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Abstract

:

Positively charged ion species and charged lipids play specific roles in biochemical processes, especially those involving cell membranes. The cell membrane and phase separation domains are attractive research targets to study signal transduction. The phase separation structure and functions of cell-sized liposomes containing charged lipids and cholesterol have been investigated earlier, and the domain structure has also been studied in a membrane model, containing the yeast sterol ergosterol. The present study investigates phase-separated domain structure alterations in membranes containing charged lipids when cholesterol is substituted with ergosterol. This study finds that ergosterol increases the homogeneity of membranes containing charged lipids. Cholesterol-containing membranes are more sensitive to a charged state, and ergosterol-containing liposomes show lower responses to charged lipids. These findings may improve our understanding of the differences in both yeast and mammalian cells, as well as the interactions of proteins with lipids during signal transduction.
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1. Introduction


Minerals are one of the most important nutrient groups. Previously, the authors extracted mineral elements from cultivated oysters and measured their concentrations [1,2]. At that time, calcium, sodium, zinc, magnesium, and potassium were measured. Minerals such as calcium and sodium exist as ions in cells. Calcium ions are known as signal transduction messengers and display increased levels when the signal is “on”, and reduced levels when the signal is “off”. Mineral species often exist as positive ions under physiological conditions. Each positive ion species, such as sodium or potassium, has specific roles to play in order to activate motor proteins in microorganisms [3]. The cell membranes are composed of a phospholipid bilayer [4], containing various proteins, together with unsaturated and saturated phospholipids and sterols. The cell membrane not only separates the outside from the inside of the cells, but is also involved in the transmission of signals. The raft model [5,6] has been proposed to explain the emergence of a domain structure from the phase separation of membrane lipids. The sterols present in the membrane bilayer are mainly cholesterol and ergosterol in animal and fungal cells, respectively.



It has been reported that calcium ion concentration-dependent signal transduction and the assembly and dispersion of a domain rich in cholesterol and saturated lipids, i.e., the raft domain [5,6], exists in the cell membrane and is linked to the switching of signal transduction [7]. Cell membranes contain charged lipids [8] and the phase separation structures and functions of cell membranes containing charged lipids have been studied using cell-sized liposomes [9,10]. The domain structure has also been observed in a model membrane containing ergosterol from yeast cells, suggesting that the raft structure could be reproduced [11]. Conversely, in experiments using actual yeast cells, fluorescence localization was observed in membranes of the cells labeled with the sterol-binding fluorescent reagent filipin, suggesting the presence of ergosterol in membranes [12]. It has been reported that membrane proteins display a conformational change when liposomes contain ergosterol instead of cholesterol [13]. Therefore, the mechanism underlying membrane changes during sterol presence has been investigated. It has been shown earlier that the liquid-ordered (Lo) phase is easily formed in presence of ergosterol in nanoscale liposomes [14,15,16]. Furthermore, ergosterol reportedly alters liposome morphology in cell-sized liposomes [17] and affects domain structure with temperature fluctuations [18,19].



Herein, we investigate the effects on the phase-separated domain structure in membranes containing charged lipids when cholesterol is substituted with ergosterol. This study provides important information on differences in cellular processes, such as protein function and regulation, during protein–lipid interactions in membranes.




2. Materials and Methods


2.1. Materials


All lipids (Figure 1) and sterols (Figure 2) used in this study are shown respectively. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol (Chol), and ergosterol (Erg) were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Further, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG) was purchased from Cayman Chemical Company (Ann Arbor, MI, USA). The red fluorophore-labeled lipid, Lissamine™ Rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (Rhodamine DHPE) was obtained from Invitrogen (Carlsbad, CA, USA). The blue fluorescence-labeled dye for sterol detection, BODIPY-cholesterol, was purchased from Cayman Chemical Company. Ultrapure water obtained from the RFD240NC purification system (ADVANTEC, Tokyo, Japan) was used for reagent preparation and glassware cleaning. Acetone was purchased from Wako Pure Chemical (Osaka, Japan). Chloroform was purchased from Kanto-chemical (Tokyo, Japan). Sodium chloride (NaCl) was purchased from Fujifilm Wako Pure Chemical (Osaka, Japan). Finally, pH test paper 073200 was purchased from Whatman (Whatman, Maidstone, UK).




2.2. Liposome Preparation Protocol


Several different types of liposomes were prepared, including giant unilamellar vesicles (GUV) and model membranes/liposomes. A slightly modified version of the method of natural swelling from dry lipid films was used as outlined in previous studies [9,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34]. Since unilamellar vesicle formation is highly sensitive to the preparation conditions, samples were prepared under well-controlled physical conditions, as described below. Glass test tubes were thoroughly washed with acetone and air-dried. Further, mixtures of lipids and Rhodamine DHPE were dissolved in chloroform, in these glass test tubes under argon gas. The tubes were then dried under vacuum for 3 h to form thin lipid films. Next, some of the films were hydrated overnight with ultrapure water at room temperature (20 ± 2.0 °C) to reach the final concentration of 0.2 mM total lipid, 0.1 μM Rhodamine DHPE, and 0.2 μM BODIPY-cholesterol in the hydrated film. Another batch of films was hydrated with ultrapure water or 10 mM NaCl solution at 50 °C for over 3 h using a drying oven (DV 41, Yamato Scientific Co., Ltd., Tokyo, Japan) for GUV formation. The lipids should appear in a fluid state where swelling occurs at T > Tm (melting temperature) of DPPC at 41 °C [35,36]. During hydration, the test tubes were double wrapped with parafilm and aluminum foil to prevent oxidation and to preserve fluorescence. After hydration, the test tubes were stored in a drawer at a constant room temperature in the dark until the time of observation, which would take place within a week.




2.3. Microscopic Observation


A 6 μL sample of each liposome solution, prepared as described above, was placed in a silicon well (0.2 mm depth) on a glass slide, and covered with a small cover slip. All solutions of liposomes had pH values around 7.0. Domain liposomes were then observed using a fluorescence microscope (BX51; Olympus, Tokyo, Japan) at room temperature, which was maintained using a thermal plate (TPi-X; Tokai-Hit, Fujinomiya, Japan). Images of phase-separated liposomes were obtained using a microscope-attached digital camera (WRAYCAM-VEX830; Wraymer, Osaka, Japan). At least 60 liposomes were observed for each type of lipid mixture. Samples were chosen randomly from cell-sized liposomes (~10 μm diameter). Observations made on the prepared liposomes, at least three different times, confirmed that the preparation was highly reproduceable.




2.4. Statistical Analysis


The data of the phase separation ratios of liposomes are expressed in terms of the mean and standard error; the data were analyzed using Microsoft Excel. One-way ANOVA in Excel was used to assess the differences, for comparison of the phase separation ratio of liposomes in each condition.





3. Results and Discussion


There are three kinds of phase-separated liposomes. First, the homogeneous phase (Figure 3A), second, liquid-ordered (Lo)/liquid-disordered (Ld) phase separation (Figure 3B), and third, solid-ordered (So) and Ld phase separation (Figure 3C). The lipid compositions of both, homogenous and Lo/Ld was DPPC:DOPC:Chol, 40:40:20; and that of So/Ld was DPPG:DPPC:DOPC:Chol, 25:15:40:20, respectively. According to previous studies, phase separation is influenced the mixing fraction of lipids [37]. A wide variation in the mixed fraction of lipids compartment during the liposome preparation has been reported earlier [38]. Therefore, the same condition (DPPC:DOPC:Chol, 40:40:20) produce two different phase-separated domains (Figure 3). These liposomes were observed in previous studies [9]. Previous reports have indicated that three-phase coexistence can be produced [9,18,37,39]. Sample observation identified more than 60 vesicles in each condition, and results are shown as an average of three observations with error bars as standard errors. All experiments were performed in triplicates to confirm replication of the results. Based on the phase diagram for DOPC/DPPC/Chol, it is near the region in which all three phases coexist in a single liposome [40,41]. Some studies have reported that the three phases co-exist in a single liposome made by charged lipids [9,42]. Since this observation may present limitations for the staining of a single phase using Rhodamine DHPE, we attempted to observe three co-existing phases by staining with BODIPY-cholesterol dye; however, microscopic conditions in our institute could not detect three coexisting phases within a single liposome, since liposome positions varied with changing irradiation wavelength. This was caused during changing of the filter, which in turn caused some vibrations that changed the position of liposome. This can be avoided by using confocal microscope, or liposome can be fixed using coating material, which we plan to do in future. This study considered only the homogenous, Lo/Ld, and Ld/So domains.



The effects of charged lipids on Lo/Ld membranes containing cholesterol and ergosterol were initially investigated under cholesterol conditions. As in a previous report by Himeno et al. [9], the DOPC/DPPC/Chol (40/40/20) liposome was used as a control for the Lo/Ld phase separation (Figure 4, bright grey). In the present study, the ratios for homogenous, Lo/Ld, and So/Ld were, 10.6%, 86.7%, and 2.7%, respectively; these results are in agreement with a previous study [37]. To investigate the interaction of charged lipids, DPPG was used instead of DPPC (DPPG:DPPC:DOPC:Chol, 15:25:40:20), which increased the formation of So/Ld domains (Figure 4, grey). The ratio of Lo/Ld decreased (Figure 4). Thereafter, the charge was screened using NaCl. Liposomes made from DPPG:DPPC:DOPC:Chol (15:25:40:20) in a NaCl solution were observed. The ratio of the homogenous phase increased (Figure 4, dark grey), that of the Lo/Ld phase increased, and that of the So/Ld phase decreased. The differences in the ratio of phase-separated liposomes containing charged lipids were statistically significant in each condition (one-way ANOVA, p < 0.05). Such trends show that the neutral lipid state is favored after screening with NaCl. These phenomena are consistent with previous results [9].



Next, the effects of charged lipids on Lo/Ld membranes containing ergosterol were investigated. The DOPC:DPPC:Erg (40/40/20) liposome was used as a control for Lo/Ld phase separation (Figure 5, bright grey). Using DOPC:DPPC:Chol (40:40:20) liposomes, Lo/Ld phase separation could be observed. Our finding agrees with previous results, indicating that Erg-containing cell-sized liposomes have Lo/Ld membranes, despite the slightly different lipid composition [14,15,16]. The finding is consistent with the nano-scale results of Bui et al. [14,15,16], who had reported that the Lo phase could be determined in 100 nm sized liposomes containing DOPC:DPPC:Erg (45:45:10) and DOPC:DPPC:Erg (35:35:30). Next, charged lipid DPPG was applied, instead of DPPC, and Erg-containing liposomes were observed (Figure 5, grey). The DPPG:DPPC:DOPC:Erg (15:25:40:20) liposome increased the formation of homogenous and So/Ld domains, and the ratio of Lo/Ld decreased (Figure 5). Next, the charge was screened using NaCl, and liposomes made from DPPG:DPPC:DOPC:Erg (15:25:40:20) in a NaCl solution were observed. The ratio of the homogenous phase increased (Figure 4, dark grey), the ratio of the Lo/Ld phase did not change significantly, and the ratio of the So/Ld phase decreased. Difference in ratio of phase-separated liposomes containing ergosterol were statistically significant in each condition (one-way ANOVA, p < 0.05). The influence of charged lipids and, a return to the neutral state were observed, since So/Ld decreased, despite the liposome change.



Comparing the charged lipid-dependent phase separation domain effects of the two sterols, the most important outcome is that Erg increases homogeneity in the charged lipid condition. The phenomenon of Erg increasing the homogeneity in the charged lipid indicates that Erg tends to support the mixing of each lipid component of the membrane. An increase in the homogeneous state would indicate that it is more energetically favorable than the phase-separated state. Although, in this case, we used negatively charged saturated lipids, unsaturated lipids, and Erg, and similar phenomena of an increase in homogenous liposomes compared to neutral lipid systems was reported earlier with negatively charged unsaturated lipids, saturated lipids, and Chol [10]. This study [10] indicated that phase separation was low for the charged membrane, due to the large energy loss caused by the high concentration of negatively charged lipids, even when the temperature was below the phase separation temperature. We assume that same molecular interaction is responsible for making Erg increase the homogeneity in the charged lipid condition in the present study. Recently, we have reported a similar result for phase separated membranes in cell-sized liposomes made from neutral lipids containing Erg, in which it was observed that Erg tended to increase the homogeneity, more so than when cholesterol was used as the sterol component [43]. Homogenous liposomes were increased after screening charged lipids using the NaCl solution. So/Ld, and Lo/Ld liposomes were reduced in liposomes containing charged lipids compared to liposomes without charged lipids in both, Chol- and Erg-containing liposomes, respectively (Figure 4 and Figure 5). The ratio of the So/Ld phase in Chol-containing liposomes with charged lipids was greater than that observed in Erg-containing liposomes with charged lipids. Taken together, Chol-containing membranes are more sensitive to the corresponding charged condition in liposomes containing charged lipids. The Lo/Ld phase ratio decreased, while that of the So/Ld phase increased, and these ratios had changed significantly after screening the charge. In contrast, the ratio of Lo/Ld and So/Ld phases in Erg-containing liposomes showed a mild response to charged lipids and screening.



Himeno et al. discussed that charged proteins and charged domains may play an important role in the selective adsorption of charged biomolecules [9]. Further, the phase separation behaviors of cell-sized liposomes containing charged lipids have been studied [44,45]. Kubsch et al. [44] reported that phase separation in liposomes containing charged lipids could be observed when liposomes are exposed to a NaCl solution, either in their inner or their outer region [44]. In the present study, although the outer and inner solutions both contained NaCl, similar results were obtained. Pataraia et al. reported apoptosis-related protein cytochrome C induced membrane phase separation in liposomes containing charged lipids [45]. The finding was useful to reveal mechanism of signal transduction, such as apoptosis based on molecular interaction between protein and the charged lipids at membrane phase separation. In actual cell, phase separated raft domains exist, and their clustering state is linked to the switching on and/or off of various signal pathways [7,46]. Previous studies have reported that cholesterol’s presence has an important role on raft clustering [7,47]. The present study may contribute to such research areas, because the sterol types influenced phase separation with changing ionic condition (Figure 4 and Figure 5) in the present study. Recently, it was found that two types of channels function in the process of lipid transfer in yeast, where one is calcium-dependent while the other is not [48]. The present study has found that changes in phase separation in membranes containing Erg, a yeast sterol, occur at a lower rate than that of membranes containing Chol, a mammalian sterol. These findings suggest that when the type of sterol changes, the phase separation, and signal transduction may also change significantly. However, there are regulatory mechanisms controlling protein functions, based on the interaction between proteins and lipids in presence of ions and charges [3,49]. Charged lipids and proteins and the presence of ions is fundamental to many biological processes. This study provides important insights into the effects of various sterol structures on charged lipids. However, a possible limitation may arise, since we used NaCl at a concentration of 10 mM, which is lower than that of physiological concentrations in living cells (approximately 140 mM). From the obtained results, we believe that screening using 10 mM NaCl was sufficient for Chol-containing membranes [9,10], but this concentration may be too low for Erg-containing membranes, and further research on the subject is warranted. In the cell membrane, charged lipids are distributed asymmetrically between the inner leaflet and outer leaflet [8,50,51]. In present study, lipids were distributed on the lipid bilayer almost symmetrically because the liposomes were made via natural swelling methods [51]. Hamada et al. reported the construction of asymmetric phase-separated cell-sized liposomes [52]. As asymmetric structures in cell-sized model membranes with vesicular structures would be of profound value in studies on the biologically physicochemical functions of lipid organization structures [52,53], we plan to conduct further research with asymmetrical phase-separated membranes, containing both charged lipids and several kinds of sterols in the future.




4. Conclusions


In the present study, changes in phase separation induced by charged lipids in membranes containing two types of sterols have been investigated, namely, cholesterol and ergosterol. Ergosterol increased the homogeneous phase in membranes containing charged lipids when compared to those containing cholesterol. Membranes containing cholesterol are more sensitive in charged conditions, and liposomes containing ergosterol showed low responses to charged lipids and NaCl screening. These findings show that certain membranes can alter their sterol structure and may further our understanding of the differences and similarities between yeast and mammalian cells, in order to improve our knowledge regarding protein and lipid interactions during signal transduction.







Funding


This work was supported by Intelligent Cosmos Award (Intelligent Cosmos Foundation), Konica Minolta Imaging Science Encouragement Award (Konica Minolta Science and Technology Foundation), the Shorai Foundation for Science and Technology, a JSPS KAKENHI Grant Number JP20K19699 from Japan Society for the Promotion of Science (JSPS) and Grant of a research challenge, and third term research project from Aomori Prefectural Industrial Technology Research Center.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Research data have been provided in the manuscript.




Acknowledgments


The author thanks Shoji Sasaki for providing a comfortable research environment; Megumi Igarashi and Tomoyo Hirayama, for their permission to use their instruments; Yuuki Kimura, for keeping samples.




Conflicts of Interest


The author declares that they have no known competing financial interest or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Yoda, T.; Ichinohe, S.; Yokosawa, Y. Rapid analysis of minerals in oysters using microwave decomposition and inductively coupled plasma atomic emission spectrometry. Aquacult. Rep. 2021, 19, 100585. [Google Scholar] [CrossRef]

	



Yoda, Y.; Ichinohe, S.; Yokosawa, Y. Effect of microwave decomposition on inductively coupled plasma spectrometry analysis of minerals in oysters. Fish. Sci. 2019, 85, 1089–1098. [Google Scholar] [CrossRef]

	



Terahara, N.; Sano, M.; Ito, M. A Bacillus Flagellar Motor That Can Use Both Na+ and K+ as a Coupling Ion Is Converted by a Single Mutation to Use Only Na+. PLoS ONE 2012, 7, e46248. [Google Scholar] [CrossRef] [PubMed]

	



Singer, S.J.; Nicolson, G.L. The fluid mosaic model of the structure of cell membranes. Science 1972, 175, 720–731. [Google Scholar] [CrossRef]

	



Simons, K.; Ikonen, E. Functional rafts in cell membranes. Nature 1997, 387, 569–572. [Google Scholar] [CrossRef]

	



Vestergaard, M.; Hamada, T.; Takagi, M. Using model membranes for the study of amyloid beta: Lipid interactions and neurotoxicity. Biotechnol. Bioeng. 2008, 99, 753–763. [Google Scholar] [CrossRef]

	



Yabuuchi, S.; Endo, S.; Baek, K.; Hoshino, K.; Tsujino, Y.; Vestergaard, M.C.; Takagi, M. Raft-dependent endocytic movement and intracellular cluster formation during T cell activation triggered by concanavalin A. J. Biosci. Bioeng. 2017, 124, 685–693. [Google Scholar] [CrossRef]

	



Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P.; Bray, D.; Watson, J. Molecular Biology of the Cell, Classic Textbook, 5th ed.Garland Science: New York, NY, USA, 2012. [Google Scholar]

	



Himeno, H.; Shimokawa, N.; Komura, S.; Andelman, D.; Hamada, T.; Takagi, M. Charge-induced phase separation in lipid membranes. Soft Matter 2014, 10, 7959–7967. [Google Scholar] [CrossRef]

	



Shimokawa, N.; Hishida, M.; Seto, H.; Yoshikawa, K. Phase separation of a mixture of charged and neutral lipids on a giant vesicle induced by small cations. Chem. Phys. Lett. 2010, 496, 59–63. [Google Scholar] [CrossRef]

	



Klose, C.; Ejsing, C.S.; García-Sáez, A.J.; Kaiser, H.-J.; Sampaio, J.L.; Surma, M.A.; Shevchenko, A.; Schwille, P.; Simons, K.S. Yeast Lipids can phase-separate into micrometer-scale membrane domains. J. Biol. Chem. 2010, 285, 30224–30232. [Google Scholar] [CrossRef]

	



Wachtler, V.; Balasubramanian, M.K. Yeast lipid rafts?–An emerging view. Trends Cell Biol. 2006, 16, 1–4. [Google Scholar] [CrossRef] [PubMed]

	



Grudzinski, W.; Sagan, J.; Welc, R.; Luchowski, R.; Gruszecki, W.I. Molecular organization, localization and orientation of antifungal antibiotic amphotericin B in a single lipid bilayer. Sci. Rep. 2016, 6, 32780. [Google Scholar] [CrossRef] [PubMed]

	



Bui, T.T.; Suga, K.; Umakoshi, H. Roles of sterol derivatives in regulating the properties of phospholipid bilayer systems. Langmuir 2016, 32, 6176–6184. [Google Scholar] [CrossRef] [PubMed]

	



Bui, T.T.; Suga, K.; Umakoshi, H. Ergosterol-induced ordered phase in ternary lipid mixture systems of unsaturated and saturated phospholipid membranes. J. Phys. Chem. B 2019, 123, 6161–6168. [Google Scholar] [CrossRef] [PubMed]

	



Bui, T.T.; Suga, K.; Kuhl, T.L.; Umakoshi, H. Melting-temperature-dependent interactions of ergosterol with unsaturated and saturated lipids in model membranes. Langmuir 2019, 35, 10640–10647. [Google Scholar] [CrossRef]

	



Stevens, M.M.; Honerkamp-Smith, A.R.; Keller, S.L. Solubility limits of cholesterol, lanosterol, ergosterol, stigmasterol, and β-sitosterol in electroformed lipid vesicles. Soft Matter 2010, 6, 9061–9068. [Google Scholar] [CrossRef]

	



Beattie, M.E.; Veatch, S.L.; Stottrup, B.L.; Keller, S.L. Sterol structure determines miscibility versus melting transitions in lipid vesicles. Biophys. J. 2005, 89, 1760–1768. [Google Scholar] [CrossRef]

	



Bacia, K.; Schwille, P.; Kurzchalia, T. Sterol structure determines the separation of phases and the curvature of the liquid-ordered phase in model membranes. Proc. Natl. Acad. Sci. USA 2005, 102, 3272–3277. [Google Scholar] [CrossRef]

	



Yoda, T.; Vestergaard, M.C.; Akazawa-Ogawa, Y.; Yoshida, Y.; Hamada, T.; Takagi, M. Dynamic response of a cholesterol-containing model membrane to oxidative stress. Chem. Lett. 2010, 39, 1273–1274. [Google Scholar] [CrossRef]

	



Vestergaard, M.C.; Yoda, T.; Hamada, T.; Akazawa Ogawa, Y.; Yoshida, Y.; Takagi, M. The effect of oxycholesterols on thermo-induced membrane dynamics. Biochim. Biophys. Acta 2011, 1808, 2245–2251. [Google Scholar] [CrossRef]

	



Vestergaard, M.C.; Yoda, T.; Hamada, T.; Akazawa, Y.; Yoshida, Y.; Takagi, M. Thermo-responsiveness of auto-oxidized cholesterol-containing lipid membranes, observed in real-time. In Proceedings of the 2011 International Symposium on Micro-NanoMechatronics and Human Science, Nagoya, Japan, 6–9 November 2011; pp. 451–455. [Google Scholar]

	



Dhingra, S.; Morita, M.; Yoda, T.; Vestergaard, M.C.; Hamada, T.; Takagi, M. Dynamic transformation of a cell-sized liposome containing ganglioside. In Proceedings of the 2011 International Symposium on Micro-NanoMechatronics and Human Science, Nagoya, Japan, 6–9 November 2011; pp. 461–465. [Google Scholar]

	



Yoda, T.; Phan, H.T.T.; Vestergaard, M.C.; Hamada, T.; Takagi, M. Thermo-induced dynamics of membranes and liquid crystals containing cholesterol derivatives. In Proceedings of the 2012 International Symposium on Micro-NanoMechatronics and Human Science (MHS), Nagoya, Japan, 4–7 November 2012; pp. 87–92. [Google Scholar]

	



Chahal, B.; Vestergaard, M.C.; Yoda, T.; Morita, M.; Takagi, M. Structure-Dependent Membrane Interaction and bioactivity of Flavonoids with Lipid bilayers. In Proceedings of the 2012 International Symposium on Micro-NanoMechatronics and Human Science (MHS), Nagoya, Japan, 4–7 November 2012; pp. 106–110. [Google Scholar]

	



Yoda, T.; Vestergaard, M.C.; Hamada, T.; Le, P.T.M.; Takagi, M. Thermo-induced vesicular dynamics of membranes containing cholesterol derivatives. Lipids 2012, 47, 813–820. [Google Scholar] [CrossRef] [PubMed]

	



Phan, H.T.T.; Hata, T.; Morita, M.; Yoda, T.; Hamada, T.; Vestergaard, M.C.; Takagi, M. The effect of oxysterols on the interaction of Alzheimer’s amyloid beta with model membranes. Biochim. Biophys. Acta 2013, 1828, 2487–2495. [Google Scholar] [CrossRef] [PubMed]

	



Dhingra, S.; Morita, M.; Yoda, T.; Vestergaard, M.C.; Hamada, T.; Takagi, M. Dynamic morphological changes induced by GM1 and protein interactions on the surface of cell-sized liposomes. Materials 2013, 6, 2522–2533. [Google Scholar] [CrossRef] [PubMed]

	



Phan, H.T.T.; Yoda, T.; Chahal, B.; Morita, M.; Takagi, M.; Vestergaard, M.C. Structure-dependent interactions of polyphenols with a biomimetic membrane system. Biochim. Biophys. Acta 2014, 1838, 2670–2677. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, N.; Phan, H.T.T.; Yoda, T.; Shimokawa, N.; Vestergaard, M.C.; Takagi, M. Effects of capsaicin on biomimetic membranes. Biomimetics 2019, 4, 17. [Google Scholar] [CrossRef]

	



Yoda, T.; Saito, T. Size of cells and physicochemical properties of membranes are related to flavor production during sake brewing in the yeast Saccharomyces cerevisiae. Membranes 2020, 10, 440. [Google Scholar] [CrossRef]

	



Yoda, T.; Ogura, A.; Saito, T. Influence of ethyl caproate on the size of lipid vesicles and yeast cells. Biomimetics 2020, 5, 16. [Google Scholar] [CrossRef]

	



Yoda, T.; Yamada, Y.; Chounan, Y. Effects of isovaleraldehyde on cell-sized lipid bilayer vesicles. Biophys. Chem. 2021, 279, 106698. [Google Scholar] [CrossRef]

	



Yoda, T. Quality evaluation of drinks based on liposome shape changes induced by flavor molecules. ACS Omega 2022, 7, 5679–5686. [Google Scholar] [CrossRef]

	



Avanti Polar Lipids. Phase Transition Temperatures for Glycerophospholipids. Available online: https://avantilipids.com/tech-support/physical-properties/phase-transition-temps (accessed on 19 September 2022).

	



Dimova, R.; Stano, P.; Marques, C.M.; Walde, P. Chapter 1, Preparation methods for giant unilamellar vesicles. In The Giant Vesicle Book; Dimova, R., Marques, C.M., Eds.; CRC Press: Boca Raton, FL, USA, 2022. [Google Scholar]

	



Hamada, T.; Kishimoto, Y.; Nagasaki, T.; Takagi, M. Lateral phase separation in tense membranes. Soft Matter 2011, 7, 9061–9068. [Google Scholar] [CrossRef]

	



Ishii, K.; Hamada, T.; Hatakeyama, M.; Sugimoto, R.; Nagasaki, T.; Takagi, M. Reversible control of exo-and endo-budding transitions in a photosensitive lipid membrane. ChemBioChem 2009, 10, 251–256. [Google Scholar] [CrossRef] [PubMed]

	



Veatch, S.L.; Keller, S.L. Separation of liquid phases in giant vesicles of ternary mixtures of phospholipids and cholesterol. Biophys. J. 2003, 85, 3074–3083. [Google Scholar] [CrossRef]

	



Davis, J.H.; Clair, J.J.; Juhasz, J. Phase equilibria in DOPC/DPPC-d62/cholesterol mixtures. Biophys. J. 2009, 96, 521–539. [Google Scholar] [CrossRef] [PubMed]

	



de Almeida, R.F.M.; Borst, J.; Fedorov, A.; Prieto, M.; Visser, A.J.W.G. Complexity of lipid domains and rafts in giant unilamellar vesicles revealed by combining imaging and microscopic and macroscopic time-resolved fluorescence. Biophys. J. 2007, 93, 539–553. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Ito, H.; Higuchi, Y.; Bohinc, K.; Shimokawa, N.; Takagi, M. Three-phase coexistence in binary charged lipid membranes in a hypotonic solution. Langmuir 2021, 37, 9683–9693. [Google Scholar] [CrossRef]

	



Yoda, T. Phase Separation in Liposomes Determined by Ergosterol and Classified Using Machine Learning. Microsc. Microanal. 2022; 28, 2130–2137. [Google Scholar] [CrossRef]

	



Kubsch, B.; Robinson, T.; Lipowsky, R.; Dimova, R. Solution Asymmetry and Salt Expand Fluid-Fluid Coexistence Regions of Charged Membranes. Biophys. J. 2016, 110, 2581–2584. [Google Scholar] [CrossRef]

	



Pataraia, S.; Liu, Y.; Lipowsky, R.; Dimova, R. Effect of cytochrome c on the phase behavior of charged multicomponent lipid membranes. Biochim. Biophys. Acta 2014, 1838, 2036–2045. [Google Scholar] [CrossRef]

	



Sharma, N.; Baek, K.; Shimokawa, N.; Takagi, M. Effect of temperature on raft-dependent endocytic cluster formation during activation of Jurkat T cells by concanavalin A. J. Biosci. Bioeng. 2019, 127, 479–485. [Google Scholar] [CrossRef]

	



Uchida, K.; Obayashi, K.; Minamihata, K.; Wakabayashi, R.; Goto, M.; Shimokawa, N.; Takagi, M.; Kamiya, N. Artificial Palmitoylation of Proteins Controls the Lipid Domain-Selective Anchoring on Biomembranes and the Raft-Dependent Cellular Internalization. Langmuir 2022, 38, 9640–9648. [Google Scholar] [CrossRef]

	



Qian, T.; Li, C.; He, R.; Wan, C.; Liu, Y.; Yu, H. Calcium-dependent and -independent lipid transfer mediated by tricalbins in yeast. J. Biol. Chem. 2021, 296, 100729. [Google Scholar] [CrossRef]

	



Rothman, J.E.; Lenard, J. Membrane Asymmetry: The nature of membrane asymmetry provides clues to the puzzle of how membranes are assembled. Science 1977, 195, 743–753. [Google Scholar] [CrossRef] [PubMed]

	



Verkleij, A.J.; Post, J.A. Membrane Phospholipid Asymmetry and Signal Transduction. J. Membr. Biol. 2000, 178, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Hamada, T.; Yoshikawa, K. Cell-Sized Liposomes and Droplets: Real-World Modeling of Living Cells. Materials 2012, 5, 2292–2305. [Google Scholar] [CrossRef]

	



Hamada, T.; Miura, Y.; Komatsu, Y.; Kishimoto, Y.; Vestergaard, M.; Takagi, M. Construction of Asymmetric Cell-Sized Lipid Vesicles from Lipid-Coated Water-in-Oil Microdroplets. J. Phys. Chem. B 2008, 112, 14678–14681. [Google Scholar] [CrossRef]

	



Laradji, M.; Kumar, P.S. Anomalously slow domain growth in fluid membranes with asymmetric transbilayer lipid distribution. Phys. Rev. E 2006, 73, 040901. [Google Scholar] [CrossRef]








[image: Membranes 12 01121 g001 550] 





Figure 1. The structures of three lipids: 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, A); 1,2dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, B); and 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG, C). 
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Figure 2. The structures of cholesterol (Chol, A), and ergosterol (Erg, B). 
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Figure 3. Representative microscopic images of multicomponent liposomes made with cholesterol as the sterol component, featuring three different phase-separated lipid domains. (A) Homogenous (DPPC:DOPC:Chol, 40:40:20), (B) Lo/Ld (DPPC:DOPC:Chol, 40:40:20), and (C) So/Ld (DPPG:DPPC:DOPC:Chol, 15:25:40:20). All experiments were performed at 20.0 °C. The images were recorded by the author. Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol; Chol, cholesterol; Lo/Ld, liquid-ordered/liquid-disordered; So/Ld, solid-ordered/liquid-disordered. 
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Figure 4. The percentages of phase-separated structures (homogenous, Lo/Ld, and So/Ld in DPPC:DOPC:Chol (40:40:20), Control, bright grey); DPPG:DPPC:DOPC:Chol (15:25:40:20), made in pure water (PW, grey)); and DPPG:DPPC:DOPC:Chol (15:25:40:20) made in a 10 mM sodium chloride solution (NaCl, dark grey), respectively, performed at 20.0 °C. Condition PW means the number ratio of homogeneous, Lo/Ld, So/Ld liposomes observed in pure water, and condition NaCl means those observed in a 10 mM NaCl solution. Each bar represents the average value of three samples; standard errors are shown as error bars. Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol; Chol, cholesterol; Lo/Ld, liquid-ordered/liquid-disordered; So/Ld, solid-ordered/liquid-disordered. 
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Figure 5. Representative microscopic images of multicomponent liposomes made with ergosterol as the sterol component, featuring three different phase-separated lipid domains (A,B), and percentages of phase-separated structures (D). (A) Homogenous (DPPG:DPPC:DOPC:Erg), 15:25:40:20 made in pure water (PW); (B) Lo/Ld (DPPC:DOPC:Erg), 40:40:20 made in pure water (Control), and (C) So/Ld (DPPG:DPPC:DOPC:Chol), 15:25:40:20 made in a sodium chloride (NaCl) solution at 20 °C. These images were taken by the author. (D) The percentages of phase-separated structures (homogenous, Lo/Ld, and So/Ld) in DPPC:DOPC:Erg; 40:40:20, (Control, bright grey); DPPG:DPPC:DOPC:Erg (15:25:40:20) made in pure water (PW, grey), and DPPG:DPPC:DOPC:Erg (15:25:40:20) made in a NaCl solution (NaCl, dark grey), respectively, at 20.0 °C. Condition PW means the number ratio of homogeneous, Lo/Ld, So/Ld liposomes observed in pure water and condition NaCl means those of observed in a 10 mM of NaCl solution. Each bar represents the average value of three samples; standard errors are shown as error bars. Abbreviations: DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol; Chol, cholesterol; Lo/Ld, liquid-ordered/liquid-disordered; So/Ld, solid-ordered/liquid-disordered. 
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