2020). The organelle-like membranous replicative structures serve as sites of viral RNA synthesis. Of interest, they are generated through topological transitions and curvature changes of the ER membranes. DMVs have been observed upon remodeling of convoluted membranes or reticulovesicular networks occurring after deformation and compartmentization of the continuous ER membranes (Knoops et al., 2008; Oudshoorn et al., 2017; Snijder et al., 2020; Zhang et al., 2020).

During SARS-CoV-2 virus life, the S-protein adopts closed and open conformations (Yan et al., 2020). High resolution structural studies of the receptor-binding domains (RBD) of coronavirus S proteins have established that they involve pockets of a tube-like shape and a size, which matches that of a free fatty acid molecule when in a closed conformation of S protein (Yan et al., 2020). Several studies have supported the evidence that lipid-binding domains in virus proteins are essential for virus replication (Stapleford and Miller, 2010; Jeon and Lee, 2017; Yan et al., 2020). Moreover, it has been demonstrated that viral proliferation requires the increased fatty acid and cholesterol biosynthesis as well as release of free fatty acids from lipid droplets (Su et al., 2002; Miller and Krijnse-Locker, 2008; Heaton et al., 2010; Heaton and Randall, 2010; Yin et al., 2010; Jeon and Lee, 2017). An exogenous supply of linoleic acid (LA) and arachidonic acid (AA) has been shown to inhibit the viral replication of MERS-CoV and HCoV-229E (Yan et al., 2019). LA and AA are polyunsaturated omega-6 fatty acids, which modulate the activity of enzymes including membrane receptor proteins and ion channels of the host cells (Das, 2018; Das, 2020a,b,c,d, 2021).

A free-fatty-acid-binding pocket in the locked structure of SARS-CoV-2 spike protein has been revealed by cryo-EM analysis (Yan et al., 2020). The cryo-EM image of SARS-CoV-2 spike (S) glycoprotein has indicated that the receptor binding domains entrap linoleic acid (LA) in composite binding pockets present also in the revealed 3D structures of SARS-CoV and MERS-CoV coronaviruses. It has been emphasized that free-fatty-acid binding pocket resembles a bent tube, which well fits the size and shape of linoleic acid (LA) (Yan et al., 2020). LA is a metabolic precursor of AA, which mediates host defensive inflammatory response. The ability of SARS-CoV-2 to sequester LA in the binding pockets has been suggested as a tissue-independent mechanism in coronavirus infection, which leads to host inflammation process. Tight LA binding can stabilize the locked conformation of the S-protein in SARS-CoV-2 coronavirus, which may lead to diminished interaction with host ACE2 receptor.

Coronavirus infection modifies both lipid composition and membrane structure, topology and trafficking of the host cells in order to ensure virus particle replication and proliferation. Thus, host lipid biogenesis is crucial for the viral life cycle and replication. Host cell lipid alterations upon coronavirus infection have been analyzed by ultra-high-performance liquid chromatography (UPLC) and mass spectrometry (MS)-based lipidomics approach (Yan et al., 2019). It has been affirmed that viral infection re-programs host lipid metabolism for the purposes of viral proliferation (Schoggins and Randall, 2013). Glycerophospholipids and fatty acids (FAs) have been found to be significantly upregulated in HCoV-229E-infected host cells. HCoV-229E viral infection has increased the levels of lyso-phospholipids [lysoPCs (16:0/0:0) and lysoPEs (16:0/0:0)] and also unsaturated/saturated FAs arachidonic acid (AA), linoleic acid (LA), palmitic acid (PA), and oleic acid (OA) (Yan et al., 2019). For coronaviruses, the LA-AA metabolic pathway is indispensable for host lipid remodeling (Zaman et al., 2010) and has been highlighted as a niche for therapeutic interventions (Yan et al., 2020).

The possibilities of targeting host lipid metabolism and host membrane trafficking in order to inhibit the viral cycle have been intensely discussed recently (Abu-Farha et al., 2020; Das, 2020a,b,c,d, 2021; Glebov, 2020; Xiu et al., 2020). Such approach is much less susceptible to the development of viral resistance as compared to the strategies focusing on viral mutations. Targeting lipid metabolism thus has been suggested as an alternative antiviral strategy (Das, 2020a,b,c,d, 2021). Figure 2 presents the advances in antiviral drug development including (i) inhibition of fatty acid and cholesterol synthesis, and (ii) inhibition of viral entry, membrane fusion, or endocytosis.
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FIGURE 2. Drug targeting strategies in viral infection exploiting the role of lipid metabolism. The scheme of the life cycle of SARS-COV-2 indicates the locations where lipid-modifying drugs may act as broad-spectrum antiviral compounds to inhibit viral entry, membrane fusion, endocytosis or host cholesterol and fatty acid biosynthesis. Reprinted from Abu-Farha et al. (2020) with permission.


Of interest, cholesterol is involved in multiple steps of the coronavirus life cycle, and therefore targeting cholesterol has been suggested as an antiviral strategy (Abu-Farha et al., 2020). Cholesterol is well distributed in the microdomains of cell membranes. Considering that microdomains are implicated in coronavirus-host membrane interactions, drugs that alter microdomain formation and composition have been tested in antiviral approaches. An example of a drug with antiviral activity, which targets lipid metabolism, is statin. It is well known that statin impairs the biosynthetic pathway of cholesterol. As an inhibitor of cholesterol synthesis, statin has been considered as a generic drug against SARS-CoV-2 and other related viruses, among other agents that are specific for inhibition of fatty acid biosynthesis (Figure 2).

The development of therapeutic compounds that target the cell membrane has stimulated the emergent field of membrane lipid therapy (MLT) (Escribá et al., 2015). The new therapeutic approach aims at regulation of the lipids in pathological biomembranes (Escribá, 2017). Thus, the cellular membranes, rather than specific proteins alone, constitute the therapeutic targets. The rationale of this strategy accounts for the fact that coronaviruses cause extensive host cell membrane perturbations. Therefore, host membrane rearrangements have been considered as a target as a novel remedy for antiviral drug development.

An example of a drug for coronavirus membrane targeting is 2-hydroxyoleic acid (Minerval®). Minerval interacts with the membrane lipids and modifies the composition and structure of host cellular membrane (Prades et al., 2008). The drug influences the phospholipid packing in the polar region of lipid bilayers at the interface with contact proteins and increases the non-lamellar propensity of the lipid membrane assembly. The resulting increased bilayer fluidity may permit (i) deeper hydrophobic regions of the membrane to interact with hydrophobic domains of peripheral proteins, or (ii) fatty acid moieties of phospholipids to protrude out of the bilayer plane. These structural effects can activate anchored enzymes such as PKC and sphingomyelin synthase involved in the lipid metabolism process.

Although detergents and detergent-based disinfectants may permeabilize the lipid membrane shell of coronavirus by creating pores and thus destroy the virion, they cannot be used as antiviral drugs in humans because they have the risks of causing death of the patients due to the massive destruction of cell membranes. At variance, antiviral lipids may alter the membrane properties and trafficking as well as affect signaling and intracellular transport dynamics, which should be explored as antiviral strategies.

Membrane folding and formation of three-dimensional (3D) lipid membrane topologies can be provoked by changes in the membrane lipid composition, protein clustering, bilayer bending caused by embedded or anchored proteins, or lipid membrane curvature alteration under the influence of environmental factors (Almsherqi et al., 2006). Whereas lipids of a cylinder-like shape (like the typical glycerophospholipids) favor the formation of lamellar structures, lipids of a truncated-cone molecular shape tend to form curved membrane assemblies such as bicontinuous cubic, bicontinuous sponge or inverted hexagonal structures (Angelova et al., 2021). Among them, cubic membranes are characterized by periodic structural arrangement of bicontinuous lipid bilayers organized in cubic lattice networks (Figure 3, top panel).
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FIGURE 3. Top panel: Cubic membrane topology represented by a mathematical model of the lipid bilayer organized on a 3D cubic lattice (A) and 2D-projected transmission electron microscopy (TEM) image of cubic membranes found in the mitochondria of 10-day starved ameba Chaos cells (B). Scale bar: 500 nm. Reprinted from Deng and Almsherqi (2015) with permission. Bottom panel: TEM images of interconnected convoluted membrane structures (CM) induced by MERS-CoV infection in mammal Huh7 cells (left) and SARS-CoV and HCoV-229E coronavirus induced convoluted membranes (CM), double-membrane vesicles (DMV), and double-membrane spherules (middle and right). Scale bars: 250 nm. Reprinted from Snijder et al. (2020) with permission.


Bilayer lipid membranes may rearrange into 3D cubic membranes under stress conditions, which correspond to either altered lipid metabolism or protein overexpression (Almsherqi et al., 2006) in disease states as well as other types of environmental stress including viral infection (Deng et al., 2010), pH changes, presence of ions or solutes of increased concentrations, temperature changes, light, electric field, etc. (Almsherqi et al., 2009). Out-of-plane membrane shape deformations of interconnected bilayers have been termed convoluted membranes (Knoops et al., 2008; Oudshoorn et al., 2017; Snijder et al., 2020; Figure 3, bottom panel). Formation of cellular cubic membranes or convoluted membranes can be induced through reprogrammed lipid metabolism, altered lipid-protein interactions or by specific protein-protein interactions. Such non-lamellar structures are considered as transient states associated with the membrane bending, instabilities and rearrangement caused by the non-lamellar phase transition.



OPEN QUESTIONS IN THE CURRENT FOCUS

Accumulating evidence suggests that lipid treatment of virus-infected cells is a strategy for SARS-CoV-2 inhibition (Das, 2020a,b,c,d, 2021). Whereas the role of different phospholipid and fatty acid types has received prior attention in the pathology of cardiometabolic disorders, obesity, and type 2 diabetes, the question regarding how to exploit the individual lipid classes against coronavirus SARS-CoV-2 entry and replication is still at an initial stage of comprehension. Arachidonic acid and other polyunsaturated fatty acids, as well as their derived metabolites, have been proposed to serve as antiviral molecules to inactivate the enveloped viruses and inhibit their proliferation (Das, 2020a,b,c,d, 2021). However, are there other antiviral lipid species to offer the options for the treatment?

Here we focus on the special phospholipid class of “plasmalogen,” the bioactive molecules as antiviral prophylactics and potential constituents of combination treatments against COVID-19. Plasmalogens are special ether phospholipids that are critical for cell membrane integrity in terms of structure and function. In addition to their role as key membrane components, they are involved in the regulation of cholesterol homeostasis and macrophage phagocytosis in addition to immunomodulation (Figure 4). Moreover, their antioxidant properties may determine the outcome of host illness during viral infections. Biosynthesis of endogenous plasmalogens requires functional peroxisomes, the oxidative cell organelles in almost all the eukaryotes. The deficiency of plasmalogens implicated in cardiometabolic and multiple neurodegenerative diseases may render humans host susceptible to SARS-CoV-2 (COVID-19) and other similar viral infections (SARS-CoV or MERS-CoV).
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FIGURE 4. Top panel: General chemical structure and multiple biological functions of bioactive plasmalogens. Bottom panel: Chemical structures of exemplary ether phospholipids (plasmalogens) involving arachidonic acid (AA) and docosahexaenoic acid (DHA) chains, e.g., 1-(1Z-hexadecenyl)-2-arachidonoyl-sn-glycero-3- phosphoethanolamine [C16(Plasm)-20:4 PE] and 1-(1Z-hexadecenyl)-2-docosahexaenoyl-sn-glycero-3-phosphoethanolamine [C16(Plasm)-22:6 PE].


The plasmalogen lipid type has received less attention in the comprehension of the coronavirus infection and therapy as compared to free fatty acids like linoleic acid (LA) and arachidonic acid (AA) (Das, 2020c; Yan et al., 2020). It is of current interest to explore how plasmalogens may participate in the stages of virus-host interaction process including: (1) viral entry host cells via non-receptor microdomain-mediated endocytosis pathways; (2) lipid-modulated host innate immune response; (3) virus-induced host membrane rearrangements, especially cubic membrane (CM) formation. Plasmalogen deficiency, due to impaired nutrition, stress and contemporary lifestyles, does not support host CM formation during viral infections. It will be emphasized here that induced host CM architectures may serve as an evolutionally conserved antioxidant defense system to favor viral proliferation in a controlled manner and also the fast return of host homeostasis.

Another question is whether a host response treatment approach to viral infections may essentially reduce the severity of COVID-19 illness and improve patient survival. In fact, the balanced immune and inflammatory response is the key for host to live and not to die after SARS-CoV-2 infection. The shift of virus-targeted therapies to host response treatment, especially lipid and membrane factors, might be an alternative solution for the host survival. The presented concept here is based on our previous opinion paper “Do viruses subvert cholesterol homeostasis to induce host cubic membranes?” (Deng et al., 2010). We further ask the questions: (i) What is the role of plasmalogens in the remodeling of host lipid membrane? and (ii) What would be the role of plasmalogens in antiviral therapy? Moreover, the potential applications of plasmalogen-preconditioning treatment and prophylaxis are discussed.



THE SIGNIFICANCE OF PLASMALOGEN LIPID CLASS

Plasmalogens constitute a class of ether phospholipids containing a fatty alcohol with a vinyl-ether bond at sn-1 position and a polyunsaturated fatty acid at sn-2 position of the glycerol backbone (Figure 4). Compared to their diacyl counterparts, plasmalogens appear to be highly fusogenic lipids (Glaser and Gross, 1995) enriched in lipid microdomains (Pike et al., 2002) and tend to form more densely packed and thicker bilayer membranes (Rog and Koivuniemi, 2016). Plasmalogens are significant structural components of various subcellular organelle membranes including nucleus, endoplasmic reticulum (ER), post-Golgi network and mitochondria (Honsho et al., 2008). Plasmalogens are determinants in membrane dynamics and trafficking. A recent structural study has revealed that they can strongly influence the membrane thickness and curvature (Angelova et al., 2021). They also serve as endogenous antioxidants, protect against ROS, and prevent lipoprotein oxidation.

Plasmalogens are abundant in human brain, heart, kidney, lung, skeletal muscle and immune cells (Braverman and Moser, 2012). Lipidomic profiling of multiple human cohorts have identified negative associations between plasmalogens and obesity (Weir et al., 2013), type 2 diabetes (Meikle et al., 2013) and cardiovascular diseases (Meikle et al., 2011), supporting the concept of the vital role of plasmalogens in the prevention of cardiometabolic diseases (Paul et al., 2019).

Plasmalogens are prominent for regulation of cholesterol homeostasis (Honsho et al., 2015), which has previously attracted great attentions as a key host factor during multiple viral infections (Deng et al., 2010). Having both enriched in lipid microdomains (Pike et al., 2002), the existence of a metabolic relationship between cholesterol and plasmalogen is therefore directly emergent. Fedson et al. (2020) proposed the prophylaxis use of statins (generic drug to lower cholesterol) for the previous epidemic and current pandemic including influenza (Fedson, 2006), Ebola (Fedson, 2016) and COVID-19 (Fedson et al., 2020). Statin drugs display anti-inflammatory and immunomodulatory effects in the host response treatment approach. Despite that the potential use of plasmalogens in achieving cholesterol homeostasis has been proposed as an alternative to statin therapy (Mankidy et al., 2010), further studies are required toward the translation of plasmalogens into future clinical applications.

Plasmalogens, by virtue of their vinyl ether bond and enrichment in PUFAs moieties (AA and DHA chains), play vital roles in many cellular processes. They provide unique membrane structural attributes to potentially modulate lipid-associated signaling pathways and protecting important macromolecules (nucleic acids and lipids) from oxidative damages (Almsherqi et al., 2008; Deng and Almsherqi (2015). Their metabolic products of DHA and AA derived from physiological breakdown of plasmalogens via phospholipase A2 (PLA2) have been shown to increase the expression of inflammatory cytokines, which also increase the activity of plasmalogen-specific PLA2 (Farooqui, 2010). The neuroinflammatory modulation of plasmalogens has been reported in a couple of studies (Ifuku et al., 2012; Katafuchi et al., 2012).



VIRAL ENTRY DEPENDS ON HOST MEMBRANE LIPID COMPOSITIONS: A FOCUS ON PLASMALOGENS

Viral infection initiates with the virus particles crossing the host plasma membrane, often via receptor-mediated endocytosis pathway (Figure 1). However, an alternative non-receptor lipid-microdomain-mediated endocytosis and membrane fusion process may proceed as well. The non-specific lipid-mediated viral entry may possibly explain the puzzling zoonotic viral transmission via jumps of pathogenic viruses between different species (e.g., from bat to human). Even though virions mainly enter host cells through specific proteinaceous receptors, such as ACE2/TMPRSS2 in the case of SARS-CoV-2, the strengthened or weakened attachment and entry of viruses depend on the lipid composition of viral envelopes in addition to host plasma membranes. Although plasmalogens similar to cholesterols have been found to be enriched in membrane microdomains (Pike et al., 2002), the scarce plasmalogen research somehow impedes our understandings of this special lipid class and the potentially significant roles they may act in virus-host interactions.

The increased levels of plasmalogens have been detected in the serum of ZIKA infected subjects (Queiroz et al., 2019) and chronic HBV patients (Schoeman et al., 2016). The strong enrichment of plasmalogens has been noticed in virion lipidome of human cytomegalovirus (Liu et al., 2011) and HIV (Brugger et al., 2006). Moreover, the virus-induced alterations in both plasmalogen levels and peroxisome activity have been examined at host level (Satoh et al., 1990; Farooqui and Horrocks, 2001; Dixit et al., 2010; Odendall and Kagan, 2013; Martin-Acebes et al., 2014).

The endogenous biosynthesis of plasmalogens requires functional peroxisomes in almost all the eukaryotes. Peroxisomes are the important host organelles where certain viral replication may take place (Cook et al., 2019). Peroxisome plasticity in virus-host interaction and its role as double-edged sword in multiple viruses’ infections have attracted great attention recently. The increased levels of plasmalogens in the serum of ZIKA (flavivirus) viral infected subjects suggested a strong link between ZIKA virus life cycle and host peroxisomes. The observation that flaviviruses induce peroxisome-mediated lipid alterations in the host cells may further explain the established upregulation of plasmalogens in the serum of ZIKV infected patients (Martín-Acebes et al., 2019; Queiroz et al., 2019). Meanwhile, plasmalogen PC was also reported to play a pivotal role in influenza virus infection (Tanner et al., 2014).



CORONAVIRUS-INDUCED HOST CUBIC MEMBRANE FORMATION FOR BOTH VIRUS AND HOST FITNESS

Severe acute respiratory syndrome-coronavirus infection induces multiple alterations of the lipid membrane architecture in the host cells. Remodeling of endoplasmic reticulum (ER) cisternae upon coronavirus infection starts with detachment of closed vesicular objects called double-membrane vesicles (DMV) (Alsaadi and Jones, 2019; Zhang et al., 2020). In addition to the generation of DMV lipid envelopes (referred to as coronavirus replication organelles), the host membrane may adopt 3D topologies called “convoluted membranes” (Knoops et al., 2008; Zhang et al., 2020). They form through fusion of multiple DMV or other type of structural transitions (Knoops et al., 2008). Examples of such host membrane rearrangements are illustrated by the transmission electron microscopy (TEM) images in Figure 5.


[image: image]

FIGURE 5. Multiple examples of coronavirus-induced cubic membrane (CM) formation in the host cells. (A) SARS-CoV, 3d post-infection (p.i.) Vero-E6 cell with virus particles egress (Goldsmith et al., 2004) (B) MERS-CoV nsp3-6, 24h post-transfection, Huh-7 cell (Oudshoorn et al., 2017). (C) MHV-59, 8h p.i. HeLa-CEACAM1a cell (Ulasli et al., 2010); (D) SARS-CoV (nsp3 + nsp4), 24h post-transfection, 293T cell (Oudshoorn et al., 2017).


In the absence of a clear appreciation of the 3D nature of cytomembraneous inclusions observed in the TEM micrographs of virus-induced host membrane complexes, various terminologies have been used to denote the formation of 3D non-lamellar assemblies of folded membranes (Almsherqi et al., 2005). For instance, “tubule-crystalline inclusions” have been described in HCV-infected liver, “convoluted membraneous mass” in viral St. Louis Encephalitis, and “tubule-reticular structures (TRS)” in AIDS as well as in multiple coronavirus infections including SARS-CoV infected Vero cells (Goldsmith et al., 2004; Almsherqi et al., 2005). TRS has been considered as a specific ultrastructural marker of AIDS in various organs (Maturi and Font, 1996). Most of the time, the 3D membrane rearrangements, observed also in MERS-CoA infected Huh-7 cells (Oudshoorn et al., 2017) and coronavirus MHV infected Hela cells (Ulasli et al., 2010; Figure 5) have been termed “Convoluted Membranes” (Knoops et al., 2008; Oudshoorn et al., 2017; Snijder et al., 2020; Zhang et al., 2020). They have been unified by the name “Cubic Membranes” in the last decade (Deng et al., 2010; Deng and Almsherqi, 2015).

Using the direct template matching method in electron microscopy, we have characterized TEM micrographs of host membrane rearrangements, induced by multiple viral infections, as Cubic Membranes (CM) (Almsherqi et al., 2006; Deng et al., 2010). Although the molecular mechanisms behind viral-induced host CM remains unclear, CM was proposed to act as antioxidant defense system in ameba Chaos cell model (Deng and Almsherqi, 2015; Deng et al., 2017). This concept fairly supports our current hypothesis that virus-induced CM may not only benefit for viral proliferations in terms of viral assembly and egress (Figure 5A), but CM may also help the return of host homeostasis by mitigating the oxidative damages (Deng and Almsherqi, 2015) during viral infection to further promote cell survival (Chong et al., 2018).

In addition to the antioxidant properties of CM nanostructures, plasmalogens pre-conditioning treatment or supplementation may determine the degree of host CM abundance during viral infections. This hypothesis is based on our findings from ameba cell model system (Chong et al., 2018). We have previously asked an intriguing question whether viruses subvert cholesterol homeostasis to induce host CM (Deng et al., 2010). At that time, we were not aware of the emergent links of plasmalogens in multiple viruses’ life cycle and the corresponding host CM formation. At present, we highlight the close relationship between plasmalogen and cholesterol metabolism as both species are enriched in membrane rafts microdomains. These microdomains and their associated lipid molecular types might have been overlooked in the process of viral entry and host immune signaling. Plasmalogen pre-conditioning is indispensable in ameba CM formation under cell starvation stress conditions, and it may also apply to host stress response during coronavirus infections. Therefore, the role of CM in the virus-host interaction and balance, host cell response and survival appear of significance.



PEROXISOME-MEDIATED ANTIVIRAL IMMUNE SIGNALING: A FOCUS ON PLASMALOGENS

The host response to infection may turn out to be the key determinant of pathogenesis of emergent infectious diseases including the current COVID-19 pandemics. The first step of virus life cycle is to enter the host cells by crossing the plasma membrane, where the lipid composition might be very crucial. Upon viral infections in humans, peroxisomes act as vital immune signaling organelles, aiding the host by orchestrating antiviral signaling (Cook et al., 2019). Peroxisomes are critical host organelles emerging as a double-edged sword during the progression of viral infections. These cellular organelles, that both host or kill pathogen, can make use of their functions to achieve host antiviral defense or to be hijacked to serve for viral proliferation (Karnati and Baumgart-Vogt, 2008).

The peroxisome was first recognized as a key subcellular signaling center upon the discovery of mitochondrial antiviral signaling (MAVS), an innate host immune response. MAVS, previously thought to be exclusive to the mitochondria, mounts up a rapid antiviral reaction. However, combined with the known detoxification functions of peroxisomes, the recognition of peroxisomal MAVS has resulted in the realization of peroxisomal role in host defense as an antiviral signaling organelle. This was supported by the studies of human cytomegalovirus (HCMV) and herpes simplex type 1 (HSV-1) infections, along with the discovery that these viruses promotes host peroxisome biogenesis during infections (Beltran et al., 2018). Certain cellular lipids, including very-long-chain fatty acids (e.g., DHA) and ether lipids (e.g., plasmalogens), can only be synthesized in peroxisomes.

Plasmalogens, the peroxisome-synthesized lipids are intriguing candidates for various viral infection-induced cell processes, including the construction of viral envelopes, modulation of host cholesterol homeostasis, and maintenance of virus-host balance and fitness. With the knowledge that plasmalogens are enriched in HCMV virions, Liu et al. (2011) have proposed that peroxisomal lipid metabolism might be a general feature of enveloped virus infections. In support of this, one study of influenza virus, another RNA virus, showed that host ether lipid metabolism was required and enhanced upon infection, and that peroxisome-derived plasmalogens were enriched in influenza virions (Tanner et al., 2014). Plasmalogen lipids are the key component of several enveloped viruses, including HCMV (Liu et al., 2011), WNV (Martin-Acebes et al., 2014), and influenza. We thus highly suspect that this may also apply to SARS-CoV-2. In this perspective, further lipidomic analysis of COVID-19 samples will be required for a more detailed picture.



THE ROLE OF PLASMALOGENS IN HOST IMMUNE RESPONSE DURING VIRAL INFECTION: A FOCUS ON MACROPHAGES

Macrophages, as the professional phagocytes of host immune system, are capable of detecting and clearing invading pathogens (e.g., viruses) and damaged cells through phagocytosis. Macrophages are essential in host innate immunity and tissue homeostasis in addition to inflammatory modulation and response. Plasmalogen deficiency in macrophages was associated with their reduced phagocytosis, and this reduction was significantly reversed when the cells were exposed to lyso-plasmalogen PE (Rubio et al., 2018). In parallel, restoration of plasmalogen level in macrophages also increased the number and size of lipid microdomains in the membranes of macrophages. The exogenous administration of plasmalogens was thus considered as a potential strategy to optimize the functions of macrophages.

A study on human monocyte to macrophage differentiation, performed by a bioinformatic approach combined with transcriptomic and lipidomic analyses (Wallner et al., 2014), has demonstrated that plasmalogen PE is a potential biomarker of immune system activation. The authors have further pointed out that the dysregulation of monocyte-macrophage differentiation is a hallmark of vascular and metabolic diseases and associated with persistent low grade of inflammation. In parallel, diminished plasmalogen levels have been observed in the obese subjects (Wallner et al., 2014). All these findings have brought our deep interest to the potential link of host plasmalogen dysregulation and high morbidity and mortality of COVID-19 patients.

Another related ether lipid, such as platelet-activating factor (PAF), may participate in the severe pathology of COVID-19 pneumonia as well. PAF was the first intact phospholipid known to have messenger functions and a mediator of inflammation in the mechanism of human immune response (review see Lordan et al., 2019). PAF is powerful for the activation of human inflammatory cells at extremely low concentrations, which imparts a hormone-like character. PAF is present in many cell types, especially those involved in host defense such as platelets, endothelial cells, neutrophils, monocytes and macrophages. PAF has evolved as a part of protective mechanism in host innate defense system, and with a number of pro-inflammatory properties necessary for host protection from pathogenic insults. When produced in an uncontrolled manner, PAF may have extremely harmful effect, including blood clotting problem which has been reported in severe COVID-19 illness. The relation of PAF precursors to plasmalogen metabolites is indicated in Figure 4 as a part of the ether lipid role overview.

The increased plasmalogen content may induce the formation of lipid rafts microdomains and further improve the recruitment, oligomerization, and interaction of receptors and signaling proteins involved in the phagocytosis of macrophages. Plasmalogens also reduce the non-lamellar-to-lamellar phase transition temperature, exhibiting a high propensity to form non-lamellar phase structures (Lohner et al., 1991). The non-lamellar structural intermediates are indeed essential for membrane fusion process. The increased abundance of plasmalogens carrying the polyunsaturated fatty acid moieties in the serum of ZIKA patients may explain its important implication in viral particle fusion with host cell membranes. On the other side, polyunsaturated AA and DHA fatty acids carried by plasmalogens are the substrate sources for generation of soluble lipid mediators, which participate in host immune signaling and inflammatory responses.



POTENTIAL ROLE OF PLASMALOGENS IN THE CYTOKINE STORM OBSERVED IN COVID-19 PATIENTS. INTERPLAY WITH A LIPID STORM

Cytokines are a diverse group of small proteins that are secreted by cells for the purposes of intercellular signaling and communication. They include interferons (IFNs), interleukins (ILs), chemokines, and tumor necrosis factors (TNFs). The multiple functions of cytokines span from control of cell proliferation and differentiation to immune and inflammatory responses, which are highly relevant to developing viral infections (Barry et al., 2000; Imashuku, 2002; Yokota, 2003; Jahrling et al., 2004; Huang et al., 2005) such as SARS-CoV-2 (COVID-19) (Castelli et al., 2020; Leisman et al., 2020; Mulchandani et al., 2020).

The devastating “cytokine storms” occurs when the host immune homeostasis is broken due to viral infection and inflammatory responses flaring out of control. They are associated with a wide variety of infectious and non-infectious diseases and may even be an unfortunate consequence of therapeutic intervention attempts. Increased inflammation and a cytokine storm characterize the COVID-19 cases by severe pneumonia that can decompensate to an acute respiratory distress syndrome (Castelli et al., 2020; Leisman et al., 2020; Mulchandani et al., 2020).

In addition to the recognized cytokine storm previously documented (Castelli et al., 2020; Leisman et al., 2020; Mulchandani et al., 2020), analyses of lung fluids of SARS-CoV-2-infected patients have indicated that a “lipid storm” also occurs. Using liquid chromatography combined with tandem mass spectrometry, a recent report has quantified several lung bioactive lipids and has evidenced that the “lipid storm” in severe SARS-CoV-2 infections involves both pro- and anti-inflammatory lipids (Archambault et al., 2020). Bronchoalveolar lavages of severe COVID-19 patients contained large amounts of the bioactive lipids prostaglandins (PGs), leukotrienes (LTs), and thromboxanes (TXs) (Archambault et al., 2020). The established increased oxidative bust in the lungs of severe COVID-19 patients has pointed out the importance of the lipid storm taking place in the lungs of pneumonia patients.

The role of plasmalogens in the cytokine and lipid storms remains to be experimentally elucidated. Figures 6, 7 summarize the pathways of plasmalogen turnover, remodeling and degradation, which help identifying the metabolites and the products that may trigger uncontrolled inflammatory responses.
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FIGURE 6. Two pathways of plasmalogen turnover, remodeling and degradation: (1) Through phospholipase A2 (PLA2) and (2) through oxidative stress. Plasmalogens are one of the primary targets of HOCl due to sensitivity of the vinyl-ether bonds to oxidation. X denotes the polar head group, which is typically ethanolamine or choline. R1 denotes the carbon chain at the sn-1 position, and R2 at the sn-2 position. Reprinted from Braverman and Moser (2012) with permission.
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FIGURE 7. Essential fatty acids in inflammation and potential “lipid storm” in severe COVID-19 patients. Scheme of eicosanoid and related bioactive lipid mediators production due to metabolic pathways of fatty acid alteration (eicosanoid related precursors). Reprinted from Zurrier (1991) with permission.


Plasmalogens often carry PUFAs, which can be either of the omega-6 (pro-inflammatory) or of the omega-3 (anti-inflammatory) families (e.g., AA or EPA and DHA). Both types can be catalyzed by cyclooxygenase (PGs, TXs) and lipoxygenase (LTs) in the production of eicosanoids [prostaglandins (PGs), thromboxanes (TXs), and leukotrienes (LTs)] (Figure 7). The balance between these two families is important for the host immune homeostasis, which determines the potential development of undesired lipid storm. The controlled formation of eicosanoids is regarded as beneficial because it may help optimize cellular defensive reactions against the invading pathogens including SARS-CoV-2. However, excessive, uncontrolled production of eicosanoids is associated with the “lipid storm” (Archambault et al., 2020). Eicosanoid signaling is a pro-inflammatory component of innate immunity as the cytokine signaling. Unfortunately, lipid storm can be self-destructive in interplay together with the peptide-mediated cytokine storm. Devastating consequence may emerge in the lungs and spread to other tissues in the body of severe COVID-19 patients.

Plasmalogens, enriched in leukocytes, are one of the primary targets of hypochlorous acid (HOCl) due to the sensitivity of the vinyl ether bond to oxidative agents (Figure 6; Üllena et al., 2010; Braverman and Moser, 2012). The ether lipids, in contrast to their counterpart ester phospholipids, are the targets of HOCl generated by leukocyte myeloperoxidase as a part of the immune defense reaction (respiratory bust). The direct products, α-chloro fatty aldehyde and lysophospholipids, may produce a family of chlorinated lipids that can regulate inflammatory responses. Further inflammatory cascades may deplete the plasmalogen levels (Braverman and Moser, 2012).

In addition to this breakdown due to oxidative stress, plasmalogens can be hydrolyzed by phospholipase A2 (PLA2) into products like lyso-pPE and PUFAs (AA, EPA, or DHA) (Üllena et al., 2010). The lysophosphatidylethanolamine plasmalogen (lyso-pPE) has been identified as a self antigen for natural killer T cells (NKT cells). It is important for the development, the maturation, and the activation of iNKT cells in the thymus, which is vital for innate immunity (Facciotti et al., 2012; Ni et al., 2014). The lyso-pPE is very potent at low nanomolar concentrations and may induce cytokine release from freshly isolated iNKT cells. While this activity is important in immunomodulation, which has been considered as a sensor of inflammation, the proper stimulation of iNKT cells is significant for the protection against autoimmunity (Van Kaer et al., 2013).

To our knowledge, there are no reports on how PUFA metabolism (PGs, LTs, TXs) can be altered by plasmalogens in order to clarify their impact on cytokines. The essential PUFAs metabolism and its role in inflammation have been reviewed by Das (2019) with a special focus on eicosanoids [prostaglandins (PGs), leukotrienes (LTs), and thromboxanes (TXs)]. Eicosanoids and docosanoids are important signaling molecules produced by the oxidation of omega-6 arachidonic acid (AA) or other omega-3 PUFAs, eicosapentaenoic acid (EPA) and docosapentaenoic acid (DHA) from the cell membrane phospholipid pool. Das (2021) has drawn attention to the fact that pro-inflammatory metabolites like prostaglandin E2 (PGE2) and leukotrienes (LTs) (derived from AA) and anti-inflammatory lipoxin A4 (LXA4) as well as resolvins, protectins, and maresins (derived from EPA and DHA) facilitate the generation of M1 (pro-inflammatory) and M2 (anti-inflammatory) macrophages, respectively. Moreover, AA, PGE2, and LXA4 among others inhibit the synthesis of interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) (Das, 2019, 2021).

Despite that eicosanoid and cytokine storms are not well characterized in coronavirus infection yet, published works indicate that lipid (eicosanoid and related bioactive lipid mediators) storm might occur before the cytokine storm (Figure 8). Coronavirus SARS-CoV-2 infection triggers endoplasmic reticulum (ER) stress response, which may be followed by subsequent eicosanoid and cytokine storms (Hammock et al., 2020). Targeting of the proinflammatory eicosanoids, including PGs, LTs, TXs, would be beneficial for diminishment of the ER stress. With the contribution of lipidomics, a better understanding of the eicosanoid storm, preceding the cytokine storm in severe inflammation (Figure 8), should provide insights toward new strategies for management of coronavirus infection.
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FIGURE 8. Lipid (eicosanoid) storm may occur before the cytokine storm in SARS-CoV-2 infection. Eicosanoids are bioactive lipid mediators derived from oxygenated polyunsaturated fatty acids (PUFAs). Reprinted from Hammock et al. (2020) with permission.


Taken together, coronavirus infection is associated with both inflammation and metabolic disorders. Such disorders cause durable damage of subcellular organelles including mitochondrial defects and endoplasmic reticulum (ER) dysfunction (Hotamisligil, 2006). Mitochondrial defects and ER dysfunction are crucial in the activation of various inflammatory pathways and widespread inflammatory responses (Figure 8). Figure 9 represents the impact of the lipid-mediated and cytokine-mediated metabolic and inflammatory cascades at the organelle level. In a further step, this impact should be considered at the lipid membrane level, where the plasmalogen lipid type plays an important role. Plasmalogens yielding docosanoids [bioactive oxygenated polyunsaturated fatty acids (22:6n-3) containing 22 carbons] with anti-inflammatory functions might be the key lipid components helping to inhibit the inflammation.


[image: image]

FIGURE 9. Severe infections trigger inflammatory responses, ER stress and mitochondrial organelle dysfunction through lipid-mediated and cytokine peptide-mediated mechanisms. Reprinted from Hotamisligil (2006) with permission.


Regarding the potential role of plasmalogens in cytokine storm seen in COVID-19, we speculate that the host immune homeostasis is broken in response to coronavirus infections. However, with the sufficient level of membrane plasmalogens, it may support the host viral-induced CM formation (Deng et al., 2010). CM formation can lower the oxidative damage (Deng and Almsherqi, 2015; Deng et al., 2017) and promote the quick return of host immune homeostasis, otherwise the host may have higher risk of developing the uncontrolled lipid storm and further entangled with cytokine storms.



PLASMALOGENS IN LUNG SURFACTANT AND ANTIVIRAL PULMONARY SURFACTANT THERAPIES

Coronavirus infection impairs the capacity of the type 2 alveolar epithelium cells to synthesize and secrete pulmonary surfactant required for normal breathing and oxygenation (Schousboe et al., 2020; Zheng et al., 2020). In healthy individuals, lung surfactant covers the alveolar surface, facilitates breathing, and prevents the lungs from collapsing (Hallman et al., 1982; Daniels and Orgeig, 2003). Dysfunctional endogenous lung surfactant in the patients with severe respiratory pathologies provoked by SARS-CoV-2, may be due to the decreased concentrations of surfactant phospholipid and proteins, the altered lung surfactant metabolism and composition, or oxidative inactivation of surfactant proteins (Ahmed et al., 2020; Schousboe et al., 2020). Considering that pulmonary surfactant synthesis is diminished by the severe acute respiratory syndrome-coronavirus-2 pathology, potential therapies of COVID-19 caused pneumonia may include exogenous lung surfactant replacement or delivery to compensate the deficiency of surfactant lipids, which are strongly associated with lung pathogenesis (Mirastschijski et al., 2020).

There is a close interaction and crosstalk between lung surfactant and phagocytosis behavior of alveolar macrophages (Juers et al., 1976; Spragg et al., 2004; Diler et al., 2014; Tschernig et al., 2016). Interestingly, the alveolar macrophages do not kill in vitro the pathogens unless the latter have been incubated with alveolar lining material (i.e., lung surfactant) before their phagocytosis. Although plasmalogens in lung surfactant are not the major components of the phospholipid mixture, they have been reported to significantly reduce surface viscosity and surface tension (Rüdiger et al., 1998, 2005; Zhuo et al., 2021). The role of plasmalogens in facilitating membrane fusion has been well recognized (Marrink and Mark, 2004). In this regard, studies with fibroblasts derived from plasmalogen-deficient human patients have shown marked inhibition of exocytosis and endocytosis processes (Perichon et al., 1998; Thai et al., 2001).

Lung surfactant is a multicomponent mixture of lipids (phospholipids, triglycerides, fatty acids, and cholesterols), surfactant proteins, and a small amount of carbohydrates (Bernhard, 2016; Schousboe et al., 2020). The lipid components comprise saturated and unsaturated phospholipids, neutral lipids, and ether lipids (plasmalogens). Phosphatidylcholine (PC) is the predominant lipid class accounting for about 50% of the phospholipids of lung surfactant. Phosphatidylethanolamine (PE) accounts for up to 20% of phospholipids, whereas phosphatidylserine (PS), phosphatidylinositol (PI), and phosphatidylglycerol (PG) constitute 12–15% of the total phospholipid content of lung surfactant. The antiviral activity of the lung surfactant might be due to the pulmonary lipids that may inhibit virus-mediated host inflammation and infection. Of interest, surfactant-associated proteins are required for the formation of tubular myelin (described by a deformed P-based cubic membrane surface) (Larsson and Larsson, 2014) which promotes the adsorption of lipid molecules at the air/water interface and play a role in the monolayer film stability (Figure 10).
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FIGURE 10. Life cycle of surfactant produced in the lung with an indication of the tubular myelin, lamellar bodies (LB), and alveolar macrophages (AM). Pulmonary surfactant is a surface-active lipo-protein complex produced by type II alveolar cells. Reprinted from Ramanathan (2006) with permission.


Plasmalogen is the minor trace but critical component of lung surfactant. This ether phospholipid, together with cholesterol and surfactant-associated proteins, regulate the surfactant monolayer stability and viscosity. Another key feature is that plasmalogens act as antioxidants and protect alveolar cells from oxidative stress that often encountered at alveolar surface (Zhuo et al., 2021). Plasmalogens may contribute to substantial lowering the surface tension (Rüdiger et al., 1998) and viscosity (Rüdiger et al., 2005) of the lipid mixture. It has been emphasized that lower surfactant viscosity may enhance the clinical response to the therapy of respiratory pathology (Bernhard, 2016).

Quantitative lipidomic analysis of mouse lung during postnatal development, using electrospray ionization tandem mass spectrometry, has determined the individual plasmalogen lipid types in the pulmonary surfactant (Karnati et al., 2018). Phosphatidylethanolamine (PE)-based plasmalogens have been found to be much more abundant as compared to ether-phosphatidylcholines (PC) during the postnatal mouse lung development. Figure 11 shows that PE-based plasmalogens comprise a high content of 20:4, 22:6, 22:5, and 22:4 chains likely to be arachidonic acid (AA), docosahexaenoic acid (DHA), docosapentaenoic acid (DPA), and adrenic acid-rich plasmalogen derivatives. Evidently, this lipid content determines the capacity of the lung surfactant to protect the alveolar epithelium cells from hypoxia and ROS-mediated stress and to reduce the risk of respiratory distress diseases.
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FIGURE 11. Composition of individual phosphatidylethanolamine PE-based plasmalogen (PE-P) lipid species during postnatal development of mouse lung. High contents of 20:4, 22:6, 22:5, and 22:4 plasmalogen (PE-P) derivatives are detected. PE P-16:0 (sn-1) plasmalogens are present in higher amounts in all 4 groups of ethanolamine plasmalogens, whereas PE P-18:0 and PE P-18:1 account for smaller amounts. Values are represented as nmol/mg wet weight. Reprinted from Karnati et al. (2018) with permission. Statistical significance (*, **, ***): p-values <0.05 (significant), < 0.01, < 0.001 (highly significant).


Recently, it has been claimed that the lung injury caused by SARS-CoV-2 coronavirus in the pulmonary tissue of COVID-19 pneumonia patients developing acute respiratory distress syndrome (ARDS) strongly resembles the effects of neonatal respiratory distress syndrome (NRDS) (Schousboe et al., 2020). Both disorders are associated with lung surfactant deficiency (Mirastschijski et al., 2020). The clinical consequences from the impact of SARS-CoV-2 on the alveolar type II cells, and the production and turnover of pulmonary surfactant, are associated with alveolar collapse and inflammation, which leads to increased capillary permeability, edema, and microvascular thrombosis (Figure 12). The viral infection may cause alterations in the whole lung lipid composition. Moreover, vascular permeability increases as the pulmonary pathology progresses and the pulmonary surfactant gets deactivated, which makes the lungs unstable with time (Walmrath et al., 1996).
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FIGURE 12. Exogenous lung surfactant delivery suggested as a therapy to reduce inflammation and restore pulmonary barrier in severe COVID-19 associated acute respiratory distress syndrome (ARDS). Reprinted from Mirastschijski et al. (2020) with permission.


It has been proposed that early administration of natural lung surfactant may improve the pulmonary function in COVID-19 patients with severe ARDS (Mirastschijski et al., 2020). The suggested pulmonary surfactant therapy (Walther et al., 2019; Ahmed et al., 2020; Mirastschijski et al., 2020; Pramod et al., 2020) is motivated by the fact that lung surfactant administration is a safe and efficient therapy for neonates with ARDS (Walmrath et al., 1996). Therefore, pulmonary surfactant therapy envisions the development of lung surfactant formulations for pulmonary barrier restoration in patients with COVID-19 pneumonia (Walther et al., 2019; Mirastschijski et al., 2020; Pramod et al., 2020). It is expected that this approach may improve the treatment outcome of COVID-19 patients.

Whereas the levels of plasmalogens might be insufficient for COVID-19 patient treatment in the clinical studies employing natural lung surfactants, we propose plasmalogen-enriched lung surfactant formulations as the next generation therapeutic opportunity toward more efficient pulmonary surfactant therapy against COVID-19 pneumonia. Taking into account the results of the lipidomics analysis about the major ether lipid components (Karnati et al., 2018), it appears urgent to develop the synthetic surfactants enriched in phosphatidylethanolamine (PE)-based plasmalogens as those presented in Figure 11.



INCLUSION OF PLASMALOGENS IN COMBINATION THERAPIES AGAINST CORONAVIRUS INFECTIONS

We hypothesize that the inclusion of plasmalogens in antiviral formulations for combination therapy of severe COVID-19 pneumonia patients may enhance the overall efficacy of anti-SARS-CoV-2 treatment. This antiviral lipid class may render the treatment resistant to eventual viral protein mutations during the viral propagation of the pathology. Both membrane lipid therapy and pulmonary surfactant therapy with plasmalogen-enriched antiviral formulations should be applicable to most of the coronaviruses including SARS-CoV-2, SARS-CoV, and MERS-CoV.

In the absence of clinical data for severe COVID-19 patients, it is early to argue whether plasmalogens have a role simply because they contain PUFAs. Current understanding highlights that the PUFAs content of plasmalogens is important in prevention and management of COVID-19. Das (2021) has emphasized that the PUFA bioactive lipid arachidonic acid (AA, 20:4n-6) has a capacity to inactivate SARS-CoV-2, facilitate macrophage generation, suppress inflammation, and prevent vascular endothelial cell damage, which opens new perspectives for therapeutic uses of AA in anti-coronavirus strategies.

Ongoing early stage inhibitory therapies involve the design of potential entry inhibitors against SARS-CoV-2. Strategies for blocking the viral entry consider that the virus utilizes the angiotensin-converting enzyme 2 (ACE2) as an entry receptor in human cells. Therefore, the S protein is an important target for the development of anti-SARS-CoV-2 therapeutics. Blocking the binding of S protein to ACE2 can be done either by fatty acids or by peptides and antibodies, which will inhibit the SARS-CoV-2 virus proliferation. Peptide therapeutics are promising antagonists in this regard (Struck et al., 2012). However, considering the molecular diversity of the coronavirus entry receptors of host cells (Millet et al., 2020), this targeting mechanism might not be sufficient to stop the pandemics. The analysis of COVID-19 lung samples has revealed a dramatic upregulation of the interferon gamma (IFNγ) protein, which may be accompanied by a large innate immune response (Hu et al., 2020).

Various potential therapeutic approaches (Imai et al., 2005; Struck et al., 2012; Monteil et al., 2020), some of which are highlighted in Figure 2, can be combined in multi-therapies toward the aim of SARS-CoV-2 inhibition:


- Development of spike protein-based vaccines;

- Antibody therapy using antibody molecules for targeting and neutralization of the spike proteins, which mediate the viral entry;

- Delivering excessive quantity of soluble form of ACE2;

- Blocking ACE2 receptor;

- Inhibition of transmembrane protease serine 2 (TMPRSS2) activity;

- Using antivirals (RNA polymerase inhibitors) to stop the viral replication;

- Using short interfering RNAs directly or indirectly targeting the viral DNA replication machinery;

- Drugs targeting lipid metabolism;

- Exogenous interferon gamma (IFNγ) delivery to compensate its deficiency in susceptible to virus infection.



In analogy with the human immunodeficiency virus (HIV) treatment regimen using tri-drug combinations, coronavirus research may envision future triple therapies or multi-therapies against SARS-CoV-2 coronavirus infection. Plasmalogens can be included in the category of membrane-lipid targeted therapies in approaches of treating the coronavirus and/or host membranes as antiviral targets. In combination therapies with other antiviral agents, plasmalogens will be significant as antiviral lipids and lung surfactant ingredients to treat severe COVID-19 pneumonia.



CONCLUDING REMARKS

The current COVID-19 pandemics is similar to the previous severe acute respiratory syndrome (SARS-CoV, 2002–2003) and Middle East Respiratory Syndrome (MERS-CoV, 2012-ongoing) outbreaks. All these coronavirus infections are traced through zoonotic transmission. All have similar clinical manifestations mainly as lower respiratory tract diseases with significant mortality especially in the elderly with underlying chronic illnesses (obesity, type 2 diabetes and cardiometabolic diseases).

Plasmalogens are a class of membrane ether glycerophos pholipids with unique properties displaying a propensity for non-lamellar phase formation that may strongly influence the activity of membrane-bound enzymes and receptors. Plasmalogens are crucial in human health and disease and playing roles in immune signaling and as endogenous antioxidants. Increasing evidence supports the correlation between diminished levels of plasmalogens and a number of pathological states including neurodegenerative and cardiometabolic disorders as well as the severe acute respiratory distress syndrome due to the coronavirus infections. Dysregulated levels of plasmalogens are found in infected patients as a result of coronavirus-induced modification of the lipid metabolism. This strongly indicates that plasmalogen is among the key lipids potentially modulating the viral infection.

Based on the features discussed above, we suggest the potential role of plasmalogen pre-conditioning as anti-viral therapeutic and prophylaxis strategy. Along the line, plasmalogen pre-conditioning may promote host cubic membrane (CM) formation in response to multiple stress and diseased conditions including coronavirus infections. CM has been proposed as an evolutionary antioxidant defense system Deng and Almsherqi (2015). The antioxidant plasmalogen molecules participate in the host CM formation and CM in return to act as antioxidant defense system. Host cubic membrane induction in virus infected cells has not been rationalized in the development of antiviral therapies yet. However, the discussed multiple correlations and phenomena here lead to the conclusion that the plasmalogen lipid type is of great interest and significance for the future COVID-19 therapy and might be considered as a biomarker in SARS-CoV-2 infection and treatment. Further work in each of these areas will be necessary to realize the full potential of plasmalogen modulation and CM formation as therapeutic strategies in membrane lipid therapy and antiviral combination remedies for the next pandemics.
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In confined spaces, bacteria exhibit unexpected cellular behaviors that are related to the biogeochemical cycle and human health. Types of confined spaces include lipid vesicles, polymer vesicles, emulsion droplets, microfluidic chips, and various laboratory-made chambers. This mini-review summarizes the behaviors of living bacteria in these confined spaces, including (a) growth and proliferation, (b) cell communication, and (c) motion. Future trends and challenges are also discussed in this paper.
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INTRODUCTION

The human body is a representative host of microorganisms. A wide range of bacteria exist in the human intestine and oral cavity and are closely related to human health. The functional behaviors of these bacteria, including oil extraction, nitrogen fixation, and bioremediation, all take place in narrow spaces. Therefore, the study of bacteria in confined spaces is of great significance with respect to the biogeochemical cycle and the healthy balance of the human microbial community. Currently, there is very limited knowledge regarding living matter in confined spaces. Observations and multi-disciplinary investigations of bacterial behaviors in confined spaces have attracted intense interest in recent years.

In the natural environment, the same bacteria may show completely different behaviors in different habitats. The relevant types of behaviors are (a) growth and proliferation, (b) communication, and (c) motion. The habitats are often confined spaces, such as injury sites or intestines. Investigation of bacterial behaviors in restricted spaces will help us to more accurately analyze the factors influencing these behaviors. A confined space usually has good packaging and physical isolation, preventing external interference in bacterial behaviors. Such confined spaces include phospholipid vesicles (Elani et al., 2018; Trantidou et al., 2018), polymer vesicles (Meyer et al., 2015; Luo et al., 2020), emulsion droplets (Zhang et al., 2013; Mahler et al., 2018), and microfluidic chips (Inoue et al., 2001; Keymer et al., 2006).

Herein, we summarize recent research progress on three types of bacteria behaviors in confined spaces: growth and proliferation, communication, and motion. Future prospects are discussed at the end of the paper.



CONFINED SPACES

Bacteria are approximately several microns in size. To study the behavior of bacteria more precisely, confined spaces can be designed to range from several microns to tens of microns. These confined spaces can be roughly divided into four categories: phospholipid vesicles, polymer vesicles, droplets, and microfluidic chips. Phospholipid vesicles can be fabricated by hydration and phase transfer methods, and they serve as a culture environment for bacterial cells. Methods to prepare polymer vesicles largely depend on the vesicles’ compositions. The main polymers used to encapsulate bacteria are gels and porous materials. Droplets can be obtained by mixing the bacterial solution with oils or using microfluidic techniques. Microfluidic chips are fabricated by typical photolithography methods. Table 1 summarizes studies of bacterial behavior in the abovementioned confined spaces.


TABLE 1. Types of bacterial behaviors inside confined spaces.
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BACTERIAL GROWTH AND PROLIFERATION IN CONFINED SPACES

Growth and proliferation are basic behaviors of bacteria. These behaviors in a confined space are different from those observed conventionally.

Juskova et al. (2019) provided a novel method to monitor the real-time activity of bacterial growth inside giant unilamellar vesicles (GUVs) (Figure 1A). They reported the encapsulation of single bacteria in small-volume GUVs (1–33 pL), followed by immobilization of the GUVs on a planar lipid bilayer membrane on a glass surface, under which photoelectronic detection could be applied at a single-cell level (Morita et al., 2018). Polyelectrolyte capsules with different numbers of layers have also been used to encapsulate bacteria. The delayed growth of bacteria was significantly correlated with the number of layers of the reticular vesicles. Polyethylene capsules with more than six layers were very solid. Interestingly, cell size and green fluorescent protein (GFP) expression were increased in thicker polyethylene capsules. This was the first demonstration that confined spaces may affect biochemical reactions in bacteria (Rybkin et al., 2019). In microfluidic channels, owing to continuous cell propagation, Escherichia coli is greatly compressed in submicron narrow channels that are smaller than its diameter. Although E. coli can still grow and divide, this deformation is irreversible, even if the bacteria are later removed from the confined space (Jakiela et al., 2013).
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FIGURE 1. Three types of bacterial behaviors in a confined space. (A) Growth and proliferation. Bacterial growth and proliferation in phospholipid vesicles. The shrinkage of the space reduces the growth and proliferation speed of bacteria compared with those in the same culture medium in a non-enclosed space. Scale bar, 25 μm. Adapted with permission from Juskova et al. (2019). Copyright 2019, American Chemical Society. (B) Communication. Bacteria sense IPTG and QS molecule AHL diffused into the droplets. The combined effects of these two molecules induce the bacteria to produce GFP. Scale bar, 50 μm. Adapted with permission from Weitz et al. (2014). Copyright 2014, American Chemical Society. (C) Motion. A concentrated suspension of bacteria forms a vortex motion in the droplet. Scale bar, 10 μm. Adapted with permission from Lushi et al. (2014). Copyright 2014, National Academy of Sciences.


Some other interesting bacterial behaviors may be observed in confined spaces. For example, when riboflavin-producing bacteria are encapsulated, riboflavin accumulates in vesicles, causing the bacteria to elongate without division (Juskova et al., 2019). Fungi in microfluidic chips have different growth behaviors owing to the limited space. Three conditions were used to explore the mechanism of hyphal extension in a confined space. When fungal hyphae met sharp-angle obstacles, they tended to change direction to avoid the obstacles. When they collided with an obstacle nearly orthogonally, they continued to extend forward after splitting into two hyphae. Finally, the hyphae did not grow after touching the wall (Held et al., 2019).

Studies of bacterial growth and proliferation in confined spaces are at a preliminary stage, as only a few bacterial species have been tested (Table 1). Reports on human cancer cells in confined spaces are still rare (Hong et al., 2013). It is difficult for traditional (low-resolution) methods to simultaneously monitor the biological processes of many cells at single-cell resolution. X-ray crystallography and electron microscopy have for many years been used to capture information on the nanometer scale; however, they are only suitable for static observation. In 2020, a resolution of 1.25 Å was achieved with cryo-electron microscopy (Nakane et al., 2020), which is good enough to pinpoint the position of a single atom in a protein. However, X-ray crystallography and electron microscopy do not work in a high-throughput manner and cannot be used to directly observe living cells. Instead, high-throughput cell studies can be carried out in the confined spaces of a microfluidic chip; this may play an indispensable part by generating a huge amount of new data and numerous novel findings.



BACTERIAL COMMUNICATION IN CONFINED SPACES

In nature, bacteria communicate through the perception and secretion of metabolic signals. Some special bacteria have the ability to communicate through magnetic fields (Shcheglov et al., 2002; Vinhas et al., 2020). There are many ways for bacteria to interact, including chemotactic swimming through signaling molecules and quorum-sensing (QS) molecules, and co-cultivation of two defective bacteria that benefit from their respective metabolites. In the past few years, these methods have been used to observe molecular communications among bacteria in different confined chambers.

Quorum-sensing is a phenomenon that occurs among microorganisms with a high population density. The signaling molecules released by bacteria themselves reach a threshold, which in turn affects the expression of specific bacterial genes and regulates the behavior of microorganisms, such as the formation of biofilms, a coordinated response to toxins, and emission of fluorescence. One such signaling molecule is self-inducer AI (auto-inducer, AI). AI can be roughly divided into three categories: (i) high acylserine lactone (AHL) from Gram-negative bacteria; (ii) oligopeptide molecules from Gram-positive bacteria; and (iii) AI-2 from both types of bacteria. Encapsulation of a single or a small number of bacteria in a confined space has been proven to initiate the QS pathway. Bacteria do not need to grow to achieve the high density required to initiate the density-dependent QS reaction (Boedicker et al., 2009).

A single Staphylococcus aureus bacterium can detect its restriction after being captured in a confined space and employ QS to activate virulence and metabolic pathways that maintain survival (Carnes et al., 2010). In one study, by analyzing the strength of the fluorescent signal in the droplets, the authors not only investigated the influence of distances on the strength of signal transmission but also added another factor, IPTG, to explore the results of group sensing in space and time (Figure 1B; Weitz et al., 2014).

An L-lysine-deficient variant relies on L-lysine-producing Corynebacterium glutamicum to produce glutamate to be cultured on a microfluidic chip (Burmeister et al., 2018). The yeast community and methanogenic community cooperate through metabolite exchanges. This “strong partner mix” can be extended to multiple microorganisms (Momeni et al., 2013). Three microorganisms can also survive in the same microhabitat through mutual support under conditions of limited nutrition. There is no evidence for interaction among nitrogenase, Bacillus licheniformis, and Bacteroides communities in nature. However, they can coexist by providing nutrients to each other in separated chambers of microfluidic chips, even if the nutrients in the environment are limited. It is necessary to study how bacterial communities interact and perform community functions in natural ecosystems, and how to maintain species diversity of microbial communities in a confined space (Kim et al., 2008).

Bacterial communication is one of the biological communication types that has been studied in confined spaces. The next step would be tissue communication, which involves many different cells in the same tissue. Partial tissue samples could be assembled with single cells in a confined space, and it would even be possible to synthesize human organs by assembling cells in confined spaces for drug screening. To this end, cellular communication and regulation must be elucidated in much more detail. Molecular communications among metabolic modules and signaling transduction pathways also require further investigation in more delicate microfluidic devices. Confined-space-based studies are suitable for simultaneously observing and analyzing communications among many cancerous and normal cells at the single-cell level.



MOTION OF BACTERIA IN CONFINED SPACES

The motion of a single bacterium or cell in a tiny tunnel-like confined space is a physiologically significant behavior. For example, a single-celled organism (amoeba) can travel through the olfactory nerve into the frontal lobe of the brain, which represents a typical case of cell motion in a confined space.

The first direct visualization of bacterial motion at single-cell resolution in three-dimensional (3D) porous media was provided by Bhattacharjee and Datta (2019). They found that bacteria did not simply exhibit run-and-tumble motility as commonly assumed but followed a hop-and-trap model. Although interesting, this study did not consider different bacteria types and pore sizes. The microfluidic environment can enhance the diffusion of swimming bacteria. Bacteria in a geometric maze chip showed typical running and rolling motion. However, the bacteria moving in the maze chip showed stronger motility than free bacteria. It is of great medical significance to study the motion of bacteria in a narrow passage in microfluidic chips, for instance, to better understand the spread of bacteria in the process of infection (Weber et al., 2019).

Bacteria explore their natural environment through frequent motion. Frangipane et al. (2019) built a 3D micro-chamber to study the properties of bacterial random-walk paths and reported some novel results. The mean residence time of swimming bacteria inside the artificial complex microstructures was constrained by the sole free surface to perimeter ratio. As a counterintuitive result, bacteria escape faster from chamber structures with a higher density of obstacles, owing to a reduced accessible surface (Frangipane et al., 2019). In another report, Bacillus subtilis within a disk-shaped droplet formed a stable vortex that counterrotated at the periphery. However, under similar confinement, E. coli displayed a single periodically reversed-direction vortex on a time scale of seconds (Hamby et al., 2018). More interestingly, once the radius of the confinement chamber was below a critical value, B. subtilis formed a steady single vortex within a thin cylindrical chamber. The cells within the spiral vortex swam upstream against the counter-rotating flows (Figure 1C; Lushi et al., 2014). Vincenti et al. (2019) reported that motile magnetotactic bacteria confined in water-in-oil droplets self-assembled into a rotary motor under a constant magnetic field.

Chemotaxis is a sensing mechanism by which individual bacterial cells disperse for exogenous sources of nutrients. Researchers found that in the presence of appropriate environmental topologies in a confined space, stressed bacteria formed solitary “moving waves” and that these waves nucleated population collapse of the bacteria into small confining structures, representing a previously unappreciated role of the bacterial chemotaxis system (Park et al., 2003).

Bacteria in some confined spaces not only have their own motion behavior but also promote the motion of the confined space. A dense bacterial suspension of moving bacteria enclosed in droplets drives the droplets with a continuous Brownian motion (Ramos et al., 2020).

Studies of confined-space-based bacterial motion have many applications in biomedical research and significant potential implications. For instance, they provide micron-scale information on processes including the translocation pathogenic microbes in human tissues, life-cycle trafficking of a virus particle in different cells, metastasis of cancerous cells into healthy tissues. There is strong evidence that amyloid plaques in the human brain wrap microbes (Kumar et al., 2016). However, how these microbes (virus, bacterium, or fungus) move through tissues and translocate into the brain remains obscure.



OTHER OBSERVED BACTERIAL BEHAVIORS IN CONFINED SPACE

Multi-cell interaction is a sub-field of systems biology that has not seen any major breakthrough until now. It is still difficult to describe in detail multi-cell or multi-species interactions in any known natural microbial community. Confined spaces offer a good opportunity to investigate multi-cell interactions. The observed phenomena are not limited to bacterial growth, proliferation, communication, and motion. Preliminary studies have shown that the mutant type of E. coli is more dominant than the wild type in a confined space, in contrast to observations in plate colonies (Hol et al., 2015). When nutrients are scarce, they do not compete in the entire microfluidic chip but coexist in the same habitat and occupy different niches (Lambert et al., 2011). Park et al. (2011) demonstrated that droplets could be effectively utilized to co-cultivate two to three different microbes and detect symbiotic relationships. In another example, a lysine-producing C. glutamicum strain and a lysine auxotrophic variant of the same species produced a symbiotic interaction, relying on each other’s metabolites (Burmeister et al., 2018). The authors also investigated bacterial conjugation between E. coli S17-1 and Pseudomonas putida KT2440 cells and showed that direct cell contact was essential for successful gene transfer via conjugation. The spatiotemporal dynamics of synthetic microbial consortia in microfluidic devices (Alnahhas et al., 2019) were obtained by co-culturing two different strains of E. coli in microfluidic devices. The size of the cell-trapping region was found to be a critical determinant of the spatiotemporal dynamics.



DISCUSSION

Studies of bacterial behavior within confined spaces provide novel knowledge in the fields of microbiology and medical science. Feasible types of confined macro-scale apparatus include phospholipid vesicles, droplets, polymer vesicles, microfluidic chips, and other chambers. Microfluidic-based devices will probably be the main platform used to provide confined spaces with unlimited structural complexity in the future. In these confined spaces, growth, proliferation, communication, colonization, dispersion, motion, and other bacterial behaviors can be observed, quantified, and modeled in convenient ways. Owing to their delicate inner structure and physical or chemical properties, such confined spaces have a very important role in quantitative studies of the behavior of potentially all types of bacteria. Studies of the behavior of bacteria in confined spaces will undoubtedly be a future trend, with striking results.
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Flavivirus replication is intimately associated with re-organized cellular membranes. These virus-induced changes in membrane architecture form three distinct membranous “organelles” that have specific functions during the flavivirus life cycle. One of these structures is the replication complex in which the flaviviral RNA is replicated to produce progeny genomes. We have previously observed that this process is strictly dependent on cellular cholesterol. In this study we have identified a putative cholesterol recognition/interaction amino acid consensus (CRAC) motif within the West Nile virus strain Kunjin virus (WNVKUN) NS4A protein. Site-directed mutagenesis of this motif within a WNVKUN infectious clone severely attenuated virus replication and the capacity of the mutant viruses to form the replication complex. Replication of the mutant viruses also displayed reduced co-localization with cellular markers recruited to replication sites during wild-type virus replication. In addition, we observed that the mutant viruses were significantly impaired in their ability to remodel cytoplasmic membranes. However, after extensive analysis we are unable to conclusively reveal a role for the CRAC motif in direct cholesterol binding to NS4A, suggesting additional complex lipid-protein and protein-protein interactions. We believe this study highlights the crucial role for this region within NS4A protein in recruitment of cellular and viral proteins to specialized subdomains on membrane platforms to promote efficient virus replication.
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INTRODUCTION

Replication of flaviviruses, like all positive-stranded RNA viruses, is associated with specialized cytoplasmic membrane structures that wrap around the active replication complexes (RC), providing a favorable microenvironment that facilitates efficient RNA synthesis. The membrane structures induced in flavivirus-infected cells appear especially intriguing in that they consist of at least two or three well defined compartments with distinct functions during replication (Westaway et al., 1997b; Mackenzie et al., 1999; Mackenzie, 2005). Membranes derived from the endoplasmic reticulum (ER) undergo proliferation and remodeling in the process of their formation. In particular they can be observed as a complex network of convoluted membranes (CM) or paracrystalline arrays (PC), or vesicular/spherular invaginations packed within membrane sacs, termed vesicle packets (VP) (Mackenzie et al.,1996a,b; Westaway et al., 1997b; Mackenzie, 2005). Immunogold-labeling, subcellular fractionation and electron tomography studies have revealed that the VP house the flavivirus RC, whereas the role the CM/PC has been postulated to function during translation and proteolytic maturation of the flavivirus polyprotein (Mackenzie et al., 1996a, 1998, 2007a; Westaway et al., 1997b, 1999).

Our detailed ultrastructural analysis, using an Australian WNV strain Kunjin virus (WNVKUN) as a model system, allowed us to derive the consensus viral protein composition of the WNVKUN RC. Based on the analysis of purified active membrane fractions and immunoelectron microscopy (cryo-IEM), we identified five of the seven non-structural (NS) proteins (NS1, NS2A, NS3, NS4A, and NS5) involved in replication of the viral RNA (Westaway et al., 1997b, 2002; Mackenzie et al., 1998). NS5 protein contains motifs for methyl transferase and RNA-dependent RNA polymerase (RdRp) motifs (Rice et al., 1985; Koonin, 1993). The remaining NS proteins most likely function as regulatory/accessory molecules and play a role in RC formation, a prerequisite step for productive viral RNA replication. In addition to the role of viral proteins in the formation and integrity of the WNVKUN RC we have also identified an essential requirement for intracellular cholesterol (Mackenzie et al., 2007b). We observed that drug-induced perturbations that reduced the synthesis of intracellular cholesterol drastically impaired WNVKUN replication. This appears to be solely due to the intracellular concentration (or distribution) of cholesterol as treatment of infected cells with methyl-β-cyclodextran did not significantly affect replication per se. Subsequently it has been observed that dengue virus replication alters lipid homeostasis (Perera et al., 2012), but is equally dependent on cholesterol, sphingolipid and continual fatty acid synthesis (Rothwell et al., 2009; Heaton et al., 2010; Martin-Acebes et al., 2014). These complementary studies have emphasized the strict requirement of cellular lipids in providing a membrane platform for efficient flavivirus replication.

Since the RC of all positive-sense RNA viruses are dependent on membrane interactions, lipids are expected to play a major role in facilitating viral replication and proliferation. Indeed, these RNA viruses actively modulate cellular lipid metabolism to provide a lipid-rich environment suitable for structural and functional integrity of their RC. Cellular lipid requirements vary between different virus families and individual members, as do the intracellular sites and cellular membranes/organelles utilized during virus replication (Miller and Krijnse-Locker, 2008). In the last years, the role of cholesterol in infection has gained much attention. Studies based on transcriptome and proteomic analyses have demonstrated that the expression of genes related to the synthesis and transport of cholesterol and fatty acids is dysregulated in Hepatitis C virus (HCV) infected cells (Fujino et al., 2010). Moreover, results investigating HCV replication using statins (inhibitors of cholesterol synthesis) and other compounds specific for inhibition of fatty acid biosynthesis, have clearly shown that a decrease in cellular fatty acid and cholesterol biosynthesis reduces HCV replication (Su et al., 2002; Ye et al., 2003). Recent investigations of flavivirus-infected cells have revealed that dengue virus (DENV)-infected cells have altered lipid homeostasis (Perera et al., 2012), increased fatty acid synthesis (Heaton et al., 2010) and appear to degrade lipid droplets to release free fatty acids (Heaton and Randall, 2010). In addition, it was recently shown that WNV also alters lipid biosynthesis and requires sphingolipid metabolism for efficient production of WNV virions (Martin-Acebes et al., 2014). These recent studies provide increasingly evidence for the role of lipids in the replication of the Flaviviridae.

In this study we have extended our previous finings to define a potential role for cholesterol-rich micro-domains within the ER in facilitating WNVKUN RC formation and function. We have also identified a region within the N-terminus of the WNVKUN protein NS4A that contributes to this. To this end we have performed site-directed mutagenesis within a WNVKUN infectious clone to inactivate a potential membrane proximal cholesterol recognition/interaction amino acid consensus (CRAC) motif identified within NS4A. We investigated the importance of the CRAC motif on virus replication by generating recombinant viruses containing alternations in this motif.



MATERIALS AND METHODS


Viruses and Cells

Cells were infected with WNVKUN strain MRM61C at an approximate multiplicity of infection (m.o.i.) of 3 as has been described previously (Westaway et al., 1997a). Vero and BHK cells were maintained in DMEM supplemented with 5% FCS (Lonza, Basel, Switzerland) and penicillin/streptomycin (100 U/mL and 100 μg/mL, respectively, GIBCO-BRL) at 37°C with 5% CO2.



Antibodies

WNVKUN specific anti-NS1 (clone 4G4; Macdonald et al., 2005) and anti-NS5 (clone 5H1.1) monoclonal antibodies were generously provided by Dr. Roy Hall (University of Queensland, Brisbane, Australia). WNVKUN-specific rabbit anti-NS4A polyclonal antisera has been described previously (Mackenzie et al., 1998). Rabbit anti-β-1,4-galactosyltransferase (GalT) polyclonal antibodies (Berger et al., 1993) were generously provided by Dr. Eric Berger (University of Zurich, Zurich, Switzerland). Rabbit anti-Erlin-2 antibodies were purchased from Cell Signaling Technologies and mouse anti-dsRNA (clone J2) antibodies were purchased from English & Scientific Consulting Bt. (Hungry). Alexa Fluor 488- and 594-conjugated anti-rabbit and anti-mouse specific IgG were purchased from Molecular Probes (Invitrogen, Leiden, Netherlands).



Plasmids and Transfection

Recombinant cDNA plasmids expressing eGFP-tagged erlin-1, erin-2, prohibitin, stomatin, and flotillin were kindly provided by Dr. Stephen Robbins (University of Calgary, Canada). Plasmids were introduced into cells via Lipofectamine delivery following the manufacturer’s instructions.



Immunofluorescence (IF) Analysis

Vero cell monolayers on coverslips were infected with WNVKUN and incubated at 37°C for 24 h. The cells were subsequently washed with PBS and fixed with 4% paraformaldehyde (Sigma Aldrich, St. Louis, MO) and permeabilized with 0.1% Triton X-100 as previously described (Malet et al., 2007). Primary and secondary antibodies were incubated within blocking buffer (PBS containing 1% BSA) and washed with PBS containing 0.1% BSA between incubation steps. After a final wash with PBS the coverslips were drained and mounted onto glass slides with a quick dry mounting medium (United Biosciences, Brisbane, Australia) before visualization on a Leica TCS SP2 confocal microscope. Images were collected using a Leica digital camera and Leica 3D software before processing for publication using Adobe PhotoshopTM software. Colocalization was quantified based on the fluorescence microscopy images and was performed using ImageJ software via the colocalization analysis plug-in JACoP. Images were collected from replicate experiments with at least 20 cells counted from each.



Site-Directed Mutagenesis of WNVKUN (FLSDX) Infectious Clones

Tyrosine to serine (Y/S), at position 28 within NS4A, or lysine to leucine (K/L), at position 35, or double mutations (Y/S + K/L) were generated in the WNVKUN cDNA infectious clone, FLSDX (Khromykh et al., 1998), using site-directed mutagenesis (Stratagene). All clones were sequenced prior to maxiprep amplification (Invitrogen) and transfection.



In vitro Transcription and Electroporation

All replicon templates were linearized with XhoI (New England BioLabs) and purified using Phenol/Chloroform extraction and ethanol precipitation. In vitro RNAs were transcribed using 1 μg linearized DNA template using established methods previously described (Khromykh and Westaway, 1997; Khromykh et al., 1998), except introduction of the in vitro transcribed RNAs into mammalian cells was performed via Lipofectamine-mediated delivery or electroporation via the NeonTM transfection system (Invitrogen) following the manufacturers instructions. Briefly, Vero or BHK cells (1.0 × 107) were electroportated using a 100 μL tip, at 1,300 volts, width 20, and 2 pulses. Cells were resuspended in cell culture media, seeded, and incubated for various periods for examination of virus replication.



Plaque Assay

Vero C1008 cells were seeded in DMEM complete media in 6-well plates and incubated at 37°C overnight. Virus stock was diluted 10-fold in 0.2% BSA/DMEM and cells were infected with 300 μL of stock dilutions (in duplicate) and incubated at 37°C for 60 min. Two milliliter of a semi-solid overlay containing 0.3% w/v low-melting point agarose, 2.5% w/v FCS, 1% Penicillin/Streptomycin, 1% Glutamax, 1% HEPES and 0.1% NaCO3 was added to cells and solidified at 4°C for 30 min. Cells were incubated at 37°C for 3 days, fixed in 4% v/v formaldehyde (in PBS) for 1 hour and stained in 0.4% crystal violet (with 20% v/v methanol and PBS) at RT for 1 hour. Plaques were manually counted and plaque-forming units per mL (pfu/mL) calculated.



Western Blotting

Transfected cells were aspirated in PBS then lysed in SDS lysis buffer (0.5% SDS, 1 mM EDTA, 50 mM Tris-HCl) containing protease inhibitors leupeptin (1 μg/mL) and PMSF (0.5 mM) and phosphatase inhibitors sodium orthovanadate (25 mM), sodium fluoride (25 mM) and β-glycerophosphate (25 mM) (Sigma). Lysates were diluted in LDS loading buffer (Invitrogen), heated at 70°C for 5 min and separated on a 10% Tris-Glycine polyacrylamide gel. Proteins were transferred to Hi-Bond ECL nitrocellulose membrane (Amersham Biosciences) and the membrane was blocked with 5% w/v skim milk (Diploma) in TBS with 0.05% Tween (PBS-T). Primary antibodies were incubated at 4°C with membrane overnight in blocking solution as above. Following primary incubation, the membrane was washed in TBS-T then incubated with secondary antibodies conjugated to Cy5 (Amersham Biosciences), Alexa Fluor 647 or Alexa Flour 488 (Invitrogen) in TBS-T at RT for 2 h. The membrane was washed twice in TBS-T then TBS, and proteins visualized on the Storm Fluorescent scanner (Amersham Biosciences) on either 635 nM or 430 nM emission channel.



Resin Thin Sections for Electron Microscopy

Cells were fixed with 3% glutaraldehyde in 0.1 M cacodylate buffer for 2 h at room temperature. Cells were washed several times in 0.1 M cacodylate buffer followed by fixation with 1% OsO4 in 0.1 M cacodylate buffer for 1 h. After washing of the cells in 0.1 M cacodylate buffer, specimens were dehydrated in graded acetones for 10–20 min each. Subsequently, samples were infiltrated with EPON resin and polymerized in molds for 2 days at 60°C. 50–60 nm thin sections were cut on a Leica UC7 ultramicrotome using a Diatome diamond knife and collected on formvar-coated copper mesh grids. Before viewing in a JEOL 2010 transmission electron microscope cells were post-stained with 2% aqueous uranyl acetate (UA) and Reynold’s lead citrate.



Transient Expression of Mutant NS4A Proteins, Immune-Precipitation and Assessment of Cholesterol Content

Tyrosine to serine (Y/S), at position 28 within NS4A, or lysine to leucine (K/L), at position 35, or double mutations (Y/S + K/L) were transferred from the mutant FLSDX to a pcDNA3.1 NS4A(-2K)-6xHis expression construct. Briefly, the NS4A-2K amplicon was amplified from FLSDX using forward (ATGGGCCCACCATGTCTCAAATAGGT) and reverse (TAT TTCTAGACTAATGGTGATGGTGATGGTGGCGTTGCTTCT CTGGCTCAGG) primers and ligated into pcDNA3.1 using EcoRV and XbaI (Promega). Following propagation and midiprep purification (QIAGEN), 5 μg of DNA was transfected into 293T cells using Lipofectamine 2000 (Life Technologies) as indicated by manufacturers. At 24 h.p.t, cells were lysed on ice in a cholesterol extraction buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.1% w/v Digitonin, 0.1% NP-40, 0.5% Triton-X 100 and 0.25% sodium deoxycholate) containing a protease inhibitor cocktail (Astral Scientific), and centrifuged at 10,000 rcf to pellet cellular debris. Immunoprecipitation was performed on the lysates using an anti-His6 antibody (Abcam) coupled with Protein A Sepharose (Life Technologies) to pull-down the expressed NS4A-2K proteins. Lysates and IP samples were then assayed for cholesterol content using the Amplex Red cholesterol assay kit as indicated by the manufacturers. Total cholesterol (in μg) was calculated using internal standard curves and error bars indicate ± 1 standard deviation (n = 4).



Statistical Analyses

Data is representative of 3 independent experiments and was analyzed by unpaired Student’s t-test using GraphPad Prism v8.0.



RESULTS


WNVKUN RC Is Localized Within Cholesterol-Rich Micro-Domains Within the Membranes of the ER

Previously we have shown that WNVKUN redistributes intracellular cholesterol to the sites of viral RNA replication, the VP (Mackenzie et al., 2007b). In addition, we have observed that the biogenesis of the VP appears to occur on a membrane platform derived from the ER, and recruitment of both host and viral proteins occurs at a pre-Golgi step (Gillespie et al., 2010). To further characterize the interactions that occur during development of the VP we utilized two GFP-tagged protein markers, erlin-1 and erlin-2, originally used to define cholesterol-rich micro-domains within the ER (Browman et al., 2006). Both proteins fall within the growing family of prohibitin domain-containing (PHB) proteins and are selectively targeted into ER micro-domains in a cholesterol dependent manner (Browman et al., 2006). We examined subcellular distribution of ectopically expressed eGFP-tagged erlin-1/2 proteins within the ER membranes in WNVKUN-infected Vero cells. Immunofluorescence (IF) analysis indicated that a significant pool of erlin-1/2 was confined to the cytoplasmic foci recognized by anti-dsRNA antibody (Figures 1a–h). The specific accumulation of erlin proteins within WNVKUN replication sites was further confirmed by observation that other PHB family members, with different intracellular targets, did not co-localize with anti-dsRNA antibody stained foci (Figures 1i–t). In agreement with published findings, eGFP-tagged versions of prohibitin-1, flotillin-1 and stomatin-1a, were found to inhabit lipid micro-domains in the mitochondria (Figure 1i) and in endosomes and the plasma membrane (Figures 1m,q), respectively, quite distinct from WNVKUN dsRNA.


[image: image]

FIGURE 1. The WNVKUN RC resides within cholesterol-rich domains in the ER. IF analysis of Vero cells transfected with recombinant eGFP-expression plasmids for 24 h (a,e,i,m,q) and subsequently infected with WNVKUN for an additional 24 h. Cells were immuno-stained with antibodies to dsRNA, and co-stained with Alexa Fluor 594 (b,f,j,n,r). Prominent co-localization between dsRNA and erlin proteins is observed as a yellow hue in (c,h) only. Rr is the Pearson’ co-efficient (c,g,k,o,s) as assessed in Image J and serves as a quantitative measure of co-localization. Values above 0.4 indicate a significant degree of co-localization (d,h,l,p,t). Represents the inset for the red box in (c,g,k,o,s), respectively.


These results suggest that WNVKUN replication is associated with cholesterol enriched membrane domains within the ER, and co-located with the host proteins erlin-1 and 2.



Attenuated Replication Rates of WNVKUN Recombinant Viruses Carrying Mutation in NS4A CRAC Motif

As we had observed previously and above; cholesterol appears to play a significant role in the biogenesis and establishment of the WNVKUN RC (Figure 1; Mackenzie et al., 2007b) we aimed to identify whether a specific viral gene product is actively involved in lipid recognition/and redistribution. Our initial studies focused on the WNVKUN NS4A protein as we, and others, had previously observed that flavivirus NS4A has the capacity to remodel intracellular membranes (Roosendaal et al., 2006; Miller et al., 2007). To this end, we utilized gene mining and revealed that NS4A contains a potential cholesterol recognition/interaction amino acid consensus (CRAC) motif [L/V24-X(1–5)-Y28-X(1–5)-R/K35] motif near its’ N terminus (Figure 2A). Sequence alignments revealed that this motif is highly conserved within members of the Japanese Encephalitis subgroup, with limited homology within the other members of the flavivirus genus (Figure 2A). A CRAC motif has been identified in the peripheral-type benzodiazepine receptor (Li and Papadopoulos, 1998) and other proteins known to bind cholesterol, including caveolin-1 (Parton et al., 2006), human immunodeficiency virus (HIV) gp41 (Vishwanathan et al., 2008) and the influenza M2 protein (Schroeder et al., 2005). Although it should be noted that presence of a CRAC motif does not solely confer the ability of a protein to associate with cholesterol (e.g., caveolin and cholesterol binding; Epand et al., 2005). To interrogate the importance of the CRAC domain on virus replication we generated recombinant viruses containing inhibitory mutations within this motif in the NS4A protein. Mutations were made within the WNVKUN infectious clone (FLSDX) to alter residues within NS4A at position 28 from tyrosine to serine (Y/S), or to change residue at position 35 from lysine to leucine (K/L). Mutation of these amino acids was previously observed to disrupt cholesterol binding and trafficking of the major myelin protein P0 (Saher et al., 2009) and influenza virus M2 protein (Thaa et al., 2011).
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FIGURE 2. (A) WNVKUN NS4A protein encodes for a potential CRAC motif. NS4A 25L-(X)-29Y-(X)-36K region is highly conserved within the Japanese encephalitis subgroup of the flavivirus genus. Various NS4A sequences from the flavivirus genus were aligned using ClustalW software (Vector NTI; Invitrogen). Light gray residues are conservative and the amino acids comprising the CRAC motif are highlighted with asterisks (*). The predicted topology of NS4A in the endoplasmic reticulum membrane is modified based on the study by Miller et al. (2007). (B) Mutation of the NS4A CRAC motif restricts WNVKUN replication. Single (Y/S or K/L) and double residue (Y/S + K/L) mutations were generated in the CRAC motif in FLSDX using site-directed mutagenesis. RNA was transcribed and transfected into Vero cells and replication was assessed by IF analysis at 72 h.p.e. with antibodies raised against the WNV NS1 protein and counterstained with the nuclear dye dapi. (C) In addition, protein lysates were collected at 72 and 96 h.p.e. and analyzed by Western blotting using the antibodies raised against WNV NS5 protein and compared to the internal control actin. (D) Tissue culture fluid was collected at 48, 72, and 96 hpe and each time point was analyzed by plaque assay, and visible plaques were used to calculate titers for FLSDX and the Y/S, K/L and Y/S + K/L mutants. Error bars indicate standard deviation derived from replicate experiments (n = 3).


Recombinant viruses harboring corresponding single or combined double mutations (Y/S + K/L) exhibited attenuated phenotypes varying in degrees (Figure 2B), of which the double mutation was shown to be extremely attenuated and was difficult to analyze even after subsequent re-infection. Viral replication efficiency was assessed by IF, Western blotting and plaque assay in Vero cells transfected with RNAs transcribed in vitro from FLSDX cDNAs (Figures 2B,D). It was observed that recombinant viruses harboring the K/L mutation displayed a slight delay in growth kinetics and was moderately attenuated, as assessed by plaque assay (Figure 2D). Whereas recombinant viruses harboring the Y/S mutation were more attenuated than the K/L and WT viruses. We failed to recover any of the double mutant in Vero cells. However, we could detect basal virus protein production and infectious virus release in BHK cells that were electroporated with the viral Y/S + K/L RNA (data not shown). Sequencing analysis of the recovered viruses revealed that no compensatory mutations had occurred, even after prolonged incubation of the transfected cells (data not shown).

These results indicated that the potential CRAC motif within the WNVKUN NS4A protein appeared to play a major role during the replication cycle. The results also indicated that conservation of Tyr at position 28 is critical for efficient replication of the WNVKUN genome and double mutation of Tyr-28 and Lys-35 is lethal to WNVKUN replication in Vero cells.



WNVKUN Replication Complex Formation Is Significantly Impaired Upon Transfection With CRAC Mutant Viruses

To determine the stage in the replication cycle affected by the Y/S and K/L mutants, we assessed the ability of these constructs to form the WNVKUN RC by IF analysis. Vero cells were electroporated with the individual CRAC mutants and at 48 h.p.e., localization and distribution of the RC was determined by immuno-staining for dsRNA and NS4A or NS1 and NS4A (Figure 3). For both wild-type (FLSDX) and the K/L mutant, dsRNA and NS1 were detected in individual and often sizable foci scattered throughout the perinuclear/reticular area of the cytoplasm (Figures 3Aa–c,g–i), that largely coincided with NS4A (Figures 3Ad–f,Bj–l). Comparatively in the case of the Y/S mutant, dsRNA and NS1 were further dispersed in smaller foci (Figures 3Cm–o,D) and there was a reduction in observable co-localization between the dsRNA and NS4A (Figures 3Cp–r). These results suggested that RC formation was significantly impaired in the Y/S mutant viruses.
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FIGURE 3. Mutation within the CRAC motif prevents WNVKUN RC formation. Vero cells were transfected with FLSDX WT (A), FLSDX K/L (B), or FLSDX Y/S (C) RNAs and at 48 h.p.e. fixed for IF analysis. Transfected cells were then immune-stained with antibodies specific for WNV NS1 (in red) and NS4A (in green) or dsRNA (in red) and NS4A (in green). Images were collected on a confocal microscope; and yellow in the merge images indicates co-localization. (D) the size (area) of the dsRNA foci were analyzed by Image J software and statistical significance was determine by Student’s t-test.


As previously shown, WNVKUN replication is associated with cholesterol enriched membrane domains in the ER (Figure 1), and recently YFV replication was observed to localize to detergent resistant membranes high in cholesterol content (Yi et al., 2012). Thus, we aimed to further characterize the defect in RC formation by assessing whether the Y/S and K/L mutants had retained the ability to localize to cholesterol-rich domains within the ER, as marked by the host protein erlin-2. Vero cells were electroporated with mutant genome RNAs and the eGFP-tagged erlin-2 plasmid DNA to define cholesterol-rich domains in the ER (Figure 4A). At 48 h.p.e., localization and distribution of the RC was determined by immuno-staining for dsRNA. In transfected and mock-infected cells, eGFP-erlin-2 was observed to localize in a typical reticular ER-like pattern without any noticeable cytoplasmic foci (Figures 4Aa–d). For both FLSDX and the K/L mutant, dsRNA was confined to large reticular/perinuclear cytoplasmic foci where eGFP-erlin-2 was significantly co-located (Figures 4Ae–h,m–p). However, we observed that eGFP-erlin-2 and dsRNA were dispersed in visibly smaller foci throughout entire cytoplasm of the cell and revealed reduced co-localization in cells replicating the Y/S mutant (Figures 4Ai–l). These results suggested that there was an impairment of the WNVKUN Y/S mutant to localize to lipid microdomains in the ER to establish biogenesis of the RC, an impairment that correlates with attenuation of replication efficiency (Figure 2).
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FIGURE 4. CRAC mutant FLSDX viruses are impaired in their ability to recruit host proteins to the WNVKUN RC. (A) Vero cells transfected with recombinant eGFP-erlin-2 plasmids for 24 h and subsequently electroporated with CRAC mutant FLSDX viruses for an additional 48 h. Cells were immuno-stained with antibodies to dsRNA, and co-stained with Alexa Fluor 594 (panels a, e, i, and m). Prominent co-localization between dsRNA and eGFP-erlin-2 proteins (panels b,f,j, and n) is observed as a yellow hue in the merge and insert panels c–d, g–h, k–l and o–p. (B) Cells were immune-stained with antibodies specific to dsRNA and counterstained with species specific Alexa Fluor 594 (panels a, e, and i), and with antibodies specific to GalT and counterstained with Alexa Fluor 488 (panels b,f, and j). Co-incidental labeling is depicted as a yellow hue in the merged and insert panels on the right hand side (panels c–d, g–h, and k–l).


To further investigate the defect in RC formation we assessed whether it coincided with a defect in recruitment of cellular proteins known to localize to the RC (Mackenzie et al., 1999). Vero cells were electroporated with mutant genome RNAs and at 48 h.p.e., localization of the RC and trans-Golgi network glycoproteins was determined by immunostaining for dsRNA and GalT (Figure 4B). For both FLSDX and the K/L mutant, dsRNA and GalT colocalized in foci in the perinuclear/reticular region of the cytoplasm (Figures 4Ba–d,i–l). Comparatively in the case of the Y/S mutant, dsRNA and GalT were dispersed in significantly smaller foci throughout the cytoplasm and there was a reduction in the co-localization between the two (Figures 4Be–h). These results highlighted that there was dissociation between cellular and viral components that are normally found within the RC in the Y/S mutant viruses.

Overall, our results suggest that the CRAC motif within the WNVKUN NS4A protein appears to play a major role facilitating efficient virus replication. In particular that the Y/S mutation significantly impaired the capacity of the mutant viruses to effectively form the WNVKUN RC complex, which may be related to the inability of mutant viruses to unite the required viral and cellular replicative components to specific subdomains on the ER membrane.



WNVKUN-Induced Membrane Proliferation Is Significantly Impaired Upon Transfection With CRAC Mutant Viruses

During WNVKUN infection ER membranes undergo extensive proliferation and rearrangements such that they can be observed as an intricate network of CM/PC and VP via ultrastructural analysis (Mackenzie et al., 1996a; Westaway et al., 1997b; Mackenzie, 2005). The CM/PC is thought to function during translation and proteolytic maturation of the polyprotein, whereas the VP is known to house the RC (Mackenzie et al., 1996a, 1998, 2007a; Westaway et al., 1997b, 1999). In view of the defect in RC formation in the Y/S mutant observable via IF analysis, we were interested to investigate whether the similar characteristic membrane structures, particularly the VP, were induced in these mutant viruses. Thus, Vero cells were electroporated with the individual CRAC mutants, fixed at 48 h.p.e. and analyzed by electron microscopy (Figure 5). Interestingly, VP formation was decreased but observable in the Y/S mutants in comparison to the FLSDX and K/L mutants. More strikingly, however, was that recombinant viruses harboring the Y/S mutation were observed to be significantly impaired for CM/PC induction; the induced CM/PC structures were abundant and could clearly be defined in the FLSDX and K/L mutants but were almost absent in the Y/S mutants (compare panels in Figure 5). All mutant viruses appeared to produce virus particles, albeit greatly reduced in the Y/S mutant. No evidence of infection was observed for the double mutant.
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FIGURE 5. Mutation of the CRAC domain within the WNVKUN NS4A proteins results in reduced membrane remodeling. Ultrastructural analysis of Vero cells electroporated with CRAC mutant FLSDX in vitro transcribed RNAs (FLSDX, A,B; K/L mutant, C,D; Y/S mutant, E,F) at 48 h.p.i. Characteristic flavivirus-induced membrane structures convoluted membranes (CM) and paracrystalline arrays (PC) are only observed in FLSDX- and K/L mutant-electroporated cells. However, vesicle packets (VP) and virus particles (arrows) are observed in all cells. Magnification bars represent 200 nm.


These results indicated that the CRAC motif within the WNVKUN NS4A protein appeared to play a major role in facilitating membrane proliferation and remodeling.



The CRAC Motif Promotes Colocation of NS4A With Erlin-2 and a Potential Association With Cellular Cholesterol

During our studies we could not directly observe co-location of NS4A with endogenous erlin-2 due to conflict with the same species of antibodies. As an alternative to understand this we transfected Vero cells with cDNA expression plasmids expressing the individual NS4A fused to a 6xHIS tag and co-stained those cells with anti-erlin-2 antibodies (Figure 6A). As can be observed expression of WT and all single NS4A mutants induced the formation of cytoplasmic foci that co-located strongly with erlin-2 for WT and NS4A K/L and to a lesser degree for NS4A Y/S (quantitation provided in Figure 6B as Manders’ co-efficient). In contrast, the NS4A K/L + Y/S mutant displayed a more diffuse cytoplasmic staining with little co-location with erlin-2 (Figure 6A).
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FIGURE 6. The CRAC motif promotes colocation of NS4A with erlin-2 and a potential association with cellular cholesterol. (A) Vero cells transfected with recombinant NS4A-His plasmids for 24 h and subsequently immuno-stained with antibodies to 6xHis co-stained with Alexa Fluor 488 with antibodies to erlin-2 and co-stained with Alexa Fluor 594. Prominent co-localization between dsRNA and eGFP-erlin-2 proteins is observed as a yellow hue in the merge and insert panels on the right-hand side. (B) The extent of co-localization was assessed in Image J by evaluating the Manders’ coefficient of NS4A-erlin-2 and erlin-2-NS4A. (C) Percentage amount of cholesterol recovered from transfected cells after immune-precipitation with anti-His antibodies. Cholesterol recovery was measured via the Amplex Red cholesterol assay kit. Statistical significance was determined by Student’s t-test. (D) A representative western blot showing the expression level of the NS4A mutants in the input whole cell lysate (WCL) and their recovery after IP. Western blot was probed with anti-NS4A antibodies.


To address whether the CRAC motif within NS4A conferred a biochemical interaction with cellular cholesterol we expressed the WT and mutant NS4A proteins transiently in 293T cells (due to increased transfection efficiency). Our initial analysis to co-localize intracellular cholesterol (using filipin or perfringolysin-O) with NS4A was unsuccessful (data not shown). Therefore, we aimed to isolate NS4A and determine if we could co-purify cholesterol (or not) after immune-precipitation. As observed in Figure 6D we could immune-purify all forms of the NS4A protein and could interact with a similar percent of cholesterol, as determined by the Amplex Red cholesterol assay kit, with the WT and K/L mutant NS4A (Figure 6C). In contrast we observed less cholesterol isolated with the Y/S and K/L + Y/S mutant NS4A proteins, however, these results were not significant even after repeated experiments (Figure 6C; n = 4). At this stage we cannot conclusively determine whether the potential CRAC motif is promoting an association with cholesterol or whether other domains within NS4A or additional protein-protein or protein-lipid interactions are occurring.

Overall, we can conclude that the CRAC motif is important for WNVKUN replication and appears crucial for the ability of NS4A to co-locate with erlin-2 within microdomains within the ER to remodel intracellular membranes and promote WNVKUN RC assembly and function. Whether cholesterol is indeed a contributing factor is still unresolved.



DISCUSSION

WNVKUN replication, like all flaviviruses is intimately linked with membrane induction and remodeling. The WNVKUN RC itself is formed on a membrane platform derived from the ER and is the site where RNA is replicated to produce progeny viral genomes (Gillespie et al., 2010). Our previous studies have revealed that this process is reliant on cellular cholesterol (Mackenzie et al., 2007b). In this study we extended these findings to define a potential role for cholesterol-rich micro-domains within the ER in facilitating the biogenesis and function of the WNVKUN RC. Previously, our mutational analyses have revealed that conserved amino acids within the N-terminus confer stability of the NS4A important in membrane remodeling enabling virus replication (Ambrose and Mackenzie, 2015). Here we have extended those studies to show that a putative CRAC domain also within the N-terminus of the WNVKUN NS4A protein appears to facilitate efficient virus replication within these modified membranes. Mutation of this domain within NS4A significantly impaired coalescence of both viral and cellular factors on the ER membrane to promote efficient virus replication.

Within this report we have extended our list of host proteins co-localizing within the WNVKUN RC and show that two host proteins known to associate with “lipid raft-like,” cholesterol-rich domains within the ER, erlin-1 and erlin-2, co-locate with dsRNA during infection (Figure 1). The association of erlin-1 and erlin-2 with the RC strengthens a role for cholesterol in the biogenesis and maintenance of the WNVKUN RC. Additionally it should be noted that a recent proteomic analysis revealed an association of erlin-2 with DENV NS5 protein (Carpp et al., 2014). Previously we had shown that the WNVKUN RC could be stained with filipin and chemical modulation of cholesterol homeostasis duly affected virus RNA replication (Mackenzie et al., 2007b). In addition, it was recently observed that the host protein DNAJC14, a protein known to reside within detergent-resistant (lipid-raft-like) membranes, was recruited to the Yellow fever virus RC (Yi et al., 2012). Therefore, we suggest that early after translation the flavivirus proteins accumulate within cholesterol-rich patches within the ER, defined by erlin proteins and/or DNAJC14, to promote the biogenesis of the RC. Upon changes in cholesterol concentration, the mobility of proteins within and to these domains, maybe altered impacting on RC formation and thus replication efficiency. It is also pertinent to note that our previous studies revealed a very close association of the CM/PC structures with the cholesterol-synthesizing enzyme 3-hydroxy-methyglutaryl-CoA reductase, HMGCR (Mackenzie et al., 2007b). These individual observations strongly implicate a role for cholesterol and cholesterol synthesis during the flavivirus replication cycle.

We extended these observations further to identify factors responsible for co-ordinating localization within these cholesterol-rich domains within the ER and gene mining identified a potential lipid-binding (CRAC) motif within the N-terminus of NS4A, which is highly conserved within members of the Japanese Encephalitis subgroup of flaviviruses (Figure 2A). To interrogate the role of this motif during replication we undertook a mutagenesis analysis of this CRAC motif within NS4A. Our investigations revealed that recombinant viruses harboring a double mutation (Y/S + K/L) were significantly impaired in their ability to replicate effectively, so much so that replication was extremely difficult to analyze even following subsequent re-infection (Figures 2B–D). The individual K/L mutant was slightly attenuated at earlier time points as demonstrated by IF analysis, viral titer and protein levels, whilst the Y/S mutant was severely attenuated (Figures 2B–D). Our analyses also revealed that the Y/S mutant was particularly impaired in its ability to form the RC, unite viral and cellular proteins that house within the RC, target to cholesterol-rich domains within the ER and the capacity to remodel cytoplasmic membranes (Figures 3–6). We observed that the Y/S virus replication sites, identified by anti-dsRNA antibodies, were smaller in size compared with the parental FLSDX virus and much more diffuse within the cytoplasm. Additionally, we observed reduced co-localization between dsRNA and NS4A and between the replication proteins NS1 and NS4A in cells transfected with the Y/S mutants (Figure 3). This was comparatively reflected in the ability of the Y/S mutant to recruit the host proteins GalT and erlin-2 within the RC (Figure 4). In cells transfected with the Y/S mutant GalT maintained a more perinuclear staining pattern consistent with localization within the Golgi apparatus, whereas erlin-2 was more diffusely localized within the cytoplasm. However, it should be noted that we were unable to conclusively demonstrate that the CRAC motif facilitates a direct interaction between NS4A and cholesterol (Figure 6), and thus requires further studies to delineate how the RC is formed on these lipid sub-domains. For example, formation of the RC maybe driven via an interaction between NS4A and DNAJC14 or between NS4A and erlin proteins on the ER membrane. It should also be noted that we recently reported that this region of the NS4A protein mediates an interaction with the membrane-bending host protein Reticulon 3A.1 (Aktepe et al., 2017). We also cannot rule out or discount other cellular responses, such as the unfolded protein response, that could also influence membrane proliferation and alteration. These are all areas we are currently investigating.

In addition, to biogenesis of the RC our EM analysis revealed that the CRAC motif within NS4A contributed significantly to the capacity of NS4A to remodel cytoplasmic membranes characteristic of flavivirus infection (Figure 4). We observed that cells transfected with the Y/S mutant still produced virus particles and VP, albeit at greatly reduced numbers compared to the K/L and FLSDX viruses. The most notable observation was the complete absence of CM/PC membranous structures in the Y/S transfected cells. We, and others, have shown that NS4A has the capacity to remodel cytoplasmic membranes and induce the formation of CM/PC when expressed alone (Roosendaal et al., 2006; Miller et al., 2007). The results presented here would suggest that the putative CRAC motif is potentially the region within NS4A responsible for this remodeling, a proposal we are currently investigating. The question still remains how the absence of the CM/PC contributes to impaired RNA replication and facilitates the recruitment of host proteins to the VP? We have previously prosed that the CM/PC are the intracellular site of efficient viral protein translation and processing, and our current observations may indicate that they are equally involved with sorting proteins and membrane within the infected cell. It is possible that during established replication viral proteins (and RNA) destined for the VP must in fact transit the CM/PC before delivery, thereby ensuring that only the correct proteins (and lipid) reside within the RC. In the situation observed with the Y/S mutant this obviously does not occur and as such viral proteins remain associated with unmodified ER and thus cannot unite to generate the CM/PC and VP. Although we did observe some VP in our EM analyses of the Y/S mutant, we suggest that this may simply be a situation where the required elements (viral and cellular proteins and lipid) are in the correct vicinity during translation and thus can invoke some limited membrane remodeling.

Overall, we have shown that a conserved motif within the N-terminus of the WNVKUN NS4A protein enables it to remodel cytoplasmic membranes and recruit both viral and host cell proteins to cholesterol-rich microdomains within the ER that facilitate the process of RC biogenesis. Whether this motif is directly responsible for cholesterol recruitment though still remains to be elucidated. Newly developed approaches such as photo-activable cholesterol and mass-spectrometry could enhance to sensitivity and specificity of detection. In the end, this study highlights that a functionally competent NS4A is critical to the formation and remodeling of membrane structures associated with the WNV RC and to recruit both viral and host cell proteins to these structures. The study supports and extends previous reports from ourselves and other, of the importance of the N-terminus of the flavivirus NS4A in facilitating virus replication.
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Lipids play an important role in regulating bodily functions and providing a source of energy. Lipids enter the body primarily in the form of triglycerides in our diet. The gastrointestinal digestion of certain types of lipids has been shown to promote the self-assembly of lipid digestion products into highly ordered colloidal structures. The formation of these ordered colloidal structures, which often possess well-recognized liquid crystalline morphologies (or “mesophases”), is currently understood to impact the way nutrients are transported in the gut and absorbed. The formation of these liquid crystalline structures has also been of interest within the field of drug delivery, as it enables the encapsulation or solubilization of poorly water-soluble drugs in the aqueous environment of the gut enabling a means of absorption. This review summarizes the evidence for structure formation during the digestion of different lipid systems associated with foods, the techniques used to characterize them and provides areas of focus for advancing our understanding of this emerging field.
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INTRODUCTION

Dietary lipids are essential for cellular function and for providing and storing energy in the body. Lipids including triglycerides, phospholipids, and cholesterol are present in a wide variety of foods including fish, vegetables, eggs, meat, nuts, and dairy products. Over 98% of lipids are absorbed by the body following digestion and serve various biological roles (Carey et al., 1983). In infants, the consumption of lipids from human breast milk or infant formula provides approximately 45–55% of dietary energy intake (Castillo and Uauy, 2003). The absorption of long-chain polyunsaturated fatty acids (LCPUFA) such as arachidonic acid and docosahexaenoic acid from infant formula has been shown to be beneficial for cognitive development in infants (Heird, 2001). Furthermore, the metabolism of arachidonic acid produces eicosanoids, which are signaling molecules involved in various anti-inflammatory responses (Lone and Taskén, 2013). Other types of lipids found in human breast milk or infant formula are also essential for growth, improved visual function, and the development of the immune system (Friel and Qasem, 2016). Following infancy, the consumption of dietary lipids continues to provide a rich source of energy for humans (Sikorski et al., 2010). Absorption of fat during digestion not only regulates satiety and energy stores but also assists with the uptake of lipid-soluble vitamins (Goncalves et al., 2015). Other roles that lipids serve in the body include the maintenance of the structural integrity of cells, prevention of water loss in cells, and providing precursors for the synthesis of essential metabolites (Sikorski et al., 2010).

Lipids are not only an essential dietary component but are also often used to facilitate the oral delivery of poorly water-soluble drugs. Nearly 40% of new drug entities are poorly water-soluble, which means that whilst they may exhibit high membrane permeability they suffer from poor dissolution in the aqueous gastrointestinal environment, which hinders their bioavailability (Lipinski, 2002). Co-administering poorly water-soluble drugs with lipids is a useful strategy for improving bioavailability by avoiding the need for dissolution in the gastrointestinal tract and taking advantage of the lipid digestion pathway (Humberstone and Charman, 1997). Lipid absorption, and the use of lipids to dissolve and absorb poorly water-soluble nutrients and drugs critically relies on digestion of the lipids and the subsequent interaction of the co-administered drugs/nutrients with the lipid digestion products (Boyd et al., 2018).



THE PROCESS OF DIGESTION OF DIETARY LIPIDS

The enzymatic digestion of lipids begins in the mouth with lingual lipase partially digesting triglycerides to form diglycerides and fatty acids (Teresa et al., 1984). The digestion continues in the gastric compartment where gastric lipase is secreted from chief cells lining the gastric mucosa. Approximately 10–30% of lipids are hydrolyzed in the stomach by gastric lipases to form a crude emulsion containing diglycerides, monoglycerides, and fatty acids (Carey et al., 1983; Armand et al., 1996). The mechanical churning of the stomach and rhythmic contractions several times per minute act to reduce the particle size of the food chyme to less than 0.5 mm in diameter so that it is able to pass through into the duodenum (Meyer et al., 1976). Triglycerides and diglycerides are then further digested by pancreatic lipase to form two moles of fatty acid and one mole of monoglyceride for each mole of triglyceride originally consumed (Armand et al., 1996; Figure 1). The acidic content entering the duodenum from the stomach triggers bicarbonate secretion to increase the pH to approximately 6.2 to 8.1 to allow for optimal lipase activity (Embleton and Pouton, 1997; Kalantzi et al., 2006). Monoglycerides and free fatty acids entering the duodenum also signal for the secretion of bile salts, phospholipids, and cholesterol from the gall bladder to act as an endogenous surfactant, which coats and stabilizes emulsion droplets (Borgström and Patton, 1991). This enables water-soluble colipase/lipase complexes to act at the oil-water interface of the emulsion droplets to hydrolyze fatty acids from the triglycerides, diglycerides, and possibly monoglycerides (Persson et al., 2007). Triglycerides are typically stereospecifically hydrolyzed initially at the sn-3 position, followed by the sn-1 position to form 2-monoglycerides and fatty acids (Borgström and Patton, 1991). These products of digestion then self-assemble into mixed colloidal structures such as vesicles, mixed micelles, and liquid crystalline mesophase systems (Salentinig et al., 2013; Phan et al., 2014).


[image: image]

FIGURE 1. A schematic diagram of the digestion process of triglycerides. RI, RII, and RIII represent the alkyl chains that make up the triglycerides, which can comprise the same or different fatty acids. The combinations of alkyl chains are dependent on the source of fat.


The pathway by which the fatty acids are transported after absorption is dependent on the chain-length (Hamilton and Kamp, 1999). Digestion to form short to medium fatty acids and monoglycerides results in the passive diffusion of the digestion products across the intestinal epithelium into the enterocytes for direct transport to the portal vein (Porter et al., 2007). Long-chain fatty acids and monoglycerides that have been absorbed into the enterocytes are transported into the endoplasmic reticulum to be re-esterified into triglycerides. The triglycerides are incorporated with cholesterol, proteins, and phospholipids to form lipoproteins called chylomicrons (Stremmel et al., 2001). Lipoproteins are taken up by the lymphatic system and directly enter the systemic circulation, bypassing first pass metabolism in the liver (Stremmel et al., 2001). While these processes post-absorption do not relate directly to the formation of ordered lipids mesophases in the gastrointestinal tract, the rate of availability of the lipids and other components as a consequence of structure formation is likely important for these processes but the links have not yet been made.



TYPES OF LIPID MESOPHASES


Lipid Self-Assembly and the Critical Packing Parameter Concept

The amphiphilic lipids formed upon digestion of triglycerides can self-assemble into ordered structures in the intestinal fluids. The lipids generated from dietary triglycerides are primarily unsaturated and saturated medium chain or long-chain amphiphilic molecules (Pham et al., 2020). Upon liberation by lipase and exposure to excess water, the hydrophilic head groups are specifically hydrated, whilst the lipophilic chains associate with each other to avoid interaction with water. The packing geometry of the lipids results in their self-assembly into different mesophases, with common mesophases observed being of the “inverse” or type 2 topology where the curvature of the interface is toward the aqueous domains. These mesophases include the disordered inverse micellar (L2), inverse bicontinuous cubic (V2), inverse hexagonal (H2) phase, and inverse micellar cubic (I2, Fd3m space group) phase as well as the fluid lamellar (Lα) phase. The V2 phase can be further divided into space groups: diamond (Pn3m), gyroid (Ia3d), and primitive (Im3m) V2 phases. Particles with the Lα, V2, and H2 mesophases constituting the internal structure are termed liposomes (or vesicles), cubosomes, and hexosomes, respectively. The propensity for different structures to be formed is dependent on the dynamic lipid composition and conditions such as pH and ionic strength. Without preempting too much of discussion to come, it is then conceivable that as droplets of lipids from food form these structures during digestion that the droplets would possess such structures and therefore transform from essentially unstructured triglyceride droplets into cubosomes or other structures depending on the local lipid packing inside the droplet.

The concept that relates the self-assembly of lipids into ordered mesophase structures to the geometry of lipid packing is known as the critical packing parameter (CPP). The value of the CPP is calculated by the ratio of the hydrophobic tail volume of the amphiphilic molecule to the product of the effective head group area and the length of the surfactant tail (Eq. 1) (Israelachvili et al., 1976).

[image: image]

where V is the volume of the hydrophilic tail, a is the effective area of the head group, and l is the length of the surfactant tail (Figure 2). Molecules with larger head groups and smaller hydrophobic chains tend to pack to form type 1 structures which favors curvature toward the lipophilic region of the mesophase (positive curvature). As mentioned above the type 2 structures or inverse structures are formed when curvature is toward the hydrophilic region of the mesophase (negative curvature) and are more commonly found in biological settings and pharmaceutical research (Seddon et al., 2000; Shearman et al., 2006).
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FIGURE 2. Schematic diagram of the geometry of packing of amphiphilic molecules and corresponding CPP values. This image was based on and redrawn from Du et al. (2014).


The CPP is affected by the temperature of the surrounding environment, ionic strength, additives, and pH of the molecule if it is ionizable (Czeslik et al., 1995; Liu et al., 2013; Tangso et al., 2013; Salentinig et al., 2014). For example, an increase in temperature would effectively increase chain movement which increases V, leading to an increased CPP and curvature toward the aqueous compartment (Israelachvili, 2011).




TECHNIQUES FOR STUDYING LIPID-BASED MESOPHASE SYSTEMS DURING DIGESTION


In vitro Digestion Models

In vitro digestion models enable lipid digestion to be conducted under controlled simulated human gastrointestinal conditions. In vitro digestion studies are used to obtain information on the digestion kinetics of a lipid system, the extent of digestion over a given time, and in pharmaceutical applications, the drug distribution within the lipid and aqueous phases (Porter et al., 2004). The most commonly used in vitro lipolysis model is the pH-stat model (Figure 3; Dahan and Hoffman, 2006, 2008; Fatouros et al., 2007). Using the pH-stat model, the pH is maintained at a specific pH value representative of in vivo conditions during digestion, typically at a value between pH 6.5 and 7.5 representative of the small intestine. As the triglycerides are digested by lipase, the fatty acids that are liberated act to reduce the pH of the medium, and the pH-stat system will titrate against those fatty acids through addition of NaOH to maintain the pH at its set point. The amount of NaOH consumed during the digestion is measured over time, enabling a kinetic digestion profile to be established. Samples can be taken during the digestion process and analytical techniques such as gas chromatography or high performance liquid chromatography (HPLC) with mass spectrometric detection can be used to determine the lipid species present (Pham et al., 2020), the degree of drug solubilization or drug precipitation upon digestion of particular lipid systems (Anby et al., 2014; Khan et al., 2015a, b). Other in vitro digestion models also include gastric compartments to encompass more of the lipolysis processes occurring in vivo (Lee et al., 2013; Ye et al., 2016; Berthelsen et al., 2019).
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FIGURE 3. Schematic diagram of the in vitro digestion pH-stat apparatus. Digestion of lipids from the formulation generates fatty acids resulting in a drop in pH. This is compensated by automated addition of NaOH to maintain a fixed pH value, enabling the tracking of digestion kinetics on the computer.


Lipase inhibitors such as 4-bromophenylboronic acid (4-BPBA) or orlistat can be used to halt the digestion to enable offline analysis of the liquid crystalline (LC) mesophases that form during the lipolysis process. However, the addition of the inhibitor introduces an element of uncertainty as to the effect of the inhibitor on mesophase formation and 4-BPBA was shown to disrupt the packing of some mesophase which would otherwise be present during “online” in vitro digestion (Phan et al., 2013). There is also the treatment and storage of samples taken from a digestion for inhibition prior to study by an appropriate analytical technique that also make “offline” structural determination unattractive. Ideally in situ determination of mesophase formation during digestion would be utilized to circumvent these issues, a development described later.

A disadvantage of using the aforementioned in vitro lipolysis methods is that there is no absorptive sink present to remove lipid digestion products that would otherwise occur through absorption in vivo. The rate of digestion is likely to be faster than absorption (and must precede it in any case) so at least some accumulation of lipid digestion products is to be expected in vivo during digestion. Nevertheless, to attempt to address the limitation of the pH-stat model, an absorptive compartment can be included where two digestion vessel compartments are separated by a monolayer of Caco-2 cells (Keemink and Bergström, 2018). Caco-2 cells are similar to the human epithelial cells of the intestine (Sambuy et al., 2005). However, this system requires optimization to prolong the integrity of the Caco-2 cells that are often damaged by the presence of pancreatic lipase or the digestion media (Bu et al., 2016; Sadhukha et al., 2018). Recently, the Caco-2 cells in combination with HT-29-MTX cells (human colon cell line) have been proposed as an alternative absorptive sink for in vitro digestions (Hempt et al., 2020). The addition of the HT-29-MTX cells provides a protective layer to the cell monolayer attributed to the mucus secretion from the HT-29-MTX cells. Though cell viability was improved, the evolution of LC structures during the digestion of bovine milk with and without the added Caco-2/HT-29- MTX cells was similar to that with no cell sink, which suggested that more optimization is required to incorporate a fully functional absorptive sink.

In vitro digestion models only provide information on digestion kinetics and other techniques must be employed either on samples retrieved over time or in situ to qualitatively and quantitatively analyze the presence of lipid mesophases within a system. Earlier studies have used microscopy to visualize the process of digestion, in which the discovery of the Lα and “viscous isotropic” phases were observed during the digestion of olive oil under simulated physiological conditions (Patton and Carey, 1979). More recently, coupling in vitro digestion models to advanced techniques such as small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) can now provide in-depth information on the structural characterization on a nanoscale (Hyde, 2001; Kirby et al., 2013) as described further below.



Microscopy Techniques


Light Microscopy

Crossed polarized light microscopy (CPLM) is a simple technique that can be used to rapidly characterize the internal structure of a bulk material during digestion (Patton and Carey, 1979; Dong et al., 2006). The bulk material, that is the lipid that has been equilibrated in excess water, is assumed to behave in the same manner as its nano-sized dispersed forms which are more commonly used in oral delivery studies. The samples are generally placed between glass slides that are then viewed under crossed-polarized filters. Samples that are isotropic such as inverse micellar (L2) or cubic (V2) phases will have no light passing through the second filter which gives the images a dark appearance (Rosevear, 1954, 1968). Samples containing isotropic materials such as the L2 and V2 phase can be distinguished by the appearance at the lipid-water interface (Figure 4). The high viscosity of the cubic phase will appear structured at the lipid-water interface, while the micellar (L2) phase will appear flat (Rosevear, 1968). Samples that are anisotropic such as Lα or H2 phases will appear bright as they rotate plane polarized light, allowing some light to bypass both polarizer films. Lamellar phases will give a mosaic-like or more disordered brightness while hexagonal phase will give a more fan-like appearance (Rosevear, 1968). This technique is generally used as a preliminary step for characterizing mesophases during digestion as the pH, temperature, and addition of enzymes can be controlled to simulate the digestion of lipids in the gastrointestinal tract.
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FIGURE 4. Images of various LC mesophases captured using CPLM. The upper panels are examples of CPLM images of anisotropic mesophases like Lα and H2 phases show birefringence. The dark appearances on the bottom panels are due to the isotropic nature of the V2 (called QII in the original work this image is reproduced from) and L2 phases. The V2 and L2 phases can be distinguished by their appearance at the lipid/water interface. Images were reproduced with permission from Boyd et al. (2009).


Confocal laser scanning microscopy is commonly used to study the localized components within cells or other types of specimens (Matsumoto and Hale, 1993). This is done by fluorescently labeling regions of interest to enable contrast from the background using fluorescent lipophilic probes such as Nile Red. Using CLSM, high resolution images can be achieved by focusing a laser onto a fixed spot within a sample, at a defined scanning depth within the sample (Matsumoto and Hale, 1993; Wu and Bruchez, 2004). Fluorescence is emitted from this defined spot and is refined by pinholes before reaching a light detector. Signals that are out of focus are removed by the pinholes to allow only the illuminated in-focus spot to be detected (Zhou and Li, 2015). To visualize mesophases, the scan differential interference contrast (DIC) mode is used obtain contrast within unstained samples (Gallier et al., 2013a, b). The sample requires no preparation and the technique is non-invasive. Information regarding the size of the lipid droplets and the structural changes on the surface of the droplets during digestion can be obtained. Confocal laser scanning microscopy is particularly useful for examining the intracellular interaction of mesophase nanoparticles and has been used to visually observe lipid droplets enveloped by lamellar phases from digested bovine milk (Zeng et al., 2012; Gallier et al., 2013a, b).



Electron Microscopy

Cryogenic-transmission electron microscopy (cryo-TEM) is another microscopy technique that can be used to study the structural morphology of lipid mesophases. The general size of the particles and their internal structure can be observed on a local scale with resolutions down to 1.8 Å (Tan et al., 2008; Fong et al., 2012; Merk et al., 2016). This technique involves pipetting the dispersed material onto a copper grid perforated with carbon films that have been prepared under glow discharge in nitrogen. The copper grid is then immediately submerged into liquid nitrogen or liquid ethane to immediately freeze the sample onto the grid. The samples are then kept under liquid nitrogen until microscopy analysis (Almgren et al., 2000; Spicer et al., 2001; Martiel et al., 2014). This enables the structural integrity of the LC mesophases to remain unaltered at the time of analysis and makes it possible to analyze mesophases in solution. The mesophases observed under cryo-TEM can be quantitatively analyzed using fast Fourier transform analysis (Sagalowicz et al., 2006). Contrary to CPLM or CLSM, the preparation procedure of cryo-TEM is labor intensive and time costly. Furthermore, samples containing high concentrations of sugars such as milk can reduce the contrast in cryo-TEM images, hence, reducing the resolution of self-assembled structures from the background (Duzgunes, 2003). Nonetheless, cryo-TEM is an effective technique for providing 3D visualization of the various mesophases that can occur during digestion (Figure 5; Phan et al., 2013; Salentinig et al., 2013).
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FIGURE 5. Examples of cryo-TEM images of milk before (A) and after digestion (B) by Salentinig et al., reproduced with permission from Salentinig et al. (2013). Copyright (2013) American Chemical Society. Panel A shows the presence of unstructured emulsion droplets characteristic of bovine milk. The presence of bicontinuous cubic phase (annotated with “1”), lamellar vesicles (annotated with “2”) and protein (annotated with “3”) can be observed in the digested milk in panel B.





Scattering Techniques

Small angle X-ray scattering has emerged as one of the most powerful tools for determining mesophase structure formation in lipid systems during digestion. SAXS is a non-invasive technique that involves scattering of X-rays based on the spatial variations in electron density between the aqueous and lipid regions of mesophases (Cullity, 1956; Gregory, 1957; Hyde, 2001). Ordered (crystalline or liquid crystalline) structures produce unique scattering profiles which enable identification. Some of the advantages of using SAXS are that the sample preparation is relatively simple, the acquisition time is rapid (enabling dynamic flow through measurements when using synchrotron sources), the temperature can be controlled, and highly detailed information regarding structure can be determined (Kirby et al., 2013). The real time formation of highly ordered, mesophase structures during digestion was demonstrated when the pH stat digestion model was used in conjunction with SAXS (Fatouros et al., 2007; Warren et al., 2011). An example of LC transformation during in vitro digestion coupled with SAXS is shown below in Figure 6.
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FIGURE 6. The formation of liquid crystalline structures during the digestion of a self-nanoemulsifying drug delivery system (SNEDDS) by Warren et al. (2011). Scattering profiles of the digest are shown as a function of time (min), and the peaks that arise during digestion were attributed at the time to Lα and H2 phases although it is likely from more recent studies that the lamellar phase is due to calcium soap formation (Clulow et al., 2018). Adapted with permission from Warren et al. (2011). Copyright (2011) American Chemical Society.


Small angle neutron scattering is analogous to SAXS but involves scattering neutrons through interactions with atomic nuclei. The use of isotopic substitution, particularly substitution of deuterium for hydrogen in either the self-assembling molecules or the solvent can enable determination of localization of specific components in the mixture (Lopez-Rubio and Gilbert, 2009). Where samples (mesophases) have similar electron densities as their surrounding environment (solvent), SANS with deuterium labeling is used in place of SAXS to improve scattering contrast between the two (Chu and Liu, 2000). Deuterium is a heavier isotope of hydrogen, which produces small changes to the sample but significant effect on neutron scattering profiles (Ramsay et al., 2007). Deuterium substantially boosts the coherent neutron scattering power (scattering length density) of a molecule, where hydrogen reduces it. If the scattering length densities of the sample and matrix are similar or the same, there is little scattering contrast and weak or no scattering profiles are observed. By deuterating part of the sample or the matrix, the scattering length densities of the components in the system become substantially different, enhancing scattering contrast and highlighting the components of the sample that have substantially different scattering power to the matrix. The localization of components in mixed bile salt micelles from in vitro lipolysis as well as their shape and size can be determined using SANS (Phan et al., 2015; Rezhdo et al., 2017). In the context of studying mesophase formation during digestion, the disadvantage of using SANS is the generally lower flux and lower detector sensitivity of neutron sources than synchrotron X-ray sources, which results in long acquisition times. This precludes true “real time” in situ studies of changes in self-assembled structures with time resolution of shorter than several minutes per timepoint using neutrons, compared to seconds with synchrotron-based X-ray approaches.




FORMATION OF MESOPHASES DURING THE DIGESTION OF LIPID SYSTEMS

The process of digestion is essential for the conversion of many lipid systems into mesophases. Depending on the ratio of undigested lipids to digestion products, the lipid mesophases will change as digestion progresses. As mentioned above, the changes in the microstructure of the lipids during the digestion of olive oil was visualized by Patton and Carey (1979) using light microscopy, where the formation of LC phases (Lα or “viscous isotrope”) was indicated (Figure 7). The digestion of triglycerides was further explored later, again using light microscopy, in which intermediate lipid mesophases were observed during the digestion of either olive oil or emulsified triolein (Patton et al., 1985). This study examined the interplay between lipase and the digesting lipid in the aqueous environment similar to that of intestinal fluids. The concept of light microscopy was explored to visually inspect the enzymatic activity of lipase on lipids that cannot be determined by simply conducting chemical reactions. The relevant digestion components were also isolated as opposed to using human intestinal aspirates to enable key interactions during digestion to be established more easily. This was because human intestinal aspirates may not be homogeneously mixed and digested, combined with the presence of other endogenous secretions that can make it more difficult to visualize the changes in the microstructure of lipids under light microscopy. A correlation between the LC structures and the composition of digestion products of olive oil was also established, where the mesophases mainly consisted of monoglycerides and protonated fatty acids.
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FIGURE 7. Light microscopy images capturing the digestion process of a droplet of olive oil (Patton and Carey, 1979). Reprinted with permission from AAAS. A lamellar shell was formed following initiation of digestion (a,b), where the shell was later broken leading to extrusion of the undigested lipids (c–f). The presence of “viscous isotrope” phases was later observed (g–j).


In the early 2000s Borné et al. (2002) demonstrated the formation of specific mesophases during the digestion of oleic acid-based acylglycerol systems using a combination of CPLM, SAXS, and HPLC. Ternary phase diagrams were established to enable prediction of the mesophases formed at specific concentrations of monoolein and oleic acid/sodium oleate in water that can occur during lipolysis. It was established that decreasing the ratio of glyceryl monooleate to oleic acid will result in the phase transitions from V2(Im3m), to H2 phase, the I2(Fd3m) phase, and then the L2 phase (Borné et al., 2002). Meanwhile, increasing the ratio of glyceryl monooleate to sodium oleate will result in a phase transition of Lα to H2 phase.

The prediction of the phases that can occur during the digestion of oleic-based acylglycerol systems was later expandedto encompass the changes in pH during in vitro digestion (Salentinig et al., 2010a). A myriad of structures was established from the combination of oleic acid and monoolein under different pH values, ranging from 1 to 9 (Figure 8). It was also discovered that the phase changes were reversible with pH. Additional cryo-TEM techniques were incorporated to observe the changes in structural morphology of the digesting lipids in conjunction with SAXS (Salentinig et al., 2010a).
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FIGURE 8. A phase behavior diagram of monoolein and oleic acid mixtures in PBS buffer with pH of 1–9 at 25°C, constructed by Salentinig et al. (2010a). Phases were determined via SAXS analysis of pre-made dispersions of the lipids. Adapted with permission from Salentinig et al. (2010a). Copyright (2010) American Chemical Society.


Real-time structural evolution of digested triolein was then examined by using an in vitro digestion coupled to SAXS apparatus similar to that established by Fatouros et al. (2007) and Salentinig et al. (2010b). The complex LC structures that arise during the digestion of triolein were demonstrated to be in agreement with previous studies. The changes in mesophase observed during digestion were due to the CPP of the amphiphilic digestion products changing throughout the process.



MESOPHASE STRUCTURE FORMATION DURING DIGESTION IN PHARMACEUTICAL APPLICATIONS

Mesophases possess both lipophilic domains and hydrophilic water channels which are capable of solubilizing both lipophilic and hydrophilic drugs, making them an ideal system for drug delivery (Nguyen et al., 2010, 2011a,b; Phan et al., 2011). Lipids have been utilized as a carrier for many poorly water-soluble drugs to improve their oral bioavailability (Pouton, 2000; Porter et al., 2007; Feeney et al., 2016). Lipid-based mesophases are also already in use in pharmaceutical applications, including liposomes (nano-sized lamellar phase) already on the market for the delivery of a range of drugs (Kaminskas et al., 2012; Negrini et al., 2015; Rabinovich et al., 2015), and for slow release injections (Haasen et al., 2017). The dispersed mesophases (comprising nano-sized mesophase particles) are often preferred over the bulk phase as the bulk phases are generally highly viscous (especially in the case of bicontinuous cubic V2 phase) and difficult to handle (Larsson, 1999). Traditional methods for generating dispersed phases require high levels of energy to break up the bulk aggregates to form stable sub-micron particles. A limitation to this approach is that heat is invariably generated which can degrade heat sensitive materials incorporated into the nanoparticles. Furthermore, this process is energy intensive and is therefore costly for manufacturing. The alternative “bottom up” approach is designed to allow the lipids to self-assemble into LC structures by dissolving lipids into hydrotropes, then diluting the mixture with an aqueous medium (Spicer et al., 2001). Precipitation that occurs within the cubic phase-water miscibility gap allows the formation of cubosomal dispersions (likewise for hexosomal dispersions). However, this process does not allow control of the particle size, which is often an essential requirement for pharmaceutical preparations used for intravenous (IV) administration or medical imaging applications.

An alternative low energy approach to making mesophase dispersions using lipid digestion was recently studied. Precursor unstructured emulsion systems are prepared comprising a non-digestible and a digestible lipid (e.g., triglyceride) which after digestion by pancreatic lipase forms a dispersed mesophase system (Figure 9; Fong et al., 2014; Hong et al., 2015). For example, by using a precursor emulsion system composed of non-digestible phytantriol and the digestible short chain triglyceride, tributyrin, exposure to lipase resulted in digestion of the tributyrin, allowing the phytantriol to self-assemble into the bicontinuous cubic V2 phase (Lee et al., 2009; Nguyen et al., 2011b; Fong et al., 2014; Hong et al., 2015). As a proof of concept demonstration of the in vivo behavior of these enzymatically triggered delivery systems, oral administration of the easily formed phytantriol/tributyrin emulsion system containing a model hydrophobic drug cinnarizine, resulted in the same behavior as a formulation prepared using phytantriol alone (Hong et al., 2015; Pham et al., 2016). More recently, the enzymatic digestion of phospholipids to induce phase transformations has also been explored (Fong et al., 2019). The generation of diacylglycerol (DAG) from the action of phospholipase C was studied by NMR and time resolved SAXS was used to study the structural changes occurring during the digestion process. The type of phospholipid present had consequences for the disposition of the DAG digestion products with respect to the lipid bilayers with consequent impacts on self-assembled structures formed.
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FIGURE 9. Schematic diagram demonstrating the enzymatic approach to form mesophases particles using a precursor formulation comprising phytantriol and a digestible lipid. Only low energy is required to generate the precursor formulation, in which the digestible lipids partition out of the formulation under digestion to enable the formation of the internally structured particles. Adapted with permission from Fong et al. (2014). Copyright (2014) American Chemical Society.


The type of mesophase formed during the digestion of lipid-based drug delivery systems is also an important factor to consider as different mesophases have not only been demonstrated to exhibit different rates of release but also vary in drug solubilizing capacity to affect the fate of drug absorption during digestion (Kossena et al., 2005; Phan et al., 2011; Yaghmur et al., 2012; Du et al., 2014). In cases where drug solubilization capacity is reduced upon dilution of the lipids in the GI tract, precipitation of the drug may occur and consequently cause a reduction in drug absorption (Khan et al., 2015a). The effect of phase behavior on drug absorption was demonstrated by Kossena et al. (2005) where drug absorption from the lamellar phase was reduced upon exposure to intestinal fluids compared to the V2 phase.



SELF-ASSEMBLY BEHAVIOR OF LIPID-BASED FOOD DIGESTION PRODUCTS

In recent years, the self-assembly of lipids during the digestion of various food sources has gained interest. It has been hypothesized that the formation of the lipid mesophases is linked to the enhanced uptake of nutrients or to transport poorly water-soluble molecules through the aqueous intestinal fluids (Salentinig et al., 2013; Assenza and Mezzenga, 2019). Table 1 provides a summary of the different phase transitions that occur during the digestion of various food types. The mesophases described in Table 1 have been determined by conducting in vitro lipolysis coupled to SAXS.


TABLE 1. Summary of food type, the approximate lipid composition (SCT = short chain triglyceride, MCT = medium chain triglyceride, LCT = long chain triglyceride, FA = fatty acid, MG = monoglyceride), and the corresponding mesophase transitions that occur during digestion.
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Mesophase Formation During the Digestion of Mammalian Milk

By coupling SAXS with in vitro digestion models, it has been shown that the digestion of mammalian milks generates mesophase structures. Mammalian milks contain a myriad mixture of triglycerides and many other components that play a role in mesophase formation during digestion. Bovine milk contains approximately 3.5% fat, of which 98% are triglycerides, which undergoes digestion by lipases in the stomach and the upper section of the small intestine, the duodenum. There are over 400 individual different acyl chains that can make up the triglyceride molecules, leading to potentially thousands of different triglycerides (Lindmark-Månsson, 2008). Approximately 75–90% of the fatty acids found in the triglyceride core are long-chain, of which 30% are unsaturated (Lindmark-Månsson et al., 2003; Pham et al., 2020). Salentinig et al. (2013, 2015) reported the formation of mesophases during the digestion of milk using the pH-stat in vitro digestion model coupled to SAXS (Figure 10).
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FIGURE 10. (A) A 3D waterfall plot of the scattering profiles obtained during the digestion of milk coupled to SAXS is presented. (B) Offset SAXS profiles of milk during digestion in the absence of bile salt is presented. The peaks corresponding to the various mesophases are indicated with colored arrows, with the corresponding schematic diagrams of the mesophases presented in order of appearance from bottom to top (excluding multilamellar vesicles). This figure was reproduced with permission from Salentinig et al. (2013). Copyright (2013) American Chemical Society.


The composition of lipids changes during digestion of milk due to their digestion, enabling various mesophases to form from the digestion products as a function of time (Pham et al., 2020). Typical phase transitions during the digestion of bovine milks that were subjected to various treatments are shown below in Figure 11 as illustrated by Clulow et al. (2018).
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FIGURE 11. The typical phase transition during the digestion of bovine milk subjected to homogenization and pasteurization (commercial), raw, spray-dried, freeze-dried, and frozen milk reported and reproduced with permission from Clulow et al. (2018). Lα denotes lamellar phases formed by calcium soaps, I2 denotes the micellar cubic (Fd3m) phase, H2 denotes hexagonal phase, and V2 is the bicontinuous cubic (Im3m) phase.


Similarly, other mammalian milks such as the human breast milk or goat milk have also been demonstrated to form non-lamellar mesophases during digestion (Salentinig et al., 2015; Pham et al., 2020). In particular, the scattering profiles of the digestion of goat milk resembled that of bovine milk. However, the persistent V2(Im3m) phase seen in bovine milk had disappeared toward the end of the digestion of goat milk. This was attributed to the greater abundance of short- to medium-chain triglycerides in goat milk in comparison to bovine milk (Li et al., 2017; Pham et al., 2020). The scattering profiles of bovine milk, goat milk, and human milk during in vitro digestion are shown below in Figure 12 (Pham et al., 2020). The differences in mesophase progression observed during the digestion of various types of mammalian milk is of interest as it may influence the absorption of lipophilic nutrients.
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FIGURE 12. The formation of mesophases during the digestion of mammalian milk. Scattering profiles of (A) bovine milk, (B) goat milk, and (C) human milk during in vitro digestion coupled to SAXS are shown. Adapted and reproduced from Pham et al. (2020).




Self-Assembly Behavior of Soy Lipids During Digestion

Emulsions prepared using vegetable oils such as canola oil, soybean oil or almond oil are popular as milk substitutes for those who prefer non-dairy beverages. Soy and other vegetable oils are rich in long-chain and unsaturated triglycerides, containing palmitic (C16:0), oleic (C18:1), linoleic (C18:2), and linolenic (omega 3, C18:3), and docosahexaenoic (omega 3, C22:6) fatty acids (Li et al., 2017; Pham et al., 2020). Foods enriched with omega 3 fatty acids have been shown to improve cardiometabolic profiles of people with underlying cardiovascular risks (Barbosa et al., 2017). Like mammalian milk, the triglycerides in soy milk are composed of different combinations of fatty acids on the glycerol backbone, although there are fewer combinations (Brockerhoff and Yurkowski, 1966; Innis, 2011). The digestion of certain brands of commercially available soy emulsions containing soy lipids has recently been demonstrated to form the I2(Fd3m) phase, similar to that of human breast milk although without the calcium soaps observed to form in digesting human breast milk. The authors suggested that the formation of the I2(Fd3m) phase was due to the abundance of linoleic acid, which was also the case for human breast milk (Pham et al., 2020). However, the significance of the individual mesophases on the absorption of lipophilic nutrients is yet to be determined.



Self-Assembly Behavior of Infant Formula Lipids During Digestion

Infant formula has been developed over the last century to try to mimic composition provided by the human breast milk and is certainly marketed as such. Infant formulae can contain fat sources from bovine milk, goat milk and vegetable oils depending on the brand and age of the child being provided the formula. Due to the differences in lipid composition, studies have shown that the self-assembly behavior of the lipids in various types of infant formulae exhibit different mesophases during digestion, shown in Figure 13 (Salim et al., 2019; Pham et al., 2020). The triglyceride content of emulsions attempting to mimic milk has recently been shown to be a key driver for the formation of mesophases commensurate with the milk of a particular species. The lipid self-assembly behavior of human breast milk during digestion was found to be replicated by relatively simple emulsions containing four–seven homotriglycerides mixed together, with a balance of long-chain saturated and unsaturated lipids (Clulow et al., 2020a). Similarly, the structural progression observed by digesting cow milk fat richer in medium and long-chain saturated lipids could be changed to that of digesting human breast milk by mixing it with canola oil, which comprises almost exclusively long-chain unsaturated lipids (Clulow et al., 2020b). These studies indicate the fine balance in lipid composition required to replicate the self-assembly behavior of human breast milk in infant formula products.
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FIGURE 13. The formation of mesophases during the digestion of various brands of infant formula. Scattering profiles during the digestion of three brands of infant formula are adapted and reproduced from Pham et al. (2020). (A) represents the scattering profiles during the digestion of infant formula 1 (IF 1), (B) represents the scattering profiles during the digestion of infant formula 2 (IF 2), and (C) represents the scattering profiles during the digestion of infant formula 3 (IF 3).


Milk is also increasingly recognized as a potential lipid-based drug delivery system due to its ability to dissolve poorly water-soluble drugs (Macheras and Reppas, 1986; Charkoftaki et al., 2010; Boyd et al., 2018; Binte Abu Bakar et al., 2019), which can be enhanced by the process of digestion (Boyd et al., 2018), however, its translation into pharmaceutical products is hindered by the variability in milk composition (Lindmark-Månsson et al., 2003; Lindmark-Månsson, 2008; Taylor and MacGibbon, 2011; Logan et al., 2014). Infant formula has therefore been suggested to play a role in drug delivery to circumvent issues with variability in milk powder. Infant formula is manufactured from a blend of fat sources and is available as a powdered form. The formula composition is tightly controlled to specifications in a manner similar to pharmaceutical excipients and the fat content can be controlled. Recent studies by Salim et al. (2019) showed improved solubilization of the drug clofazimine when digested with infant formula. In order to progress infant formula toward approval as a formal pharmaceutical excipient, more research is needed to understand its behavior during digestion including further studies on how the composition (lipids and other components) and overall fat content impact on structure and interaction with drug cargo.



Examples of Liquid Crystalline Structure Formation in Other Food Products

Recently other food sources have been shown to generate non-lamellar mesophases during digestion. Mayonnaise which is a popular condiment that contains approximately 80% of triglycerides that are derived from vegetable oil. Unlike bovine milk, the triglycerides within mayonnaise are mainly composed of long-chain lipids, of which approximately 90% are unsaturated fatty acids (Eastwood et al., 1963). Interestingly, the mesophase progression of mayonnaise during digestion was found to be similar to that of bovine milk (except for the absence of the Lα phase), where the lipids of mayonnaise self-assemble into the I2(Fd3m)/L2 phase, followed the H2 phase, and finally the bicontinuous V2(Pn3m) phase (Salentinig et al., 2017). The absence of the Lα phase during the digestion of mayonnaise in comparison to bovine milk may be due to the lower proportion of palmitic acid in mayonnaise (∼20% palmitic acid in mayonnaise, ∼37% in bovine milk) which may otherwise contribute to lamellar diffraction peaks from calcium soaps formed during digestion (Ono et al., 1970; Pham et al., 2020). In addition to mayonnaise, krill oil was also found to form structured mesophases during in vitro digestion (Yaghmur et al., 2019). Krill oil is a supplement rich in omega-3 polyunsaturated fatty acids, mainly located in phospholipids (Bottino, 1975; Clarke, 1980). The digestion of krill oil resulted in the formation of Lα to H2 phase when studied using in vitro lipolysis coupled to SAXS (Yaghmur et al., 2019). The persistent H2 phase at the end of the digestion of krill oil may be linked to the abundance of long-chain lipid species in comparison to other systems like that of bovine milk. Therefore, the mesophase structure is more negatively curved relative to the bicontinuous V2 phase. Nonetheless, several examples of food products have been demonstrated to form complex mesophase systems during digestion which raises the question as to why this unique phenomenon occurs. These recent developments in understanding the dynamic structures formed during digestion may have implications on the transport and delivery of nutrients.

The recognition of the formation of mesophase structures in foods during digestion is becoming more widespread as new techniques are developed that can provide information on these phenomena. The broader question of “what is food?” is becoming an interesting one in this context – for example, mammalian milks have been shown to exhibit rich mesomorphism not seen in vegetable-sourced substitutes. This leads to a tentative sub-question of “what is milk?” – the broader question then of “what is food?” when comparing food from natural sources to formulated foods, may in future be in part answered through a classification based on the structural attributes of each during digestion. Differences in lipid composition at the level of fatty acid distributions are clearly important both for structure (Pham et al., 2020) and nutritional outcome (Li et al., 2010; Palmquist et al., 1986), so it remains an open question as to whether such a distinction eventuates with a link to broader health outcomes.




CONCLUSION

The understanding of the formation of lipid-based mesophases during digestion has accelerated with the advent of time-resolved X-ray scattering capabilities. While the role of the formation of such structures in the digestion process is not yet completely understood, it is becoming clearer that it is a key feature of lipid digestion across a range of lipid-based materials from synthetic lipid systems through formulated food and pharmaceuticals to endogenous lipid materials such as breast milk. Establishing the link between formation of mesophases in lipid systems during digestion and nutritional outcomes is the next major step forward necessary to harness and utilize the phenomenon. It is also important from a food and pharmaceutical design standpoint as formulated systems have potential to either disrupt or enhance the formation of mesophases during digestion with consequences for nutrient and drug delivery.
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This study aims to explore the variety of previously unknown morphologies that brain lipids form in aqueous solutions. We study how these structures are dependent on cholesterol content, salt solution composition, and temperature. For this purpose, dispersions of porcine sphingomyelin with varying amounts of cholesterol as well as dispersions of porcine brain lipid extracts were investigated. We used cryo-TEM to investigate the dispersions at high-salt solution content together with small-angle (SAXD) and wide-angle X-ray diffraction (WAXD) and differential scanning calorimetry (DSC) for dispersions in the corresponding salt solution at high lipid content. Sphingomyelin forms multilamellar vesicles in large excess of aqueous salt solution. These vesicles appear as double rippled bilayers in the images and as split Bragg peaks in SAXD together with a very distinct lamellar phase pattern. These features disappear with increasing temperature, and addition of cholesterol as the WAXD data shows that the peak corresponding to the chain crystallinity disappears. The dispersions of sphingomyelin at high cholesterol content form large vesicular type of structures with smooth bilayers. The repeat distance of the lamellar phase depends on temperature, salt solution composition, and slightly with cholesterol content. The brain lipid extracts form large multilamellar vesicles often attached to assemblies of higher electron density. We think that this is probably an example of supra self-assembly with a multiple-layered vesicle surrounding an interior cubic microphase. This is challenging to resolve. DSC shows the presence of different kinds of water bound to the lipid aggregates as a function of the lipid content. Comparison with the effect of lithium, sodium, and calcium salts on the structural parameters of the sphingomyelin and the morphologies of brain lipid extract morphologies demonstrate that lithium has remarkable effects also at low content.

Keywords: brain lipid, sphingomyelin, cholesterol, structure and morphology, specific ion effects, X-ray diffraction, cryo-TEM


INTRODUCTION

The structure—function relationship of brain tissue is poorly understood. The brain structure is a complex design based on a rich variety of lipids, assembled into intriguing structures, crucial to their function in, e.g., signal transduction that sometimes involved coupled proteins (Agranoff et al., 1999). Theories of self-assembly involving lipids (Israelachvili et al., 1976; Larsson, 1989; Hyde et al., 1997; Ninham et al., 2017a,b) depend mainly on two parameters. One is local curvature at the lipid—aqueous interface set by the balance of head group vs. hydrocarbon tail forces. This is pivotal in many biological systems (Israelachvili et al., 1976; Hyde et al., 1997). It can be characterized by the packing parameter introduced by the Ninham group in the 1970s (Israelachvili et al., 1976; Mitchell and Ninham, 1981). The packing parameter (v/al) considers the ratio between the volume of the hydrophobic chain (v) and the product of the cross-section head group area (a) and the chain length in its fully stretched conformation (l). This concept, originally mostly used to describe “simpler” surfactant and lipid self-assembly system structures (Ninham et al., 2017a), has recently also been found to be useful to describe more complex biological systems (Lauwers et al., 2016; Ninham et al., 2017b). The other crucial determinant of structure is that of global packing constraints. These include geometric and molecular forces between aggregates (Israelachvili et al., 1976; Hyde et al., 1997).

The brain lipid system is quite diverse, both in the headgroup and acyl chain distribution. These are partly polyunsaturated fatty acid (PUFA) chains (Lauwers et al., 2016). The role of lipids with polyunsaturated chains in providing curvature that can facilitate presynaptic function has been pointed out (Antonny et al., 2015). This effect can also be assigned to their higher conformational flexibility. Here, it is interesting to point out that a particular type of phospholipids, plasmenyl-phospholipids (plasmalogens), which are ether-type glycerophospholipids with polyunsaturated chains are present in brain lipids. They have been reported to induce intriguing supramolecular structures (Angelova et al., 2021). Brain lipid extracts usually contains a large fraction of cholesterol, reported to be nearly 23% in the gray matter (Pasquini and Soto, 1972; Dreissig et al., 2009). In this context, it is important to emphasize that cholesterol is known to affect membrane fluidity and packing. Earlier studies show that the main effect of adding cholesterol is on the acyl chain region close to the polar headgroup, leading to higher rigidity and a thicker bilayer for dilaurylphosphatidylcholine (DLPC) and dipalmitoylphosphatidylcholine (DMPC) (McIntosh, 1978). It should here be noted that for polyunsaturated phosphatidylcholine, cholesterol was found to lie flat in the middle of the bilayer (Harroun et al., 2008). The consequence of increasing the stiffness of a curved lipid bilayer is to decrease the packing parameter and, hence, the negative curvature of the lipid bilayer. This has been shown to lead to swelling of a bicontinuous cubic phase in excess water (Tyler et al., 2015). Similar results were obtained in the study of the adsorption of a strong hydrophobe in the lamellar phase of dioleoylphosphatidylcholine (DOPC) (Borsacchi et al., 2016). Cholesterol has been shown to lower the phase transition temperature from gel to liquid crystalline lamellar phase (Lα) of dimyristoylphosphatidylcholine (DMPC) from about 22°C to about 5°C (Mortensen et al., 1988). Interestingly, it was found that at lower content of cholesterol, typically below 14%, rippled bilayer gel phase structure, Pβ, is stabilized at temperatures below 22°C. Hjort Ipsen et al. (1987) have investigated in detail the DPPC-cholesterol aqueous phase behavior using theoretical modeling to provide deeper insight. One of the characteristics of this system is the fact that it features a two-phase regime below between about 10 and 20 mol% cholesterol. Below 40°C, this is a solid ordered and liquid ordered phase, while above this temperature, this is a coexisting liquid disordered and a liquid ordered phase. At lower cholesterol content, this is a single-phase regime, with a solid (gel) phase below 40°C and a liquid disordered phase at higher temperatures. For more than 20 mol%, the liquid ordered phase prevails. It is clear that cholesterol disturbs the order of the gel phase. The existence of phase separation in biomimetic lipid mixtures has triggered debates since the 1970s on whether 2D phase separated domains of so-called “lipid rafts” exist and whether they have some significance in biological systems (Shimshick and McConnell, 1973). A recent review discusses the formation and implications of lipid domain formation in biomimetic as well as biological systems (Kinnun et al., 2020). Of particular relevance for the present study is that sphingomyelin and cholesterol emerge as of particular importance when it comes to domain formation. This motivated our choice to study sphingomyelin, although it has been considered to be only about 5–6% of the brain lipid extract from the gray matter (Dreissig et al., 2009). Domain formation has been demonstrated by using neutron scattering and different isotopic contrasts in the membranes of living Bacillus subtilis cells as lateral features of less than 40 nm, considered consistent with the notion of lipid rafts (Nickels et al., 2017).

Neurotransmission has been considered to be facilitated by cholesterol according to several different mechanisms, involving also membrane cluster formation (Milovanovic et al., 2015). These clusters could be imaged thanks to the advancement of super-resolution-stimulated emission depletion (STED) microscopy. Cholesterol levels have also been thought to affect neural diseases like Alzheimer (Fernández-Pérez et al., 2018; Phan et al., 2018; Sparr and Linse, 2019). Increasing cholesterol levels in human embryonic kidney cells and rat hippocampal neurons were found to increase membrane rigidity and promote Aβ-peptide association and aggregation, but reduce membrane disruption (Fernández-Pérez et al., 2018).

Hofmeister or specific ion effects have always been central in biology and affect molecular forces. This has been reviewed in overview by Lo Nostro and Ninham (2012). It is clear that specific ion effects are at play in numerous systems, where they affect the biological function by changes in self-assembled structures. Here, we have also considered the effect of specific ion effects by studying the effect of adding calcium to a physiological sodium chloride solution as well as replacing part of the sodium chloride with lithium chloride. Lithium chloride is administrated as psychopharmacological treatment to reduce the risk of suicide in people with mood disorders (Cipriani et al., 2013). Specific ion effects with lithium salts are enormous, as is illustrated by the behavior of double-chained sulfosuccinates (Karaman et al., 1994). The sodium salts are hydrophobic and form lamellar phase. Lithium salts swell and form spontaneous vesicles. In viscoelastic surfactant-based worm-like micelles, they significantly affect the phase behavior (Tatini et al., 2021).

This study aims to explore the variety of morphologies that brain lipid extracts do form in aqueous dispersions. We have used both extract as well as samples with two important brain lipid constituents, namely, sphingomyelin and cholesterol. We have varied the cholesterol content, salt solution composition, and temperature. The efficiency as salting-out agent for the ions studied follows the order Na+ > Li+ > Ca2+ (Lo Nostro and Ninham, 2012). The objective is to reveal the effect of cholesterol as well as the influence of the ion composition. This study has a bearing on the understanding of the mechanisms of action of bioactive molecules, e.g., pheromones and anesthetics.



MATERIALS AND METHODS

The effect of cholesterol on the morphology of aqueous dispersions of brain lipids was investigated. Dispersions of porcine sphingomyelin (56–70 wt%) with varying amounts of cholesterol (0–14 wt%) were prepared in a physiological salt solution (0.9 wt%) (154 mM NaCl and 1 mM CaCl2). Also, the effect on salt solution composition was investigated, comparing 0.9 wt% NaCl with a solution at a total ionic strength of 161 mM, comprising 0.8 wt% NaCl (137 mM) and 0.1 wt% LiCl (24 mM). Dispersions of porcine brain lipid extracts were prepared with 70% lipid in 0.9 wt% NaCl and 1 mM CaCl2 for SAXD and DSC. In addition, the effect of replacing 11% of the sodium by lithium ions on the aggregate morphology in excess of aqueous solvent was investigated by cryo-TEM. No added buffer ions were used, and the same anion was used, focusing on the effect of the cation. Previous reports have shown an adsorption difference between different anions affecting, e.g., pH measurements (Salis et al., 2006).

The porcine brain lipid sample was extracted from a pig brain obtained from a Tuscany slaughterhouse (Italpork, Ponte Buggianese, Pistoia) and immediately frozen at −24°C. We scratched the cortical, external surface (gray matter). Extraction with 1-butanol/water was conducted using the method described by Pasquini and Soto (1972). The organic solvent was dried over sodium sulfate. The solvent was then evaporated, the samples were first freeze dried, and then kept at -24°C in a freezer. Pasquini and Soto (1972) reported that such an extract contained 38.0% phospholipids, 2.8% galactolipids, 22.6% cholesterol, 5.9% proteolipid proteins, and the remainder not determined. It should be noted that in their study, the phospholipid fraction likely included sphingomyelin and plasmalogen.

The samples were investigated by wide-angle (WAXD) and small-angle X-ray diffraction (SAXD) at different temperatures. Small-angle X-ray diffraction (SAXD) was then used to identify the particular LC structure of the samples. SAXD and WAXD measurements were performed on a Kratky compact system with slit collimation equipped with a position-sensitive detector (OED 50 M, Mbraun, Graz, Austria), containing 1,024 channels, each with a width of 53.6 μm. Cu-Kα radiation of wavelength 1.54 Å was provided by a Seifert ID-300 X-ray generator, operating at 50 kV, and 40 mA. A 10-μm-thick nickel filter was used to remove the Kβ radiation, and a 1.5-mm Wolfram filter was used to protect the detector from the primary beam. The beam width (defined as the beam width where the intensity is half of that at the maximum) was 0.59 mm. The sample-to-detector distance was 277 mm, while the wide-angle detector was placed at an angle of 20.2° and with a sample-to-detector distance of 297 mm. In order to minimize scattering from air and increase signal-to-noise ratio, the volume between the sample and the detector was under vacuum. During the measurements, the samples were placed in a capillary, and the temperature (25°C) was controlled to within 0.1°C by using a Peltier element.

Differential scanning calorimetry (DSC) was performed by means of a DSC-Q2,000 from TA Instruments (Philadelphia, PA, United States). The samples were first cooled from 20 to 60°C at 10°C/min, then heated up to 80°C at 5°C/min, and eventually cooled at the same rate down to -60°C. Measurements were conducted in N2 atmosphere, with a flow rate of 50 ml/min.

Dilute dispersions (5–10 wt%) were investigated by cryogenic transmission electron microscopy (cryo-TEM). The temperature (25–28°C) and high relative humidity (close to saturation) in the sample vitrification system was adjusted to avoid evaporation and ensured that proper vitreous film was formed. The dispersions were prepared at 30°C and stored at 40°C until application to the grid. Of the lipid dispersion, 5 μl was placed on the carbon film supported by a cupper grid and blotted with filter paper to reduce film thickness. In the sample vitrification system, the temperature was set to 25–28°C, and a high relative humidity (close to saturation) was maintained. This ensures that evaporation is avoided and that a proper vitreous film is formed. The grid was quenched in liquid ethane at -196°C, stored under liquid nitrogen (-196°C), and transferred to a cryo-TEM (Philips CM120 BioTWIN Cryo) equipped with a post-column energy filter (Gatan GIF 100), using an Oxford CT3, 500 cryo-holder and its workstation. The acceleration voltage was 120 kV, and the working temperature was below −180°C. The images were digitally recorded with a CCD camera (Gatan MSC 791) under low-dose conditions. The under focus was approximately 1 μm.



RESULTS AND DISCUSSION


Sphingomyelin


Dispersions of Sphingomyelin in Physiological Salt Solution With CaCl2

In the dilute regime, sphingomyelin forms large multilamellar vesicles (Figure 1). Interestingly, these vesicles feature what appear to be double bilayers. Such structures have been reported for biological systems (Eskelinen and Kovács, 2011). They occur too when 15 mol% of the plasmalogen ethanolamine (C16:1p–22:5n6 PE) is incorporated into host dioleoylphosphocholine (DOPC) bilayers (Angelova et al., 2021). Furthermore, the bilayers appear to be rippled, which suggests that this can be a rippled phase rather than a double bilayer. In fact, this has previously been reported for brain sphingomyelin based on freeze-fracture electron microscopy (Meyer et al., 1999). A detailed analysis of the image in Figure 1A, using Fourier transformation of two marked areas, gave a repeat distance of 94 and 80 Å, respectively. Here, we note that this analysis is based on a few bilayers, and as indicated by the results, there is a considerable spread in the data. We here note that this is a projection of a 3D object into a 2D plane, which imposes a degree of uncertainty. The image in Figure 1B is of another sample with the same lipid and salt solution composition where the “double bilayer” feature appears more clearly. The indicated that the thin rectangle in the image was analyzed in terms of pixel intensity, and the resulting histograms are shown in Figure 1C. It should be noted that the high intensity here indicates light areas of the image. For this image, it was possible to resolve areas that were distinctly light, gray, and dark, which can be assigned to different lipid concentrations with the dark area being a high concentration of lipids. The peak-to-peak difference for the light areas is 90 Å, which is close to the value obtained by Fourier transform analysis. The distance from the brightness to the middle of the gray area is about 40–45 Å, depending on the area selected. It is tempting to assume that this might be the extent of the ripples in the ripple phase, but this definitely requires deeper analysis. We note that when these dispersions were prepared at a temperature of about 28°C and equilibrated for 1–2 h at room temperature, the vesicles appear to have a facetted morphology, usually observed for frozen chains.
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FIGURE 1. Shows typical cryogenic transmission electron microscopy (cryo-TEM) images of porcine brain sphingomyelin dispersions. The studied dispersion contains 10 wt% lipids in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2. (A) An image with inserted Fourier transforms of two marked areas that gave repeat distances of 94 and 80 Å, respectively. (B) An image of another sample with the same lipid and salt solution composition. The indicated thin rectangle in the image was analyzed in terms of pixel intensity. (C) The results of the analysis of the image in the indicated rectangle. The results are shown as a histogram of intensity vs. distance, where high intensity indicates light areas of the image. The image analysis was performed using ImageJ (Schneider et al., 2012).


The corresponding sample at high lipid content (70 w%) gives a diffraction pattern typical for a liquid crystalline lamellar, Lα, phase or the corresponding gel phase with four well-defined peaks (Figure 2A). The indexing of the different peaks (1, 2′, 2, 2″, 3′, 3, and 4) together with their relative intensity compared with that of peak 1 is shown in Table 1. The additional weak reflections are suggested to indicate the presence of double bilayer or more likely a ripple phase as discussed in conjunction with the cryo-TEM images in Figure 1 above. First, it should be noted that d-spacing decreases with increasing temperature above 35°C, from 70.0 ± 0.5 Å at 25°C to 60.1 ± 0.6 Å at 45°C. The sample heated to 45°C was cooled down again to 25°C, and a new diffractogram was recorded. The lamellar peak appears at the same position, but the intensity of the peaks has decreased (data not shown). This suggests that the swelling behavior with temperature is reversible, but the intensity of the Bragg peaks is not. The decrease in intensity can be attributed to the change in domain size induced by annealing at high temperature. The main reflections 1, 2, 3, and 4 at 25°C give a repeat distance of 70.0 ± 0.5 Å that is significantly smaller than the values extracted from the cryo-TEM data. Again, it should be emphasized that the SAXD was performed on a gel (lamellar) phase sample at low water content (70% lipids), while the cryo-TEM data were recorded at excess salt solution with 10% of lipids. Thus, we expect that the cryo-TEM data would reflect a fully swollen sample and, hence, a larger repeat distance of about 90 Å. When it comes to indexing the satellite peaks 2′, 2″, and 3′, this is more challenging as, in particular, 2′ and 3′ are significantly weaker with a height that is only about 0.1–0.2% of the main peak. If this is the second and third order reflection of a lamellar repeat, this would correspond to a repeat distance of about 90 Å, which is similar to the value observed from image analysis of cryo-TEM data in Figure 1. The additional peak, 2″, corresponds to a repeat distance of about 32 Å. This is about 10 times as intense as the other satellite peaks. In the analysis of the cryo-TEM data, we also observed a repeat distance of 40–45 Å, which corresponds to the position of the 2′, but this might be coincidental. We did not attempt to index the SAXD according to a ripple phase as for the additional reflection peak as discussed by Rappolt and Rapp (1996). It should be noted that the satellite peaks disappear at temperatures above 35°C.


[image: image]

FIGURE 2. (A) Small-angle X-ray diffraction (SAXD) data for 70 wt% porcine brain sphingomyelin in water containing 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 recorded at different temperatures. Note that the diffractograms are displaced to facilitate comparison. The indexing of the different peaks (1, 2′, 2, 2″, 3′, 3, and 4) together with their relative intensity are shown in Table 1. (B) Wide-angle X-ray diffraction (WAXD) data for 70 wt% porcine brain sphingomyelin in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 recorded at different temperatures upon heating as indicated in the figure. The measurement at 25°C is also repeated after the sample had been heated to 60°C. The peak observed at 25°C and 30°C corresponds to a spacing of 4.20Å, while it decreases slightly to 4.17Å at 35°C. The peak disappears at higher temperature. For the sample remeasured at 25°C after the heating cycle, the value is again 4.20Å.



TABLE 1. Effect of temperature on the lamellar structures for 70 wt% porcine brain sphingomyelin in water containing 0.9 wt% (154 mM) NaCl and 1 mM CaCl2.

[image: Table 1]The peak in the WAXD data (Figure 2B) observed at 25°C and 30°C corresponds to a spacing of 4.20 Å, while it decreases slightly to 4.17 Å at 35°C. The peak disappears at higher temperature. The sharp peak at q ≈ 1.5 Å–1 or spacing around ≈4.20 Å in the wide-angle regime is typical for crystalline chains. As the temperature is raised to 40°C, these peaks disappear due to the melting of the chains. It should be noted that the peak reappears if the sample heated to 45°C was cooled down again to 25°C, and a new diffractogram was recorded. The crystallinity of the chains is dependent on cholesterol content but also to some extent on the salt solution composition as will be discussed further below. It is remarkable to notice that the melting temperature (without cholesterol) is around 35–40°C, that is, in the same regime as the physiological temperature (McIntosh et al., 1992).



Effect of Cholesterol on Sphingomyelin Dispersions

The effect of cholesterol on the crystalline order of porcine brain sphingomyelin in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 is recorded at different temperatures by WAXD, and the results are presented in Figure 3. Both without cholesterol and when 7% of the lipids consist of cholesterol, the chain melting appears at around 35–40°C as is apparent from the diffractogram. Cholesterol is expected to introduce disorder in the sphingomyelin gel phase, which is manifested in the less sharp WAX peak at q ≈ 1.5 Å–1 at higher cholesterol contents. When 15% of the lipid is cholesterol, a rounded peak appears at 25°C, while no peak occurs at higher temperatures (Figure 3C). At a cholesterol content of 20%, there is essentially no clear identifiable peak in the WAXD scattering region, indicating that the chain-melting transition occurs below 25°C (Figure 3D). It is clear then that the WAXD diffractogram recorded at different temperatures and cholesterol content reflect the effect of cholesterol on the chain-melting transition.
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FIGURE 3. The effect of cholesterol on the crystalline order of porcine brain sphingomyelin in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 recorded at different temperatures by WAXD. (A) Sphingomyelin (70%) and no cholesterol (0% of lipid). Peak position corresponds to spacing of 4.20 Å at 25°C and 30°C, 4.17 Å at 35°C, while no peak at higher temperatures. (B) Sphingomyelin (65.1%) and 4.9% cholesterol (7% of lipid). Peak position corresponds to spacing of 4.20 Å at 25°C, 4.17 Å at 30°C, rounded peak at 35°C, while no peak was observed at higher temperatures. (C) Sphingomyelin (59.5%) and 10.5% cholesterol (15% of lipid). A rounded peak appears at 25°C, while no peak was observed at higher temperatures. (D) Sphingomyelin (56%) and 14% cholesterol (20% of lipid). No defined peak appears at any temperature.


The SAXD data for the sphingomyelin/cholesterol system that illustrates the effect of cholesterol is shown in Figure 4A. Table 2 shows a summary of the assignments of the reflection peaks from the diffractograms together with the relative peak intensity. Here, we have chosen to show data for samples with 30% of salt solution (154 mM NaCl and 1 mM CaCl2) without cholesterol and when 20% of the lipids consist of cholesterol as we obtain the most resolved diffractogram and largest effect of cholesterol under these conditions. At 25°, we observe a repeat distance of 70.1 ± 0.5 Å without cholesterol. Above the chain-melting temperature, about 40°C as observed in the WAX diffractograms (Figure 3), the satellite peaks disappear as is apparent from the data recorded at 45°C (Figure 4A) and discussed above. It is also noteworthy that the d-spacing decrease, from 70.0 ± 0.5 Å, with increasing temperature to 60.1 ± 0.6 Å. This amounts to a decrease of nearly 10 Å, which might be assigned to the larger mobility of the chains due to partial melting and thinner bilayer or dehydration of the lamellar phase. The addition of 20% cholesterol removes the double peaks observed in the diffractogram for sphingomyelin without cholesterol already at low temperature. Figure 4A and Table 2 show that the d-spacing is slightly larger for the system with 20% of cholesterol, i.e., 71.7 ± 0.1 Å compared with 70.0 ± 0.5 Å without cholesterol. We also note that the effect of temperature on d-spacing is less pronounced with a decrease in the value of about 6 Å to 65.9 ± 0.4 Å. Another interesting observation is that the height, i.e., intensity of the peak corresponding to the second order reflection increases about five times. This is consistent with an increased order of the phase induced by cholesterol as frequently reported for phospholipid systems (Hjort Ipsen et al., 1987; Mortensen et al., 1988).
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FIGURE 4. Shows the effect of cholesterol on the ordering of porcine brain sphingomyelin in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 recorded at 25°C and 45°C. (A) SAXD data for 70% sphingomyelin and no cholesterol (0% of lipid) as well as 56% sphingomyelin and 14% cholesterol (20% of lipid) are shown. The interlayer spacing for the different reflections and the relative intensities of the Bragg peaks are summarized in Table 2. Note that the intensities of the diffractograms are scaled for better clarity. (B) A typical cryo-TEM image of porcine brain sphingomyelin dispersions in the presence of cholesterol. As opposed to in the absence of cholesterol (Figure 1), the image features unilamellar vesicles of different sizes. The studied dispersion contains 10 wt% lipid in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2, where 7 wt% of lipids are cholesterol.



TABLE 2. Effect of adding cholesterol (20 wt% of lipid) on the lamellar structures of 70 wt% porcine brain sphingomyelin in water containing 0.9 wt% (154 mM) NaCl and 1 mM CaCl2.

[image: Table 2]We also note that, already with 7% of the lipids exchanged for cholesterol, the morphology of the dispersed aggregates changes profoundly as is observed by comparing Figure 1, 4B. The electron micrographs show that with cholesterol, the apparent double bilayer multilamellar vesicles are replaced with large vesicular type of structures with smooth bilayers and of different sizes.



Effect of Salt Solutions on Sphingomyelin

We discuss the effect of the type of salt on the chain melting transition as observed by WAXD. Key data are shown in Figure 5. The 70% sphingomyelin sample with 1 mM CaCl2 in the 0.9 wt% (154 mM) NaCl salt solution gives a sharper 4.20 Å peak than for the other conditions. This might be due to the fact that divalent cations are known to bind strongly with, e.g., phospholipids (McLoughlin et al., 2005). We note also that the chain-melting transitions seem to occur at a slightly higher temperature with CaCl2 (≈40°C) than with only monovalent salt. The WAXD peak becomes less defined when part of the NaCl is replaced with LiCl with a peak intensity decrease of about 75%. The chain-melting transition also seems to occur at a lower temperature of 30–35°C in the presence of LiCl, compared with 35–40°C in neat NaCl of the same ionic strength. Here, we again note that Na+ is more efficient as a salting-out ion than Li+ (Lo Nostro and Ninham, 2012), which might explain the slightly higher chain-melting temperature with only NaCl. This is presumably due to the different hydration-free energy of the two cations: for Li+ and Na+ ΔhydrG is -475 and -365 kJ/mol, respectively (Marcus, 1991).
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FIGURE 5. WAXD data show the effect of salt composition on the ordering of porcine brain sphingomyelin, 65.1% sphingomyelin, and 4.9% cholesterol (7% of lipid) recorded at different temperatures. (A) In 0.9 wt% (154 mM) NaCl and 1 mM CaCl2, the peak position corresponds to spacing of 4.20 Å at 25°C, 4.17 Å at 30°C, rounded peak at 35°C, while no peak at higher temperatures. (B) In 0.9 wt% (154 mM) NaCl, the peak position corresponds to a spacing of 4.15 Å at 25–35°C, and no clear peaks at higher temperature. (C) In 0.8 wt% (137 mM) NaCl and in 0.1 wt% (24 mM) LiCl, the peak position corresponds to a spacing of 4.20 Å at 25°C, a less defined peak at 4.15 Å at 30°C, and no peaks at higher temperatures. Note that the intensity is scaled so to obtain the same background for all diffractograms.


The SAXD data obtained by studying the swelling in the presence of different salt solution conditions are summarized in Figure 6. The values obtained are the mean values calculated from all observed first to fourth order of reflections, and the error bar is the standard deviation. It should be noted for the samples with the largest hydration (50 wt% lipid) that the third and fourth order peaks are very broad. This suggests that under these conditions, the system is close to the swelling limit. The swelling appears to be non-ideal, i.e., it does not follow the one-dimensional swelling law for a lamellar phase (Luzzati et al., 1960). This is particularly apparent at 40°C, which will be discussed further in the next section. We note that the d-spacing values tend to be lower in the presence of the NaCl + LiCl solution. The largest effect is observed at the lower sphingomyelin content. This is consistent with the lowering of the chain-melting temperature in the presence of Li+ ions (Figure 5), which implies slightly more disordered acyl chains of the lipids. We also note that in the presence of the Ca2+, which raises the chain-melting temperature slightly, the largest d-spacing is observed. This is consistent with more stretched out lipid chains. When the chains are in the fluid state less (Figure 6B), almost no differences between the salts are observed. Also, the value for the d-spacings is different for the different salt solutions.
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FIGURE 6. The effect of salt solution composition, i.e., 0.9 wt% (154 mM) NaCl and 1 mM CaCl2, 0.8 wt% (137 mM) NaCl and 0.1 wt% (24 mM) LiCl, and 0.9 wt% (154 mM) NaCl, on the interlamellar spacing (d-spacing) obtained from SAXD data as a function of porcine brain sphingomyelin content recorded at two different temperatures, (A) 25°C and (B) 40°C. The obtained values are the mean values calculated from all observed first to fourth order of reflections. For the samples with the largest hydration (50 wt% lipid), the third and fourth order peaks are very broad, and therefore, the q value of the peak is uncertain. In those cases, we used only the first and second order reflections. The error bars in the graph are the standard deviation of the calculated mean values.




Swelling Behavior of Sphingomyelin

The swelling curves in Figure 6 suggest non-ideal swelling behavior within the concentration range investigated. This is particularly evident at 40°C (Figure 6B), where the d-spacing does not change with lipid content above 60 wt%. It is possible to make a good linear fit of d-spacing vs. the inverse volume fraction of lipid for the data recorded at 25°C, but the slopes give unreasonable bilayer thickness of 15–20 Å (Luzzati et al., 1960). In Figure 7, we present data that illustrate the effect of cholesterol on the swelling behavior in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2. Remarkably, cholesterol has very little effect on the swelling behavior at 25°C. At 40°C, the d-spacing seems to increase with the addition of cholesterol. This is presumably because of the slightly different locations of the cholesterol at the two temperatures. At the higher temperature, the more fluid chains allow penetration of the linear cholesterol molecule deeper into the lipid hydrocarbon chains, so changing effective hydrocarbon volume and increasing head group hydration.
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FIGURE 7. Effect of cholesterol on the interlamellar spacing (d-spacing) obtained from SAXD data as function of porcine brain sphingomyelin content recorded at two different temperatures, 25°C and 40°C. The swelling curves for sphingomyelin in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 without cholesterol and where 7 wt% of lipid fraction was cholesterol are shown. The obtained values are the mean values calculated from all observed first to fourth order of reflections. For the samples with the largest hydration (50 wt% lipid), the third and fourth order peaks are very broad, and the q value of the peak is, therefore, uncertain. In those cases, we used only the first and second order reflections. The error bars in the graph are the standard deviations of the calculated mean values.


McIntosh et al. studied the thermal, structural, and cohesive properties of bovine brain sphingomyelin (BSM) and N-tetracosanoylsphingomyelin (C24-SM) with and without cholesterol (McIntosh et al., 1992). Their results are rather consistent with our findings, although they only studied the neat, hydrated sphingomyelin and with a 0.5-mol fraction of cholesterol. The acyl chains of C24-SM were found to be tilted and partially interdigitated, which means that the long C24 chain in one bilayer leaflet faces the shorter (unsaturated) sphingosine chain in the other reversed leaflet. This conclusion was made based on the distance between the head groups of about 51 Å in the diffraction pattern, while the distance should be about 57 Å based on the molecular structure. The possible formation of a ripple phase as found for phosphatidylcholine was also discussed but could not be verified with the data presented. Our cryo-TEM images with rippled structure associated with what appears as a double bilayer structure seems to indicate such a rippled structure. This is also consistent with a previous report for brain sphingomyelin based on freeze fracture electron microscopy (Meyer et al., 1999). McIntosh et al. also noted that introducing 50% cholesterol seems to remove the tilt and make the acyl chains disordered. Similar to our findings, they found that the wide-angle X-ray diffraction reflection at 4.15 Å disappears at high cholesterol content, also observed in our present study.



Brain Extract


Dispersion of Brain Extract at High Dilutions

The images of dilute dispersions of brain lipid extract do not feature double bilayer-type vesicles. It rather form large multilamellar vesicles often attached to a body of higher electron density (Figure 8). Similar patterns are not uncommon for dispersed lipid systems containing mixtures of lamellar forming and inverse phase forming lipids (Wadsäter et al., 2018). Recently, a study shows that self-assembled nanoparticles mainly composed of docosapentaenoyl (DPA)-diacyl phosphoinositol (22:5n6–22:5n6 PI)/monoolein (MO)/vitamin E formed multicompartment and multiphase structures similar to the ones shown in Figure 8 (Angelova et al., 2021). They suggested that these are built up by dense regions, most likely with lipid mixtures rich in PUFA-phospholipid and vesicular structures. This was suggested to be a consequence of the de-mixing of the different types of lipids. Here we note that apart from lamellar-forming phosphatidylcholine (about 13%), this type of extract also contains about 24% of reverse phase-forming phosphatidylethanolamine (Dreissig et al., 2009). Furthermore, about 20% of the brain phospholipids are plasmalogens, a unique class of phospholipids that contain a fatty alcohol with a vinylether bond at the sn-1 position and enriched in polyunsaturated fatty acids (Braverman and Moser, 2012). In addition, the extracted brain lipids have a high content of cholesterol, so that they are expected to be in the liquid crystalline state. This is verified by the smooth bilayer structures in the Cryo-TEM images (Figure 8).


[image: image]

FIGURE 8. Typical cryo-TEM images of a 10 wt% brain lipid extract dispersion in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2. The images show large multilamellar vesicles often attached to a body of higher electron density.




Liquid Crystalline Phases of Brain Lipid Extracts

The liquid crystalline state is doubly confirmed by the DSC measurements, where a typical thermogram is presented in Figure 9A. The vertical line indicates the start of the cooling—heating—cooling cycle. The samples were first cooled from 20 to −60°C at 10°C/min, and then heated up to 80°C at 5°C/min and eventually cooled at the same rate down to 20°C. We note here that there is a chain-melting peak at about -20°C. There are some smaller peaks around 10°C in the thermogram suggesting some sort of phase transition. To clarify the nature of this transition, SAXD was used to investigate the brain lipid samples further. The results for 70 wt% brain lipid extract in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 as a function of temperature are shown in Figure 10. Table 3 shows a summary of the assignments of the reflection peaks from the diffractograms. Four peaks were identified, and the peak with the highest intensity is labeled as 1 and is the only peak that can be assigned a d value with high accuracy. We note that the diffraction pattern is rather complex verifying the multiphase structure that is apparent from the cryo-TEM images in Figure 8. The SAXD pattern features several peaks, which are preserved during the temperature cycles. Some can probably be assigned to lamellar-like structures. The pattern features a main peak (1) around 80 Å as well as one peak (0) at about 145 Å and another (3) at 44.5 Å not perfectly matching the first three peaks of a lamellar phase. If we compare with the cryo-TEM image, we note that the repeat distance is slightly more than 100 Å compared with 80 Å extracted from the main peak (1) at 70 wt% lipid. The discrepancy compared with the main peak is likely due to the fact that cryo-TEM images were captured on 10-wt% lipid sample, but SAXD data was recorded using a lipid concentration of 70 wt%. Hence, the lamellar phase is expected to be more swollen in the cryo-TEM sample. We also note that the peaks at 50.1 and 44.5 Å shifted to lower spacing when the sample is heated to 40°C. Cooling down to 10°C gives only small changes to the peak positions. It should be noted that a sample that has been heated to 45°C shows the same diffraction pattern when re-run at 25°C as when the sample was first investigated at 25°C. It is clear that further structural analysis is needed to reveal the details of this very intriguing structure.
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FIGURE 9. Differential scanning calorimetry (DSC) showing the thermal response of brain lipid extract in 0.9 wt% NaCl and 1 mM CaCl2. (A) The thermogram of 50 wt% brain lipid extract in 0.9 wt% NaCl and 1 mM CaCl2, where the heating and cooling cycles are indicated. The vertical line indicates the start of the cooling—heating—cooling cycle. The samples were first cooled from 20°C to -60°C at 10°C/min, and then heated up to 80°C at 5°C/min and eventually cooled at the same rate down to 20°C. (B) The thermograms upon heating, where the different curves correspond to different aqueous content [salt solution with 0.9 wt% (154 mM) NaCl and 1 mM CaCl2] of 25 wt% (black), 50 wt% (red), and 80 wt% (blue)]. The inset shows the thermograms obtained from the pure brain lipid extract (full line) and from its hydrated phase (5 wt% of salt solution). (C) The enthalpy of the different transition peaks from (B) as a function of salt solution content, where green circles refer to the data for pure lipid, and 5 wt% showing only one peak. The other samples show two peaks, one at very low temperature (≈-22°C), and the corresponding enthalpy change is shown as red circles, and the high temperature transition peak is shown as blue circles. The results with onset and peak temperatures and the corresponding enthalpies are summarized in Table 4.



TABLE 3. SAXD data for 70 wt% brain lipid extract in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 as a function of temperature.

[image: Table 3]

TABLE 4. The differential scanning calorimetry (DSC) data for brain lipid extract in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 as function of aqueous content.
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FIGURE 10. SAXD data for 70 wt% brain lipid extract in 0.9 wt% NaCl and 1 mM CaCl2 as function of temperature. The interlayer spacing of the different peaks (0, 1, 2, and 3), together with their relative intensity, is shown in Table 3. Here peak 1 is the only well resolved peak with the highest intensity, while the 0 peak appears as a shoulder. Note the different diffractograms are displaced to facilitate comparison.




Effect of Salt Solution on Brain Lipid Dispersions

We also investigate the effect of different salt solutions on the morphology of the structure formed in dispersions of porcine brain lipids. In this case, the 5 wt% lipid dispersions were prepared using 0.9 wt% NaCl and 1 mM CaCl2, 0.9 wt% NaCl, 0.8 wt% NaCl with 0.1 wt% LiCl similar to the sphingomyelin fraction. Typical images are shown in Figure 11, and we note that there are significant effects of salt composition on the morphologies of the aggregates formed. Similarly, as for the sphingomyelin sample, the largest effect was seen by replacing some of the NaCl in the solution by LiCl. Here, we observed only a vesicular type of structure, contrary to the samples with NaCl and NaCl with added CaCl2, where denser aggregates connected to the vesicular structures were formed. The number of these denser aggregates was somewhat higher in the presence of CaCl2. This is quite remarkable as it implies that the dense region observed under other ion compositions are not formed in the presence of LiCl under the conditions employed. It is tempting to suggest that the LiCl has a particularly strong effect on the PUFA type of lipids as they are the ones thought to be responsible for the dense regime of the sample as reported by Angelova et al. (2021).


[image: image]

FIGURE 11. Shows typical cryo-TEM images of 5 wt% brain lipid extract dispersion in aqueous solution with different types of ions, but roughly the same ionic strength. (A,B) The images from two different grids of a sample dispersed in 0.9 wt% (154 mM) NaCl and 1 mM CaCl2 salt solution, featuring lamellar structures connected to more dense regions not fully resolved. (C,D) The images from two different grids from a sample dispersed in 0.9 wt% NaCl (154 mM) salt solution, featuring lamellar structures connected to more dense regions not fully resolved. (E,F) The images from two different grids from a sample dispersed in a salt solution containing 0.8 wt% (137 mM) NaCl and 0.1 wt% (24 mM) LiCl, featuring only lamellar structures.




Effect of Hydration on Brain Lipid Dispersions

The brain extract samples were dispersed in water at four different concentrations, and their thermal behavior was investigated through DSC and the results are shown in Figures 9B,C and summarized in Table 4. Figure 9B shows the thermogram of three aqueous dispersions of the brain extract, while the inset shows the DSC runs for the pure lipid sample and its hydrated sample (5 wt% of water). In the whole range of temperature investigated, the pure brain lipid (see the black solid line in the inset in Figure 9B) shows an endothermic phase transition at about 44.7°C, probably due to the melting of the sample. The hydrated sample (dotted line in the inset) shows a similar behavior with a significant broadening of the signal, centered at 38°C. When the amount of water increases from 25 to 80 wt%, the higher temperature peak progressively shifts to lower temperature and disappears: it is centered at 14.6°C in the 25 wt% sample and is almost vanished at 50 wt% (with some small contributions around 10°C). Interestingly, in the 25 wt% sample (black curve), there seems to be no free water in the sample, but only interstitial freezable bound water that melts at about -23°C. By increasing the water content up to 50 wt% (red curve), the amount of freezable bound water increases significantly, and a melting temperature remains at –22°C. At 80 wt%, we recorded also the presence of freezable water that melts at −4.7°C.

Figure 9C shows the enthalpy as a function of brain lipid content. In the pure lipid and in the samples with 5 wt% salt solution, the peak temperature (Table 4) and the corresponding enthalpy change are practically the same (green circles). Starting from the sample with 25 wt% salt solution, interestingly, we see two different peaks in each thermogram. One occurs at very low temperature, around -22°C, and another at higher temperature. For the former, the temperature at which the transition occurs does not change with the lipid concentration, while the enthalpy change slightly decreases as the amount of water increases from 25 to 80% (red circles). The other transition instead is accompanied by a much higher enthalpy change that remarkably increases when the water amount is higher than 50% (blue circles).

These results seem to indicate that hydration significantly modifies the thermal behavior of the brain lipids, in accordance with the structural and morphological investigations. Apparently, at least up to a water content of 50 wt%, water molecules are part of the nanostructures built up by bilayers and strongly bound (as non-freezable bound and interstitial water) to the polar head groups. Here, we would like to note that Gershfeld and coworkers, in a number of studies, have shown that the thermal response of the brain lipid, which in turn depends on the composition, can have physiological implications (Ginsberg et al., 1993). Their studies indicate that when the disease affects membrane lipid composition, the membrane can be destabilized at physiological temperatures.



CONCLUDING REMARKS

At first sight, the observations we have made are most peculiar. However, they are predicted by the modern theory of lipid self-assembly (Ninham et al., 2017a). It is a matter of simple geometry that any closed lipid membrane bilayer, spherical, or cylindrical faces a packing problem. The curved bilayer is necessarily unsymmetric. The outer monolayer has positive curvature; the inner layer necessarily has negative curvature. The bilayer is asymmetric. Correspondingly, the exterior and interior physicochemical conditions are also asymmetric. For a multilayered structure, there comes a point when the inner bilayer can no longer pack. This occurs at a radius of about 200 nm for typical biological lipids. The interior lipid bilayers can adjust to this tension by forming a cubic phase (Larsson, 1989; Ninham et al., 2017b).

States of supra-self-assembly become the rule rather than the exception in biological systems. With mixed lipids, phase separation within a bilayer takes place for the same reasons, with mesh phases—2D cubic phases with catenoidal holes and rafts automatically a consequence of packing constraints (Hyde et al., 1997). Transitions between one state of self-assembly to another, as for transmission of the nervous impulse, occur with ease by the Bonnet transformation (Larsson, 1989; Hyde et al., 1997; Ninham et al., 2017b).

The self-assembled structures demonstrated in this study exhibit such states of supra-self-assembly explicitly. It is clear that further analysis is needed to reveal the details of these very intriguing structures. This can most easily be achieved by changing head group hydration interactions using Hofmeister effects and with different salt solutions. The different morphologies seen under different external solution conditions begin to provide insights into phase changes of brain lipids that are coupled to, and are the source and sink of channel formation for ion exchange of sodium, potassium, and other ions that accompany and drive transmission of the nervous impulse. The effect of salt composition in the solution reflected in changes in lipid assembly morphology is due to specific competitive ion adsorption only, physical not biochemistry. This points at the possible connection to the physiological mechanism behind the successful use of lithium salts for the treatment of bipolar disorder.
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Plasmalogens are a subclass of cell membrane glycerophospholipids that typically include vinyl- ether bond at the sn-1 position and polyunsaturated fatty acid at the sn-2 position. They are highly abundant in the neuronal, immune, and cardiovascular cell membranes. Despite the abundance of plasmalogens in a plethora of cells, tissues, and organs, the role of plasmalogens remains unclear. Plasmalogens are required for the proper function of integral membrane proteins, lipid rafts, cell signaling, and differentiation. More importantly, plasmalogens play a crucial role in the cell as an endogenous antioxidant that protects the cell membrane components such as phospholipids, unsaturated fatty acids, and lipoproteins from oxidative stress. The incorporation of vinyl-ether linked with alkyl chains in phospholipids alter the physicochemical properties (e.g., the hydrophilicity of the headgroup), packing density, and conformational order of the phospholipids within the biomembranes. Thus, plasmalogens play a significant role in determining the physical and chemical properties of the biomembrane such as its fluidity, thickness, and lateral pressure of the biomembrane. Insights on the important structural and functional properties of plasmalogens may help us to understand the molecular mechanism of membrane transformation, vesicle formation, and vesicular fusion, especially at the synaptic vesicles where plasmalogens are rich and essential for neuronal function. Although many aspects of plasmalogen phospholipid involvement in membrane transformation identified through in vitro experiments and membrane mimic systems, remain to be confirmed in vivo, the compiled data show many intriguing properties of vinyl-ether bonded lipids that may play a significant role in the structural and morphological changes of the biomembranes. In this review, we present the current limited knowledge of the emerging potential role of plasmalogens as a modulator of the biomembrane morphology.
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INTRODUCTION

Biomembranes are of fundamental importance in providing cellular compartmentalization and regulation of intracellular activities. An extensive review of the literature reveals that biomembranes are dynamic as they can transform into various morphological architectures and shapes. Biomembrane transformation could be a selective process to fulfill a specific purpose under the continuous and ever-changing intracellular and extracellular environment.

 The physical and chemical characteristics of the biomimetic materials determine the structure and morphology of the artificial membranes (Jurak et al., 2018). Similarly, the physicochemical properties of the biological membranes are determined by the membrane’s proteins and phospholipids composition. Their unique combination influence the geometry, morphology, and function of the biomembrane. Morphological changes of the biomembrane are often related to the overexpression of certain membrane-resident proteins and, to a lesser extent, to the changes in the membrane lipid profile (Almsherqi et al., 2009). The role of membrane lipids in this regard was speculated based on published reports of biomembrane transformation in mammalian cells upon overexpression or inhibition of key regulatory enzymes of the lipid and cholesterol synthesis such as HMG-CoA reductase (Almsherqi et al., 2009).

In principle, any amphiphilic molecule is capable of inducing membrane transformation. Based on the chemical structure of the lipid bilayer and its interactions with the membrane proteins, several membrane patterns could be generated. Evidence from in vitro studies clearly shows that the propensity of membrane-forming lipids to initiate non-lamellar structures is pivoted mainly on their molecular shape concept (Epand, 1997, 2007). For example, biomembranes may adopt different morphologies such as plain lamellar, stacked lamellar, whorls, or hexagonal depending on the phospholipid headgroup size and charge (Epand, 1997; Madrid and Horswell, 2013). Further, the changes in shape and structure of biomembranes are also influenced by the alkyl chain length (e.g., very long chain fatty acids, VLCFA) and the number of double bonds of the unsaturated phospholipid (polyunsaturated fatty acids, PUFA; Deng et al., 2009). More specifically, the alkyl chain length and the degree of unsaturation of the phospholipid are foundational to the structural impact on the complex lipid derivatives in biomembranes. Phospholipids with highly unsaturated docosahexaenoic acid (DHA) or docosapentaenoic acid (DPA) alkyl chains are usually found in cholesterol depleted, non-raft membrane domains (Wassall and Stillwell, 2008), while lipid rafts domain are enriched in arachidonic acid (Pike et al., 2002). The introduction of DHA-rich domains is speculated to induce changes in the conformation of signaling proteins (Wassall and Stillwell, 2008) and to induce non-lamellar, highly curved membrane structures such as hexosomes in DHA-monoglyceride mixture (Yaghmur et al., 2019) or hexagonal and cubic membrane organizations (Deng et al., 2009). Interestingly, the structural impact of omega-3 and omega-6 PUFAs, for example, are profoundly different, in terms of their influence on biomembrane morphology, although the only difference between the two molecules is their respective positions of the double bonds on the acyl chain (Deng et al., 2009).

Besides studying the roles of VLCFA, PUFA, and cholesterol in inducing lipid membrane structural changes, recently, there is a heightened interest in investigating the role of ether phospholipids in biomembrane morphology. Ether phospholipids are ubiquitous and occasionally they are the major components of the cell membranes of anaerobic bacteria, primitive protozoa, fungi, and in the mammals’ cell membranes largely in the nervous, cardiovascular and immune systems (Braverman and Moser, 2012; Jiménez-Rojo and Riezman, 2019). There are two types of ether phospholipids, namely, plasmanyl phospholipid, and plasmenyl phospholipid (also known as plasmalogen). Typically, the sn-1 positions in plasmanyl and plasmenyl lipids are occupied by either 16 or 18 carbon attached via ether or vinyl-ether moieties, respectively, (Figure 1). In plasmalogens, the sn-2 position often carries PUFAs (Braverman and Moser, 2012; Dorninger et al., 2015). Indeed, ester, ether, and vinyl-ether lipids have their unique structures and physicochemical characteristics that affect biomrmbranes morphology, related to the cross-sectional area of the lipids, the differences in packing, and the interaction with other membrane components such as proteins and cholesterol (Casares et al., 2019). There is an increasing body of evidence demonstrating that vinyl-ether phospholipids have a direct effect on the membrane physicochemical properties including the rigidity/fluidity, fission/fusion, and morphological transition, (Koivuniemi, 2017) while ether lipids have been linked to complex cellular dysfunctions manifested as neurodegenerative and neurodevelopmental disorders (Dorninger et al., 2017). In this review, we mainly focus on plasmalogens, since they represent the major constituents of ether lipids in mammalian membranes, and because the biomembrane structural and morphological changes associated with impaired ether lipids are usually linked to the alteration of plasmalogen levels.
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FIGURE 1. Structure of ether-linked membrane lipids differing in the sn1 linkage. (A) Alkyl chain linked to sn1 position via an ether-linkage (plasmanyl ethanolamine) and (B) Alkyl group linked to sn1 position via a vinyl ether linkage (plasmenyl ethanolamine). The general structure of (C) plasmanyl and (D) plasmenyl phospholipid species.


Plasmalogens have a multistage evolutionary history and a unique distribution across living organisms (Goldfine, 2010). Approximately 1 in 5 phospholipids are plasmalogens in human tissue where they are especially enriched in the neuronal, cardiac, and immune cells (Braverman and Moser, 2012). For example, choline plasmalogens account for around 30–40% of choline glycerophospholipids in human heart tissues, whereas ethanolamine plasmalogens account for around 70% of ethanolamine glycerophospholipids in myelin sheaths (Farooqui and Horrocks, 2001). Considering the relatively higher amount of plasmalogens in the cell membranes, it is thus assumed that plasmalogens may potentially have significant effects on the physicochemical properties, and the integrity of the cell membranes.



ROLE OF PLASMALOGENS AS AN INTERNAL ANTIOXIDATIVE DEFENSE AGENT IN BIOMEMBRANES

Since their discovery, it was evident that, in contrast to ester-bonded phospholipids, vinyl-ether bond present in plasmalogens contribute to oxidation/antioxidant activity (Zoeller et al., 1999) as vinyl-ether bond preferentially decomposes during oxidation (Khaselev and Murphy, 1999). More specifically, it was proposed that plasmalogens could play a protective role against lipid peroxidation as a sacrificing/scavenger agent (Sindelar et al., 1999; Zoeller et al., 1999). In a study carried out by Sindelar et al. (1999), oxidative stress was applied to brain phospholipids with and without the presence of plasmalogens in separate liposomal systems. The results revealed that biomarkers for lipid peroxidation were significantly decreased in brain phospholipids with plasmalogens. Further, upon exposure to high oxidative conditions in normal cells, the plasmalogen levels were shown to decrease, suggesting a possible function as scavengers (Brosche and Platt, 1998; Brites et al., 2004).

Plasmalogens may protect biomembranes from environmental hazards as well. Hoefler et al. (1991), showed that plasmalogen deficient cells from patients with peroxisomal biogenesis disorders were significantly more sensitive to UV radiation exposure as compared to control cells. This observation supported by an in vitro study showed that plasmalogens-rich monolayer protects unsaturated lipids against UV-induced oxidation in the biomimetic system (Morandat et al., 2003). These observations imply that plasmalogens might protect polyunsaturated fatty acids of biomembranes from oxidative damage. Additionally, it has been reported that biomembranes relatively rich in plasmalogens exhibit low lipid peroxidation markers (Deng et al., 2017) and may provide protective shelter for biomolecules under oxidative stress conditions (Deng and Almsherqi, 2015).

The presence of vinyl-ether bonds in plasmalogens is probably responsible for providing protection against oxidative stress conditions. Indeed, vinyl ether bonds, the target of several oxidants including singlet oxygen, metal ions, and peroxyl radicals, are more susceptible to oxidation than ester bonds in phospholipids (Brites et al., 2004). However, peroxidation of vinyl-ether bonds by the free radicals might either be less efficient or more stable to abstract the hydrogen ion than alkyl radicals produced during the peroxidation of polyunsaturated fatty acids (Sindelar et al., 1999). It is also possible that during the process, the oxygenated vinyl ether radicals could be dissociated into water-soluble radical compounds leading to the inhibition of the chain reaction and stopping further propagation of lipid peroxidation (Sindelar et al., 1999). Therefore, plasmalogens that are present in sufficient concentrations in the cell membranes and able to cease lipid peroxidation could be classified as efficient internal antioxidants.



EFFECTS OF PLASMALOGENS ON THE PHYSICOCHEMICAL PROPERTIES OF THE BIOMEMBRANES

In addition to protecting phospholipids or lipoprotein and other components of the biomembranes against the damaging effects of reactive oxygen species, a substantial amount of research work supporting the proposition that alteration of the physicochemical and structural properties of the biomembranes could be influenced by the quantity and subtype of their plasmalogens content. In vitro studies carried out by Angelova et al. (2021) revealed that ethanolamine plasmalogen (C16:1p-22:5n6 pPE) promotes double-diamond cubic phase whereas primitive cubic phase and inverted hexagonal (HII) are observed in the DPA-ethanolamine plasmalogen (C16:1p-22:5n6 pPE) derivative. Complex morphological architectures such as cubic-lamellar liquid crystalline phases are established in DPA-plasmenyl phosphocholine (C16:1p-22:5n6 pPC)/MO (Monoolein) mixture, while ethanolamine plasmalogen (C16:1p-22:5n6 pPE)/DOPC (Dioleoylphosphocholine) bilayers promote a mix of multilamellar vesicular or whorls architectures (Angelova et al., 2021). The effect of cations on plasmalogen-rich membranes was studied by Cullis et al. (1986). Their experimental data showed that adding Ca2+ to a lipid bilayer consisting of negatively charged phospholipids and plasmalogens could alter and convert the flat membrane to a non-lamellar structure. Additionally, the authors have also observed that the addition of Ca2+ could promote membrane fusion in plasmalogen-rich membranes. Glaser and Gross (1994) reported that in vitro, vesicles with varying ratios of different plasmalogens could induce different non-lamellar structures. They have also demonstrated that different lipid compositions may affect the rate of membrane fusion, suggesting that plasmalogens are able to promote the formation of non-lamellar structures, which can further facilitate the membrane fusion process (Han and Gross, 1990, 1991; Glaser and Gross, 1994).

Lohner (1996) suggested that the tendency of plasmalogens to form highly curved structures such as inverted hexagonal may be attributed to their physicochemical properties. The lack of the carbonyl oxygen in position sn-1 of ether lipids affects the hydrophilicity of the headgroup and allows stronger intermolecular hydrogen bonding between the headgroups of the lipids which promotes the formation of non-lamellar structures. This suggestion is supported by studies that show that model membranes composed of plasmanyl and plasmenyl ethanolamines exhibit lower gel to liquid phase transition compared with diacyl glycerophosphoethanolamine analog (Paltauf, 1994). Detailed studies demonstrate that the optimum transition temperature required for the transformation from lamellar to hexagonal phase is lowered in the presence of plasmalogen (Lohner et al., 1991). Further experimental work showed that plasmalogens are an essential component in regulating several membranous activities (Hermetter et al., 1989; Glaser and Gross, 1995; Braverman and Moser, 2012) such as membrane fusion processes (Brites et al., 2004). Furthermore, physiological studies have shown that the highly heterogeneous bilayers enriched in plasmalogens present in synaptic vesicles (Breckenridge et al., 1973; Braverman and Moser, 2012; Dorninger et al., 2019) support neurotransmitter release and vesicular fusion is very sensitive to the amount and type of ethanolamine plasmalogens (pPE) content. Any minor reduction in either the vinyl-ether and/or the polyunsaturated fatty acid content of vesicles would result in a significant reduction in the number of successful membrane fusion events (Rog and Koivuniemi, 2016). Thus, this mechanism alone might be adequate to rationalize the correlation between the decreased membrane pPE and the neuronal function decline associated with neurodegenerative diseases and aging.



PLASMALOGEN DISTRIBUTION IN BIOLOGICAL MEMBRANES

Effects of plasmalogens on artificial membrane architectures have motivated further studies on their molecular distribution and packing in simulations of lipid membranes comprising plasmalogens and palmitoyl-oleoyl-phosphatidylcholine. Ether lipids in general, and plasmalogens in particular, form more tightly packed membranes than their diacyl analog. Specifically, for pPE, this effect could be attributed to the highly ordered state of sn1 chain and closer packing of the sn1 and sn2 chains where the orientation of the alkyl chain and vinyl-ether linkage of plasmalogens dictate the increased packing of membranes (Han and Gross, 1990; Rog and Koivuniemi, 2016). As such, it is expected that the bilayer thickness, lateral phase segregation, rigidity, and other physicochemical properties of the biomembranes are likely to be influenced by the amount and distribution of plasmalogens (Rog and Koivuniemi, 2016).

Experimental work using human red blood cells showed that the labeled pPE spontaneously spread from the outer to the inner leaflet with a transition half-time comparable to the corresponding diacyl analog. At equilibrium, about 80% of both subclasses of PE were in the inner leaflet whereas only 20% of choline plasmalogen (pPC) was translocated to the inner leaflet (Fellmann et al., 1993). It was further reported that in the sarcolemmal membrane, ethanolamine and pPC were asymmetrically distributed, with the plasmalogens predominating in the inner leaflet (for example, with pPE accounting for 44% and 24% of ethanolamine glycerophospholipids in the inner leaflet and the outer leaflet, respectively; Kirschner and Ganser, 1982; Post et al., 1988). Plasmalogens and diacyl glycerophospholipids segregation can occur laterally as well but this has not been reported in artificial membrane models. If it happens in biological membranes, then it is most likely to be caused by the specific interaction with membrane proteins. It has been speculated that asymmetrical distribution of pPE at the sarcolemmal membrane might be essential for Ca transport (Bick et al., 1991) and trans-sarcolemmal sodium-calcium exchange (Ford and Hale, 1996). Interestingly, plasmalogens localized in the inner layer of the plasma membrane are critical for sensing the cellular level of plasmalogens and they play an important role in the regulation of plasmalogen biosynthesis (Honsho et al., 2017). Plasmalogen levels in the cell membranes could affect the intracellular cholesterol distribution (Rodemer et al., 2003) and transportation within biomembranes (Munn et al., 2003).



EFFECTS OF PLASMALOGENS ON ALTERATION OF BIOMEMBRANE MORPHOLOGY

Notwithstanding the significant advances achieved in understanding the role of plasmalogens in the artificial membrane organization (Feller, 2008; Gawrisch and Soubias, 2008; Wassall and Stillwell, 2008), similar studies on the effects of plasmalogens on biomembrane curvature and architecture in vivo are limited mainly because of the deficiency of suitable experimental techniques to match the membrane geomorphologies in the cell with specific local membrane lipid composition.

One of the earliest investigations relating plasmalogen to membrane morphology alteration was reported by Teichman et al. (1972) who discovered that mammalian spermatozoa retained highly osmiophilic material when fixed with glutaraldehyde containing malachite green or pyronine. Further analysis of malachite-green-affinity (MGA) material found that MGA consists largely of pPC (Teichman et al., 1974). Although the highly condensed, plasmalogen-rich MGA material has various morphologies, its homogenous and apparently membranous whorls resembling myelin sheet was the most common architecture observed.

Deng et al. (2009) have demonstrated that during cell starvation, the significant increase in pPC in amoeba Chaos was associated with the highly organized and curved cubic membrane formation (Figure 2). An unusually high concentration of PUFA has been found in lipid analysis of amoeba Chaos (C22:5; DPA; Deng et al., 2009). Three main lipid species, namely pPE (C16:0p/C22:5), pPC (C16:0p/C22:5), and diacyl-PI (C22:5/C22:5), were detected in amoeba Chaos lipid extracts. Interestingly, the liposomal constructs obtained from the amoeba Chaos lipid extracts, typically display cubic and hexagonal phase organization (Figure 2).
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FIGURE 2. (A) Schematic diagram depicting a model of continuous membrane folding represents the formation of double diamond (D) and gyroid (G) cubic type, hexagonal and lamellar structures (L), and whorls (W) membrane organizations. Cubic membrane organizations have been reported to be rich in plasmalogens. (B) Transmission electron microscopy images of cubic membranes transformation of the mitochondria in amoeba Chaos cells under starvation stress condition and (C) Liposomes generated from the lipids extracted from amoeba Chaos, typically display cubic and hexagonal phase organization. (A,C) reprinted from Almsherqi et al. (2009) with permission.


Upon cubic membrane formation, under starvation stressed conditions, the relative amounts of PUFA especially DPA increased up to 1.6-fold (Almsherqi et al., 2010), at the expense of linoleic acid (all-cis-9,12-octadecadienoic acid; C18:2 omega-6). This suggests a metabolic link via the omega-6 DPA pathway giving rise to omega-6 DPA, rather than omega-3 DPA, which requires Δ15 desaturation of the acyl chain that is absent in animals (Deng et al., 2009). Furthermore, it has been suggested that cubic membranes which harbor a significant amount of plasmalogens (Deng et al., 2009), might act as a “defensive” shield to mitigate the oxidation of biologically vital macromolecules (e.g., lipids, oligonucleotides, and mRNAs; Almsherqi et al., 2008; Deng and Almsherqi, 2015; Deng et al., 2017). In this light, further studies carried out on amoeba Chaos showed that when oxidation was imminent in the mitochondria (Wang et al., 2011; Rambold et al., 2015) during cell starvation, the percentage of cell survival in amoeba Chaos with cubic membrane (rich in plasmalogens) was significantly higher than those amoeba without mitochondrial cubic membrane transformation (Chong et al., 2018). This suggested that plasmalogens play a role not only in membrane transformation but also as a cytoprotectant to promote cell survival. Similar results were reported in C. elegans where the lifespan was reduced by 30% in three different point-mutant strains that resulted in a near-complete loss of plasmalogens. Furthermore, the ability to survive and grow in cold ambient temperature was significantly reduced from 60% in the wild type C. elegans to 5–20% in the mutant strains.



CHANGES IN CELLULAR MEMBRANE MORPHOLOGY ARISING FROM EXOGENOUS METABOLIC PRECURSORS AND PLASMALOGENS SUPPLEMENTS

Based on clinical, experimental, and biomimetic simulation observations, alterations of plasmalogen levels and membrane transformation are associated. Thus, the availability of plasmalogens (as a result of supply/deficiency) could influence biomembrane transformation, during cellular/organelle stress conditions.

Experimental data demonstrated that alkylglycerols supplementation to rodents was utilized for ether lipids synthesis including plasmalogens (Hayashi and Oohashi, 1995). Furthermore, adding alkylglycerols to the culture media of plasmalogen-deficient CHRS, RCDP, or CHO cells reinstated the normal plasmalogen levels (Liu et al., 2005). Therefore, it can be deduced that dietary precursors such as alkylglycerols can be utilized for plasmalogen synthesis and restoration of normal levels of ether lipids in various tissues.

Plasmalogen dietary supplementation may aid membrane morphology alteration, particularly in amoeba Chaos. Lipid profile data of amoeba Chaos food organisms revealed significant differences in the plasmalogen levels of the two food organisms, namely Paramecium multimicronucelatum (hereinafter referred to as Paramecium) and Tetrahymena pyriformis (hereinafter referred to as Tetra). In particular, pPC was in relatively high abundance in Paramecium compared to Tetrahymena. The higher level of pPC in amoeba Chaos cells was observed in Paramecium-fed but not Tetra-fed cells (Deng et al., 2009). Interestingly, feeding amoeba Chaos with the extracted lipids from Paramecium (pPC-rich) or polyunsaturated fatty acids, specifically omega-6 DPA, (Deng et al., 2009) were able to induce mitochondrial inner membrane rearrangements into cubic morphology (Figure 3). Furthermore, liposome construct using the extracted lipids from amoeba Chaos exclusively fed with Paramecium do induce cubic or hexagonal organization in vitro (Deng et al., 2009; Figure 3).
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FIGURE 3. Schematic diagram depicting the effect of food supplements on the mitochondria membrane morphological transformation in amoeba Chaos.


In a parallel study adopting a similar technique, MO/DOPC nanostructured lipid phases with alteration of plasmalogens carrying DPA (C22:5n-6) were used in order to validate the potency of plasmalogens on the membrane curvature and/or membrane re-arrangements (Angelova et al., 2021). The results showed that plasmalogens-carrying C22:5n-6 fatty acids at sn-2 position effectively curved the lamellar phase structures and induced multiple nanostructures such as inverted hexagonal (HII), double diamond cubic phase, double-membrane vesicles, and multilamellar whorl topologies indicating the importance of DPA-based PE and PC plasmalogens in inducing membrane curvature (Angelova et al., 2021). These observations suggest that plasmalogens and PUFAs (C22:5n-6) each play a role in lipidic phase transition in vitro and cubic membrane transformation in vivo. Plasmalogens might work synergistically in transitioning the lipid phase to higher-order morphologies. With relevance to biological membrane transformation, it is highly possible that in vivo, lipids, proteins, and other ionic milieu or pH factors partake in a morphological transformation of biomembranes.

Translational studies of plasmalogens supplementation in Alzheimer’s disease revealed that there were improvements in the learning ability and cognitive function of the rodents when fed with plasmalogen-rich lipids (Yamashita et al., 2017) and significant improvement was observed in mild/early-stage Alzheimer’s patients when treated with oral supplements of scallop-derived plasmalogens (Fujino et al., 2017, 2018). However, the bioavailability of oral supplements of plasmalogens or plasmalogen precursors to the neuronal cells is still under investigation. Plasmalogens are carried in the plasma via chaperone proteins like LDL (Wiesner et al., 2009) and delivered to the tissues through LDL receptor-mediated pathway (Dehouck et al., 1997; Candela et al., 2008). Although some studies suggest that plasmalogen precursors (Wood et al., 2011), and DHA in the form of phospholipids can pass through the blood-brain barrier (BBB; Lagarde et al., 2015), plasmalogens may not be able to cross the BBB efficiently. These studies indicate that the brain tissue relies on the de novo synthesis of ether lipid rather than on the transportation of peripherally synthesized plasmalogens across the BBB. However, depleted levels of brain DHA, and presumably DHA-containing plasmalogens, could be replaced by sustained DHA supplementation (Salem et al., 2001). Enriching neuronal cell membranes with plasmalogens could improve neuronal function through modulation of non-lamellar membrane transformations and synaptic plasticity (Paul et al., 2019).



EXPERIMENTAL MODELS TO INVESTIGATE PLASMALOGENS EFFECT ON BIOMEMBRANES

Understanding the role of plasmalogens in biological membranes is key to understanding how plasmalogen depletion may contribute to the onset and progression of pathological conditions. Several knockout (KO) mice models were generated for in vivo studies, namely, Pex7 KO mouse (Brites et al., 2011), Pex7 hypomorphic mouse (Braverman et al., 2010), Gnpat KO (Dorninger et al., 2019), Agps hypomorphic mouse (Liegel et al., 2014), and recently, PEDS1 KO mice which lack both plasmanylethanolamine desaturase activity (the key enzyme involved in the initial step of plasmalogen synthesis) and plasmalogens (Werner et al., 2020). A sole mutation of an enzyme leading to a specific plasmalogen deficiency offered by the experimental models could be advantageous for a clear-cut understanding of the biochemistry-pathology relationship.

In addition to KO mice models and human neuronal cell culture, a nematode, C. elegans, has lately been established as a model for plasmalogen deficiency (Drechsler et al., 2016; Shi et al., 2016). Unlike murine KO mutants, which are often infertile, the ether lipid mutants C elegans are viable and fertile, which offers a valuable model to study severe forms of plasmalogen deficiencies. C. elegans is also a suitable model to incorporate dietary tracers which could be detected in the cell membranes and allow detailed measurements of ether lipids distribution in the cell membranes (Dancy et al., 2015).

Free-living giant amoeba Chaos could also be proposed as an experimental cell model system to assess the effect of plasmalogen deficiencies on cellular membrane structure and function. In addition to the high cellular dynamic (exocytosis, endocytosis, and pinocytosis), the advantage of studying membranes transformations in amoeba Chaos is the ability to trace membrane morphological changes in relation to changes in the diet. Modifying the quantity/quality of the food supply is feasible and controllable (Tan et al., 2005). Further studies could establish a relationship between the exogenous plasmalogens supplementation and cellular membrane activity.



SIGNIFICANCE OF STUDYING THE EFFECT OF PLASMALOGEN ON MEMBRANE MORPHOLOGY

Identification of a mechanistic association between the reduction in plasmalogens within cellular membranes and deterioration of vital cellular functions is important in two aspects: early detection of cellular dysfunction before it progresses to the disease state and secondly, proper planning for prevention and/or therapeutic intervention.

First, plasma plasmalogen levels could be used as a biomarker to indicate the onset of cellular dysfunction and monitor the rate and extent of the deterioration or improvement (Fernandes et al., 2020). Detecting plasmalogens in the blood, for example, would be an advantage over other methods of detection (Fernandes et al., 2020). Second, restoring plasmalogen levels (by oral supplements for example) at the appropriate intervention time could potentially delay or prevent the onset of cellular dysfunction that is associated with neurodegenerative and/or age-related diseases. Restoration of plasmalogens for specific tissues requires an improvement in the bioavailability of plasmalogens or plasmalogen precursors, enhanced BBB penetration ability (e.g., using liposome-based strategies; Vieira and Gamarra, 2016), and the selection of a proper stage (preclinical, early/late clinical) to start the treatment.



CONCLUDING REMARKS

In conclusion, with the potential role of plasmalogens in biomembranes as a modulator of cell membrane physicochemical properties and morphology, plasmalogens cannot be regarded to function only as an internal antioxidant that maintains membrane lipids and proteins integrity. Plasmalogens affect both across the lipid bilayer (lipid asymmetry) and lateral dimension (lipid domains) and facilitate the formation of non-lamellar structures in the cell. Inducing membrane curvature initiates and promotes membrane fusion/fission, vesicular formation, and molecular transportation which are crucial for normal cell function (especially neuronal cells) and adaptation to stress conditions. This new aspect of plasmalogens in the bilayer membrane architecture has been tested in artificial membrane lipid systems and yet to be explored in vivo. Furthermore, in-depth study of the underlying molecular mechanism of inducing and selecting a specific spatial arrangement of bilayer-based membranes is indeed critical to the understanding of the association between cell membrane alteration and adjustment of cellular function and adaptation to stress and pathological conditions.
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envelope and throughout space, contrary to other cell types in the dendrites and spines) and neuronal cell bodies the vasculature, extensive synaptic
the nucleoplasm mature healthy brain — Frequent contacts with other glial cells interactions
— Frequent contacts with synapses — Numerous large vesicles and endosomes - Both typical and dark microglia can
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Confined Bacterium Types of bacterial Applications Unexpected behavior Example
space behavior (in contrast with traditional methods) references
Lipid E. coli (a) Growth and To observe bacterial growth and The bacteria proliferated more slowly. Morita et al., 2018
vesicles proliferation proliferation
E. coli (a) Growth and To monitor microbial growth and E. coli proliferated more slowly, whereas ~ Juskova et al.,
proliferation proliferation other bacteria elongated without 2019
division owing to the accumulation of
matter.
Polymer E. coli (a) Growth and To investigate effects of physical Both the GFP fluorescent signal of Rybkin et al., 2019
vesicles proliferation; (b) barriers against mass gain and cell bacteria and the cell size increased by
communication division factors of more than five and two in the
confined space, respectively.
Droplets Staphylococcus (b) Communication To study confinement-induced QS Individual or small groups of S. aureus Carnes et al., 2010
aureus bacteria initiated virulence factor
expression.
E. coli and B. subtilis (c) Motion To observe the swimming behavior Dense suspensions of E. coli produced Hamby et al., 2018
of bacteria notable periodic vortex reversal.
E. coli (c) Motion To observe the motion of bacteria The motion of dense E. coli inside the Ramos et al., 2020
to transfer mechanical energy to droplet propelled droplet movement.
the confining environment
Magnetospirillum (c) Motion To observe the bacteria Living bacteria self-assembled into a Vincenti et al., 2019
gryphiswaldense self-assembling into a rotating body rotary motor.
in a confined space
Two B. subtilis (c) Motion To measure the swimming and The microorganisms swam upstream Lushi et al., 2014
strains: the WT 168 motion directions of bacterial cells against the spiral vortex.
and the mutant strain
Pseudomonas (b) Communication To study the QS pathways of One to three bacteria initiated QS and Boedicker et al.,
aeruginosa bacteria achieved QS-dependent growth. 2009
Microfluidic ~ Salmonella (b) Communication To observe bacterial S. typhimurium showed a significant Hong et al., 2013
chips typhimurium cancer-targeting to normal preference for HepG2 cells compared
(THLE-2) or cancer hepatocytes with normal hepatocytes.
(HepG2)
E. coli (b) Communication To study the adaptive dynamics of Local bacterial populations coexisted Keymer et al., 2006
the bacterial metapopulation in and were weakly coupled with neighbor
heterogeneous habitats populations.
Porous E. coli (c) Motion To track bacterial motion Bacteria showed intermittent Bhattacharjee and
media movement in porous media. Datta, 2019
E. coli and (c) Motion To observe the effects of bacteria The bacteria with higher activity more Luo et al., 2020

Staphylococcus sciuri

with different motility on vesicle
trapping

easily passed through pores.
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Peak

Conditions dA) 1% d@A 1% d@A) 1% d@A) 1%
25°C 145 28 797 100 501 17 445 16
25°C, after 144 37 797 100 505 28 431 13
heating to 40°C

40°C 145 37 789 100 554 28 485 35
10°C 145 38 797 100 521 13 411 12
15°C 142 34 805 100 495 13 406 12
20°C 140 38 797 100 514 14 431 13

The table shows a summary of the assignments of the reflection peaks from the
diffractograms shown in Figure 10. Here d = 2n/q is the interlayer spacing for the
different reflections. Four peaks were identified, and the peak with highest intensity
is labeled as 1 and is the only peak that can be assigned a d value with high
accuracy. The peak height | is calculated as percentage of the main reflection peak
after subtracting the estimated baseline.
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Peak 1 2 3 4

Conditions d(A) 1% d(A) 1% d(A) 1% d(A) 1% a(A

25°C 70.5 100 35.1 25 23.3 0.8 17.4 0.6 700+ 05
25°C, 20% Cholesterol 71.8 100 35.9 9.4 23.9 0.8 17.9 1.3 71.7 + 041
45 60.8 100 30.1 1.3 20.0 0.7 14.8 0.2 60.1+ 0.6
45°C, 20% Cholesterol 66.4 100 33.0 7.0 21.9 08 16.4 1.3 659 + 0.4

The table shows a summary of the assignments of the reflection peaks from the diffractograms shown in Figure 4A. Here d = 21/q is the interlayer spacing for the different
reflections 1, 2, 3, and 4 corresponding to the lamellar structure. From these values, a lamellar repeat distance, a, is calculated and is given as + standard deviation. The
peak height | is calculated as percentage of the main reflection peak after subtracting the estimated baseline. Values for the additional peaks 2', 2", and 3’ in the sample
without cholesterol at 25°C (absent in other samples) are shown only in Table 1.
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Peak 2 2" 3

T(°C) d(A) 1% d(A) 1% d(A) 1% d(A) 1% d(A) 1% d(A) 1% d(A) 1% a(A
25 70.5 100 44.8 0.2 35.1 2.5 32.4 2.1 28.7 0.1 23.3 0.8 17.4 0.6 70.0+ 0.5
30 705 100 45.3 0.2 35.1 23 32.6 2.8 28.7 0.1 23.2 0.6 17.4 0.5 700+ 05
35 69.9 100 34.4 20 32.4 1.7 229 05 17.0 0.3 68.9+ 0.7
40 64.3 100 31.5 1.8 20.8 0.4 15.4 0.1 629 + 1.1
45 60.8 100 30.1 148 20.0 0.7 14.8 0.2 60.1 + 0.6

The table shows a summary of the assignments of the reflection peaks from the diffractograms as shown in Figure 2A. Here d = 21/q is the interlayer spacing for the
different reflections 1, 2, 3, 4 corresponding to the lamellar structure. From these values a lamellar repeat distance, a, is calculated and is given + standard deviation.
The peak height | is calculated as percentage of the main reflection peak after subtracting the estimated baseline. Additional peaks are indicated as 2/, 2", and 3'.
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Enzyme name

PlsX/Y
CdsA

PgsA

PssA

Psd
PgpA/PgpB

Function descriptions

Glycerol 3-phosphate acyltransferase
CDP-diacylglycerol synthase
Phosphatidylglycerol phosphate synthase
Phosphatidylserine synthase
Phosphatidylserine decarboxylase

PGP phosphatases

CDR cytidine diphosphate; PGF, phosphatidylglycerol phosphate.
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Enzyme name

FAS

ACS

FAR-1/2

DHAP-AT
ADHAP-S
AADHAP-R
AAG3P-AT

PH

E-PT

TMEM189 homolog

Function descriptions

Fatty acid synthase

Acyl-CoA synthase

Fatty acyl-CoA reductase 1 or 2

DHAP acyltransferase

Alkyl DHAP synthase
Alkyl/acyl-DHAP-reductase
Alkyl/acyl-glycero-3-phosphate acyltransferase
Phosphohydrolase

Ethanolamine phosphotransferase
plasmanylethanolamine desaturase

DHAR, dihydroxyacetone phosphate.
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The results with peak (Tpeak) and onset (Tonset) temperatures as well as the
corresponding enthalpies, AH of the transition are shown and determined from
the thermogram in Figure 9. The baseline was corrected to calculate the onset
and peak temperature of the transition as well as the enthalpy.
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Food product

Percentage of
fat (%) used in

Approximate/average
fatty acid

Mesophase transitions
during digestion*

References

the starting composition (mol %)
emulsion
Bovine milk 3.8 SCT: 0.4-12 Emulsion (Feng et al., 2004;
(pasteurized and MCT: 10-26 —Ly Lindmark-Méansson, 2008;
homogenized) LCT: 74-90 —Ly + I2(FA3m) Salentinig et al., 2013;
—Ly + Ho Clulow et al., 2018; Pham
—Ly + Ho + Vo (Im3m) et al., 2020)
Human breast milk 220+ 0.13 w/v SCT: 0 Emulsion (Salentinig et al., 2015;
MCT: 5-13 —Lq Pham et al., 2020)
LCT: 87-95 lo(FA3m)
Goat milk 3.6 SCT: 2-5.7 Emulsion (Prosser et al., 2010; Pham
(pasteurized and MCT: 16-27 —ly et al., 2020)
homogenized) LCT: 63-78 —Ly + lo(Fd3m)
—Lle +Ho
—Lg + Vao(Im3m)
—La
Soy juice 3.0 SCT: 0 Emulsion (Lietal, 2017; Pham et al.,
MCT: 0-1 lo(FA3m) 2020)
LCT: 99-100
Infant formula (three (1) 3.8 (1) (1) Emulsion (Pham et al., 2020)
different brands) MCT: 3.45 £ 0.24 —ly
FA/4.03 + 0.08 MG — lp(Fd3m)
LCT: 95.57 + 0.24
FA/95.97 £+ 0.08 MG
(2) 3.8 2) (2) Emulsion
MCT: 13.51 & 0.042 -
FA/8.15 £ 0.71 MG —Lg + Ho
LCT: 95.57 +£ 0.24
FA/95.97 £+ 0.08 MG
(3) 3.6 ) (8) Emulsion
MCT: 4.90 £ 0 —ly
35 FA/3.89 £ 0.22 MG
LCT: 93.81 +£0.38
FA/96.11 £ 0.22
Mayonnaise 7.15 SCT: 0 Emulsion (Salentinig et al., 2017)
MCT: 0 —lp(Fd3m) + Lo
LCT: 100 (Eastwood —Ho
etal.,, 1963) —V5(Pn3m)
—La
Krill oil 5 SCT. 0 Emulsion —Ly —Ho (Codex Alimentarius
MCT: O Commission, 2017;
LCT: 100 Yaghmur et al., 2019)

*It is now likely that in many cases where the lamellar phase observed in digesting lipid systems that it is due to calcium soap formation rather than a putative L, phase

(Clulow et al., 2018).
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