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Editorial on the Research Topic 
In Celebration of Women in Science: Lipids, Membranes, and Membranous Organelles


Integral membrane proteins have always been the focus of biomedical research because of their central role in transmembrane transport and signaling, energy transduction, maintaining of homeostasis, and numerous other cellular processes (Sachs and Engelman, 2006). In contrast, a lipid bilayer was initially considered as a relatively inert background for protein players. However, experimental evidence of functional modulation of membrane proteins by lipids challenged this view already ∼30 years ago (Bogdanov and Dowhan, 1995). Since then, a bewildering complexity has been revealed. Protein function is controlled, on the one hand, by bulk biophysical properties of the bilayer, such as its thickness, fluidity and elastic stress (Baccouch et al., 2022), and, on the other hand, by specific lipid-protein interactions (Jodaitis et al., 2021).
This Research Topic on the Celebration of Women in Science features articles by women authors and principal investigators active in the fields of Lipids, Membranes, and Membraneous Organelles. Frontiers in Molecular Biosciences has launched the Specialty Section “Lipids, Membranes, and Membranous Organelles” to create a forum for the exchange of results and ideas on the structure and function of membrane lipids and proteins, and on the entire membrane as a dynamic system. A dynamic view of the membrane reveals previously unrecognized regulatory mechanisms and facilitates understanding of cellular pathologies resulting from disruption of the normal membrane structure and function. This Research Topic is an inaugural Research Topic for this new Specialty Section and provides a snapshot of research conducted by women in the field. Contributors to this Research Topic examine various aspects of lipid, protein and membrane complexity using a wide range of approaches, from classical biochemistry (Stępniak et al.) to electron paramagnetic resonance (EPR) spectroscopy (Bartucci and Aloi), molecular modeling (Hryc et al.), confocal microscopy (Bulatova et al.) and lipidomic analyses (Balbi et al.).
A research team led by Malgorzata Karbownik-Lewinska (Stępniak et al.) found that membrane lipids in the thyroid comparing to non-endocrine tissues are less sensitive to pro-oxidative effects of Fenton reaction substrates, whereas melatonin decreased lipid peroxidation regardless of the oxidative stress associated with thyroid hormone production.
A mini-review by Bartucci and Aloi summarizes recent advances in probing librational (swaying) dynamics of lipids in model and natural membranes by electron spin echo (ESE) methods of time-resolved, pulsed EPR spectroscopy at cryogenic temperatures.
In plants, fatty acids (FAs) are synthesized in the chloroplast stroma and transferred to the endoplasmic reticulum (ER), where they are assembled into acyl lipids, including triacylglycerol stored in the oil bodies. In a collaborative paper by the groups of Katrin Philippar, Yonghua Li-Beisson and Michael Schroda (Peter et al.), the authors characterized FAX (fatty acid export) proteins in the unicellular green alga Chlamydomonas reinhardtii used for biofuel and biomaterial production.
P-glycoprotein (Pgp) is a multidrug transporter that binds a wide variety of hydrophobic compounds including anticancer drugs and uses the energy of ATP to pump the drugs out of the cells. The research group of Ina L. Urbatsch systematically investigated modulation of verapamil-stimulated ATPase activity of Pgp by artificial lipid mixtures that mimic the lipid composition of mammalian plasma membranes (Tran et al.).
Hyrc et al. carried out computational studies to identify the network of interactions of the lipid/water interfase of the thylakoid-forming lipids monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG). They concluded that the interaction network at the DGDG bilayer interface is more stable than in the MGDG bilayer.
The membrane protein NaPi2b is a sodium-dependent phosphate transporter that has been demonstrated to be overexpressed in ovarian and other cancers. A research team led by Ramziya Kiyamova and Mikhail Bogdanov (Bulatova et al.) show experimental evidence of the topology of untagged NaPi2b transporter in intact ovarian cancer cells. This precise information is of great importance for engineering therapeutic antibodies directed to fully accessible extramembrane domains.
A proper lipid composition of the membrane is essential for all forms of life. In humans, mutation of the TAFAZZIN gene leads to Barth syndrome, a mitochondrial lipid disorder causing severe cardiomyopathy. TAFAZZIN is a transacylase that is required for remodeling of cardiolipin acyl chains. Liang et al. present a perspective that focus on the link between TAFAZZIN dysfunction and an elevated level of reactive oxygen species (ROS). Authors propose that understanding the mechanism that leads to ROS formation in Barth syndrome can provide new tools for treatment.
Some microbial organisms are faced with harsh environmental conditions and to maintain membrane integrity they use different strategies. Tamby et al. review membrane lipid adaptations used by microbes living in the extreme conditions of the deep-see that is characterized by high hydrostatic pressure and low temperatures. To maintain fluidity of the membranes, bacteria increase unsaturation of fatty acyl chains while archaea show a rise in cyclisation of alkyl chains.
The lipid bilayer constitutes a semipermeable barrier for exogenous substances, and it is also the target for some molecules, among them membrane-acting antibiotics like daptomycin (Nguyen et al.) or the aegerolysin-based protein complexes derived from Pleurotus (Balbi et al.). Nguyen et al. review the mechanisms adopted by the bacterial cell membrane of Gram-positive pathogens acquiring resistance to the antibiotic daptomycin. Generally, changes in phospholipids are responsible for the acquired resistance to daptomycin.
Protein complexes of aegerolysins cause pores in insect gut cells by binding specifically to the sphingolipid ceramide phosphoethanolamine (CPE). Balbi et al. present evidence that also the sphingolipid ceramide aminoethylphosphonate (CAEP) can act as high-affinity receptor for aegerolysins protein complexes. CAEP is specifically found in plant pathogen oomycetes and in fouling marine invertebrates, and aegerolysin protein complexes could be used to eliminate them.
To conclude, we would like to note that the current view attributes underrepresentation of women in science, technology, engineering, and mathematics (STEM) to a complex interplay of social and cultural forces (Girelli, 2022). According to the United States Bureau of Labor Statistics, the gender gap is particularly large in some of the fastest-growing and highest-paid jobs such as computer programmers (only 19.5% of them were women in the year 2021). However, in biological sciences women were represented much better at 48.1% in the same year. This Research Topic is, no doubt, yet another demonstration of the success of female investigators in science.
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Ostreolysin A6 (OlyA6) is a 15 kDa protein produced by the oyster mushroom (Pleurotus ostreatus). It belongs to the aegerolysin family of proteins and binds with high affinity to the insect-specific membrane sphingolipid, ceramide phosphoethanolamine (CPE). In concert with its partnering protein with the membrane-attack-complex/perforin domain, pleurotolysin B (PlyB), OlyA6 can form bicomponent 13-meric transmembrane pores in artificial and biological membranes containing the aegerolysin lipid receptor, CPE. This pore formation is the main underlying molecular mechanism of potent and selective insecticidal activity of OlyA6/PlyB complexes against two economically important coleopteran plant pests: the western corn rootworm and the Colorado potato beetle. In contrast to insects, the main sphingolipid in cell membranes of marine invertebrates (i.e., molluscs and cnidarians) is ceramide aminoethylphosphonate (CAEP), a CPE analogue built on a phosphono rather than the usual phosphate group in its polar head. Our targeted lipidomic analyses of the immune cells (hemocytes) of the marine bivalve, the mussel Mytilus galloprovincialis, confirmed the presence of 29.0 mol% CAEP followed by 36.4 mol% of phosphatidylcholine and 34.6 mol% of phosphatidylethanolamine. Further experiments showed the potent binding of OlyA6 to artificial lipid vesicles supplemented with mussel CAEP, and strong lysis of these vesicles by the OlyA6/PlyB mixture. In Mytilus haemocytes, short term exposure (max. 1 h) to the OlyA6/PlyB mixture induced lysosomal membrane destabilization, decreased phagocytic activity, increased Annexin V binding and oxyradical production, and decreased levels of reduced glutathione, indicating rapid damage of endo-lysosomal and plasma membranes and oxidative stress. Our data suggest CAEP as a novel high-affinity receptor for OlyA6 and a target for cytolytic OlyA6/PlyB complexes.
Keywords: aegerolysins, bioinsecticides, ceramide aminoethylphosphonate, hemocytes, marine bivalves, Mytilus galloprovincialis, pleurotus, toxicity
1 INTRODUCTION
Aegerolysins (Pfam 06355; InterPro IPR009413) are small (13–20 kDa) acidic proteins that have been identified in several eukaryotes and prokaryotes, and are especially abundant in bacteria and mushrooms (Novak et al., 2015; Butala et al., 2017). Several edible oyster mushrooms (e.g., Pleurotus ostreatus, P. eryngii, P. pulmonarius) harbour various highly identical (78%–98%) aegerolysin sequences in their genomes (Panevska et al., 2021). The most prominent feature of these Pleurotus aegerolysins is their ability to specifically interact with selected membrane lipids and lipid domains (Butala et al., 2017; Grundner et al., 2021; Panevska et al., 2021). Furthermore, Pleurotus aegerolysins can act in concert with pleurotolysin B (PlyB) or erylysin B, highly (>95%) identical 59-kDa protein partners that have a membrane-attack-complex/perforin (MACPF) domain and are produced by P. ostreatus and P. eryngii, respectively (Tomita et al., 2004; Ota et al., 2013; Lukoyanova et al., 2015; Milijaš Jotić et al., 2021). Upon binding to the membrane lipid receptor, aegerolysin recruits the MACPF-partnering protein that undergoes extensive conformational changes and penetrates the membrane. The final bi-component transmembrane pore is composed of 13 MACPF-protein molecules, each sitting atop of an aegerolysin dimer (Ota et al., 2013; Lukoyanova et al., 2015; Milijaš Jotić et al., 2021). This pore formation results in direct cell death, or in the creation of a passageway for other molecules that can kill the cell.
In particular, the aegerolysin ostreolysin A6 (OlyA6) from the edible oyster mushroom (P. ostreatus) can interact with moderate affinity (kD∼ 1 μM) with membrane nanodomains enriched in sphingomyelin and cholesterol (Chol) (Skočaj et al., 2014; Bhat et al., 2015), where it specifically senses the Chol-bound conformation of sphingomyelin (Endapally et al., 2019), and can therefore be applied as ideal non-toxic marker for visualization of the structure and dynamics of membrane rafts in living mammalian cells (Skočaj et al., 2014; Endapally et al., 2019). Furthermore, OlyA6 can interact with high affinity (kD∼ 1 nM) with artificial lipid vesicles and biological membranes that contain physiologically relevant concentrations (1–5 mol%) of ceramide phosphoethanolamine (CPE) (Bhat et al., 2015; Panevska et al., 2019a; Novak et al., 2020; Panevska et al., 2021), which is the major sphingolipid in invertebrate cell membranes and is not found in other taxa (Panevska et al., 2019b). Through this CPE-binding, the OlyA6/PlyB cytolytic complexes have been shown to act as potent and species-specific bioinsecticides, for use against selected coleopteran pests, such as western corn rootworm and Colorado potato beetle (Panevska et al., 2019a). We confirmed that the molecular mechanism of action of these insecticidal protein complexes arises from their specific interactions with their membrane lipid receptor, the CPE (Milijaš Jotić et al., 2021) at the acidic conditions that are characteristic for beetles’ midgut.
In addition to arthropods (Crone and Bridges, 1963; Masood et al., 2010; Kraut, 2011; Panevska et al., 2019a), the presence of CPE was also found in deep-sea mussels (Kellermann et al., 2012) and some marine gastropods (sea snails) (Hori et al., 1967), protozoa (Broad and Dawson, 1973; Kaneshiro et al., 1997), oomycetes (Moreau et al., 1998), and Bacteroidetes (Batrakov et al., 2000). Moreover, marine invertebrates (bivalves, gastropods, cephalopods, oysters, sea anemones, hydrocorals) synthesize as the main membrane component an even more peculiar sphingophosphonolipid, ceramide-2-aminoethylphosphonate (CAEP), which contains a carbon-phosphorus bond and has a unique triene type of sphingoid base in its structure (Moschidis, 1984; Tomonaga et al., 2017; Imbs et al., 2019). Also, some marine protozoa, bacteria (Bdellovibrio bacteriovous), and plant pathogen oomycetes (Pythium prolatrum) can contain CAEP in their membranes (Moschidis, 1984), but in mammals this lipid is very rare, as it is the CPE. The CAEP lipid has 2-aminoethylphosphonate as its polar head group, with a phosphorus atom directly attached to a carbon atom (C-P bond) (Tomonaga et al., 2017), in contrast to the C-O-P bond found in phosphoethanolamine as the polar head group of CPE (Figure 1). The data on the physical properties and morphology of CAEP-containing membranes are still sparse in the literature and have not been studied in detail. Although there is a lack of information on the physical properties of this lipid, CAEP has a high structural similarity to CPE, and is considered as even more stable molecule than CPE (Vacaru et al., 2013). The biological role of CAEP has not been fully elucidated, but it is thought to have similar activity in marine invertebrates as the major mammalian sphingolipid, sphingomyelin (Wang et al., 2020).
[image: Figure 1]FIGURE 1 | Comparison between canonical ceramide phosphoethanolamine (CPE, (A) and ceramide aminoethylphosphonate (CAEP, (B). The latter bears a phosphonate headgroup instead of a phosphate group.
Recent analysis of the lipidome of the marine bivalve, the Mediterranean mussel (Mytilus galloprovincialis) revealed the presence of CAEP species (Donato et al., 2018). During our evaluation of toxicity of insecticidal complexes based on Pleurotus aegerolysins on various target and non-target terrestrial and aquatic invertebrates, we explored the possibility that these protein complexes, in particular OlyA6/PlyB, might exert toxicity also against mussel cells. In this regard, mussel immune cells (hemocytes), a widespread experimental model to evaluate the effects and mechanisms of action of different chemicals in mussels (Katsumiti et al., 2019; Balbi et al., 2021), were utilized as a model to further explore the lipid composition of Mytilus cells, to identify the possible OlyA6 membrane lipid receptor, and to evaluate the toxicity of OlyA6/PlyB complexes.
2 RESULTS
2.1 Lipidome Analysis and CAEP Isolation From M. galloprovincialis Hemocytes
Our 31P-NMR analyses of lipids extracted from M. galloprovincialis hemocytes showed three major phospholipids classes: phosphatidylcholine (PC); phosphatidylethanolamine (PE) and CAEP. The latter represented 29.0 mol% of all phospholipids, with a contribution of 4.4 mol% hydroxylated CAEP and 24.6 mol% miscellaneous CAEP counting different chain length and degree of unsaturation. PC and PE contributed to the phospholipid content by 36.4 mol% and 34.6 mol%, respectively (Figure 2). Phosphatidylcholines were found as a mixture of canonical PC and plasmenyl-PC, accounting for the 24.6 mol% and 11.8 mol%, respectively. 1H-NMR spectrum allowed us to estimate the membrane fluidity by calculating the ratio between PC and total Chol. We found the value of PC/Chol ratio to be 1.6, indicating a presence of about 22 mol% of Chol in mussel hemocytes. A thorough analysis of the 1H and 13C-NMR spectra (including 2D measurements) of the raw extract allowed to establish the structural features of the isolated CAEP lipids as summarized in Figure 3.
[image: Figure 2]FIGURE 2 | 31P-NMR spectrum of M. galloprovincialis hemocytes raw extract.
[image: Figure 3]FIGURE 3 | Main CAEP relative components of the M. galloprovincialis hemocytes raw extract (>3 mol%) and their corresponding structures.
In particular, the ethylamino moieties of PE and CAEP were clearly identified by the 1H-NMR signal (Supplementary Figure S1). In fact, the methylene group–CH2-NH2 in CAEP is characterized by geminal protons at δH 3.09 td (7.0, 13.9 Hz) coupled to δC 36.9 whilst the corresponding methylene group of PE shows signals at δH 3.13 brt (7.0 Hz) coupled to δC 41.9 (Supplementary Figure S1). The coupling pattern of the former resulting from the significant 3J (P,H) value (13.9 Hz) is expected only in CAEP lipids. Differences were even more significant on the adjacent methylene group (–CH2-CH2NH2) whose resonances in CAEP are strongly shielded (δH 1.87 td (7.2, 15.9 Hz); δC 32.7) with respect to PE (δH 4.03 t (7.0); δC 67.3). As outlined below, the most abundant CAEP found in the extract showed a strong UV absorption at λ 232 nm, suggesting the presence of a conjugated diene moiety in the sphingosine backbone, beside the expected isolated C (4) = C (5) double bond. We suggest here that in our CAEP we are dealing with a (8E,10E) diene system where the signals for the “inner” (H-9 and H-10) and the “outer” olefinic protons (H-8 and H-11) coalesced giving two signals at δH 6.02 d (15.3 Hz) and δH 5.53 dt (15.3, 7.2 Hz), respectively. The analysis of the coupling patterns, further supported by 2D-NMR spectra (HSQC, HMBC and COSY) allowed us to establish that the sphingosine moiety of these CAEP is built on a (4E, 8E, 10E) triene system. It is worth noting that several CAEP lipid species contain a sphingosine backbone with an odd number of carbon atoms (19); our NMR data strongly suggest that in these species the C (9) carbon atom of the conjugated diene system is methylated (δH 1.71 (s)). Concerning the CAEP bearing an extra–OH group, NMR analysis indicated that it resides on the C (2’) of the fatty acyl chain (δH 3.99 m; δC 72.7).
The overall profile of CAEP in term of sphingosine/amide chain lengths and unsaturation was then established by liquid chromatography mass-spectrometry (LC-MS) and LC-MS-MS measurements. The most abundant CAEP species present in the raw extract were (Figure 3): CAEP 35:3 OH ((= CAEP d19:3/16:0, 2-OH), 10 mol%); CAEP 34:3 ((= CAEP d18:3/16:0), 18 mol%); CAEP 35:3 ((= CAEP d19:3/16:0), 47 mol%) and CAEP 34:2 ((= CAEP d18:2/16:0), 11 mol%). Minor CAEP lipids, including species bearing an N-methyl-amino, were also found, but their abundance did not exceed 3 mol%.
The components of the CAEP bearing the conjugated diene system on the sphingosine backbone were isolated from the raw extract by high pressure liquid chromatography (HPLC-UV (λ = 234 nm) chromatography) (Supplementary Figure S2) and they were then tested as a mixture in affinity bioassays.
2.2 OlyA6/PlyB Interaction With Artificial Lipid Membranes Containing Mussel CAEP
Surface plasmon resonance studies with large unilamellar vesicles (LUVs) immobilized on a chip revealed the interaction of the Pleurotus aegerolysin OlyA6 with artificial lipid membranes composed of an equimolar mixture of CAEP (isolated from mussel hemocytes), palmitoyl-oleoyl-phosphatidylcholine (POPC), and Chol. We applied a kinetic titration approach by injecting OlyA6 at five concentrations ranging from 0.03 to 0.5 μM over the LUVs immobilized on the chip, without dissociation time between protein injections. The resulting sensorgrams showed that OlyA6 interacted strongly and irreversibly with CAEP-enriched membranes (Figure 4A). The interaction of OlyA6 with CAEP-enriched LUVs was considerably stronger in the presence of PlyB (Figure 4A), indicating the formation of more stable proteolipid complexes. The binding kinetics of OlyA6 to CAEP-containing membranes was comparable with the interaction of OlyA6 with CPE-containing LUVs (Figure 4B), and in both cases the dissociation phase indicated an irreversible interaction with these lipid membranes, alone or in the presence of PlyB.
[image: Figure 4]FIGURE 4 | Binding of OlyA6 and OlyA6/PlyB (12.5/1, molar ratio) to immobilized equimolar CAEP/POPC/Chol (A) and CPE/POPC/Chol (B) large unilamellar vesicles using the kinetic titration approach in a single cycle by successive injections of 0.03, 0.06, 0.12, 0,25, and 0.5 μM (from left to right) concentration. Vesicles were immobilized on the Biacore L1 chip to approximately 8,000 response units (RU). Representative sensorgrams from two independent experiments are shown. CPE-ceramide phosphoethanolamine, Chol-cholesterol, POPC-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, CAEP-ceramide aminoethylphosphonate.
Monitoring of the fluorescence of calcein released from the small unilamellar equimolar lipid vesicles composed of CAEP/POPC/Chol confirmed the concentration-dependent membrane permeabilization by OlyA6 in combination with PlyB (Figure 5). As in the binding studies using surface plasmon resonance, the lytic activity of OlyA6/PlyB on equimolar CPE/POPC/Chol membranes was comparable to the lytic activity of OlyA6/PlyB on the newly studied CAEP-containing membranes. However, the OlyA6/PlyB protein complex showed slightly higher permeabilization on CAEP-containing membranes compared with CPE-containing membranes when tested at lower (<15 nM) protein concentrations (Figure 5). OlyA6 and PlyB alone did not induce vesicle permeabilization (Figure 5).
[image: Figure 5]FIGURE 5 | Concentration dependence of permeabilization of equimolar CAEP/POPC/Chol (full symbols) and CPE/POPC/Chol (open symbols) small unilamellar vesicles by OlyA6/PlyB. OlyA6/PlyB molar ratio = 12.5/1. Individual proteins, OlyA6 and PlyB, were also tested as controls. CPE-ceramide phosphoethanolamine, Chol-cholesterol, POPC-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, CAEP-ceramide aminoethylphosphonate.
2.3 Effect of Aegerolysin-Based Complexes on Haemocytes of Mytilus galloprovincialis
In Mytilus hemocytes exposed to the OlyA6/PlyB mixture for 30 min, lysosomal membrane stability was evaluated as a marker of cellular stress by the neutral red retention (NRR) time assay, and the results are shown in Figure 6. OlyA6/PlyB induced a dose-dependent decrease in hemocyte lysosomal membrane stability, with an EC50 of 6.5 μg/ml (95% CI: 2.305–18.2), whereas OlyA6 and PlyB alone were ineffective (Figure 6A). Optical microscopy observations for each concentration tested are also reported (Figure 6B). Lower concentrations of the protein mixture (5 and 10 μg/ml) did not affect hemocyte lysosomal membrane stability, whereas a significant decrease was observed at 25 μg/ml (−80%; p < 0.01). At this concentration, several cells with red cytosol, indicating neutral red leakage from lysosomes, and round shaped, due to detachment from the substrate, were observed (Figure 6B). At 50 μg/ml, lysosomal membranes were completely destabilized, and all the cells were rounded, indicating cell detachment and death (−98%; p < 0.01) (Figure 6B). Interestingly, the highest concentration tested (500 μg/ml) apparently caused complete loss of cytoplasm and organelles, and only cell membranes (“ghost” hemocytes) could be observed (Figure 6B). Exposure of mussel hemocytes to different concentrations of the OlyA6/PlyB mixture for 30 min also induced a significant decrease in the percentage of phagocytic cells with respect to controls at 5 and 10 μg/ml (about −30% for both concentrations; p < 0.01), while higher concentrations were ineffective (Figure 7).
[image: Figure 6]FIGURE 6 | Effects of the OlyA6/PlyB mixture on lysosomal membrane stability of M. galloprovincialis hemocytes. Hemocytes were exposed to different concentrations of the mixture (5, 10, 25, 50, 500 μg/ml; OlyA6/PlyB molar ratio 12.5/1) and to OlyA6 (25 μg/ml) or PlyB alone (2 μg/ml). (A) Data, reported as percent values of neutral red retention time with respect to controls, representing the mean ± SD of four experiments in triplicate, were analysed by the Mann Whitney U test. *p < 0.01. (B) Representative images of hemocytes treated with different concentrations of the protein mixture, as indicated. NRR–neutral red retention time. Scale bar = 10 μm.
[image: Figure 7]FIGURE 7 | Effects of the OlyA6/PlyB mixture on phagocytic activity of M. galloprovincialis hemocytes. Hemocytes were exposed to different concentrations of the protein mixture (5, 10, 25, 50 μg/ml; OlyA6/PlyB molar ratio 12.5/1). Data, representing the mean ± SD of four experiments in triplicate, were analysed by the Mann Whitney U test. *p < 0.01.
The effects of hemocyte incubation with OlyA6/PlyB (10 and 25 μg/ml) on mitochondrial and oxidative stress parameters were evaluated by cell staining with TMRE, MitoSOX and C-DCF, for determination of mitochondrial membrane potential, mitochondrial superoxide (O2.-) and intracellular hydrogen peroxide (H2O2) production, respectively. Representative confocal laser scanning microscopy images are reported in Figure 8. At the lowest concentration tested (10 μg/ml), OlyA6/PlyB exposure did not affect the TMRE signal and cell morphology, whereas at 25 μg/ml the cells were rounded and showed a clear increase in fluorescence with respect to controls, indicating decreased mitochondrial membrane potential (Figure 8A). The MitoSOX and C-DCF signals were barely detectable in control hemocytes, but a progressive increase was observed in cells exposed to both concentrations of the OlyA6/PlyB mixture with respect to controls (Figures 8B,C), demonstrating the stimulation of reactive oxygen species production.
[image: Figure 8]FIGURE 8 | Effects of the OlyA6/PlyB mixture on mitochondrial and oxidative stress parameters in M. galloprovincialis hemocytes evaluated by confocal laser scanning microscopy. Representative images of hemocytes exposed to different concentrations of the OlyA6/PlyB mixture at the OlyA6/PlyB molar ratio 12.5/1 and loaded with (A) tetramethylrhodamine ethyl ester (TMRE), for mitochondrial membrane potential; (B) MitoSOX Red for mitochondrial superoxide (O2−) production; (C) CM-H2DCFDA (C-DCF), for generation of intracellular H2O2. Rows correspond to different concentrations of the OlyA6/PlyB mixture (0, 10 and 25 μg/ml). Columns show: (a) brightfield, (b) fluorescence signals of TMRE, MitoSOX and C-DCF (c) merged channels. Scale bar: 25 μm.
The effects of hemocyte incubation with OlyA6/PlyB (25 and 50 μg/ml) on apoptotic and oxidative stress markers were quantified by flow cytometry and the results are reported in Figure 9. With regards to apoptosis-related parameters, both concentrations of the mixture induced a significant increase in the ratio Annexin V-FITC (ANX)/propidium iodide (PI) (+115 and +170%, respectively, vs. controls). Moreover, a significant increase in TMRE fluorescence was detected at 50 μg/ml (+44% with respect to controls). For oxidative stress parameters, MitoSOX and C-DCF fluorescence significantly increased at both concentrations (+25 and +115% for MitoSOX; +117 and +97%, for C-DCF, respectively, vs. controls), while a decrease in glutathione signal was detected (-35 and -39%, respectively, vs. controls) (Figure 9).
[image: Figure 9]FIGURE 9 | Effects of the OlyA6/PlyB mixture on apoptotic and oxidative stress parameters in M. galloprovincialis hemocytes evaluated by flow cytometry. Hemocytes were exposed to the OlyA6/PlyB mixture (25 and 50 μg/ml; OlyA6/PlyB molar ratio 12.5/1) and apoptotic (ANX/PI, TMRE) and oxidative stress (MSOX, C-DCF and glutathione (GSH)) parameters were determined. ANX/PI staining is expressed as a percentage of positive cells in exposed hemocytes with respect to controls. TMRE, MSOX, C-DCF and GSH data are reported as Mean Fluorescence Intensities (MIF) with respect to controls. See methods for details. Data, representing the mean ± SD of 4 experiments, were analysed by ANOVA followed by Tukey’s post-hoc test. *p < 0.01 (treatment vs. control); #p < 0.05 (25 vs. 50 μg/ml).
3 DISCUSSION
Cellular membranes are composed of several thousands of chemically different lipids that serve many functions, such as structural membrane components, signalling molecules, or platforms for protein recruitment (Harayama and Riezman, 2018). Lipids control these biological processes by regulating membrane properties, and alterations in membrane lipid homeostasis is consequently associated with various diseases (Horn and Jaiswal, 2019; Nishimura and Matsumori, 2020). In contrast to proteins that can be prone to mutations, lipids are structurally conserved and constitutive components of cell membranes. This feature makes membrane lipids and lipid domains, like membrane rafts, ideal targets for treatment of various diseases (e.g., neurodegeneration, neuropatic pain, atherosclerosis, and infection, including the one with Sars-CoV-2) (D’Angelo et al., 2018; Resnik et al., 2015; Sviridrov et al., 2020a; Sviridrov et al., 2020b), and for the development of new biopesticides (Panevska et al., 2019a).
Sphingolipids, together with glycerophospholipids and sterols, are the most abundant components of cell membranes, and their sphingosine-based degradation products are involved in many physiological processes, including signalling events (Panevska et al., 2019b). In mammalian cell membranes, interactions between sphingomyelin and Chol drive the formation of membrane rafts; heterogeneous, dynamic membrane nanodomains that serve as functional platforms that regulate various cellular processes (e.g., immune signalling, host-pathogen interactions, development and regulation of cardiovascular disease and cancer) as a result of the segregation of specific lipid-anchored proteins within raft domains (Pike, 2006; Michel and Bakovic, 2007; Lingwood and Simons 2010; Sezgin et al., 2012). While mammalian cell membranes contain sphingomyelin as the major sphingolipid, invertebrates, especially arthropods, synthesize its analogue with a phosphoethanolamine instead of phosphocholine polar head, the CPE. Complete understanding of the physiological relevance of CPE and its biological role is still lacking, but recent experimental evidences suggest that this sphingolipid might be crucial for the early development of Drosophila melanogaster, where it has a key role in axonal ensheathment of peripheral nerves by glia (Ghosh et al., 2013), and it might be involved in the developmental stages of Trypanosoma brucei (Suttervala et al., 2008; Bhat et al., 2015). In contrast to sphingomyelin, the membrane behavior of CPE has been considerably less studied, but it was suggested that it does not induce the formation raft-like domains (Ramstedt and Slotte, 2006). The biological role of CAEP, a CPE analogue characteristic of marine invertebrates (Moschidis, 1984; Tomonaga et al., 2017; Imbs et al., 2019) bearing a phosphono rather than the usual phosphate group in its polar head, is even more obscure. Our lipidomic analyses of M. galloprovincialis hemocytes revealed the presence of 29.0 mol% CAEP among all the phospholipids, matching with the literature records of the whole mussel lipidome (Donato et al., 2018). This amount is considerably higher than the usual amount of CPE in insect cell membranes, where this lipid represents around 2–6 mol% (Guan et al., 2013) of total lipids.
Proteins from the aegerolysin family, such as OlyA6 from the edible oyster mushroom, were shown to specifically target sphingomyelin, that is the major sphingolipid in vertebrates, and CPE, that dominates in invertebrates (Sepčić et al., 2004; Bhat et al., 2015; Panevska et al., 2019a). Further, OlyA6/PlyB complexes can efficiently permeabilize membranes enriched in sphingomyelin or CPE, acting as potent and species-selective bioinsecticides (Panevska et al., 2019b). Because of a distinctive difference in the affinity to insect-specific sphingolipid CPE, which is their high-affinity receptor, and due to the fact that they are immediately degraded by mammalian digestive enzymes (Kristina Sepčić, personal communication), insecticides based on OlyA6/PlyB complexes are safe for vertebrates. However, this might not be the case with other organisms which contain CPE or its analogues in their cell membranes.
Within this study, we showed that a CPE analogue characteristic for marine invertebrates, the CAEP, also acts as an OlyA6 high-affinity receptor. OlyA6 was able to strongly bind to artificial lipid vesicles supplemented with CAEP isolated from mussel hemocytes, and OlyA6/PlyB mixture efficiently permeabilized CAEP-supplemented lipid vesicles and induced the apoptosis of Mytilus haemocytes at submicromolar concentrations. Short-term exposure of mussel hemocytes to the OlyA6/PlyB mixture affected the function of lysosomal membranes, as indicated by the concentration-dependent decrease in lysosomal membrane stability, with an EC50 of 6.5 μg/ml (corresponding to 0.43 μM OlyA6). In the 5–10 μg/ml range, a significant decrease in phagocytic activity was observed, indicating a general disturbance of membrane function, that is probably the consequence of the formation of OlyA6/PlyB transmembrane pores (Lukoyanova et al., 2015; Ota et al., 2013; Milijaš Jotić, 2021). Higher concentrations were ineffective; however, since the phagocytosis assay is based on microscopic observations of internalized NR-conjugated zymosan, the lack of effect in these conditions was due to non-specific, passive particle uptake by dying cells (see also Figure 6B). Moreover, phagocytic activity, as other functional immune parameters in bivalves, often shows a non-monotonic dose-response curve to chemical exposure (Balbi et al., 2021).
At increasing concentrations, progressive lysosomal destabilization was associated with cell rounding (indicating colloid-osmotic mechanism of cell disruption), detachment and death. At the highest concentration tested, only plasma membranes could be detected (“ghost” hemocytes), with complete loss of cytoplasm and organelles. To our knowledge, such an effect has not been previously observed in mussel hemocytes exposed in the same experimental conditions to a variety of potentially toxic inorganic and organic chemicals.
The results of both confocal laser scanning microscopy and flow cytometry provided a further insight into the toxic effects of OlyA6/PlyB on mussel hemocytes in the range of 10–50 μg/ml. Increases in parameters related to apoptotic processes both at the plasma membrane (Annexin V binding) and at mitochondrial level (TMRE) were observed. Moreover, OlyA6/PlyB induced increased oxyradical production both at mitochondrial (MitoSOX) and cytosolic (C-DCF) level, and provoked a decrease in reduced glutathione, indicating oxidative stress conditions. Deregulation of mitochondrial activity, leading to the cell death, has been already described in nucleated cells exposed to higher concentrations of bacterial pore-forming toxins (Kennedy et al., 2009; Bischovberger et al., 2012). It is thus very likely that the above-described effects observed in mussel hemocytes treated with OlyA6/PlyB complexes, also derive from the ability of the tested proteins to induce the formation of bi-component multimeric pores in hemocyte membranes.
Taken together, the results presented in this study indicate the possible application of fluorescently tagged aegerolysins, such as OlyA6, as molecular markers for studying the biology and distribution of CAEP in membranes of living cells that synthesize this membrane sphingolipid. These molecular probes could be also used for biophysical studies of CAEP or CPE membrane dynamics, both in living cells and in artificial lipid systems. Finally, due to their specific binding to membrane CAEP, aegerolysin-based cytolytic complexes, such as OlyA6/PlyB, could be considered as potential agents for selective elimination of organisms that harbour this sphingolipid in their membranes. Such examples are bivalves and other fouling marine invertebrates, but also some important plant pathogen oomycetes (Moschidis, 1984).
4 MATERIALS AND METHODS
4.1 Materials
4.1.1 Chemicals
All chemicals used in the present study were from Merck (United States) unless specified otherwise. Wool grease Chol, POPC, and CPE were from Avanti Polar Lipids (United States). Cholesterol and POPC lipids were stored at −20°C and dissolved in chloroform prior to use. CPE was dissolved in 1 ml chloroform/methanol (9/1, v/v).
4.1.2 Proteins
The OlyA6 and Δ48PlyB (henceforth PlyB) recombinant proteins were produced as described previously (Ota et al., 2013; Panevska et al., 2019a) and stored in aliquots at −20°C prior to use. The lytic activity of the OlyA6/PlyB mixture (OlyA6/PlyB molar ratio, 12.5/1) on CPE-containing lipid vesicles prepared in artificial sea water (Lake Products Company LLC, United States) was tested prior to use and was found to be comparable to the activity on the same vesicles prepared in vesicle buffer (140 mM NaCl, 20 mM Tris, 1 mM EDTA, pH 7.4).
4.1.3 Target Organisms
Mussels (M. galloprovincialis Lam.), were purchased in 2021 from an aquaculture farm in the Ligurian Sea (La Spezia, Italy) and acclimatized in static tanks containing aerated artificial sea water at pH 7.9–8.1, 36 ppt salinity (1 L/animal), 16 ± 1°C, for 3 days. In order to assess hemocyte functional parameters, for each sample hemolymph was extracted from the adductor muscle of 8–10 individuals and pooled. Hemocyte monolayers were prepared as previously described (Balbi et al., 2018, 2019).
4.2 Methods
4.2.1 Lipid Extraction From M. galloprovincialis Hemocytes
Hemolymph was extracted from at least 150 animals and was immediately centrifuged at 800 × g for 10 min, at room temperature. The cell pellet obtained was resuspended in 700 μl of milliQ water in order to induce the cell lysis. Then, 3 ml of chloroform/methanol (2:1 v/v) were added to initiate the lipid extraction. The samples were placed on ice and sonicated with a Tip Sonicator (UP200S Hielscher Ultrasonic Technology, Germany) for 20 min, at 100 W, 50% on/off cycle. At the end of the sonication, the suspension was vortexed thoroughly and the sample was centrifuged at 6,000 × g for 10 min, at 4°C to separate the two phases. The lower phase was collected, and the inter-layer sediment and the aqueous phase were extracted again as described above. The lower phases, containing the lipids, were mixed together and dried by N2 flux to avoid oxidation. Dried samples were weighted and stored at −80°C. Lipids were dissolved in 600 µl deuterated methanol and analysed by NMR and HPLC-coupled LCMS.
4.2.2 Lipidomic Analyses
4.2.2.1 Nuclear Magnetic Resonance Analysis
1H-NMR (400 MHz) and 31P-NMR (162 MHz) spectra of the lipid extract dissolved in MeOH-d4 were recorded at 300 K on a nuclear magnetic resonance (NMR) spectrometer (400 MHz; Bruker-Avance, Bremen, Germany), with a 5-mm double resonance broadband observe probe with pulsed-gradient field utility. The 1H-90° proton pulse length was 9.3 µs, with transmission power of 0 db. The 31P-90° proton pulse length was 17 µs, with transmission power of −3 db. The probe temperature was maintained at 300.0 K (±0.1 K) using a variable temperature unit (B-VT 1000; Bruker). Calibration of the chemical shift scale (δ) was performed on the residual proton signal of the MeOH-d4 at δH 3.310 and δC 49.00 ppm, and the phosphatidylcholine (PC) signal at δP −0.550 ppm was used for calibration of the 31P-NMR δ scale. The following measurements were performed: 1H-NMR (i.e., proton chemical shifts, scalar couplings); 31P-NMR composite pulse decoupling to remove any proton coupling in 31P-NMR spectra, where generally 4,000 free induction decays were acquired and processed using exponential line broadening of 0.3 Hz prior to Fourier transformation. The resulting 1D-NMR spectra were analysed using TopSpin 3.6.1 (Bruker, Bremen, Germany). The lipid classes from the NMR data were identified through comparisons with our previous NMR measurements carried on commercially available lipid standards.
4.2.2.2 HPLC-Electrospray Ionization-Mass Spectrometry Analysis
The lipid extract was analysed by liquid chromatography-mass spectrometry (LC-MS) (Model 1,100 series; Hewlett-Packard) coupled to a quadrupole ion-trap mass spectrometer (Esquire LCTM; Bruker, Bremen, Germany) equipped with an electrospray ionisation source and in both positive and negative ion modes. Chromatographic separation of the phospholipids was carried out at 303 K on a thermostated C18 column (Kinetex 2.6 µ; length, 100 mm; particle size, 2.6 µm; internal diameter, 2.1 mm; pore size, 100 Å; Phenomenex, Torrence, CA, United States). The solvent system consisted of eluant A as MeOH/H2O (7:3, v/v) containing 10 mM ammonium acetate and eluant B as isopropanol/MeOH (10:90, v/v) containing 10 mM ammonium acetate. Samples were resuspended in 1 ml CHCl3/MeOH (2:1, v/v), and 10 µl was run with a linear gradient from 65% eluant B to 100% B in 40 min, plus 20 min isocratic 100% B at 1 ml/min, to elute the diglycerides and triglycerides. The column was then re-equilibrated to 65% B for 10 min. The MS scan range was 13,000 U/s in the range of 50–1,500 m/z, with a mass accuracy of ∼100 ppm. The nebuliser gas was high purity nitrogen at a pressure of 20–30 psi, at a flow rate of 6 L/min and at 300°C. The electrospray ionisation was operated in positive ion mode for the qualitative and quantitative analyses of PC, lyso-PC, and sphingomyelin, and in both positive and negative ion modes for phosphatidylinositol, PE and CAEP. For the structural assignments of the lipid species, the extracted ion chromatograms from the positive and/or negative ion full scan data were integrated using the DataAnalysis 3.0 software (Bruker Daltonik, Bremen, Germany).
4.2.2.3 CAEP Isolation
CAEP isolation was performed by HPLC (Agilent, model 1,100 series; Hewlett-Packard). Separation was achieved by isocratic gradient of 95% MeOH + ammonium acetate 10 mM and 5% ddH2O on a C18 column (Kinetex 2.6 µ; length, 100 mm; particle size, 2.6 µm; internal diameter, 2.1 mm; pore size, 100 Å; Phenomenex, Torrence, CA, United States) at flow 1 ml/min. UV chromatograms were acquired at 232 nm.
4.2.3 Preparation of Lipid Vesicles
Equimolar multilamellar vesicles containing CEAP isolated from mussels’ hemocytes (CAEP/POP/Chol) or commercial CPE (CPE/POPC/Chol) were prepared (final concentration 5 mg/ml) in 140 mM NaCl, 20 mM Tris, 1 mM EDTA, pH 7.4, as described previously (Sepčić et al., 2003). To prepare the LUVs, suspensions of multilamellar vesicles were subjected to five freeze-thaw cycles and then extruded through 0.1 µm polycarbonate filters (Millipore, Germany) at ∼50°C. Equimolar small unilamellar vesicles CAEP/POPC/Chol and CPE/POPC/Chol loaded with calcein at the self-quenching concentration (80 mM) were prepared for the calcein release experiment as described previously (Sepčić et al., 2003).
4.2.4 Surface Plasmon Resonance-Based Binding Studies
The interaction of OlyA6 and OlyA6/PlyB with CAEP/POPC/Chol (1/1/1, mol/mol/mol) and CPE/POPC/Chol (1/1/1, mol/mol/mol) LUVs was monitored with a surface plasmon resonance-based refractometer (Biacore T200; GE Healthcare, United States) using an L1 sensor chip with 20 mM Tris, 140 mM NaCl, 1 mM EDTA, pH 7.4, as running buffer. After initial cleaning of the chip with regeneration solutions of sodium dodecyl sulphate and octyl-β-D-glucopyranoside with 1-min injections at a flow rate of 10 μl/min, LUVs were bound to the second flow cell of the sensor chip to reach responses of ∼8,000 RU. The first flow cell was left empty to control for possible non-specific binding of the proteins to the dextran matrix of the chip. Non-specific binding of the proteins was minimized by a 1-min injection of 0.1 mg/ml bovine serum albumin at a flow rate of 30 μl/min. A single-cycle kinetics experiment was performed in which OlyA6 and OlyA6/PlyB (molar ratio 12.5/1) were injected at concentrations 0.03, 0.06, 0.12, 0.25, and 0.5 µM, with no dissociation in between and a dissociation time of 180 s at the end. Chip regeneration was achieved with 1-min injections of 0.5% sodium dodecyl sulphate and 40 mM β-D-glucopyranoside at a flow rate of 10 μl/min. Experiments were performed at 25°C. Data were processed using BIAevaluation software (GE Healthcare).
4.2.5 Permeabilization of the Small Unilamellar Vesicles
Vesicle permeabilization was determined using a fluorescence microplate reader (Tecan, Switzerland), with excitation and emission set at 485 and 535 nm, respectively. Calcein-loaded CAEP/POPC/Chol (1/1/1, mol/mol/mol) and CPE/POPC/Chol (1/1/1, mol/mol/mol) small unilamellar vesicles were exposed to OlyA6/PlyB (molar ratio 12.5/1) at concentrations ranging from 0.0039 to 0.5 µM. Experiments with OlyA6 or PlyB alone were run in parallel. The experiments were performed for 20 min at 25°C. The permeabilization induced by the lytic OlyA6/PlyB complex was expressed as a percentage of the maximum permeabilization obtained by adding the detergent Triton-X 100 at a final concentration of 1 mM.
4.2.6 Effect of Aegerolysin-Based Complexes on Mytilus galloprovincialis Hemocytes
4.2.6.1 Hemocyte Functional Parameters
Lysosomal membrane stability was evaluated by the Neutral Red retention time (NRR) assay as in Balbi et al. (2018), (2019). Hemocyte monolayers were pre-incubated with different concentrations of OlyA6 (5, 10, 25, 50, and 500 μg/ml) in combination with PlyB, at an OlyA6/PlyB molar ratio of 12.5/1 for 30 min. Cells were then incubated with 20 μl of Neutral Red (Sigma-Aldrich, Milan, Italy) solution (final concentration 40 μg/ml from a stock solution of neutral red 40 mg/ml in DMSO). Experiments with OlyA6 (25 μg/ml) or PlyB alone (2 μg/ml) were run in parallel. All incubations were performed at 16°C. After 15 min, excess of dye was washed out, 20 μl of artificial sea water was added, and slides were sealed with a coverslip. Every 15 min, slides were examined using an inverted Olympus IX53 microscope (Olympus, Milano, Italy), equipped with a CCD UC30 camera and a digital image acquisition software (cellSens Entry). The endpoint of the assay was defined as the time at which 50% of the cells showed signs of lysosomal leaking (the cytosol becoming red and the cells rounded). For each experiment, control hemocyte samples were run in parallel. Triplicate preparations were made for each sample. Data are expressed as % of control.
Phagocytosis of neutral red-stained zymosan by hemocyte monolayers was used to assess the phagocytic ability of hemocytes. Neutral red-stained zymosan in 0.05 M Tris-HCl buffer (TBS), pH 7.8, containing 2% NaCl was added to each monolayer at a concentration of about 1:30 hemocytes:zymosan in the presence or absence of OlyA6/PlyB mixture (5, 10, 25, and 50 μg/ml), and allowed to incubate for 60 min. Monolayers were then washed three times with TBS, fixed with Baker’s formol calcium (4%, v/v, formaldehyde, 2% NaCl, 1% calcium acetate) for 30 min and mounted in Kaiser’s medium for microscopical examination. For each slide, the percentage of phagocytic hemocytes was calculated from a minimum of 200 cells. All experiments were performed in quadruplicate samples (N = 4).
4.2.6.2 Confocal Laser Scanning Microscopy
For confocal live imaging, aliquots of hemolymph (500 μl) exposed to OlyA6/PlyB mixture (10 and 25 μg/ml, at an OlyA6/PlyB molar ratio of 12.5/1), were seeded for 30 min in glass bottom culture dish (MatTek, Ashland, MA) and stained with 1) tetramethylrhodamine ethyl ester (TMRE) (40 nM for 10 min), for determination mitochondrial membrane potential; 2) the mitochondrial reactive oxygen species-sensitive probe MitoSOX Red (5 μM, 10 min), and 3) 5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein diacetate acetyl ester, CM-H2DCFDA (2 µM for 20 min), for generation of intracellular H2O2. All probes were diluted in artificial sea water. All reagents were from Molecular Probes Inc.
Fluorescence of TMRE (ex: 568 nm, em: 590–630 nm), MitoSOX Red (ex: 488 nm, em: 580 nm) and DCF (ex: 495 nm, em: 520 nm) were detected using a Leica TCS SP5 confocal setup mounted on a Leica DMI 6000 CS inverted microscope (Leica Microsystems, Heidelberg, Germany) using 63 ×1.4 oil objective (HCX PL APO ×63.0 1.40 OIL UV). Images were analysed by the Leica Application Suite Advanced Fluorescence (LASAF) and ImageJ Software (Wayne Rasband, Bethesda, MA).
4.2.6.3 Flow Cytometry
Aliquots (200 μl) of whole hemolymph (each containing about 1–2 × 106 cells/ml) were incubated with the OlyA6/PlyB mixture (25 and 50 μg/ml) for 30 min at 16°C. Control samples were run in parallel. Total hemocyte count was carried out using an Omnicyt flow cytometer (Cytognos SL, Salamanca, Spain). Samples were pelleted by centrifugation (100 × g for 10 min) and stained with different fluorophores. Annexin V-FITC (ANX)/propidium iodide (PI) and TMRE staining was carried out as previously described (Ciacci et al., 2012; Canesi et al., 2015); MitoSOX and CM-H2DCFDA staining was performed as described above for confocal scanning laser microscopy. Samples were also analysed by the Intracellular Glutathione Detection Assay Kit (Abcam) (at ex: 490, em: 520 nm). Sample acquisition and analyses were performed by means of a FACS Canto II flow cytometer and analysed with DiVa™ software collecting at least 10,000 events for each sample. Data, representing the mean ± standard deviation (SD) of at least three experiments, are expressed as Mean Fluorescence Intensities reported as percent changes with respect to controls, except for ANX/PI staining, where data are expressed as percent positive cells with respect to controls.
4.2.6.4 Statistics
Data are the mean ± SD of four independent experiments. Statistical analysis was performed using the non-parametric Mann-Whitney U test or ANOVA followed by Tukey’s post hoc test. The EC50 for lysosomal membrane stability was calculated from a regression model of the original data and analysed by one-way ANOVA at a 95% confidence interval. All statistic calculations were performed by the PRISM seven GraphPad software.
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Barth syndrome (BTHS, OMIM 302060) is a genetic disorder caused by variants of the TAFAZZIN gene (G 4.5, OMIM 300394). This debilitating disorder is characterized by cardio- and skeletal myopathy, exercise intolerance, and neutropenia. TAFAZZIN is a transacylase that catalyzes the second step in the cardiolipin (CL) remodeling pathway, preferentially converting saturated CL species into unsaturated CLs that are susceptible to oxidation. As a hallmark mitochondrial membrane lipid, CL has been shown to be essential in a myriad of pathways, including oxidative phosphorylation, the electron transport chain, intermediary metabolism, and intrinsic apoptosis. The pathological severity of BTHS varies substantially from one patient to another, even in individuals bearing the same TAFAZZIN variant. The physiological modifier(s) leading to this disparity, along with the exact molecular mechanism linking CL to the various pathologies, remain largely unknown. Elevated levels of reactive oxygen species (ROS) have been identified in numerous BTHS models, ranging from yeast to human cell lines, suggesting that cellular ROS accumulation may participate in the pathogenesis of BTHS. Although the exact mechanism of how oxidative stress leads to pathogenesis is unknown, it is likely that CL oxidation plays an important role. In this review, we outline what is known about CL oxidation and provide a new perspective linking the functional relevance of CL remodeling and oxidation to ROS mitigation in the context of BTHS.
Keywords: cardiolipin remodeling, oxidation, apoptosis, barth syndrome, cardiolipin
INTRODUCTION
As the hallmark lipid of the mitochondrial inner membrane, cardiolipin (CL) is essential for a myriad of cellular functions. CL undergoes a unique and highly regulated remodeling process catalyzed in part by the enzyme TAFAZZIN (Vreken et al., 2000). Variations in TAFAZZIN lead to the life-threatening disease Barth syndrome (BTHS), underscoring the importance of CL homeostasis and remodeling for cellular and organismal fitness (D'Adamo et al., 1997; Xu et al., 2003).
Newly synthesized CL contains predominantly saturated fatty acid chains. The primary outcome of CL remodeling is the incorporation of polyunsaturated fatty acids (PUFAs) into CL molecules. Unlike saturated and monounsaturated fatty acids, PUFAs are susceptible to oxidation in the presence of elevated reactive oxygen species (ROS), and oxidation of PUFA-CL has been shown to underlie cellular sensitivity to apoptosis (Belikova et al., 2006). Recent studies have demonstrated that oxidized CL (CLox) forms a complex with the intermembrane space (IMS) protein cytochrome c (cyt c), and that this complex catalyzes the oxidation of additional PUFA-CL molecules (Kagan et al., 2005).
Here we describe a new perspective for understanding the evolutionarily conserved role of CL remodeling in the context of CL oxidation and BTHS. This model represents a paradigm shift for BTHS research by identifying a novel link between TAFAZZIN function and BTHS pathophysiology. Future studies should be aimed at improving our understanding of this model and evaluating the potential for treating BTHS by inhibiting this oxidation pathway.
WHAT IS CL?
CL is a uniquely dimeric phospholipid found almost exclusively in mitochondria. It is comprised of a glycerol backbone bridging two canonical phosphatidylglycerol molecules. The variable structure of the four associated fatty acid chains, along with the negative charge carried by the two phosphate head groups, are important for the many protein-lipid interactions attributed to CL (Planas-Iglesias et al., 2015). Following its initial synthesis, CL undergoes a remodeling process in which multiple cycles of deacylation and reacylation generate predominantly mono- and polyunsaturated fatty acid-containing CL (PUFA-CL). In mammals, this generally involves replacing oleic acid (18:1) acyl chains with linoleic acid (18:2) to form tetralinoleoyl-CL (Xu et al., 2006; Oemer et al., 2020). The importance of the CL remodeling pathway is underscored by the severe disease BTHS, in which patients bear variations in the CL-specific transacylase TAFAZZIN (Barth et al., 1999). At the cellular level, TAFAZZIN deficiency causes a decrease in total CL levels, an aberrant CL profile characterized by a decrease in unsaturated CL, and accumulation of monolyso-CL (mCL), biochemical hallmarks that have been observed in all BTHS models tested to date (Vreken et al., 2000; Valianpour et al., 2002; Schlame et al., 2003; Gu et al., 2004; Houtkooper et al., 2006; Acehan et al., 2011). Although the pathological consequences of TAFAZZIN deficiency have been well-characterized in BTHS patients, the exact mechanism(s) linking defective CL remodeling to these phenotypes remain elusive.
TAFAZZIN is the primary enzyme responsible for reacylation of CL in healthy cells, but two additional acyltransferases have been described in mammals. Similar to TAFAZZIN, both of these enymzes, acyl-CoA:lysocardiolipin acyltransferase 1 (ALCAT1) and monolysocardiolipin acyltransferase 1 (MLCL AT-1), preferentially transfer oleic and linoleic acid acyl chains to CL, generating predominantly unsaturated CL species (Ma et al., 1999; Taylor and Hatch, 2003; Cao et al., 2004; Cao et al., 2009). Interestingly, overexpression of ALCAT1 has been shown to promote ROS production whereas overexpression of MLCL AT-1 attenuates ROS production in BTHS lymphoblasts (Li et al., 2010; Mejia et al., 2018). Given their secondary role to TAFAZZIN, the physiological relevance of each of these enzymes remains unclear, and adding to this complexity, it has been shown that MLCL AT-1 expression is upregulated by TAFAZZIN knockdown in healthy cells but not in BTHS lymphoblasts (Mejia et al., 2018). Thus, further studies are needed to determine the relative contributions of these enzymes to PUFA-CL production in both healthy cells and BTHS tissues.
PUFA-CL LIKELY CONFERS A FITNESS ADVANTAGE IN MAMMALIAN CELLS
In mammalian cells, it is likely that remodeled CL confers a fitness advantage. Intact CL remodeling has been shown to be important for various aspects of cellular and mitochondrial homeostasis, including regulation of mitochondrial dynamics, induction of mitophagy and apoptosis, protein turnover, and calcium uptake (Chu et al., 2013; Hsu et al., 2015; Ban et al., 2017; de Taffin de Tilques et al., 2018; Kameoka et al., 2018; Petit et al., 2020; Bertero et al., 2021). In human heart and skeletal muscle mitochondria, 80% of all endogenous CL is tetralinoleoyl-CL, and decreased tetralinoleoyl-CL has been associated with aging and sarcopenia (Sparagna et al., 2007; Chu et al., 2013; Oemer et al., 2018; Semba et al., 2019; Zhang et al., 2022). Thus, defective CL remodeling in BTHS results in a broad range of cellular deficiencies that may contribute to the pathophysiology.
Although the above findings demonstrate the general importance of CL remodeling, the exact nature of how PUFA-CL benefits cells is not clear. One molecular hypothesis is that protein-lipid packing in the inner mitochondrial membrane (IMM) imposes mechanical stress that favors the accumulation of PUFA-CL, which can only be generated through remodeling. Due to its intrinsic negative curvature, membranes enriched with PUFA-CL can accommodate a higher density of electron transport chain (ETC) complexes and thereby act as more efficient sites for oxidative phosphorylation (OXPHOS) (Musatov, 2006; Schlame and Xu, 2020). However, due to the presence of multiple carbon-carbon double bounds, PUFA-CL is vulnerable to being oxidized by ROS produced by the ETC, and as detailed below, this susceptibility has important consequences for maintaining cellular homeostasis.
OXIDATION OF PUFA-CL IS DETRIMENTAL TO CELL HOMEOSTASIS
In healthy cells, energy production via OXPHOS relies on the electron shuttling activity of cyt c, an IMS protein whose localization is maintained, in part, by binding with CL. The interaction between CL and cyt c is a critical determinant of cell homeostasis. Cyt c contains two CL binding sites; loose binding of CL to the “A-site” is mediated by reversible electrostatic interactions between positively charged lysine residues 54/55, 72/73, 86/87, and the negatively charged head groups of CL, whereas tighter binding to the “C-site” involves hydrophobic residues in the fatty acyl chains of CL (Rytomaa et al., 1992; Rytomaa and Kinnunen, 1994; Kagan et al., 2005; Gonzalvez and Gottlieb, 2007; Elmer-Dixon and Bowler, 2018). In the loosely bound conformation mediated by site A, cyt c conducts its canonical function of transferring electrons from ETC complex III to complex IV. Conversely, when the C-site is bound, cyt c becomes partially unfolded. This exposes a ROS binding site on the associated heme, which effectively converts the CL-cyt c complex into a potent lipid peroxidase that preferentially oxidizes PUFA-CL to form CLox (Kagan et al., 2005; Belikova et al., 2006; Kagan et al., 2014). Due to its localization in the IMM, CL is highly prone to oxidation, as ETC complex activity is a major source of ROS production even in healthy cells (Raha et al., 2000; Koopman et al., 2010; Holzerova and Prokisch, 2015).
Oxidation of CL facilitates apoptosis by disrupting binding and localization of cyt c. Binding between cyt c and CL has been shown to depend on the oxidation status of CL. Specifically, cyt c has a lower affinity for CLox than non-oxidized CL, and thus CL oxidation results in increased release of cyt c from the IMS, a key event that activates the mitochondria-mediated apoptosis pathway, and increased sensitivity to apoptotic stimuli (Nakagawa, 2004; Jiang et al., 2008; Tyurina et al., 2012). The release of cyt c from the IMS takes place in two steps: cyt c detachment from CLox, followed by the permeabilization of the outer mitochondria membrane (OMM). The reduced affinity of cyt c for CLox likely contributes to detachment of the former from the IMM, though the exact biochemistry of this process remains obscure. Subsequent translocation of cyt c into the cytosol requires permeabilization of the OMM. The mechanism(s) responsible for OMM permeabilization are the subject of much debate, but two potential explanations have received considerable attention (Robertson et al., 2003; Gogvadze et al., 2006). In the first scenario, calcium overload in the matrix promotes formation of a permeability transition pore in the IMM, which results in swelling and eventual rupture of the OMM (Gogvadze et al., 2006). In the second scenario, the Bcl-2 family protein Bax is recruited to the OMM by tBid where it then homo-oligomerizes to form a pore through which cyt c can diffuse. Regardless of the exact mechanism, cyt c released from the mitochondria stimulates apoptosis by triggering oligomerization of apoptosis protease activating factor-1 and subsequent activation of pro-caspase-9 (Yu et al., 2005). Interestingly, reduced levels of PUFA-CL in BTHS cells have been linked to a defect in induction of apoptosis, owing to diminished binding affinity between unremodeled CL and caspase-8 (Gonzalvez et al., 2008; Gonzalvez et al., 2013). This suggests that CL remodeling plays an important role in balancing sensitivity to apoptosis, as a decrease in PUFA-CL leads to deficient apoptotic induction while the production of CLox from PUFA-CL results in hypersensitivity to apoptosis.
The production of CLox has other important consequences. CL in the IMM acts to bind and stabilize ETC complexes, but when CL becomes oxidized, this interaction is diminished, leading to a concomitant reduction in ETC function (Musatov, 2006). Recent work has also shown that the yeast CL phospholipase Cld1 has a greater affinity for CLox than non-oxidized CL in vitro (Lou et al., 2018b), suggesting that repeated cycles of CL remodeling in the presence of CLox preferentially generate oxidized (vs non-oxidized) free fatty acids (FAox). FAox, and highly reactive aldehydes readily derived from them (Esterbauer et al., 1991; Gueraud et al., 2010), have a variety of secondary messenger signaling roles relating to apoptotic induction (Iuchi et al., 2019), inflammation (Ramakrishnan et al., 2014; Dennis and Norris, 2015), metabolism (Hauck and Bernlohr, 2016; Wenzel et al., 2017), vascular regulation (Sudhahar et al., 2010), and calcium homeostasis (Saraswathi et al., 2004) among other functions (Buland et al., 2016). In light of these primarily negative consequences, selection pressure should favor adaptive mechanisms for preventing or mitigating the production of CLox in cells.
DISCUSSION AND PERSPECTIVE
The pathologies associated with BTHS illustrate the global importance of CL remodeling. However, the capacity for oxidation in the presence of ROS represents a potential drawback to the production of PUFA-CL through the CL remodeling pathway, and thus a complete understanding of why remodeling has been maintained through evolution remains elusive. This has been highlighted by studies indicating that remodeled and unremodeled CL are functionally equivalent in yeast, and that the pathology of BTHS stems from an elevated mCL:CL ratio rather than a lack of PUFA-CL per se (Baile et al., 2014; Ye et al., 2014).
The predominance of PUFA-CL (most notably tetralinoleoyl-CL) suggests that it confers a fitness advantage in mammalian cells, and CL remodeling is often thought of solely as a mechanism for converting saturated CL into PUFA-CL. However, if CL remodeling only functions to generate PUFA-CL, why have cells not evolved to synthesize PUFA-CL directly, rather than depend on the additional multi-step process of converting nascent, primarily saturated CL to PUFA-CL through remodeling? Indeed, it has been shown that exogenously obtained PUFAs can be readily incorporated into newly synthesized CL, indicating that remodeling for the sole purpose of producing PUFA-CL would be redundant when PUFAs can be dietarily acquired (Tyurina et al., 2017). This suggests that the CL remodeling pathway may serve an additional function, and a hint regarding this comes from the study by Lou et al., showing that the yeast CL phospholipase Cld1, which mediates the first step in the CL remodeling pathway, exhibits a clear preference for removing oxidized acyl chains from CLox (Lou et al., 2018b). Furthermore, this study demonstrated that expression of the CLD1 gene is upregulated in response to H2O2 treatment, suggesting that Cld1 function is regulated as a homeostatic response to elevated ROS (Lou et al., 2018b). Taken together, these findings support the novel hypothesis that CL remodeling may serve as a conserved, compensatory mechanism for removing oxidized fatty acid chains from CLox in order to mitigate oxidative damage and regenerate non-oxidized PUFA-CL in the second TAFAZZIN-catalyzed step of the remodeling process.
In view of this model, one point should be noted. The notion that CL remodeling has evolved as a mechanism to remove CLox and regenerate non-oxidized CL presupposes that the phenotype of having elevated CLox is more deleterious than generating FAox and associated reactive aldehyde species. This point is supported by the fact that cells have robust mechanisms for neutralizing FAox/aldehydes, including adduction with glutathione, reduction by aldo-keto reductases or alcohol dehydrogenases, and oxidation by aldehyde dehydrogenases (Gueraud et al., 2010; Pizzimenti et al., 2013), whereas the diminished function of CLox causes widespread problems related to cell viability and bioenergetics that cannot be mitigated efficiently.
In the context of BTHS, this hypothesis may partially explain the deleterious consequences of TAFAZZIN deficiency. Although PUFA-CL is primarily produced through the CL remodeling pathway in healthy cells, it is important to note that PUFAs can be incorporated into nascent CL when PUFA-containing precursor lipids are available (e.g., from nutritionally-derived sources) (Tyurina et al., 2017; Lou et al., 2018b). This means that even in TAFAZZIN-deficient cells, oxidizable PUFA-CL will be present, albeit in relatively low abundance compared to wild type cells. Elevated ROS is a characteristic of BTHS models, and this likely facilitates oxidation of the existing PUFA-CL by CL-cyt c peroxidase complexes (Chen et al., 2008; Lou et al., 2018a; Liu et al., 2021). The key difference between wild type and TAFAZZIN-deficient cells would become apparent in the homeostatic response to elevated CLox. While wild type cells would be capable of upregulating their remodeling pathway by increasing iPLA2γ phospholipase expression and relying on TAFAZZIN to reacylate mCL with predominantly non-oxidized PUFAs, TAFAZZIN-deficient cells might still upregulate iPLA2γ phospholipase expression but would be incapable of regenerating PUFA-CL.
In summary, this novel paradigm posits that CL remodeling has been evolutionarily conserved as a means for mitigating the deleterious effects of CLox production. As an extension of this framework, a major pathophysiological outcome of TAFAZZIN deficiency in BTHS is the inability of cells to recycle CLox and regenerate non-oxidized PUFA-CL. Future studies should be aimed at testing this model, as it may suggest a new avenue for treating BTHS.
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Iron is an essential microelement for the proper functioning of many organs, among others it is required for thyroid hormone synthesis. However, its overload contributes to the increased formation of reactive oxygen species via Fenton chemistry (Fe2++H2O2→Fe3++˙OH + OH−), and it is potentially toxic. Individual organs/tissues are affected differently by excess iron. The excessive absorption of iron with subsequent deposition in various organs is associated with diseases such as hemochromatosis. Such an iron deposition also occurs in the thyroid gland where it can disturb thyroid hormone synthesis. In turn, melatonin is an effective antioxidant, which protects against oxidative damage. This study aims to check if lipid peroxidation resulting from oxidative damage to membrane lipids, is caused by Fenton reaction substrates, and if protective effects of melatonin differ between the thyroid and various non-endocrine porcine tissues (liver, kidney, brain cortex, spleen, and small intestine). To mimic the conditions of iron overload, Fe2+ was used in extremely high concentrations. Homogenates of individual tissues were incubated together with Fenton reaction substrates, i.e., FeSO4 (9.375, 18.75, 37.5, 75, 150, 300, 600, 1,200, 1,800, 2,100, 2,400, 3,000, 3,600, 4,200, and 4,800 µM)+H2O2 (5 mM), either without or with melatonin (5 mM). The concentration of malondialdehyde+4-hydroxyalkenals (MDA+4-HDA), as the LPO index, was evaluated by a spectrophotometrical method. Fenton reaction substrates increased concentrations of LPO products in all chosen tissues. However, in the thyroid, compared to non-endocrine tissues, the damaging effect was generally weaker, it was not observed for the two lowest concentrations of iron, and the LPO peak occurred with higher concentrations of iron. Melatonin reduced experimentally induced LPO in all examined tissues (without differences between them), and these protective effects did not depend on iron concentration. In conclusion, membrane lipids in the thyroid compared to those in non-endocrine tissues are less sensitive to pro-oxidative effects of Fenton reaction substrates, without differences regarding protective effects of melatonin.
Keywords: Fenton reaction, lipid peroxidation, oxidative damage, thyroid, melatonin
INTRODUCTION
Iron is a critical micronutrient in mammalian organisms, and it is a cofactor for many biological reactions. As a redox-active transition metal, it acts as an electron donor and acceptor in a plethora of fundamental cellular processes, such as oxygen transport, DNA and RNA synthesis, cell proliferation, and energy metabolism. In mammals, all iron is obtained from digestion of food where it exists largely in two forms, i.e., non-heme iron in the relatively non-toxic ferric form (Fe3+), derived mainly from plant-based foods and animal products, and heme iron in a more reactive and toxic form of ferrous ion (Fe2+), derived from the breakdown of hemoglobin and myoglobin in animal tissues. Despite the fact that non-heme iron is usually much less well absorbed than heme iron, it constitutes most of the human dietary iron, even in meat-eating populations (Hurrell and Egli, 2010; Abbaspour et al., 2014).
The adult well-nourished human body contains approx. 3–5 g of iron. Under healthy conditions, most of it is bound to some form of a ligand. It is estimated that up to 80% of body iron is present in red blood cell hemoglobin, while another approximately 20% is stored in the form of ferritin and heme within hepatocytes and macrophages of the liver and spleen (Hentze et al., 2004). The remaining small amount (<1%) of the iron in the human body is found in various proteins such as cytochromes (Lane et al., 2015).
This iron compartmentalization is crucial for organism homeostasis since “free” (catalytically active) iron can react with hydrogen peroxide (H2O2) via the Fenton chemistry (Fe2+ + H2O2 → Fe3+ + ˙OH + OH−), the reaction directly related to the oxidative stress. The hydroxyl radical ( ˙OH) produced during this process is one of the most powerful oxidizing agents and can react—at a diffusion-controlled rate—with practically all subcellular components in the organism (Koppenol and Hider, 2019). The hydroxyl radical can react and consequently damage all biological macromolecules (lipids, proteins, nucleic acids, and carbohydrates) leading to cell dysfunction and death. It has been observed that the harmful effects of ˙OH may contribute to pathogenesis of cancer, atherosclerosis, or neurodegenerative diseases (Lipinski, 2011).
Improper iron compartmentalization and subsequent elevated levels of oxidative stress are often the results of accumulation and overload of this element. The human organism does not have any specific mechanism to remove excess iron. Iron elimination occurs only via non-regulated ways such as cell desquamation or bleeding; hence, its concentration is controlled only at the level of iron absorption. A number of diseases and pathological factors can lead to iron overload. The most common causes of iron overload are overconsumption of iron when it is in excess in the environment (Aranda et al., 2016), congenital disturbances of iron metabolism (hemochromatosis) (Girelli et al., 2021), or secondary hemochromatosis resulting from repeated blood transfusions in patients with beta-thalassemia (Ali et al., 2021) or with sickle cell anemia (Badawy et al., 2016). The growing literature demonstrates that also chronic hepatitis C may cause iron overload (Zou and Sun, 2017).
Iron overload and enhanced oxidative stress can lead to adverse effects in all tissues; however, it can be, especially severe in the thyroid when we take into consideration the “oxidative nature” of this gland. Hydrogen peroxide (one of the Fenton reaction substrates) is indispensable for biosynthesis of thyroid hormones, in which it serves as an electron acceptor at each stage of this process (Song et al., 2007). Therefore, H2O2 is generated in the thyroid in high concentrations which, in turn, can create favorable conditions for the Fenton reaction to occur.
Until now, Fenton reaction substrates were used very commonly to experimentally induce oxidative damage to macromolecules in different tissues (e.g., ovary, thyroid, and skin) with very high Fe2+ concentrations (Rynkowska et al., 2020, 2021), equal to these used in the present study.
This study aims to check if lipid peroxidation (LPO) resulting from oxidative damage to membrane lipids caused by Fenton reaction substrates and protective effects of melatonin differs between the thyroid and various non-endocrine porcine tissues (liver, kidney, brain cortex, spleen, and small intestine). While it is currently known that certain hormones can be synthesized by and secreted from nontraditional endocrine organs, still specific organs classified as endocrine glands are separated. They are traditionally defined as ductless glandular structures that release their hormonal secretions into the extracellular space, from where they can eventually enter the bloodstream; examples of classic endocrine glands are the thyroid gland, the pituitary gland, the adrenal gland, and the ovary, etc. (Hsiao et al., 2017; Holt et al., 2021). Regarding tissues, such as liver, kidney, brain cortex, spleen, and small intestine, which are used in the present study, do not fulfill the criteria of an endocrine gland; therefore, they can be called non-endocrine tissues. In fact, experimental and clinical studies to describe various processes occurring in endocrine versus non-endocrine tissues have been published before ( McCarthy et al., 2013; Xie et al., 2018). In the present study, we have chosen these non-endocrine tissues, which play important roles in iron absorption (intestine) and accumulation (liver and spleen) or iron overload. Iron overload plays a crucial role in the pathogenesis of diseases developing in the tissues, such as brain cortex (Belaidi and Bush, 2016) or kidney (Nakanishi et al., 2019). To simulate conditions of iron overload, Fe2+ ion was used in the present study in extremely high concentrations.
MATERIALS AND METHODS
Ethical Considerations
In accordance with the Polish Act on the Protection of Animals Used for Scientific or Educational Purposes from 15 January, 2015 (which implements Directive 2010/63/EU of the European Parliament and the Council of 22 September 2010 on the protection of animals used for scientific purposes)—the use of animals to collect organs or tissues does not require the approval of the Local Ethics Committee. These animals are only subjected to registration by the center in which the organs or tissues were taken. Additionally, we did not use experimental animals; instead, porcine tissues were collected from animals at a slaughterhouse during the routine process of slaughter carried out for consumption.
Chemicals
All chemicals applied in the study are of analytical grade and come from the following commercial sources: melatonin, ferrous sulfate (FeSO4), and hydrogen peroxide (H2O2)—Sigma (St. Louis, MO, United States); the ALDetect Lipid Peroxidation Assay Kit–Enzo Life Sciences, Inc. (Zandhoven, Belgium).
Tissue Collection
Porcine tissues were collected from pigs slaughtered at the local slaughterhouse. Animals were treated according to the European Community Council Regulation (CE1099/2009) concerning protection of animals at the time of killing. All animals were sexually mature as determined by age (8–9 months) and body mass [118 ± 3.8 (SD) kg]. They were in good body condition and considered free of pathologies by the veterinary medical officer responsible for the health of animals and hygiene of the slaughterhouse. Immediately (in less than 5 min) after the slaughter, the tissues, i.e., thyroid, spleen, liver (from left lateral lobe), brain cortex, small intestine (jejunum and ileum), and kidney (renal cortex), were collected, frozen on solid CO2, and stored at −80°C till experimental procedure. Each experiment was repeated three times.
Incubation of Tissue Homogenates
We homogenized individual tissues (thyroid, spleen, liver, brain cortex, small intestine, and kidney) in ice-cold 20 mM Tris–HCl buffer (pH 7.4) (10%, w/v), and then tissues were incubated (37°C, 30 min) in the presence of FeSO4 (9.375, 18.75, 37.5, 75, 150, 300, 600, 1,200, 1,800, 2,100, 2,400, 3,000, 3,600, 4,200, and 4,800 µM)+H2O2 (5 mM) without melatonin or with the addition of melatonin in its highest achievable in vitro concentration (due to limited solubility), i.e., 5 mM. After incubation, the samples were cooled on ice to stop the reaction.
Assay of Lipid Peroxidation
The ALDetect Lipid Peroxidation Assay Kit was used to measure concentrations of malondialdehyde + 4-hydroxyalkenals (MDA+4-HDA), being the index of lipid peroxidation. To obtain supernatants, samples of homogenates were centrifuged (5,000×g, 10 min, 4°C). Next, 200 μL of supernatant was mixed with methanol: acetonitrile (1:3, v/v) solution (650 μL), containing N-methyl-2-phenylindole as a chromogenic reagent, and after that the sample was vortexed. In the next step, methanesulfonic acid (150 μL, 15.4 M) was added, and then incubation was conducted again (45°C, 40 min). The product of the reaction between MDA+4-HDA and N-methyl-2-phenylindole was a chromophore, which was measured by the spectrophotometrical method (at an absorbance of 586 nm) with the use of a 4-hydroxynonenal solution (10 mM) as the standard. The amount of protein was measured with the use of Bradford’s method (the standard was bovine albumin) (Bradford, 1976). We expressed the level of lipid peroxidation as the concentration of MDA+4-HDA (nmol)/mg protein.
Statistical Analyses
We used the following statistical tests: one-way analysis of variance (ANOVA), followed by the Student–Neuman–Keuls test, or an unpaired t-test. p < 0.05 was accepted as the level of statistical significance. We presented the results as means ± SE.
RESULTS
LPO levels under basal conditions were higher in the brain cortex and spleen than in other examined tissues (Figure 1). Incubation with melatonin did not change basal levels of LPO significantly in any of the examined tissues (Figure 1).
[image: Figure 1]FIGURE 1 | Concentrations of lipid peroxidation products (MDA+4-HDA) in the homogenates of porcine tissues (thyroid, brain cortex, spleen, liver, kidney, and intestine) incubated without any substance (control; white bars) or with melatonin (5 mM) (gray bars). T–p < 0.05 vs. respective control in the thyroid; L–p < 0.05 vs. respective control in the liver; K–p < 0.05 vs. respective control in the kidney; I–p < 0.05 vs. respective control in the intestine. Differences in LPO levels between control and melatonin are not statistically significant in particular tissues. Statistical differences between particular tissues after melatonin exposure are not marked.
Fenton reaction substrates increased LPO levels in all examined tissues and—except for the thyroid—in all used concentrations of Fe2+ (Figure 2). Namely, in the thyroid, the damaging effect was not observed for the two lowest concentrations of iron (9.375 and 18.75 µM) (Figure 2). Additionally, compared to that in non-endocrine tissues, Fenton reaction-induced damage in the thyroid was weak for the increasing Fe2+ concentrations up to 1,800 μM; although with the increasing Fe2+ concentrations above 1,800 µM, these differences gradually disappeared (Figure 3A). Importantly, the LPO peak occurred “later,” i.e., with higher concentrations of iron, whereas the LPO peak was observed in the thyroid at an Fe2+ concentration of 2,400 μM. In the liver, the LPO peak was recorded at an Fe2+ concentration of 600 µM (four times lower than that in the thyroid), in the spleen—at an Fe2+ concentration of 1,200 µM (two times lower than that in the thyroid), and in the kidney, brain cortex, and intestine—at an Fe2+ concentration of 1,800 µM (lower by 25% than that in the thyroid) (Figures 3A,B).
[image: Figure 2]FIGURE 2 | Concentrations of lipid peroxidation products (MDA+4-HDA) in the homogenates of porcine tissues (thyroid, brain cortex, spleen, liver, kidney, and intestine), incubated without any substance (control; white bars) or with melatonin (5 mM) (gray bars) or with Fe2+ (9.375, 18.75, 37.5, 75, 150, 300, 600, 1,200, 1,800, 2,100, 2,400, 3,000, 3,600, 4,200, and 4,800 µM) + H2O2 (5 mM) (black bars) or with Fe2+ (9.375, 18.75, 37.5, 75, 150, 300, 600, 1,200, 1,800, 2,100, 2,400, 3,000, 3,600, 4,200, and 4,800 µM) + H2O2 (5 mM) with melatonin (5 mM) (striped bars). p < 0.05 vs. respective control (without any substance); *p < 0.05 vs. Fe2+ in the same concentration. Statistical differences between Fe2++H2O2+melatonin (stripped bars) vs. melatonin (gray bars) in particular tissues are not marked.
[image: Figure 3]FIGURE 3 | (A) Concentrations of lipid peroxidation products (MDA+4-HDA) in the homogenates of porcine tissues (thyroid, brain cortex, spleen, liver, kidney, and intestine), incubated with Fe2+ (9.375, 18.75, 37.5, 75, 150, 300, 600, 1,200, 1,800, 2,100, 2,400, 3,000, 3,600, 4,200, and 4,800 µM) + H2O2 (5 mM). *p < 0.05 vs. respective concentration in the thyroid. (B) Line graph representing concentrations of lipid peroxidation products (MDA+4-HDA) in the homogenates of porcine tissues (thyroid, brain cortex, spleen, liver, kidney, and intestine), incubated with Fe2+ (9.375, 18.75, 37.5, 75, 150, 300, 600, 1,200, 1,800, 2,100, 2,400, 3,000, 3,600, 4,200, and 4,800 µM) + H2O2 (5 mM). Vertical dashed lines indicate that iron concentration at which the LPO peak occurs for each individual tissue. Data points represent mean values of independent experiments analogically to results presented in Figure 3.
Melatonin reduced LPO levels induced by Fenton reaction substrates in all tissues; these protective effects did not significantly differ between tissues, and the protective effects of melatonin did not depend on iron concentration (Figure 2).
DISCUSSION
In our earlier studies, we have observed that the thyroid gland is less sensitive to the damaging effects of iron than the ovary which is also an endocrine gland (Rynkowska et al., 2020). We have also evaluated the damaging effect of KIO3 and have found that KIO3-induced LPO is significantly lower in the thyroidal tissue than non-endocrine tissues and the ovary (Iwan et al., 2021a). Our present results confirm the results cited previously and clearly indicate that membrane lipids in the thyroid are less sensitive to pro-oxidative events occurring in this gland. Such findings suggest that the thyroid gland has developed more effective (than other tissues) protective mechanisms for maintaining redox homeostasis.
The thyroid gland constitutes a specific organ in such a sense that oxidative reactions are absolutely required for thyroid hormone synthesis. Hydrogen peroxide is generated for the needs of thyroid hormone biosynthesis by NADPH oxidases, especially by dual oxidase 2 (DUOX2) (Pachucki et al., 2004), and it is synthesized in a higher amount than this which is required for proper iodide incorporation into thyroid hormones. This apparent discrepancy may be associated with the relatively high Michaelis–Menten constant of thyroperoxidase (TPO, a clue enzyme in thyroid hormone synthesis) for H2O2, resulting in relatively higher concentrations of H2O2 (as a substrate) indispensable for proper activation of TPO (Song et al., 2007). Interestingly, in our experimental study on sexual dimorphism, we have found that thyroid follicular cells from female thyroids are exposed to higher H2O2 concentrations than male thyroids, which probably results from the higher activity of NOX/DUOX enzymes in the female thyroid (Stepniak et al., 2018), and it is in agreement with the assumption that higher prevalence of thyroid diseases in women is associated with stronger oxidative stress. H2O2 is primarily a toxic compound with a relatively long half-life which, as a non-polar molecule, is able to diffuse across biological membranes. Because it is an oxidizing agent, it is in power to induce damage to biological macromolecules such as DNA, lipids, and proteins, consequently leading to mutagenesis and apoptosis (Song et al., 2007). Therefore, to ensure the proper functioning of the thyroid, sources of H2O2 and other potentially pro-oxidative compounds need to be under strict control. Therefore, some adaptive mechanisms have developed in the thyroid, such as specific localization of potentially dangerous processes (e.g., production of H2O2) and compartmentalization of potentially damaging elements (Szanto et al., 2019), as well as formation of antioxidants and ROS-scavenging systems. Regarding the last mentioned adaptive mechanism, responsible for this are mainly redox-controlling enzymes such as peroxiredoxins, glutathione peroxidases, and catalase. As catalase is rather weakly expressed in the thyroid, H2O2 degradation is carried out in this organ mainly by the enzymes from the glutathione peroxidases family (Song et al., 2007; Schweizer et al., 2008). This enzymatic antioxidative system is additionally supported by the contribution of molecules such as ascorbic acid, polyphenolic compounds, coenzyme Q10, β-carotene, retinol, and tocopherol (Kochman et al., 2021).
Under basal conditions, these thyroid systems effectively fulfill their antioxidant role. In our both studies (the present and the previous by Iwan et al., 2021a), we have observed that the basal level of LPO in the thyroid gland is not higher than that in other tissues. However, under any pathological condition associated either with endogenous abnormalities or exposure to exogenous pro-oxidants, this redox balance may be disrupted and, in consequence, the level of oxidative damage can be increased, resulting in various diseases (Valko et al., 2007), such as cancer (Ziech et al., 2011). A phenomenon that can definitely lead to disruption of redox homeostasis in the thyroid is iron overload. Consistently, we have shown earlier that Fe2+, than H2O2, damages more strongly both nuclear DNA and membrane lipids (Stepniak et al., 2013). Hepatic iron concentration in patients with asymptomatic and symptomatic hemochromatosis is approximately 8 to 15 times higher than that in healthy subjects—36–550 μmol/g (36–550 mM) in dry weight tissue (Bacon et al., 2011). Whereas in healthy individuals blood iron concentration is below 150 μg/dl, it is 150–300 μg/dl (0.026–0.053 mM) in subjects with hemochromatosis (Bacon et al., 2011). To mimic conditions of iron overload, in the present study, we have used the range of iron concentrations from 0.009 to 4.8 mM, which corresponds to the aforementioned.
In case of disrupted redox homeostasis, different exogenous antioxidants can be considered to be used. One of the most famous antioxidants is melatonin (N-acetyl-5-methoxytryptamine), which is produced in the organism mostly by the pineal gland, but it is also available as an exogenous substance. This molecule is confirmed to be a very effective antioxidant and free radical scavenger which prevents oxidative damage not only in the thyroid (Lewinski and Karbownik, 2002; Karbownik et al., 2005; Kokoszko-Bilska et al., 2014; Zasada and Karbownik-Lewinska, 2015; Iwan et al., 2021a, 2021b; Stepniak et al., 2021) but also in many other tissues and organs (Karbownik et al., 2000, 2001a, 2001b, 2006; Gitto et al., 2001; Osuna et al., 2002; Mogulkoc et al., 2006; Reiter et al., 2017). In the current study, we have observed that melatonin reduced LPO induced by Fenton reaction substrates in all examined tissues, and this protective effect was independent of iron concentration. These results confirm a well-known fact that melatonin is very effective in protecting against even these effects of iron which are caused by its extremely high concentrations (corresponding to those iron concentrations found in patients with hemochromatosis). It should be underlined that in our study melatonin did not reduce LPO levels below the physiological threshold in control groups of any examined tissue. This additionally supports the statement that this indoleamine is a distinctive antioxidant, which does not affect physiological processes, whereas it is effective under conditions with additional oxidative abuse.
Our study is probably the first attempt to compare the damaging effects of high iron concentrations in the thyroid and in various non-endocrine tissues under in vitro conditions. It should be stressed that the lower sensitivity of thyroidal membrane lipids, compared to that of membrane lipids in non-endocrine tissues, in response to high iron concentrations, is similar to previously observed pro-oxidative effects of KIO3 (Iwan et al., 2021a). Therefore, we suppose that membrane lipids (and possibly other biological macromolecules) in the thyroid reveal higher resistance to any external pro-oxidative agent than those in other tissues. These differences in sensitivities of given tissues to pro-oxidative factors result presumably from oxidative/antioxidative processes which normally (under physiological conditions) occur in the tissue. Because oxidative processes occur in the thyroid gland at a high level (Karbownik-Lewińska and Kokoszko-Bilska, 2012), this endocrine gland has developed an adaptive mechanism and, therefore, it is probably better prepared to protect against damaging effects of pro-oxidants.
This study has some limitations. First, our study was conducted using tissue homogenates, so our results may not be directly extrapolated under in vivo conditions, especially into the human organism. However, some directions of action of a given agent observed in vitro should be taken into account also under in vivo conditions. Second, we used only one experimental method to measure oxidative damage to membrane lipids, i.e., a spectrophotometric assay, evaluating lipid peroxidation by measuring MDA + 4-HDA. Although this experimental method has some disadvantages, it is very reliable and is commonly used in studies on oxidative stress.
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Methods of electron spin echo of pulse electron paramagnetic resonance (EPR) spectroscopy are increasingly employed to investigate biophysical properties of nitroxide-labeled biosystems at cryogenic temperatures. Two-pulse echo-detected ED-spectra have proven to be valuable tools to describe the librational dynamics in the low-temperature phases of both lipids and proteins in membranes. The motional parameter, [image: image], given by the product of the mean-square angular amplitude, [image: image], and the rotational correlation time, [image: image], of the motion, is readily determined from the nitroxide ED-spectra as well as from the W-relaxation rate curves. An independent evaluation of [image: image] is obtained from the motionally averaged 14N-hyperfine splitting separation in the continuous wave cw-EPR spectra. Finally, the rotational correlation time [image: image] can be estimated by combining ED- and cw-EPR data. In this mini-review, results on the librational dynamics in model and natural membranes are illustrated.
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INTRODUCTION
Steady-state, continuous wave electron paramagnetic resonance (cw-EPR) spectroscopy of nitroxide(NO)-labels (S = 1/2, I = 1) holds a prominent place in membrane biophysics (Berliner, 1976; Marsh, 1981; Berliner 1998; Hemminga and Berliner, 2007; Marsh, 2019). The success and relevance of spin-label EPR in biomembrane studies is due to the fact that its timescale is optimally sensitive to the nanoseconds and matches the timescale of various molecular motions occurring in membrane components. 9-GHz (X-band) spin-label cw-EPR has notably contributed to the study of the dynamics of proteins and lipids in membranes as well as in reconstituted lipid–protein complexes and in lipid model systems (Borbat et al., 2001; Marsh, 2008; Klare and Steinhoff, 2009; Guzzi and Bartucci, 2015; Sahu and Lorigan, 2021).
Insights into the dynamics of spin-labeled membrane components emerged from the use of electron spin echo (ESE) methods of time-resolved, pulse-EPR spectroscopy (Freed, 2000; Bartucci et al., 2006; Dzuba, 2007). ESE methods are based on the use of resonant microwave power pulse sequences of defined short-time duration, typically 12–64 ns, separated by time intervals in which the microwaves are off, that produce an echo signal at a given delay time (Kevan and Bowman, 1990; Schweiger and Jeschke, 2001). The standard two-pulse sequence, π/2-τ-π-τ-primary echo (Figure 1A), allows experiments on the time domain of the interpulse time spacing τ, determined by the transverse phase memory time T2M of the spin-labels, and the two-pulse ESE technique is optimally sensitive to the spin-label dynamics in the nanoseconds timescale. The primary echo, recorded at 2τ from the first pulse, is the result of the refocusing of the spin magnetization after the action of the microwave pulses. The first π/2 pulse flips the magnetization by 90° into the X-Y plane perpendicular to the Z direction of the spectrometer magnetic field, B. The spins then dephase during τ, with the time constant T2M, until the inverting p pulse reverses the magnetization that will refocus after a time τ producing the echo signal. By integrating the echo while sweeping the static magnetic field, an echo-detected ED-EPR absorption spectrum is obtained, the lineshape of which reflects the angular orientation of the spins. For spin relaxation, the echo amplitude decays exponentially when the interpulse separation τ is incremented, and the corresponding collected ED-spectra show variations in the lineshapes (Figure 1A). Such ED-spectra directly reflect the amplitude and the rate of motion of spin-labeled biosystems and contain all the information on their dynamics. Low, cryogenic temperatures are required for ESE-based measurements because spin-labeled T2M-relaxation time is generally too fast to produce detectable echoes at an ambient temperature. Thus, ED-EPR spectra offer a convenient route to study the dynamics of spin-labeled biosystems at low temperatures, for samples cooled with liquid nitrogen down to 77 K or with helium below 77 K. Moreover, low-temperature studies are advantageous to reveal dynamical features that occur also at higher physiological temperatures where they cannot be resolved explicitly because they are hidden by large-amplitude motions.
[image: Figure 1]FIGURE 1 | (A) Two-pulse primary echo sequences and echo amplitudes decrease with increasing the interpulse delay time, τ; simulated examples of corresponding echo-detected ED-spectra of chain-labeled nitroxide in membranes. (B) Two-pulse (π/2-τ-π with microwave pulse widths of 32 and 64 ns) ED-EPR spectra of 5-PCSL in DPPC bilayers at T = 200 K recorded at incremented interpulse spacings τ (from top to bottom). Solid lines are the normalized experimental spectra, and dashed lines are simulations for isotropic librational motion. Underneath are reported the anisotropic part of the relaxation rate, W-spectra, obtained according to Eq. 1 from pairs of spectra with interpulse separations of τ1 = 168 and τ2 = 296 ns, τ1 = 168 ns and τ2 = 424 ns, or τ1 = 168 ns and τ2 = 552 ns. Schematic illustration of isotropic librational motion: the nitroxide molecule performs oscillations of small angular amplitude, α, about the three nitroxide axes. cw-EPR spectra of 5-PCSL in DPPC bilayers at 150, 220, and 260 K. ED-, W-, and cw-EPR spectra are taken from Aloi et al. (2017).
Here, we review results obtained on the low-temperature dynamics of spin-labeled lipid bilayers and natural Na,K-ATPase membranes from two-pulse ED-EPR spectra.
Two-Pulse ED-EPR Spectra of Nitroxide Labels in Membranes
The pioneering work of Millhauser and Freed, (1984) showed the sensitivity of the two-pulse echo-induced EPR spectrum for each value of interpulse separation time τ to variation across the spectrum of the transverse relaxation time. With this ESE technique, the structure and dynamics of cholestane spin-label in oriented lipid multilayers were studied (Kar et al., 1985). Two-pulse ED-spectra have been used by Dzuba et al. (1992), Dzuba (1996), Dzuba (2000), and Kirilina et al. (2001) to investigate the motion of spin-probes in glassy media. The lineshapes, revealing anisotropic phase relaxation, showed a decrease of the amplitudes in the intermediate spectral regions at low and high field with increasing τ. The ED-spectra have been simulated by assuming the occurrence of librational motion, that is, an orientational molecular motion consisting of fast, low-amplitude oscillations near an equilibrium position.
An analogous dependence on τ has been observed later for the ED-spectra of chain-labeled lipids in model membranes (Bartucci et al., 2003; Erilov et al., 2004a; Erilov et al., 2004b). In these spectra, the regions at intermediate low and high fields, which correspond to the maximum variation of spin orientation with the static magnetic field, relax faster than the others, and the intensities decrease systematically with increasing the interpulse spacing, τ. Minor changes are instead observed in the outer peaks, which correspond to stationary turning points (Figure 1B).
The ED-EPR spectra of lipid spin-labels in bilayers are successfully simulated according to the so-called “isotropic” model of librations (Erilov et al., 2004b). The model assumes that librations consist of independent and simultaneous rapid oscillations, each of small angular amplitude α and with correlation time τC, around each of the three perpendicular X-, Y-, and Z-axes of nitroxide (Figure 1B). For fast motion of small amplitude, that is, Δω2τ2c << 1, and for a polar orientation θ, φ of the magnetic field, B, relative to the nitroxide X-, Y-, and Z-axes, the amplitude of a two-pulse echo decay is approximatively described by [image: image], where Δω is the shift in resonance frequency that is induced by the motion and τC is the rotational correlation time (Dzuba et al., 1992; Dzuba, 1996). This term is explicitly included as a factor in the echo-detected EPR lineshape, ED(2τ, B), details of which are reported in Erilov et al. (2004b). From spectral simulations, it is possible to extract the motional parameter, [image: image], given by the product of the mean-square angular amplitude, [image: image], and the rotational correlation time, τC, of the librational motion.
An alternative scheme of analyzing the dependence of the ED-EPR lineshapes on librational dynamics is given by the W-relaxation spectra. They are obtained from the experimental ED-spectra recorded at two different values, τ1 and τ2, of the interpulse delay by using the relation (Erilov et al., 2004b): 
[image: image]
The W-spectra evaluated for different pairs of τ-values coincide within the noise level (Figure 1B), showing exponential anisotropic spin relaxation as a function of τ (especially on the low-field side), as expected for the isotropic model of librations. The relaxation rate W-curves are characterized by the maximum values, WL and WH, determined in the low- and high-field regions, respectively, of the ED-spectra. The difference in intensity at the two positions arises simply from the different inherent sensitivities of the two spectral regions to spin relaxation.
The relaxation rate WL or WH can also be used to characterize the librational dynamics in membranes. Indeed, they are related to the motional parameter [image: image] via the calibration constant, Ccal, established from simulations. For example, WL or WH = (Ccal rad−2s−2) × [image: image] (Erilov et al., 2004b).
To fully describe the librational motion of spin-labels in membranes, it is desirable to know the mean-square angular amplitude, [image: image], and the rotational correlation time, τC, of the motion. An independent evaluation of [image: image] is obtained by acquiring spin-label cw-EPR spectra at the same low temperatures as those of ED-spectra and measuring the motionally averaged 14N-hyperfine splittings, [image: image] that is, the separation between the two outer spectral peaks (Figure 1B). For small amplitude librations around the X-axis, [image: image] can be obtained from the relation: [image: image], where Axx and Azz are the principal values of the hyperfine interaction tensor (Van et al., 1974; Dzuba, 2000). Axx is obtained from the literature (Marsh, 2019), whereas Azz is derived by linear extrapolation of [image: image] vs. temperature data to zero temperature. From Figure 1B, it is evident that [image: image] decreases with the temperature and, according to the aforementioned expression, to this corresponds an increase of [image: image] due to librations. Finally, the correlation time τC of librations is evaluated from the quotient of the pulsed [image: image] and the continuous wave [image: image] data. In this way, combining two-pulse ED-EPR and cw-EPR spectra, the low-temperature librational dynamics has been fully characterized in a number of spin-labeled membranes and proteins (De Simone et al., 2007; Bartucci et al., 2008; Scarpelli et al., 2011; Guzzi et al., 2012).
An alternative approach to analyze ED-spectra is to evaluate the ratio of the echo amplitude at the two field positions with the largest and smallest anisotropies. For molecular librations, the resulting exponential decay rate Wanis is proportional to [image: image] (Isaev and Dzuba, 2008; Golysheva et al., 2018; Golysheva and Dzuba, 2020).
Segmental Chain Librations of Lipids in Model Membranes
In this section, we present results on the segmental librations of chain-labeled lipids in the low-temperature phases of model membranes. Bilayers composed of the most prevalent types of lipids present in the cell membrane of the three domains of life, that is, Eukarya, Bacteria, and Archaea, are considered (van Meer et al., 2008; Lombard et al., 2012). They include bilayers of diacylglycerophosphocholine and dialkylglycerophosphocholine lipids which consist of a phosphocholine (PC) polar head group and an apolar region formed by two fatty acid chains covalently bound to a glycerol moiety through ester or ether linkages, respectively (Figure 2A). For the ester-linked diacyl-PC bilayer forming lipids, we used dipalmitoylphosphatidylcholine (DPPC) and the unsaturated palmitoyloleoylphosphatidylcholine (POPC) and dioleoylphosphatidylcholine (DOPC) lipids. For ether-linked lipids, we used dihexadecyl phosphocholine (DHPC), which is analogous to DPPC.
[image: Figure 2]FIGURE 2 | (A) Chemical structure of the lipids DPPC, DHPC, POPC, and DOPC and of the chain-labeled phosphatidylcholine spin-label 5-PCSL and 16-PCSL. Characterization of the segmental librational motion in DPPC, DHPC, POPC, and DOPC membranes spin-labeled with 5- and 16-PCSL via the temperature dependence of the (i) amplitude-correlation time product, [image: image], (ii) mean-square angular amplitude, [image: image], and (iii) correlation time, [image: image]. Error bars for [image: image] are within the symbols. Data for DPPC and DHPC are adapted from Aloi et al. (2017), and those for POPC and DOPC are from Aloi et al. (2019). (B) Na,K-ATPase membrane: crystal structure of the enzyme (PDB ID 4RES (Laursen et al., 2015)) and schematic bilayer region. Temperature dependence of the relaxation rate WL for 5- and 14-SASL in the Na,K-ATPase membrane, in bilayers of extracted lipids and at the lipid–protein interface. Chain positional profile, that is, WL vs. n, at T = 180 K of n-SASL in Na,K-ATPase membranes, in bilayers of the extracted lipids and at the lipid–protein interface. Temperature dependence of WL for 14-SASL in bilayers of extracted lipids and at the lipid–protein interface and for 5-MSL in the Na,K-ATPase protein. Data are adapted from Guzzi et al. (2015).
From a biophysical standpoint, the single species lipid membranes show different properties and thermotropic phase behavior (Marsh, 2012). Notably, DPPC and DHPC form bilayers with gel to fluid main phase transition temperature Tm ca. 315 K but DHPC spontaneously forms lamellae gel phase with interdigitated chains, whereas DPPC forms noninterdigitated gel phase bilayers. POPC and DOPC, for the presence of cis-bonds in the lipid chain, form low-Tm bilayers, Tm being ca. 271 K for POPC and ca. 253 K for DOPC. For EPR measurements, the bilayers were spin-labeled with phosphatidylcholine lipids bearing the nitroxide group either at the 5th or at the 16th carbon atom positions of the sn-2 chain, namely, 5- and 16-PCSL, to probe, respectively, the first acyl chain segments and the terminal chain region of the hydrocarbon zone of the bilayers (Figure 2A). Lipids and spin-labeled lipids were purchased from Avanti Polar Lipids (Birmingham, AL).
Fast (τC from subnanoseconds to nanoseconds) librations of small amplitude (α < 20°) have been detected in DPPC, DHPC, POPC, and DOPC membranes in the low-temperature range of 77–270 K. However, the distinctive features of the lipid acyl chains and the different molecular chain packing between the membranes affect the characteristics of the librational motion.
A temperature-dependent increase of the motional parameter [image: image] is seen in any lipid matrix, indicating that the segmental chain librations intensify with the temperature. In DPPC and DHPC assemblies, the librational oscillations acquire an appreciable intensity from 190 K onward, much more rapidly for interdigitated DHPC lamellae, especially for 16-PCSL. In unsaturated POPC and DOPC bilayers, the librational motion 1) is activated from the lowest temperatures; 2) is more intense in DOPC than in POPC bilayers; 3) in DOPC bilayers, it is more intense at the chain termini in the middle of the bilayers (probed by 16-PCSL) than at the first acyl chain segments close to the polar/apolar interfaces (probed by 5-PCSL) at any temperature (Figure 2A).
The linear and fully saturated acyl chains in DPPC and the interdigitated chains in DHPC impart a well compact and regular packing density to the lipid lamellae in the frozen state which restricts the librational dynamics, at least in the low-temperature regime. In contrast, the presence of double bonds in the hydrocarbon chain of the unsaturated lipids confers a loosened packing density to the bilayers which favors the segmental librations. In agreement with the results in Figure 2A, data on relaxation rates of stearic acid doxyl-labeled along the chain indicated more freedom of segmental chain librations in unsaturated POPC and DOPC bilayers compared to saturated DPPC bilayers (Surovtsev et al., 2012; Golysheva et al., 2018; Golysheva and Dzuba, 2020).
As seen for [image: image], the mean-square angular amplitude also increases with temperature in all model membranes (Figure 2A). In frozen bilayers of DPPC, POPC, and DOPC with noninterdigitated chains, [image: image] depends on the label position, n, along the lipid chain: the amplitude becomes larger on moving from the first acyl chain segments (probed by 5-PCSL) toward the chain termini at the bilayer midplane (probed by 16-PCSL). These results are expected for noninterdigitated lipid bilayers and are in agreement with pulsed EPR results in mixtures of DPPC and equimolar amount of cholesterol and in model membranes composed of lipids extracted from natural membranes (Bartucci et al., 2003; Erilov et al., 2004b; Isaev and Dzuba, 2008; Guzzi et al., 2015). The root-mean-square angular amplitudes in unsaturated bilayers are among the highest obtained. Recently, it has been evidenced by pulse-EPR that the high mobility of unsaturated bilayers is comparable to that of regions of intrinsically disordered proteins (Maslennikova et al., 2021).
In DHPC lamellae with interdigitated chains, the librations are restricted to small angular amplitude at both chain positions of labeling in the low-temperature regime. Only on entering the higher temperature regime, the angular amplitudes increase and are larger at the chain termini than at the beginning of the chain comparable to that in DPPC. Similar results have been obtained in lamellae with interdigitated chains formed by mixtures of DPPC and Lyso-palmitoilphosphatidylcholine or induced in DPPC by ethanol (Aloi and Bartucci, 2019). The behavior of the chain-labeled lipids in DHPC is consistent with the interdigitated phase in which the positional isomers at the chain termini are motionally restricted to an extent comparable to those in proximity of the polar/apolar interface (Boggs et al., 1989; Bartucci et al., 1993; Oranges et al., 2018). At highest temperatures, it is likely that 16-PCSL acquires significant freedom of motion relative to 5-PCSL since it is located in the interfacial region where the polar heads are spaced apart by interdigitation.
From Figure 2A, it can be seen that the rotational correlation time lies on the subnanosecond–nanosecond timescale, indicating that fast rapid segmental chain oscillations are detected in the considered model bilayers. On the whole, the differences in the librational dynamics in the various bilayers are attributable mostly to the variations in the angular amplitude rather than in the rotational correlation time. It is interesting to point out that the temperature dependence of [image: image] shows close similarities with that of the mean-square atomic displacement [image: image] measured in neutron studies (Fenimore et al., 2004; Dzuba, 2007; Golysheva et al., 2017; Peters et al., 2017; Golysheva et al., 2018; Aloi and Bartucci, 2022). Both curves show a rapid increase at a temperature in the range of 200 K ascribed to the dynamical transition from harmonic to anharmonic diffusive motion.
Librations in Na,K-ATPase Membranes
Membranous Na,K-ATPase is a complex transport system. The lipid bilayer sector is spanned by the sodium pump, a large integral protein (Figure 2B) that is responsible for maintenance of the electrochemical gradients of Na+ and K+ across the membrane in eukaryotes. Specific regions within the Na,K-ATPase membrane, including the protein, the cationic binding site, and the lipid bilayer environment, have been recently studied by cw- and pulse-EPR of spin-labels and spin-labeled lipids (Guzzi et al., 2009; Guzzi et al., 2015; Guo et al., 2018; Aloi et al., 2021).
The hydrophobic bilayer region of the sodium pump membrane has been investigated exploiting the affinity of ionized chain-labeled stearic acids (n-SASL) for the membrane (Bartucci et al., 2014; Guzzi et al., 2015). n-SASL was either purchased from Avanti Polar Lipids or synthesized as described elsewhere (Marsh and Watts, 1982). The studies in these samples include measurements of both the Na,K-ATPase membranes and the lipid model systems formed with the extracted membrane lipids and determination of the data at the lipid–protein interface as described in Bartucci et al. (2014) and Guzzi et al. (2015).
The temperature-dependent increase of the WL-relaxation parameter in Na,K-ATPase membranes is rather similar to that at the lipid–protein interface: the mobility is more evident for T > 180 K and independent on the label position (Figure 2B). It differs notably from that in bilayers of extracted lipids, where mobility is evident from a lower temperature (120 K) and more intense at the end of the chain (i.e., data for 14-SASL) than at the top (i.e., data for 5-SASL) (Guzzi et al., 2015). These features have been confirmed by the positional dependence of the transmembrane librational dynamics. Indeed, the profile of WL vs. label position is almost flat for lipid chains at the protein interface and in the Na,K-ATPase membrane where WL remains at a relatively low level, comparable to that at the top of the chain in the bilayer lipids. In the lipid bilayers, WL is larger toward the end of the chain, with a transition in the region of C10-C12.
Insights into the low-temperature dynamics of Na,K-ATPase have been gained from a comparison of the librational fluctuations of the extracted lipids and interfacial lipids with those of the protein alone studied with a maleimide spin-labels (5-MSL) covalently attached to cysteine–SH residues (Guzzi et al., 2009; Guzzi et al., 2015). The temperature dependence of the WL-rates for interfacial lipids resembles that of protein side-chains, but not that for the bilayer lipids (Figure 2B). Librational motions of lipids at the protein interface are coupled both to those of the protein and to those of the bilayer lipids: protein and membrane lipids communicate via the interfacial lipids. It is most likely that these librational oscillations could drive transitions between the different conformational substates in Na,K-ATPase, which are frozen at lower temperatures but contribute to the pathways between the principal enzymatic intermediates at higher temperatures.
CONCLUSION
In this mini-review, we have illustrated the potential of ESE spectroscopy for the study of the nanosecond dynamics in bilayers and Na,K-ATPase membranes at cryogenic temperatures via two-pulse ED-spectra. Fast, low-amplitude librations that are readily detected and characterized at cryogenic temperatures must be present in the higher temperature phases of biomembranes, in addition to larger-scale rotational motions. The low, cryogenic temperatures contribute to highlight specific structural, dynamic, and kinetics features of biosystems, and spin-label pulse-EPR results deepen the biophysical characterization of membranes that are normally studied at higher temperatures. Therefore, ESE methods are increasingly used for studying complex macromolecular assemblies.
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NaPi2b is a sodium-dependent phosphate transporter that belongs to the SLC34 family of transporters which is mainly responsible for phosphate homeostasis in humans. Although NaPi2b is widely expressed in normal tissues, its overexpression has been demonstrated in ovarian, lung, and other cancers. A valuable set of antibodies, including L2 (20/3) and MX35, and its humanized versions react strongly with an antigen on the surface of ovarian and other carcinoma cells. Although the topology of NaPi2b was predicted in silico, no direct experimental data are available for the orientation of NaPi2b extracellular domains in cancer cells. The presented results of antibody mapping of untagged NaPi2b in live ovarian carcinoma cells OVCAR-4 provide a platform for current and future epitope-based cancer therapies and serological diagnostics.
Keywords: SLC34A2, NaPi2b, MX35 antigen, topology, ECD, monoclonal antibody, ovarian cancer
INTRODUCTION
Membrane proteins represent at least 30% of all currently sequenced genomes and 60% of known drug targets and are therefore of great interest in understanding and treating diseases (Santos et al., 2017). Moreover, a majority of tumor-targeting compounds are directed against cell integral and membrane-bound proteins (Yin and Flynn, 2015). One of these very attractive targets for cancer therapy is the sodium-dependent phosphate transporter 2B (SLC34A2, NaPi2b, NaPi-IIb, and NPT2) which is overexpressed in several malignancies, including ovarian carcinomas (Rangel et al., 2003; Gryshkova et al., 2009), lung (Zhang et al., 2017), thyroid (Kim et al., 2010), and colorectal cancers (Liu et al., 2018). The sodium-dependent phosphate transporter NaPi2b belongs to the type II sodium-dependent phosphate transporter family SLC34 which also includes secondary transporters NaPi2a (NaPi-IIa) and NaPi2c (NaPi-IIc) (Levi et al., 2019). Although the main function in the maintenance of phosphate homeostasis in the human body belongs to the most-studied renal transporter NaPi2a, NaPi2b is involved in maintaining phosphate homeostasis by absorbing inorganic phosphates in the small intestine and a restricted number of other organs and tissues (Levi et al., 2019). Although the topology of renal NaPi2a (Lambert et al., 1999, 2000), as well as of the flounder NaPi2b (Kohl et al., 1998) with large extracellular domain/loop (ECD/ECL) and C- and N-termini facing the cytoplasm was predicted and verified by the heterologous expression of FLAG-tagged and untagged templates in Xenopus laevis oocytes, it is not known whether the topological arrangement of the largest extracellular domain facing outside and the N- and C-termini facing the cytoplasm is conserved for all the SLC34 proteins, especially in cancer cells. Our preliminary bioinformatics analysis suggested that the protein encoded by the SLC34A2 gene has at least 8 potential transmembrane domains (TMD), 5 putative intracellular domains, and 4 putative extracellular loops, with both the N- and C-terminal regions probably facing the cytoplasm (Yin et al., 2008). There are four potential disulfide-bond sites at positions 303, 322, 328, and 350 and six possible N-glycosylation sites at locations 295, 308, 313, 321, 335, and 340 in the putative largest extracellular domain of NaPi2b (Yin et al., 2008). The C-terminal domain is also predicted to have a palmitoylation site (McHaffie et al., 2007). The phosphate transporter NaPi2b was identified as an MX35 antigen by screening a phage cDNA library generated from the OVCAR-3 ovarian cancer cell line (Kiyamova R. G. et al., 2008) with MX35 antibodies (Mattes et al., 1987). Antibodies were generated by immunizing mice with a combination of ovarian cancer tumor cells, and recognized NaPi2b on the cell surface of 80–90% of ovarian carcinoma tumors (Mattes et al., 1987; Welshinger et al., 1997). Epitopes for the monoclonal antibodies (mAbs) MX35 and L2 (20/3) (Kiyamova R. et al., 2008) (epitope MX35) mapped originally within the ECD of the NaPi2b transporter in the frame of 311–340 amino acids by Western blot analysis of GST-fused overlapping recombinant truncated proteins were then narrowed down to 324–338 amino acids (aa) (Yin et al., 2008). A great variety of MX35-based therapeutic antibodies targeting the NaPi2b have then been developed including Rebmab200 (Santos et al., 2013), XMT-1535 (Mosher et al., 2019), XMT-1536 (Bodyak et al., 2021), and XMT-1592 (Fessler et al., 2020). Ultimately, almost all available anti-ECDs of NaPi2b antibodies including MX35, L2 (20/3), Rebmab200, XMT-1535, XMT-1536, and XMT-1592 recognize the same epitope of the NaPi2b protein between the 324 and 338 amino acid residues, however, only mAbs generated by Megale et al. are directed against the other part of the ECD of the NaPi2b protein (Megale et al., 2016).
The first evidence of surface localization of the MX35 epitope within NaPi2b extracellular loop has been obtained by the staining of unfixed ascite tumor cells of women with papillary poorly differentiated ovarian adenocarcinoma using monoclonal antibodies MX35 (Mattes et al., 1987). As mentioned previously, only the flounder NaPi2b topology was mapped previously using recombinant fragments with FLAG-tagged epitopes (Kohl et al., 1998) expressed in oocytes. However, the locations of the ECD, N, and C-terminal domains of the transporter expressed endogenously in cancer cells have not been studied experimentally. The N-terminal domains of membrane proteins are involved in ensuring the accuracy of the entire protein’s insertion into the cell membrane rather than the elongation speed ramp at protein translational starts (Charneski and Hurst, 2014) and can contribute to the correct orientation of all subsequent transmembrane domains in the cell according to the model of sequential membrane protein topogenesis (Hartmann et al., 1989; Bogdanov et al., 2014). From the other side, the topology of N-terminal domains can be uncertain due to their unusual orientational dynamics (Seurig et al., 2019) and post-translational and even post-insertional reorientation (Nass et al., 2022). The C-terminal domain of NaPi2b is likely to be involved in signal transduction, intracellular trafficking, and the surface retention due to presence of multiple cysteine residues capable of reversible acylation (Chamberlain and Shipston, 2015), PDZ domain binding function of which is regulated by phosphorylation or allosterically by other binding partners (Gisler et al., 2001) as it was shown for NaPi2a and NaPi2c (NaPi2b protein counterparts) in renal proximal tubule cells (Levi et al., 2019).
A direct experimental determination of the membrane protein topology has been widely undertaken using confocal microscopy and foreign epitope insertion constructs or panels of monoclonal antibodies with known epitopes, where the assessment of their immunoreactivity has been made before and after cell permeabilization (Banerjee and Swaan, 2006; Nasie et al., 2013). However, we continue to favor mapping the topology of untagged proteins in living cells because foreign tags should be used with caution since such tags may affect the topology of adjacent TMDs with weak hydrophobic topological determinants (e.g. marginally hydrophobic), because their intrinsic flexibility makes them prone to various rearrangements (Bogdanov, 2017). Due to these dynamic, structural, and controversial predictive aspects and the fact that the NaPi2b transporter is an excellent target for anticancer therapy and immunodiagnostics, the aim of this work was to investigate the orientation of the aforementioned three domains (N-termini, largest ECD, and C-termini) in cancer cells by a bioinformatics approach and in vivo mapping with different mAbs by confocal microscopy. Despite advances in X-ray, and particularly, the development of advanced CryoEM technologies for acquiring high-resolution structures for membrane proteins, the necessity to identify low-resolution organizational information on membrane proteins in a natural membrane still persists. The structural basis for dynamic and transient topologies remains unapproachable by X-ray crystallography and CryoEM since membrane protein crystals and CryoEM structures of membrane proteins are static (Bogdanov et al., 2018). Although the membrane protein topology gives low-resolution structural information, it can serve as a starting point for various biochemical investigations or three-dimensional structure modeling (Bogdanov, 2017). The dynamic aspects of a protein structure as a function of the physiological state of the cell is best probed in whole intact cells and in a native microenvironment. The identification of specific epitopes for therapeutic antibodies continues to be a major challenge in molecular oncology and immunodiagnostics. NaPi2b may comprise of never been considered, established, continuous, and discontinuous epitopes and therefore represents a new family of potential cell surface markers and targets for the immunotherapy of several types of cancers.
MATERIALS AND METHODS
Cell Culture and Monoclonal Antibodies
The human ovarian carcinoma cell line OVCAR-4, which expresses the NaPi2b transporter endogenously, was purchased from Merck Millipore (United States). Cells were cultured in an RPMI-1640 medium (Paneco, Russia) containing 10% fetal bovine serum, 4 mM l-glutamine, 100 U/mL penicillin, 100 μg/ml streptomycin at 37°C in an atmosphere of 5% CO2.
Mouse mAbs against ECD of NaPi2b L2 (20/3) (Kiyamova R. et al., 2008), N-terminal domain of NaPi2b N-NaPi2b (15/1) (Gryshkova V. et al., 2011), and rabbit mAbs against C-terminal domain of NaPi2b (D3V3I, Cell Signaling, United States) were used as the primary antibodies. The goat anti-mouse IgG antibody with Alexa Fluor 488 (Thermo Fisher, United States) and the goat anti-rabbit IgG antibody with Alexa Fluor 488 (Thermo Fisher, United States) were used as secondary antibodies against the corresponding target in this indirect immunostaining approach.
Bioinformatics Analysis
The CCTOP server was used to predict the number of transmembrane domains in NaPi2b and the topology of its domains. This server allows many programs to create the NaPi2b topology, including HMMTOP, Memsat, Octopus, Phillius, Phobius, Pro, Provid, Scampi, ScampiMsa, and TMHMM (Dobson et al., 2015).
Confocal Microscopy
OVCAR-4 cells were used to visualize the ECD, N-terminal, and C-terminal domains of NaPi2b. Prior to the experiment, the cells were seeded onto glass bottom dishes (Mattek, United States). The cells were used alive or after being pre-fixed in 4% paraformaldehyde for 15 min and permeabilized in phosphate-buffered saline (PBS) containing 3% bovine serum albumin (BSA) and 0.1% Triton X-100 for 30 min. Cells were incubated with primary antibodies for 1 h at room temperature. Next, the cells were incubated with secondary antibodies for 1 h at room temperature. The nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific, United States) and propidium iodide (PI) (Thermo Fisher Scientific, United States). Staining with PI served to control the membrane integrity of live cells. The fluorescent signal was detected using Z-stack mode on a Zeiss LSM 780 laser confocal microscope (Carl Zeiss AG, Germany). The provided Z-stacks were done using average intensity signals. The thickness of each section was 1 µm. The number of sections (the sample height) varied depending on the conditions of the sample preparation and ranged from 11 to 20 sections. The results were obtained using the Zen Analysis software (Carl Zeiss AG, Germany). The images were collected under the same conditions. Data are representative of multiple independent experiments. Particularly, up to 20 cells were analyzed for each image in three biological repeats.
RESULTS
Bioinformatics Analysis of NaPi2b Domain Orientation and Prediction of Its Transmembrane Regions
The CCTOP server (Dobson et al., 2015) was used to predict the topology of the largest ECD (ECL), N-terminal, and C-terminal domains of the NaPi2b in mammalian cells (Supplementary Table S1). Seven out of ten programs on the CCTOP server predicted extracellular localization for the largest ECD of NaPi2b. Seven out of ten programs predicted intracellular orientation of the N-terminal domain and six out of ten algorithms predicted the intracellular location for the C-terminal domain. The number of predicted transmembrane (TM) domains ranges from eight to thirteen membrane-spanning regions with N- and C-terminal domains potentially facing either the cytoplasm or outside. Since fine-tuning of the topological organization of hNaPi2b, including the orientation of re-entrant domains with serine rich QSSS stretches located centrally at the vertex of these mini loops containing Na-Pi-Na binding sites (Patti et al., 2016; Fenollar-Ferrer and Forrest, 2019) was out of scope, the predicted topological organization describes the only way a polypeptide chain is arranged in the membrane, i.e., the number of TMDs and their orientation in the membrane indicates the further verified sidedness of the three largest ECDs (N-termini, ECD, and C-termini). Although the common basic architectural principle of the structure of polytopic membrane proteins is the membrane topology, i.e., the number of TMDs and their orientation in the membrane which subsequently determines the orientation of ECDs, the number of predicted TMDs is very often different and uncertain due to presence of domains with insufficient hydrophobicity (Zhao and London, 2006) which are either underpredicted or not predicted as TMDs. Therefore, predicted entire NaPi2b topology lacks strong preference toward one or the other orientation of either the N-terminal or C-terminal domains or the total number of predicted TMDs. The N- and C-termini can end up either in the cytoplasm or in the extracellular environment. Statistically, if the number of TM segments is even, the N- and C-termini are localized on the same side of the membrane, if the number of TM segments is odd, the N- and C- termini face different sides (Bogdanov et al., 2014). Due to this uncertainty of prediction, an experimental validation of predicted orientation is required. The length of the largest ECD appears to vary from 117 to 128 amino acids within the polypeptide sequence located between positions 236 and 369 of the transporter polypeptide (Supplementary Table S1). It should be noted that the largest extracellular loop boundaries of NaPi2b were proposed to lie between 188 and 361 amino acid residues (Yin et al., 2008). The length of the N-terminal domain varies from 91 to 104 amino acids, and the length of the C-terminal domain varies to a greater extent (58–118 amino acid residues) (Supplementary Table S1). If the length of the C-terminal domain exceeds 100 amino acid residues according to the 6 programs, the C-terminal domain is orientated exclusively towards the cytoplasm (Supplementary Table S1). It can be at least partially supported by the identification of the putative palmitoylation site in the polycysteine region of the C-terminus adjacent to the hydrophobic amino acid stretch predicted to be the last TMD (618–645 amino acid residues) (Lituiev and Kiyamova, 2010). As a result, the effective hydrophobic length of this TMD is increased to trigger a positive mismatch within the membrane (Charollais and Goot, 2009) which usually favors the retention of the C-terminus in the cytoplasm (Dowhan and Bogdanov, 2009). The cysteine string in NaPi2b has been found to alter the sorting, possibly by limiting the basolateral delivery (McHaffie et al., 2007). Furthermore, cysteine-rich palmitoylation motif could stabilize and anchor NaPi2b in biological membranes, as was shown for PLSCR1 (Posada et al., 2014; Herate et al., 2016).
Analysis of the Largest ECD, N- Terminal, and C- Terminal Domain Topologies of NaPi2b in Ovarian Cancer Cells by Confocal Microscopy
To determine the orientation of the largest ECD, N-, and C- terminal domains of NaPi2b in OVCAR-4 cells, the mAbs L2 (20/3) directed against the aforementioned ECD (Kiyamova R. et al., 2008), antibody N-NaPi2b (15/1) (Gryshkova V. et al., 2011), and mAbs (D3V3I, cell signaling) directed against the transporter’s N-terminal and C-terminal domains, respectively, were used strategically in confocal microscopy experiments. To ensure that the observed immunofluorescence was entirely a result of the binding of antibodies to the outer leaflet of the OVCAR-4 plasma membrane, we routinely monitored cell integrity during antibody labeling by co-incubating cells with a cell membrane-impermeable probe, propidium iodide (PI). Live cells non-permeable to PI should be impermeable to Abs as well (Zhao et al., 2012). Orientation of the largest predicted ECD of NaPi2b in OVCAR-4 cells is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Confocal microscopy analysis of the largest extracellular domain of NaPi2b in ovarian carcinomas cells OVCAR-4 that were either alive (A–D) or fixed and permeabilized (E–H) and imaged in the Z-stacking mode. (A,E) Blue channel (Hoechst); (B,F) Red channel (PI); and (C,G) Green channel (Alexa Fluor 488), ECD-NaPi2b–mAbs L2 (20/3) directed to ECD of NaPi2b; (D,H) Merged images; On the top (Y-axis and Z-axis combined) and right (X-axis and Z-axis combined) of each picture, a composite image comprising of numerous photographs obtained at various focus distances is shown. White arrows indicate the position of NaPi2b on the cell membrane.
The monoclonal antibodies L2 (20/3) detect the ECD of NaPi2b in live OVCAR-4 cells without using any reagents that disrupt membrane integrity (native conditions) (Figure 1D), as well as in cells that have been fixed with paraformaldehyde and permeabilized with Triton X-100 (Figure 1H). The Z-stacking (focus stacking) mode combines multiple images taken at different focal distances to provide a composite image with a greater depth of field and therefore enabled us to overlay maximum fluorescent intensities of the membrane over the cytoplasm and justify that the fluorescent signal predominantly derived from the cell membrane plane and therefore confidently confirm the membrane localization of NaPi2b. Live OVCAR-4 cells show the staining of the membrane with L2 (20/3) mAbs (Figures 1C, D) and no nuclear staining with PI confidently demonstrating the extracellular location of domain.
Membrane orientation of the N-terminal domain of the NaPi2b is estimated from the results shown in Figure 2. Live and intact OVCAR-4 cells showed no staining with mAbs (15/1) directed against the NaPi2b N-termini and no nuclear staining with PI (Figures 2B, C), whereas, fixed cells treated with a detergent to disrupt the plasma membrane showed both staining patterns (Figures 2F, G). Thus, monoclonal antibodies (15/1) recognize the N-terminal domain of the NaPi2b phosphate transporter exclusively in fixed and permeabilized cells (Figure 2H), but not in live cells (Figure 2D) confidently demonstrating that the N-terminal domain of NaPi2b is located intracellularly. The membrane localization of the NaPi2b was monitored due to fluorescence of Alexa Fluor 488 excited with the 488 nm laser (Figure 2H (X-Z), H (Y-Z) in this indirect immunostaining approach.
[image: Figure 2]FIGURE 2 | Confocal microscopy analysis of the N-terminal domain of NaPi2b in ovarian carcinomas cells OVCAR-4 that were either intact (A–D) or fixed and permeabilized (E–H) and imaged in the Z-stacking mode. (A,E) Blue channel (Hoechst); (B,F) Red channel (PI); and (C,G) Green channel (Alexa Fluor 488), N-NaPi2b–mAbs N-NaPi2b (15/1) directed to the N-terminal domain of NaPi2b; (D,H) Merged images; On the top (Y-axis and Z-axis combined) and right (X-axis and Z-axis combined) of each picture, a composite image comprising of numerous photographs obtained at various focus distances is shown. White arrows indicate the position of NaPi2b on the cell membrane.
Membrane orientation of the C-terminal domain of NaPi2b is estimated from the results shown in Figure 3. Site-directed anti-C-NaPi2b/SLC34A2 mAbs (D3V3I, cell signaling) detect the C-terminal domain of the NaPi2b phosphate transporter only in cells that are fixed and permeabilized (Figure 3H), but not in live PI-negative OVCAR-4 cells (Figures 3A–D). Permeabilizing the cells with Triton X-100 essentially made all cells positive, not only with PI, but also with these anti-C-termini antibodies, because the antibodies were then able to access the cytoplasmically oriented domain confidently confirming its intracellular orientation. The Alexa Fluor 488 that is excited with the 488 nm laser seen in the Z-stacking mode (Figure 3H (X-Z), H (Y-Z) (indicated by arrows) again confirms the membrane residence of NaPi2b.
[image: Figure 3]FIGURE 3 | Confocal microscopy analysis of the C-terminal domain of NaPi2b in ovarian carcinomas cells OVCAR-4 that were either alive (A–D) or fixed and permeabilized (E–H) and imaged in the Z-stacking mode. (A,E) Blue channel (Hoechst); (B,F) Red channel (PI); and (C,G) Green channel (Alexa Fluor 488), C-NaPi2b–mAbs D3V3I (Cell Signaling, United States) directed to the C-terminal domain of NaPi2b; (D,H) Merged Images; On the top (Y-axis and Z-axis combined) and right (X-axis and Z-axis combined) of each image, a composite image comprising of numerous photographs obtained at various focus distances is shown. White arrows indicate the position of NaPi2b on the cell membrane.
This is the first report of the topological structure of NaPi2b obtained by confocal microscopy of live ovarian cancer cells with the set of available antibodies. The data obtained clearly indicate that the N-terminal and the C-terminal domains of NaPi2b are located inside the cell, and the largest extracellular loop of the transporter NaPi2b is located outside the OVCAR-4 cells. Orientation of the N- and C-termini can contribute to the overall topology of membrane proteins and predict whether the number of TMDs is odd or even (Bogdanov et al., 2014). Since both the N- and C-termini of NaPi2b are intracellularly exposed, NaPi2b must have an even number of TMDs in the plasma membrane. It is interesting to note that only the Octopus program of the CCTOP server predicted experimentally determined topology of the ECD, N-, and C-terminal domains of the NaPi2b transporter (Supplementary Table S1). It is important to mention that the Philius and Phobius programs also predict the even number of transmembrane domains (10) with the N- and C-termini in the cytoplasm, but the largest extracellular domain is predicted to be in the cytoplasm (Supplementary Table S1), which is not consistent with our experimental data. Therefore, the NaPi2b consists of eight transmembrane domains with the largest ECD located outside the cell, with both the N-terminal and the C-terminal domains facing the cytoplasm.
Scope for Mapping the Immunogenic Regions of NaPi2b With Available Monoclonal Antibodies
Membrane proteins, due to their localization, are attractive targets for targeted therapy of oncological diseases. For the moment, 127 therapeutic mAbs are represented on the market, and 77 of them are directed against membrane proteins (Salazar et al., 2021). Currently, several mAbs against the NaPi2b have been generated, including the humanized antibodies XMT-1536 (https://www.mersana.com/pipeline/xmt-1536/) and XMT-1592 (https://www.mersana.com/pipeline/xmt-1592/), which are undergoing clinical trials for the treatment of ovarian and lung cancers. All these antibodies are MX35-based antibodies and are directed against the epitope MX35 located within the largest extracellular loop of NaPi2b.
We analyzed all available data and provided a scope for the recognition of NaPi2b extracellular domains by all available arsenal of therapeutic and analytical Abs using the schematic model of human NaPi2b (Figure 4). The model includes positions of cysteines potentially engaged in disulfide bonds, putative asparagine-linked N-glycosylation sites, the location of the MX35 epitope, and the palmitoylation sites in the largest ECD, and the C-terminal domain of NaPi2b, respectively (Figure 4). Provided color-coded scheme rationalizes at first time antigenic regions within largest NaPi2b ECD recognized by available monoclonal antibodies. Both MX35 and L2 (20/3) are mouse mAbs-specific for the MX35 epitope of human sodium-dependent phosphate transporter NaPi2b. The monoclonal antibodies MX35 were generated from mice immunized with a cocktail of human ovarian carcinoma cells (Mattes et al., 1987), while L2 (20/3) mAbs were produced in mice immunized with the truncated recombinant NaPi2b protein (ECD, 188–361 aa) (Kiyamova R. et al., 2008). The monoclonal antibodies L2 (20/3) blocks the phosphate-mediated current driven by NaPi2b expressed in renal cancer cells SK-RC-18 (Kiyamova et al., 2011) while binding of MX35 mAbs to a largest ECD of NaPi2b inhibits the uptake of inorganic phosphate in HEK293 cells stably expressing WT protein (Gryshkova V. S. et al., 2011). As an approach toward elucidating the mechanism by which this ECD folds and affects phosphate transport, we have to undertake the definition of the binding sites and the specificity of these and other mAbs shown in Figure 4. Rebmab200, a humanized version of MX35 antibodies (Santos et al., 2013; Lindegren et al., 2015), was further renamed as XMT-1535 (Bodyak et al., 2021). Using dolaflexin-based conjugation technology, an antibody–drug conjugate (ADC) XMT-1536 was developed from XMT-1535 (Bodyak et al., 2021; Yurkovetskiy et al., 2021). Another ADC XMT-1592 was generated from XMT-1535 antibodies using dolasynthen conjugation technology (Fessler et al., 2020). It is important to state that despite the availability of various sets of mAbs directed to different regions of the large extracellular domain of the transporter, therapeutic effectiveness in clinical trials was so far demonstrated for only the mAbs-targeting MX35 epitope particularly in the first-in-human study of humanized XMT-1536 (https://clinicaltrials.gov/ct2/show/NCT03319628) and XMT-1592 (https://clinicaltrials.gov/ct2/show/NCT04396340) in patients with ovarian cancer and non-small cell lung cancer.
[image: Figure 4]FIGURE 4 | Topological model of NaPi2b with color-coded antigenic regions recognized by available monoclonal analytical and therapeutic antibodies targeting different extramembrane domains. The epitope’s region in ECD of NaPi2b for mAbs, generated by: Megale et al. (2016), 188–300 aa, marked in light purple; Lin et al. (2015), 320–361 aa, marked in green; Bobeck et al. (2015), 323–330 aa, marked in purple; Yin, Kiyamova et al. (2008), Mattes et al. (1987), Kiyamova et al. (2008), Santos et al. (2013), Mosher et al. (2019), Bodyak et al. (2021), Fessler et al. (2020), 324–338 aa, marked in red; Epitope region in N-termini and C-termini of NaPi2b for mAbs, generated by: Gryshkova et al. (2011), Cell Signaling, Abcam, and others against N-terminal domain of NaPi2b, 1–100 aa, marked in orange; Cell Signaling, Abcam, and others against С-terminal domain of NaPi2b, the region is unknown, marked in lavender. Positions of cysteine and asparagine amino acid residues potentially contributing to the oxidative folding and formation of disulfide bonds and N-linked glycosylation of the largest ECD, and palmytoilation site in C-terminal domain are also shown.
DISCUSSION
The identification of local and gross membrane protein misfoldings and stable structure- and cancer-type-specific epitopes for therapeutic antibodies such as the elucidation of their functions in vivo continue to be a major challenge in molecular oncology and immunodiagnostics. Exactly how this structural plasticity and dynamics of EMDs comprising such epitopes are achieved and controlled has not been clear. It should be noted that the topology of heterologously expressed renal NaPi2a was investigated predominantly in Xenopus laevis oocytes by different transmembrane mapping techniques including the immunohistochemical approach and N-glycosylation topology mapping with engineered glycosylation tags as topological probes (Lambert et al., 1999)). Although polyclonal anti-peptide antibodies against the N- and C-termini of NaPi2a were independently utilized for topology mapping, the insertion of the FLAG epitope (DYKDDDDK) location could affect the topology of NaPi2a due to the presence of five negatively charged residues in their sequences. The location of ECD, N-, and C-terminal domains of the NaPi2b transporter has been studied experimentally only on flounder NaPi2b recombinant fragments with FLAG-tagged epitopes (Kohl et al., 1998). In 2008, a topological model of NaPi2b consisting of at least eight potential transmembrane domains (TMD), five putative intracellular domains, and four putative extracellular loops, with both N- and C-terminal regions probably facing the cytoplasm in ovarian cancer cells was computationally predicted (Yin et al., 2008). Since cysteine and aspartate residues located in different extramembrane domains of NaPi2b (ECD and C-terminus) are functionally important, the Abs mapping approach provides a reasonable and perhaps the only one possible alternative to the substituted cysteine accessibility method (SCAM™) and N-glycosylation mapping technique (Bogdanov, 2017). Abs mapping represents one of the best available approaches so far for systematic topology mapping and topological analysis of untagged NaPi2b and other SCL34 proteins in live cancer cells.
Our results provide the first experimental evidence for the intracellular location of the N- and C-termini, and the extracellular location of the largest extracellular domain (loop) of the untagged NaPi2b transporter localized primarily in the plasma membrane, as demonstrated by confocal microscopy in cancer cells. Our model is consistent with the model of NaPi2b predicted by homology modeling (Patti et al., 2016) despite the limitations described below and the 3D structures of NaPi2b predicted computationally from the protein sequence with atomic accuracy by AlphaFold2. Correspondingly to the NaPi2a model (Fenollar-Ferrer et al., 2014), an outward and inward facing homology model of the Na-coupled phosphate co-transporter NaPi-IIb from flounder was generated using a repeat-swapped VcINDY model (Patti et al., 2016) and the modeled structure of hNaPi-IIa (Fenollar-Ferrer and Forrest, 2019) as templates. However, this model is missing its largest extracellular loop (ECD/ECL) connecting TMDIII and TMDIV, as well as the last two TMDs. These TMDs and ECD were intentionally omitted from the final homology model for “functional” reasons since no equivalent templates in VcINDY was respectively found suggesting that these TMDs are not part of the transport core fold despite the fact that a large extracellular loop can be associated with the transport function and postulated conformational changes (Patti et al., 2016). Nevertheless, Na1-site perturbing mutations were successfully mapped onto this homology model and supported by the positioning of probes to examine transport dynamics and kinetics (Patti et al., 2016). The NaPi2b model for discrimination of continuous epitopes’ regions mapped with various mAbs, including MX35 antibodies directed against different NaPi2b ECDs is presented on Figure 4, including cysteine residues potentially engaged in disulfide bonds, asparagine-linked N-glycosylation sites, the MX35 epitope, and the palmitoylation site within the NaPi2b C-terminal domain. We recently demonstrated that MX35 antibodies as well as L2 (20/3) antibodies recognize conformationally exposed epitope MX35 structurally constrained by disulfide bonds and carbohydrates attached at asparagine-linked glycosylation sites which can potentially contribute to the foldability of the largest ECD containing this epitope (Kiyamova et al., 2020; Bulatova et al., 2021).
Whether an epitope is conformationally constrained by disulfide bonds and whether N-glycosylation stabilizes structurally tethered conformation of the epitope is still unknown. Obviously, the epitope will be partially misfolded or folded differently if the disulfide bonds are unformed or mismatched. We suppose that an aberrant folding and/or transmembrane misassembly may determine bioavailability (immunogenicity) of this epitope and therefore “druggability” of membrane proteins as a target in cancer cells. We postulate that epitope MX35 recognition depends on its unique conformation specific only to cancer cells making it a potential cancer-specific epitope during co-translational oxidative folding and N-glycosylation events in cancer cells (Kiyamova et al., 2020; Bulatova et al., 2021). This assumption is supported by the fact that even though the transporter NaPi2b is expressed in several normal tissues, the MX35 mAbs are accumulated predominantly in cancer cells, as demonstrated during the first clinical trials involving the pharmacokinetics, biodistribution, and intraoperative radioimmunodetection of radiolabeled MX35 in patients with advanced epithelial ovarian cancer (Rubin et al., 1993). Digital images confirmed the specific uptake of radiolabeled mAbs MX35 F (ab’) in tumor cell foci rather than the adjacent non-tumor tissues (Finstad et al., 1997). Intraperitoneal administration of 211At-MX35 F(ab9)2 achieves therapeutic absorbed doses in microscopic tumor clusters without significant toxicity indicating that antibodies do not accumulate in normal tissues (Andersson et al., 2009). Specific accumulation of MX35 mAbs in cancer cells may be explained by its overexpression in ovarian cancer cells (Gryshkova et al., 2009), but we cannot exclude the fact that MX35 antibodies and their humanized versions recognize the potential “cancer-specific” epitope of the transporter due to conformation provided only by cancer cells. This hypothesis is the subject of our current independent investigation.
Interestingly, recent attempts to generate antibodies to epitopes other than the MX35 epitope led to the production of several antibodies directed toward the largest ECD. These mAbs include those generated recently by Genentech derived from the sequence corresponding to the region between 320 and 361 amino acids of full-length human NaPi2b (Lin et al., 2015) and antibodies directed against synthetic peptides corresponding to an amino acid sequence of 188–300 residues in the non-overlapping portion of the NaPi2b protein epitope for MX35 Abs (Megale et al., 2016). Egg-yolk anti-h16 antibodies deposited in the avian egg and directed against the TSPSLCWT sequence (323–330 aa) within epitope MX35 of NaPi2b also were produced (Bobeck et al., 2015). It was shown that monomethyl auristatin E (MMAE) conjugated antibodies generated by Genentech inhibited tumor growth and caused tumor regression in xenograft animal tumor models, OVCAR-3-X2.1, and IGROV-1 derived from human ovarian cancer and from human non-small cell lung adenocarcinoma epithelial cells, respectively (Lin et al., 2015). Even though the antibodies generated by Genentech were evaluated in pre-clinical studies as an effective new therapy for the treatment of NSCLC and ovarian cancer, no additional information is available about the clinical studies of these antibodies. To date, only mAbs XMT-1536 (upifitamab rilsodotin (UpRi)) and XMT-1592 are under investigation in clinical trials for ovarian and lung cancers treatment in accordance with the www.clinicaltrials.gov server. UpRi, a first-in-class ADC-targeting NaPi2b, utilizes the Dolaflexin platform to deliver about 10 DolaLock payload molecules conjugated to auristatin (anti-tubulin agent) per antibody (Yurkovetskiy et al., 2021). UpRi is being studied in UPLIFT, a single-arm registration study in patients with platinum-resistant ovarian cancer (NCT03319628). In July 2021, UPGRADE, a Phase 1 umbrella study, combining UpRi with other ovarian cancer therapies in patients with platinum-sensitive high-grade serous ovarian cancer (NCT04907968), was initiated. Antibodies XMT-1592, based on the dolasynthen platform, are in phase 1 dose escalation trial (NCT04396340) in patients with tumors likely to express NaPi2b. Thus, NaPi2b represents a promising target for antitumor therapy due to its predominant membrane localization, existence of potential cancer-specific epitope, and increased expression in several tumors. However, we have shown recently that neo-adjuvant therapy with carboplatin and paclitaxel reduces the protein expression of the NaPi2b transporter in tumors of ovarian carcinoma, which calls into question the use of correspondent antibodies for ovarian cancer patients’ treatment (Nurgalieva et al., 2021).
Site-directed antibodies’ transmembrane topology mapping of untagged NaPi2b in live and intact ovarian cancer cells allowed us to experimentally validate a previously predicted model for the transmembrane organization of extramembrane domains (Yin et al., 2008) and provide an up-to date experimental platform for NaPi2b epitope-based cancer immunodiagnostics and immunotherapy. The establishment of the sidedness of surface-hidden N-terminal and C-terminal domains and demarcation of the robustness of the topology of NaPi2b in a normoxic condition is critically important for current and future studies aimed at understanding the roles of defined regions in function, folding, and antigenicity as well as the development of a new immunotherapeutic approaches.
An effective design of therapeutic monoclonal antibodies is dependent on understanding the membrane protein structure and the rules that govern the folding and topogenesis of native membrane proteins in healthy and cancer cells. These structural features appear to be crucial factors for the development of recombinant potent therapeutic monoclonal antibodies acting by specifically binding an extracellular epitope on the surface of a membrane protein with high affinity. Therefore, an actual hallmark of the membrane protein’s “druggability” with mAbs is the requirement for the extent of solvent exposure of folded extramembrane domains making it fully accessible to therapeutic antibodies. This view challenges the dogma that a solvent-accessible active site of an enzyme is only the “Achilles’ Heel” of membrane proteins which should serve as the primary target for different drugs.
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In this study, carried out using computational methods, the organisation of the lipid/water interface of bilayers composed of galactolipids with both α-linolenoyl acyl chains is analysed and compared in three different lyotropic liquid-crystalline phases. These systems include the monogalactosyldiglyceride (MGDG) and digalactosyldiglyceride (DGDG) bilayers in the lamellar phase, the MGDG double bilayer during stalk phase formation and the inverse hexagonal MGDG phase. For each system, lipid-water and direct and water-mediated lipid-lipid interactions between the lipids of one bilayer leaflet and those of two apposing leaflets at the onset of new phase (stalk) formation, are identified. A network of interactions between DGDG molecules and its topological properties are derived and compared to those for the MGDG bilayer.
Keywords: monogalactolipid, digalactolipid, bilayer, stalk structure, inverse hexagonal phase, inter-lipid interactions, interaction network
1 INTRODUCTION
Biological membranes (biomembranes) surround each cell and cell organelle. Their fundamental structural element is a lipid matrix that also plays the role of a selective permeability barrier. The biological functions that biomembranes can fulfil depend on the lipid composition of the matrix. The composition can vary within a wide range and determines the types and strength of intermolecular interactions and the molecular dynamics of lipids. Subsequently, it determines the physicochemical, biophysical, mechanical and other properties of the matrix and thus of the biomembrane. As the lipid matrix is an intricate system, experimental and computational studies are carried out on much simpler model membranes. Model membranes are hydrated lipid bilayers of a controlled lipid composition typical of the specific biomembrane. Lipid bilayers have three distinct regions, namely the bulk water region, the polar interface consisting of the lipid heads and water molecules, and the nonpolar bilayer core consisting of the lipid hydrocarbon chains. The interfacial region separates the other two regions and constitutes the first barrier preventing free movement of molecules across the bilayer. Moreover, many important processes occur there (Bondar and Lemieux, 2019). The interface thus plays an essential role in the functioning of the biomembrane.
Even in simple model membranes the lipid/water interface is structurally and dynamically complex. Structurally, because it consists of different types of polar, nonpolar and charged chemical groups and water molecules; dynamically, because the groups are in constant motion and the interfacial water molecules, even though predominantly bound to the lipid head groups (Markiewicz et al., 2015; Calero and Franzese, 2019), undergo rotational and translational motion and exchange with bulk water fast (Rog et al., 2009). Intermolecular interactions, dynamics and spatial organisation of the lipid head groups and water molecules at the interface are strongly interrelated, and this mutual dependence regulates the properties of the interface and thus of the membrane (Disalvo and Disalvo, 2015; Nickels et al., 2015; Frias and Disalvo, 2021).
The lipid composition of the matrix depends on the type of biomembrane within the cell and the function of the cell within the organism. The matrix of the mammalian plasma membrane consists primarily of glycerophospholipids (PL), i.e. phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), and sphingomyelin (SM), with one saturated and the other mono-cis-unsaturated acyl chains (van Meer et al., 2008). PE together with phosphatidylglycerol are the main lipid representatives of the inner bacterial membranes (Dowhan, 1997). The main constituents of thylakoid membranes of chloroplasts are glycolipids with the galactose moieties and the glycerol backbone as the head group, i.e. monogalactosyldiglyceride (MGDG) and digalactosyldiglyceride (DGDG), and both α-linolenoyl (di-18:3, cis) acyl chains (Dormann and Benning, 2002). Poly-unsaturation of galactolipid acyl chains is indispensable for proper functioning of thylakoid membranes as summarised in Bratek et al., 2019 (Bratek et al., 2019) and citations therein. Lipopolysaccharides and lipid A are the main constituents of the outer membrane of Gram-negative (G–) bacteria (Brandenburg et al., 2016).
Due to the importance of the mammalian plasma membrane and the fact that they are relatively straightforward to handle, single or binary mixed PL bilayers as well as those also containing other natural membrane components have been extensively studied and much is known about their interfaces. The lipid/water interface of PL bilayers has been studied using experimental methods e.g. (Gawrisch et al., 1978; Volkov et al., 2007a; Volkov et al., 2007b; Disalvo et al., 2008; Zhao et al., 2008; Beranova et al., 2012; Cheng et al., 2014; Pokorna et al., 2014), although more detailed information about its properties has been provided by computer modelling, e.g. (Rog et al., 2009; Berkowitz and Vacha, 2012; Disalvo et al., 2014; Nickels et al., 2015; Pasenkiewicz-Gierula et al., 2016; Laage et al., 2017; Elola and Rodriguez, 2018; Martelli et al., 2018; Srivastava and Debnath, 2018; Tian and Chiu, 2018; Calero and Franzese, 2019; Kucerka et al., 2019; Srivastava et al., 2019; Deplazes et al., 2020; Luo et al., 2020; Szczelina et al., 2020; Hande and Chakrabarty, 2022).
In contrast to phospholipids, glycolipids are relatively less frequently studied in spite of their widespread occurrence. Publications on the lipid/water interface of galactolipid bilayers either in the lamellar or non-lamellar phases are rather scarce. Experimental studies were carried out on bilayers consisting of galactolipids with 18:3, 18:2 18:1, 18:0 and 16:0 acyl chains, e.g., (Shipley et al., 1973; Marra, 1986; Mcdaniel, 1988; Webb and Green, 1991; Bottier et al., 2007) whereas computational studies were carried out on di-18:3 MGDG, e.g., (Markiewicz et al., 2015; Baczynski et al., 2018; Szczelina et al., 2020), 80% di-18:3 DGDG and 20% 18:3–16:0 DGDG (Kanduc et al., 2017) and di-16:0 glucolipid and di-16:0 galactolipid (Rog et al., 2007) bilayers. Also publications on the interface of lipopolysaccharide and lipid A bilayers are not numerous, e.g. (Snyder et al., 1999; Wu et al., 2013; Murzyn and Pasenkiewicz-Gierula, 2015; Kim et al., 2016; Luna et al., 2021; Paracini et al., 2022).
Whereas di-18:3-cis DGDG is a bilayer-forming lipid (Deme et al., 2014), di-18:3-cis MGDG is not (Deme et al., 2014); due to the cone shape under ambient conditions it forms an inverse hexagonal (HII) phase in water spontaneously (Sanderson and Williams, 1992). In this study, the organisation of the lipid/water interface of di-18:3-cis MGDG bilayers in different lyotropic phases and of the di-18:3-cis DGDG lamellar bilayer are analysed and compared. In particular, lipid-water as well as direct and water-mediated lipid-lipid interactions are identified. These interactions take place within the same bilayer interface but also between lipids belonging to the interfaces of apposing leaflets when a new phase begins to form. The strength and branching of inter-lipid interactions at the DGDG bilayer interface are analysed using a formal network analysis approach. The analysis demonstrates that the interactions together with the lipid head groups form a dynamic but stable and extended network. The topological properties of the network are determined and compared with those of the MGDG bilayer (Szczelina et al., 2020).
2 SYSTEMS AND METHODS
2.1 Simulation systems
In this molecular modelling study, the lipid/water interface of galactolipid systems in three different lyotropic liquid-crystalline phases is investigated. The galactolipids used to build the systems are monogalactosyldiglyceride (MGDG) and digalactosyldiglyceride (DGDG), each with both α-linolenoyl (di-18:3, cis) acyl chains (Figure 1). The investigated phases are MGDG and DGDG lamellar bilayers (Figure 2); the MGDG double bilayer, which forms the stalk phase (Figure 2); and the MGDG inverse hexagonal phase (HII) (Bratek et al., 2019).
[image: Figure 1]FIGURE 1 | Molecular structures of di-18:3-cis (A) MGDG and (B) DGDG. The numbering of the acyl chains and glycerol backbone atoms is according to Sundaralingam’s nomenclature (Sundaralingam, 1972), with an exception for the C1″ and C3″ carbon atoms that are swapped here. The numbering of the galactose ring atoms is according to IUPAC convention (McNaught, 1996). The numbers of the carbon and oxygen atoms of the β ring are marked with ′ and the C1, C2 and C3 atoms of the glycerol backbone are marked with ″ to distinguish the atoms of the α and β galactose rings and of the glycerol. The chemical symbol for carbon atoms, C, is omitted and the hydrogen atoms are not shown except for the polar ones shown as empty circles. Oxygen (O) atoms are dark and the carbon atoms are light grey circles, respectively.
[image: Figure 2]FIGURE 2 | Final structures of the (A) MGDG and (B) DGDG bilayers after 320 and 1,050 ns of MD simulations, respectively. (C) Initial and (D) final (after ∼1,800 ns of MD simulation) structures of the double MGDG bilayer (W15). (E) The image of W15 in (D) was replicated along the x- and z-axis over periodic boundaries. The atoms are represented in standard colours, except for acyl chain carbon atoms, which are dark blue. The water is shown as a transparent blue surface. The hydrogen atoms are not shown.
The construction and conformational analysis of the computer model of the di-18:3-cis MGDG molecule (Figure 1) are described in Refs (Baczynski et al., 2015; Baczynski et al., 2018) and those of di-18:3-cis DGDG molecule (Figure 1) are described in Supporting Information (SI). MGDG and DGDG with poly-unsaturated acyl chains were chosen because of their widespread occurrence in Nature and the role they play in photosynthetic membranes (Dormann and Benning, 2002). MGDG and DGDG lamellar bilayers were built from scratch using the Packmol package (Martinez et al., 2009). The MGDG bilayer consisted of 450 MGDG molecules (15 × 15 in each leaflet); the DGDG bilayer consisted of 200 DGDG molecules (10 × 10 in each leaflet). The bilayers were hydrated with 30 H2O/lipid, i.e. with 13,500 and 6,000 H2O molecules, respectively, and MD simulated; the MGDG bilayer for 320 ns (Figure 2A), and the DGDG bilayer for 1,050 ns (Figure 2B). 30 H2O/lipid in the MGDG and DGDG bilayers is more than required for their full hydration. The hydration of DGDG in the lamellar phase and MGDG in hexagonal phase is similar (Brentel et al., 1985) and is 16 H2O/DGDG (Crowe et al., 1990) and ∼19 H2O/DGDG (Rand and Parsegian, 1989) and 13–14 H2O/MGDG (Brentel et al., 1985; Crowe et al., 1990; Selstam et al., 1990). This hydration corresponds to about 22% water by weight in both bilayers (Shipley et al., 1973).
The MGDG bilayer was validated in Ref. (Baczynski et al., 2015). Because a pure di-18:3-cis MGDG bilayer does not form in water spontaneously, e.g. (Dormann and Benning, 2002) there are no experimental data for this bilayer. Therefore, the MGDG bilayer was validated indirectly by comparing its structural properties with those of a pure di-16:0 MGDG bilayer (Rog et al., 2007; Lopez et al., 2013) and binary di-18:3 MGDG-DMPC bilayers (Kapla et al., 2012); also, with the help of a well-studied dioleoylPC (DOPC) bilayer, e.g., (Liu and Nagle, 2004; Kucerka et al., 2005; Kucerka et al., 2008). The DGDG bilayer is validated in the Results section.
A stalk is a crucial intermediate in the membrane fusion mechanism (Kozlovsky et al., 2004; Kasson and Pande, 2007). This is a local connection of lipids that belong to the inner leaflets of two bilayers which come into close contact (Figures 2D,E) as a result of their partial dehydration, and involves lipid mixing between these leaflets (Kozlov et al., 1989; Ohta-Iino et al., 2001; Salditt and Aeffner, 2016). The MGDG stalk was generated in MD simulation of the double bilayer system. The double bilayer was constructed by duplicating the MGDG bilayer after 300 ns of MD simulation and placing one bilayer on top of the other (Figure 2C and film Supplementary Video S1). The intra-bilayer water layer contained 6,750 H2O molecules (15 H2O/MGDG) and the outer water layer contained 13,500 H2O molecules (30 H2O/MGDG). The double bilayer (W15 system) was MD simulated for nearly 2,000 ns (Figure 2D). The first vertical connection between the head groups of two galactolipid molecules across the “inner” water layer formed spontaneously (Kozlovsky et al., 2004) within 1 ns of MD simulation (Supplementary Figure S3). A detailed description of the simulation and stalk formation will be presented elsewhere.
The construction of the MGDG HII phase, its MD simulation and validation were described in detail in Ref. (Bratek et al., 2019). Several structures of the phase were tested before its stable computer model was achieved. The stable HII phase consisted of sixteen cylinders, each containing 5,400 water molecules, which corresponded to 30 H2O/MGDG. The MGDG HII phase generated in 3-µs MD simulation was analysed to obtain such basic structural parameters as hexagonal lattice constant, circular and effective radii of the water channel, surface area/MGDG, and order parameter profiles for the MGDG acyl chains (Bratek et al., 2019). To validate the computer model, experimental data for mainly di-18:3 MGDG (Shipley et al., 1973), mainly di-18:2 MGDG (Bottier et al., 2007), dioleoylPE (DOPE) (Rand and Fuller, 1994) and palmitoyloleoylPE (POPE) (Rappolt et al., 2003) HII phases, were used. The comparison with experimental data was performed by extrapolating the linear dependence of the experimental parameters on the HII phase hydration level, to a hydration level of 30 H2O/MGDG in the computer-generated HII phase.
2.2 Simulation parameters and conditions
Force field parameters for the α-linolenic chain, and the glycerol moiety of the galactolipids, were taken directly from the all-atom optimised potentials for liquid simulations (OPLS-AA) force field associated with the software package GROMACS 5.05 (Abraham et al., 2015) and supplemented with the partial charges on the glycerol backbone of galactolipids from Ref. (Maciejewski et al., 2014).
The head group of MGDG comprises a single β-D-galactose and the glycerol backbone to which the galactose is attached by an O-glycosidic bond called here β-1′-1″ linkage (cf. Figure 1). The head group of DGDG comprises two galactose moieties, α-D-galactose and β-D-galactose linked by an O-glycosidic bond called here α-1-6 linkage (cf. Figure 1), also attached to the glycerol backbone by the β-1′-1″ linkage. For the galactose moieties of MGDG and DGDG, OPLS-AA parameters for carbohydrates (Damm et al., 1997) were used. The parameters for MGDG and other mono-glycoglycerolipids have been tested successfully in previous atomistic MD-simulation studies (Rog et al., 2007; Baczynski et al., 2015; Markiewicz et al., 2015; Baczynski et al., 2018; Bratek et al., 2019; Szczelina et al., 2020). The DGDG bilayer is validated in the Results section. For water, the transferable intermolecular potential three-point model (TIP3P) was used (Jorgensen et al., 1983).
MD simulations of the lamellar galactolipid bilayers were carried out in the NPT ensemble, under a pressure of 1 atm and at a temperature of 295 K (22°C) using the software package GROMACS (Abraham et al., 2015). To control the temperature and pressure, for the first 20 ns of MD simulation, the Berendsen thermostat and barostat (Berendsen et al., 1984) were used, and then the Nosé-Hoover (Nose, 1984; Hoover, 1985) and the Parrinello-Rahman (Parrinello and Rahman, 1981) methods were used, respectively. The relaxation time for the temperature was 0.6 ps and for the pressure 1.0 ps. The temperatures of the solute and solvent were controlled independently, and the pressure was controlled anisotropically.
The linear constraint solver (LINCS) algorithm (Hess et al., 1997) was used to preserve the length of any covalent bond with a hydrogen atom, and the time step was set to 2 fs. The van der Waals interactions were cut-off at 1.0 nm. The long-range electrostatic interactions were evaluated using the particle-mesh Ewald summation method with a β spline interpolation order of 5, and a direct sum tolerance of 10–5 (Essmann et al., 1995). For the real space, a cut-off of 1.0 nm, three-dimensional periodic boundary conditions (PBC), and the usual minimum image convention, were used (Essmann et al., 1995). The list of non-bonded pairs was updated every 5 time steps.
The W15 system was MD simulated at 295 K for 320 ns (film SF1, SI). Then, to speed up the process of the MGDG stalk structure formation, the following ∼1.4-µs simulation was carried out at 333 K (60°C) with the time step of 1.5 fs. After that, the temperature was gradually lowered to 295 K and after reaching this temperature, MD simulation was continued for 100 ns with a 2-fs time step. The temperature profile of this simulation is shown in Supplementary Figure S4. All other simulation parameters and conditions as well as the simulation programme were the same as in the case of the lamellar systems.
All trajectories analysed in this paper were recorded every 1 ps.
The MGDG HII phase was generated in a 3-µs MD simulation, also at 295 K (22°C) and the trajectory was recorded every 2 ps (Bratek et al., 2019).
Visualisation of the results was done with the VMD 1.9.3 (Humphrey et al., 1996) and PyMOL 1.8.4 (DeLano, 2010) programmes.
2.3 Network analysis
The methodology used to analyse the interaction network at the bilayer interface is described in detail in Ref. (Szczelina et al., 2020). The basis of network analysis and the main weighted network parameters are summarised here only briefly. Mathematically, a network can be described and modelled by means of graph theory. In the following, the terms “network” and “graph” are interchangeable. Here, the objects of the graph are lipid molecules (centres-of-mass) in one bilayer leaflet (nodes) and intermolecular interactions between them are the graph edges. Consecutive pairs of nodes connected by edges form a path. A cluster is a set of interconnected nodes where each node has a path to all other nodes. A cluster size is the number of nodes which make a particular cluster. A graph is connected when it is made of only one cluster. The node degree is the number of edges connecting this node to other nodes. The node strength is determined by the number of individual interactions that account for each edge of the node, the average energy of each type of interaction and lifetime of the edge. A network bridge is an edge removing which disconnects the graph.
Network analysis was carried out using NetworkX (Hagberg et al., 2008), a Python language software package for creating, manipulating, and studying the structure, dynamics, and functions of complex networks. Network bridges were identified using a bridge-finding algorithm that employs the chain decompositions described in Ref. (Schmidt, 2013). The network at the DGDG bilayer was visualised using Cytoscape (Shannon et al., 2003).
3 RESULTS
3.1 Systems equilibration and validation
Time profiles of the potential energy (Ep), the average surface area per lipid (AL) and the bilayer width (DRR) of the MGDG and DGDG bilayers are shown in Figure 3. The average AL was obtained by dividing the simulation box surface area by the number of lipids in one bilayer leaflet. The average DRR was defined and calculated as the distance between the average positions of the centres-of-mass of the single galactose rings (MGDG) or of the double galactose rings (DGDG), in the opposite bilayer leaflets, in a similar fashion to Ref. (Baczynski et al., 2015). Each of the three bilayer parameters converged to some constant value (Figure 3). The time profiles for the MGDG bilayer (Figures 3A,C,E) indicated that the bilayer equilibrated within ∼50 ns of MD simulation. However, the equilibration time of the DGDG bilayer was difficult to assess on the basis of the time profiles in Figure 3; therefore, the average values of Ep, AL and DRR were calculated at three time segments (400–500, 500–600, 600–1,050, Supplementary Table S2), which indicated that the DGDG bilayer equilibrated within ∼500 ns of MD simulation. The average values of Ep, AL and DRR for the MGDG and the DGDG bilayer are given in Table 1 and are marked in Figure 3 as straight red lines. Additionally, to compare with some experimental values, the average DCC bilayer width was calculated as the distance between the average positions of the C2″ atoms (cf. Figure 1) in the opposite leaflets of the MGDG and DGDG bilayers (Table 1). For the MGDG bilayer the averages presented below were obtained for the time range 200–300 ns, while for the DGDG bilayer they were obtained for the range 900–1,000 ns of the respective MD simulations. Errors in the average values derived are standard deviation estimates.
[image: Figure 3]FIGURE 3 | Equilibration of the lamellar MGDG and DGDG bilayers and the W15 system. Time profiles of the (A) MGDG and (B) DGDG potential energy (Ep); (C) MGDG and (D) DGDG average surface area per lipid (AL); (E) MGDG and (F) DGDG average bilayer width (DRR), during 320 and 1,050 ns, respectively, of MD simulations at 295 K. (A–F) The time (20 ns) when the T and p control methods were switched (cf. sec. 2.2) is marked with a green arrow; the red line shows the average value of a given parameter. Time profiles of Ep (G) for the whole ∼1,800-ns and (H) for the last 100-ns (when the system’s temperature was 295 K) of MD simulation of the W15 system.
TABLE 1 | Mean values of the simulated systems parameters.
[image: Table 1]The equilibrated lamellar MGDG and DGDG bilayers are shown in Figures 2A,B, respectively.
The values for AL of 61.77 ± 0.50 Å2 and DRR of 41.60 ± 0.28 Å obtained in this study for the MGDG bilayer are very close to those obtained in Ref. (Baczynski et al., 2015), where the MGDG bilayer was validated (cf. sections 2.1).
The values for AL of 65.84 ± 0.63 Å2 and DRR of 42.04 ± 0.33 Å obtained in this study for the DGDG bilayer MD simulated for 1 µs can be compared with those published in the literature—for AL they range between 63 and 78 Å2 and for DRR between 41 and 44 Å. Most of the published values of AL and DRR were obtained from MD simulations, either coarse grained of 64 ± 1 Å2 and of 41 Å, respectively, for the di-16:0 DGDG bilayer (Lopez et al., 2013) and 63 ± 1 Å2 and 44 ± 3 Å, respectively, for the di-18:3 DGDG bilayer (Navarro-Retamal et al., 2018), atomistic united-atom of ∼78 Å2 and 41.7 Å, respectively, for the mixed DGDG bilayer containing 80% di-18:3 DGDG and 20% 18:3–16:0 (Kanduc et al., 2017) or atomistic all-atom of 67 Å2 and 42 Å, respectively, for the di-16:0 DGDG bilayer (Lopez et al., 2013). The experimental values of AL and DRR obtained using X-ray diffraction are ∼75 Å2 and 41.6 Å, respectively (Shipley et al., 1973), and of DRR obtained using neutron diffraction is 41 Å (Mcdaniel, 1988), for the bilayers consisting of DGDG with 18:3, 16:0, 18:4, 18:2, and smaller amounts of 16:1, 18:0, 18:1 acyl chains, but mainly of di-18:3 DGDG (Shipley et al., 1973).
The results of MD simulations show some dependence of the acyl chain unsaturation on the bilayer structural properties, although it should be remembered that the computer models of the DGDG molecule used in those studies had different resolutions, thus the structural parameters derived may somewhat differ from one another. Other differences in the results may stem from the differing acyl chain compositions of the bilayers, e.g. (Shipley et al., 1973; Kanduc et al., 2017). Besides, the surface area/DGDG in the bilayer in Ref. (Kanduc et al., 2017), after initial equilibration, was kept constant, so its value may be not accurate.
The above comparisons demonstrate that the DGDG bilayer generated in this MD simulation study is effective in reproducing the basic bilayer properties determined in previous studies. Furthermore, the entries in Supplementary Table S1 imply that the conformational states of the DGDG head group concur well with experimental, e.g. (Hirotsu and Higuchi, 1976; Wormald et al., 2002; Ziolkowska et al., 2007; Nakae et al., 2018) and computer simulation, e.g. (Peric-Hassler et al., 2010) data for other disaccharides (cf. SI). Thus, the conclusion that the DGDG bilayer is positively validated is justified.
The initial and final structures of the W15 system are shown in Figures 2C,D. W15 is in the process of stalk phase formation (film Supplementary Video S1) and thus is not at equilibrium. Nevertheless, its energy profile (Figure 3G) was calculated for the whole MD simulation time of ∼1,800 nsas well as for the last 100 ns (Figure 3H), when the temperature, after lowering from 333 to 295 K, was stable at 295 K (cf. Methods). The average value of the whole system’s Ep, as well as the values of AL, DRR and DCC for its “flat” part (marked with a black frame in Figure 4A) calculated over the last 60 ns of MD simulation of the W15 systems equilibrated at 295 K, are given in Table 1.
[image: Figure 4]FIGURE 4 | Three regions of W15 and top view of the HII phase. (A) The concave region is not marked; the larger connect-15 region formed through the “inner” water layer (15 H2O/MGDG) is marked with a black frame and the smaller connect-30 region newly forming over the PBC through the “outer” water layer (30 H2O/MGDG) is marked with a red frame. The atoms are represented in standard colours, except for the acyl chain carbon atoms which are dark blue. The water is shown as a transparent blue surface. The hydrogen atoms are not shown. (B) Top view of the HII phase generated Ref. (Bratek et al., 2019) after 3 µs of MD simulation. The water-filled cylinders are in different colours to show the HII phase structure better. The water molecules are not shown.
3.2 Lipid-water H-bonds
MGDG has four OH groups that are both donors and acceptors of hydrogen bonds (H-bond) and six O atoms that are only acceptors of H-bonds (Figure 1) can thus make numerous H-bonds with water molecules. The average numbers of particular types of the MGDG-water interactions are given in Table 2.
TABLE 2 | Number of lipid-water interactions in the MGDG and DGDG lamellar bilayers.
[image: Table 2]DGDG has seven OH groups that are both donors and acceptors of H-bonds and eight O atoms that are only acceptors of H-bonds (Figure 1). Accordingly, the average numbers of DGDG-water interactions (Table 2) are greater than those of MGDG, although somewhat smaller than expected.
Water molecules bind preferentially to the MGDG and DGDG rings and are 50% more often H-bond donors than acceptors (Table 2). In the water-glycerol H-bonding, water is the only H-bond donor. The number of water-glycerol H-bonds is only slightly smaller in the DGDG than the MGDG bilayer (Table 2).
The smaller than expected number of H-bonds with water and H-bonded water molecules in the DGDG than the MGDG bilayer is to some extent compensated by the larger number of water bridges (WB) (Pasenkiewicz-Gierula et al., 1997), which link pairs of galactolipid head groups. WBs form predominantly between galactolipid rings, although the number of glycerol-ring WBs in both bilayers is also quite significant (Table 2).
From Figures 2D, 4A it is apparent that the W15 system has two distinct regions—“region of full hydration” and “region of reduced hydration” (Figure 4A). The “full hydration region”, which is called concave is not marked in Figure 4A. The larger “reduced hydration” region forms as a result of the local cross-water connection of two inner leaflets of the double bilayer that were originally separated by the thinner “inner” water layer (15 H2O/MGDG). It is marked with a black frame in Figures 4A and is called connect-15. The smaller “reduced hydration” region is still forming over the PBC as a result of the local cross-water connection of two outer leaflets of the double bilayer that were originally separated by the thicker “outer” water layer (30 H2O/MGDG). It is marked with a red frame in Figures 4A and is called connect-30. The connections are more visible in Figure 2E.
The average number of each type of MGDG-water interaction in a specified region of the W15 system and in the MGDG HII channels is given in Table 3. The numbers of MGDG-water H-bonds and water bridges (horizontal) as well as H2O molecules H-bonded by MGDG in the concave region of W15 are very similar to those in the MGDG lamellar bilayer, but those in the connect regions, particularly in the connect-15, are smaller (Tables 2, 3). The numbers of H-bonds and H-bonded H2O molecules in the MGDG HII phase are smaller than those in the concave region, but are similar to those in the connect regions of W15 (Table 3).
TABLE 3 | Number of lipid-water interactions in the MGDG lamellar and non-lamellar systems.
[image: Table 3]In the connect-15 and connect-30 regions, the horizontal and vertical WBs can be distinguished. The horizontal WBs are between lipids of the same bilayer leaflet (Figure 5A) and the vertical are between lipids of the apposing leaflets (Figure 5B). In both regions, the number of horizontal WBs is larger than that of the vertical ones but somewhat smaller than the number of them in the MGDG lamellar bilayer and the concave region. This could indicate that there is some competition between the horizontal and vertical WBs. Nevertheless, the total number of WBs (horizontal and vertical) in each connect region is larger than the number of those in the concave region and the lamellar bilayer. The number of water bridges (horizontal) in the MGDG HII phase is higher than in the MGDG bilayer and any W15 region (Table 3).
[image: Figure 5]FIGURE 5 | Examples of MGDG-MGDG H-bonds and water bridges at the interface of the W15 connect-15 region. (A) Horizontal (between lipids belonging to the same bilayer leaflet) interactions; (B) vertical (between lipids belonging to the apposing leaflets) interactions. The molecules are shown as sticks in standard colours (acyl chains are cut off). The dotted blue lines represent intermolecular interactions. In (A) the water molecule is an acceptor of two H-bonds, in (B) the water molecule is a donor of two H-bonds.
3.3 Lipid-lipid interactions
The MGDG and DGDG heads have both H-bond acceptor and donor groups. Therefore, they can be linked by direct inter-lipid H-bonds at the lipid/water interface, in addition to water bridges, which are water-mediated lipid-lipid interactions (Table 2, 3). The numbers of direct H-bonds in the MGDG and DGDG lamellar bilayers, the W15 system and its specified regions, as well as in the MGDG HII phase, are given in Table 4. The number of H-bond acceptor and donor groups of DGDG is 50% larger than that of MGDG; however, the number of DGDG-water H-bonds is only ∼37% greater, whereas the numbers of WBs and direct H-bonds are 70 and ∼130%, respectively, greater than those of MGDG (Tables 2, 4). This indicates that at the bilayer interface the head groups of DGDG interact preferentially with one another, rather than with water, whereas interactions between the MGDG head groups and water are relatively numerous.
TABLE 4 | Number of lipid-lipid interactions.
[image: Table 4]To obtain a better insight, the numbers of ring-water and ring-ring interactions in the DGDG bilayer were calculated for the α and β galactose rings separately. The results given in Tables 2, 4 show that the number of intermolecular interactions of each DGDG ring is different.
In the connect regions of W15, the MGDG head groups form both horizontal and vertical inter-lipid H-bonds (Figure 5), as in the case of WBs. The average numbers of horizontal H-bonds in the three regions of W15 are similar to each other and also similar to the number of them in the MGDG lamellar bilayer. This implies that, in contrast to WBs, different H-bond donor and acceptor groups of MGDG are involved in formation of the horizontal and the vertical direct H-bonds.
The number of lipid-lipid H-bonds in the MGDG HII phase is higher than in the MGDG bilayer or any W15 region (Table 4), as is the number of WBs.
3.4 Orientation of the galactolipid head group
The orientation of the MGDG head group in the bilayer is determined here, as in Ref. (Baczynski et al., 2018), by angle ω between the MGDG head group vector, which connects the C2″ atom in the glycerol and the O4’ atom in the galactose ring (Figure 1A), and the bilayer normal. Ref. (Baczynski et al., 2018) correlations between angle ω and the conformation of the torsion angles of the glycosidic linkages, and also between angle ω and the numbers of head-water and head-head interactions at the MGDG bilayer interface, were calculated. Significant conclusions of those calculations were that there was virtually no correlation between the orientation of the MGDG head group and the conformation of its glycosidic linkage, and that there was only a weak correlation between the MGDG head group orientation and the number of intermolecular interactions of the head.
The most probable (preferred) orientation, called here tilt, of the head group is angle ω, for which the ω distribution has the main maximum. The distributions of ω and tilts for MGDG in the bilayer and in the connect-15 region of W15 obtained in this study are shown in Supplementary Figure S5A, B and are given in Table 1, respectively. In the MGDG bilayer the ω distribution is smooth and the vector tilt is 32°. Both are similar to those in Ref. (Baczynski et al., 2018). In the connect-15 region the ω distribution has a long tail and the vector tilt is 42°. These results can possibly be linked to the somewhat uneven surface of the connect-15 region (Figure 4A) and to the onset of the rotation of some of the MGDG molecules in the process of formation of the stalk structure.
The tilt of the DGDG α ring in the bilayer was obtained from the distribution of angle ω between the α ring vector (C2″-O4 vector, Figure 1B) and the bilayer normal (Supplementary Figure S5C), and that of the DGDG β ring was obtained from the distribution of the ω angle between the β ring vector (C2″-O4’ vector, Figure 1B) and the bilayer normal (Supplementary Figure S5D); both tilts are given in Table 1. The tilt of the DGDG α ring of 30° is almost the same as that of the MGDG β ring of 32°. However, their ω distributions differ. In addition to the main maximum in the ω distribution of the α ring vector at 30°, there are smaller but clear maxima at ∼60°, ∼80° and the last one at ∼140°. These maxima indicate that the α ring may have three additional less populated but stable orientations.
The tilt of the DGDG β ring is 36°. Even though the tilts of the DGDG α and β ring vectors are similar, the rings belong to different planes (Supplementary Figure S6). The distribution of the angle between the planes of the α and β rings shown in Supplementary Figure S7 has two maxima. The higher, relatively narrow maximum is at 82° and the significantly lower one is at 162°. The angles are most likely determined by the preferred populations of the torsion angles of the α-1-6 and β-1′-1″ glycosidic linkages. On the basis of the results of Ref. (Baczynski et al., 2018) it is justified to assume the angles between the α and β ring planes do not depend on the α and β ring tilts.
3.5 Density profile of the terminal CH3 groups of galactolipid acyl chains
The density profiles of the terminal CH3 groups of the poly-cis-unsaturated α-linolenoyl acyl chains of MGDG and DGDG across the bilayer were calculated to estimate the probability of finding the groups in the interfacial region of each bilayer, and to compare this probability with the results of previous experimental, e.g. (Feix et al., 1984; Mihailescu et al., 2011) and computer simulation, e.g. (Mihailescu et al., 2011) studies. The profiles across the MGDG and DGDG bilayers and connect-15 region are shown in Supplementary Figure S8. The probability was calculated for each leaflet of the bilayers from the area under the fragment of the CH3 profile where the electron density of water is non-zero (Supplementary Figure S8). The estimated probability (averaged over both leaflets) of finding a CH3 group at the bilayer interface is ∼15% in the MGDG bilayer and ∼16% in the DGDG bilayer.
3.6 Network analysis of the DGDG bilayer
At the bilayer interface, the galactolipid head groups and interactions (H-bonds and water bridges) between them create a network of interactions. In Ref. (Szczelina et al., 2020) several topological properties of the network in the MGDG bilayers were determined. Here, the same methodology (cf. section 2.3) is used to analyse the interaction network in the DGDG bilayer. The values of the network parameters (cf. section 2.3), averaged over the last 50 ns of MD simulation of the DGDG bilayer, are given in Table 5, together with those obtained for the MGDG bilayers in Ref. (Szczelina et al., 2020). As the interacting groups of MGDG and DGDG head groups are the same, in this calculation the average energies of H-bonding and water bridging of DGDG are assumed to be the same as those of MGDG calculated in Ref. (Szczelina et al., 2020). The interaction network in the DGDG bilayer is presented in Figure 6 and its time changes are shown in film Supplementary Video S2.
TABLE 5 | Mean values of the network parameters.
[image: Table 5][image: Figure 6]FIGURE 6 | The networks of lipid interconnections at the interfaces of the DGDG bilayer at two time frames 1 ps apart. (A) The network is connected and (B) the connected network is broken into two clusters. The black rectangle depicts the basic simulation box. Nodes (centres-of-mass of the lipids) are presented as dots in the x,y-plane, and edges as lines connecting respective nodes. The largest cluster is in blue and a single-node cluster is in orange. To avoid problems with edges crossing PBC, 9 copies of each node are presented (strong colour tone for the cluster, soft colour tones for its 8 PBC copies); the edges are drawn in the basic simulation box and all its copies.
The values given in Table 5 are graphically presented in Supplementary Figures S9,S10. These figures also provide additional information. The distribution of the node degrees shown in Supplementary Figure S9A indicates that the most probable degree in the DGDG bilayer is 5. This means that two DGDG head groups are most often connected by five individual inter-lipid interactions, and the smallest number of such interactions is two. The results shown in Supplementary Figure S9C demonstrate that only clusters of sizes 1, 2, 98, 99 and 100 have non-zero probability of forming and the probability of forming a cluster of size 100 is at least two orders of magnitude larger than that of the remaining ones. Time profiles of the average number of clusters and the average sizes of the smallest and the largest clusters are shown in Supplementary Figure S10; the averages are over two networks, each in one bilayer leaflet. Supplementary Figure S10A reveals that in each bilayer leaflet the network is connected for most of the time. However, from time to time one of the connected networks breaks for a short while into two clusters and the average number of clusters is then 1.5. Only in one case does the network break into three clusters (of sizes 1, 1 and 98) and the average number of clusters is then 2 (Supplementary Figure S10A). The average size of the smallest cluster is either 100 or nearly 50 (Supplementary Figure S10B) and that of the largest is either 100 or nearly 100 (Supplementary Figure S10C). For most of the time, the sizes of the smallest and the largest clusters are 100. The time profile of the average node strength plotted in Supplementary Figure S10D only fluctuates around the average value, and this indicates that the average node strength is stable during the simulation time.
4 DISCUSSION
4.1 MGDG and DGDG bilayers
An interesting result of this study is that the DGDG bilayer equilibrated after a much longer time than the MGDG bilayer. This effect was previously noticed by Kanduč et al. (Kanduc et al., 2017) and explained as arising from the “pronounced hydrogen-bonding capabilities” of DGDG (Kanduc et al., 2017). Our results indicate that direct DGDG-DGDG H-bonds as well as WBs at the DGDG bilayer interface are indeed numerous (Table 4). The detailed spatial organisation of these inter-lipid links is revealed by network analysis (Hagberg et al., 2008) (cf. Section 3.6). The network of the connections (H-bonds and WBs) is shown in Figure 6 and its dynamics in film Supplementary Video S2. The figure, the film and the network parameters in Table 5 as well as Supplementary Figures S9,S10 demonstrate that the connections are not only numerous, but also extended, and branched and for most of the time encompass all DGDG molecules in each bilayer leaflet.
The interaction network in the DGDG bilayer is qualitatively similar to those in the MGDG bilayers (Szczelina et al., 2020), but is considerably more stable. It also differs in some other aspects. The most probable node degree in the DGDG bilayer is 5 (Supplementary Figure S9A), whereas in the MGDG bilayer it is 3 (Szczelina et al., 2020). The average number of clusters is ∼1 (Table 5; Supplementary Figures S9B,S10A), whereas in the MGDG bilayer, depending on its size, it is ∼1.5 or ∼3 (Table 5). The number of network bridges (0.21) is much smaller than in the MGDG bilayers (Table 5). The small number of network bridges in the DGDG bilayer indicates that the connected network disconnects rarely (Supplementary Figure S10A) and much less often than in the 4 MGDG bilayer, cf. Supporting Information of Ref. (Szczelina et al., 2020).
Probably due to the greater AL (65.8 vs. 61.8 Å2), the lifetimes of network edges consisting of only H-bond interactions and of only water bridge interactions in the DGDG bilayer are about half the length of those in the MGDG bilayers (Table 5). However, because the numbers of individual inter-lipid interactions are about twice as great and the energies of the interactions are the same, the node strength in the DGDG and MGDG bilayers are similar.
In the DGDG bilayer, as in the MGDG bilayers (Szczelina et al., 2020), the average node strength is stable during the analysis time (Supplementary Figure S10D). This indicates that the pattern of lipid interconnections at the bilayer interface is also stable in spite of the relatively short lifetimes of the network edges (Table 5), their fast rearrangements (film Supplementary Video S2) and the overall dynamics of the bilayer interfacial region.
Despite the fact that the network of interconnections at the DGDG bilayer interface is more stable, extended and branched than that at the MGDG bilayer interface, the large head group and cylindrical shape of the DGDG molecule prevent formation of non-bilayer phases, as is the case with the MGDG aggregates.
An apparent disproportion in the number of inter-lipid links at the bilayer interface between the DGDG and the MGDG bilayer (cf. section 3.3) can possibly be explained as follows. The tilt of the MGDG β galactose rings relative to the bilayer normal is 32° (Table 1), thus their polar groups are quite exposed to the water phase. In contrast, the DGDG β rings are screened from water by the α rings so they make fewer H-bonds with water than those of MGDG (Table 2). Due to smaller hydration, the polar groups of the DGDG β ring make fewer ring-ring WBs but more direct ring-ring H-bonds than those of the MGDG β ring and the DGDG α ring (Table 4). As a consequence of the hydration disparity of the DGDG α and β rings, the β-α WBs are more numerous and the β-α H-bonds are less numerous than those of the α-α rings (Tables 2, 4).
The tilt of the DGDG α galactose rings (O4-C2″ vector) is 30° and is practically the same as that of the MGDG β galactose rings, which is 32° (Table 1). However, the average numbers of ring-water H-bonds and ring-ring H-bonds and WBs made by the DGDG α ring are smaller than those made by the MGDG β ring (Tables 2, 4). This is because in addition to the α ring-water and α-α rings interactions, the α ring also interacts with the DGDG β ring. These interactions can be seen in the ω angle distribution in Supplementary Figure S5 as secondary maxima. They indicate that the DGDG α ring, on top of the preferred one, has three other less populated but stable orientations. Two of these orientations (∼60° and ∼80°) are possibly stabilised by its interactions with the β ring (particularly WBs) and one (∼140°) with the glycerol backbone (Tables 2, 4). The values obtained for the DGDG α ring orientation are only in partial agreement with conclusions derived on the basis of experimental data that “the polar head group of this lipid (DGDG) is oriented parallel to the plane of the bilayer” (Marra, 1986; Mcdaniel, 1988). The distribution of angle ω in Supplementary Figure S5 indicates that only a small fraction of the DGDG α rings is oriented parallel to the bilayer plane.
Previous experimental, e.g. (Feix et al., 1984; Mihailescu et al., 2011) and computer simulation, e.g. (Mihailescu et al., 2011) studies have revealed that the terminal CH3 groups of PL acyl chains can locate in the bilayer interfacial region. Using the electron-electron double-resonance methodology Felix et al. (Feix et al., 1984) showed that the probability of finding the CH3 group of a saturated acyl chain at the interface is 14%. While using the neutron diffraction methodology Mihailescu et al. (Mihailescu et al., 2011) showed that the probability of finding the CH3 group of a mono-cis-unsaturated acyl chain at the bilayer interface is 20%. This location of the CH3 groups was also found in an MD simulation study (Mihailescu et al., 2011). In this study the probability of finding the CH3 group of a poly-cis-unsaturated acyl chain was calculated from the electron densities of the CH3 groups and the water of each bilayer leaflet (Supplementary Figure S8), and was found to be ∼15% in the MGDG bilayer and ∼16% in the DGDG bilayer. Thus, these results predict that the terminal CH3 group not only of a saturated and a mono-unsaturated acyl chain of PC but also of a poly-unsaturated acyl chain of MGDG and DGDG can be found in the interfacial bilayer region.
4.2 W15 system
In the W15 system, two MGDG bilayers were initially placed parallel to each other and separated by two water layers, namely, the thinner “inner” water layer containing 6,750 H2O molecules (15 H2O/MGDG) and the thicker “outer” water layer containing 13,500 H2O molecules (30 H2O/MGDG) (Figure 2). In the course of MD simulation, the distance between the bilayers decreased in some places and increased in some others, indicating the onset of stalk structure formation (film Supplementary Video S1). The first vertical lipid-lipid contact across the “inner” water layer formed within the initial 1 ns of MD simulation at 295 K (Supplementary Figure S3). Local partial dehydration leading to formation of the connect-15 region can be seen in film SF1 (SI). In this dehydration process, each MGDG molecule loses on average approximately one H-bond with water and ∼1.5 H-bonded water molecules, but gains ∼0.6 WBs and ∼0.4 inter-lipid H-bonds (Table 3). Thus, interactions with water are replaced by lipid-lipid interaction. Water molecules move from the connect to the concave regions; this process is relatively fast as can be deduced from film Supplementary Video S1.
Hydration of MGDG molecules as well as the number of inter-lipid interactions in the W15 concave region are practically the same as in the MGDG bilayer. This might be because the W15 is in the process of stalk structure formation. The stalk structure involves lipid mixing between apposing leaflets (Kozlov et al., 1989; Ohta-Iino et al., 2001; Salditt and Aeffner, 2016), which requires rotation of lipid molecules so as to transform the concave region into a water-filled tube, whose inner surface consists of lipid heads. This rotation only started in the connect-15 region of W15, so the properties of the concave region are more like those of the MGDG bilayer than of the MGDG HII phase. The onset of rotation of some of the MGDG molecules in W15 can be deduced from the long tail in the ω distribution for the MGDG ring vector in the connect-15 region (Supplementary Figure S5B), and the relatively high value of the MGDG tilt, being 42° (Table 1).
4.3 HII phase
Details of the construction and MD simulation of the MGDG HII phase are described in Ref. (Bratek et al., 2019). The MGDG HII phase consisted of sixteen cylinders (Figure 4B), each filled with 5,400 water molecules (30 H2O/MGDG). In that paper, the basic structural parameters of the HII phase were identified (cf. section 2.1). In this paper, the average hydration and the average number of inter-lipid interactions of the MGDG head groups are calculated. Compared to the MGDG bilayer and the concave region of W15, the MGDG head groups in the HII phase are less hydrated than in the bilayer, but their hydration is similar to that in the connect regions of W15, whereas their mutual interactions are more numerous than in the bilayer and W15.
4.4 Effect of acyl chains on the HII phase structure
Combined X-ray, neutron scattering and MD simulation studies indicate that the length and mono- and poly-unsaturation of PL acyl chains have an impact, among others, on the lipid surface area in PC, e.g. (Pabst et al., 2010; Marquardt et al., 2020) and PE, e.g. (Kucerka et al., 2015) bilayers. Using a different experimental approach, the effect of the length and unsaturation of the acyl chains on lipid hydration in PC and PE monolayers is revealed (Maltseva et al., 2022). Yet, our previous MD simulation study on cis- and trans-mono-unsaturated PC bilayers indicates that the conformation of the double bond does not have much impact on the lipid surface area (Murzyn et al., 2001).
The results for the HII phase are in contrast with those for lamellar PL bilayers. The experimentally derived structural parameters such as hexagonal lattice constant (dhex) and radius of the water channel (r), as a function of the hydration level for mainly di-18:3 MGDG, mainly di-18:2 MGDG, di-18:1 DOPE and 16:0–18:1 POPE HII phases, either in the case of dhex or r, lie on one straight line, irrespectively of the degree of the acyl chains (Ref. (Bratek et al., 2019) and explanations therein). Moreover, the values of the average surface area/MGDG in the cylinders of the HII phases as a function of the hydration level also lie on one curve, irrespectively of the type of acyl chains (Ref. Bratek et al., 2019), SI). Thus, these structural parameters depend predominantly on the hydration level of the phase and not on the degree of the unsaturation of the acyl chains.
5 CONCLUSION
The analyses presented in this paper revealed:
(1) In the interfacial region of the MGDG and DGDG bilayers, the galactolipid and water molecules interact via direct H-bonds and water bridges.
(2) At the bilayer/water interface MGDG interacts with water more readily than DGDG.
(3) At the bilayer/water interface the lipid-lipid interactions are more readily formed in the DGDG than the MGDG bilayer.
(4) The disproportionally higher number of DGDG-DGDG interactions relative to the number of the DGDG H-bond donor and acceptor groups can be explained by screening the DGDG β rings from the water by the α rings. This screening results in the hydration disparity of the DGDG α and β rings and the different preferences of the rings to interact via H-bonds and water bridges.
(5) The network of inter-lipid interactions at the DGDG bilayer interface is more stable and extended than that in the MGDG bilayer. Nevertheless, a DGDG aggregate under ambient conditions does not form HII phase in water spontaneously; this is most likely due to the cylindrical shape of the DGDG molecule and its large head group.
(6) In the system consisting of two MGDG bilayers separated by a water layer containing 6,750 H2O molecules (15 H2O/MGDG) a MGDG stalk structure begins to form; the structure is visible as local vertical contacts of MGDG head groups from the apposing bilayer leaflets separated by water-filled tunnels (W15 system).
(7) The number of lipid-lipid and lipid-water interactions at the interface of the water-filled tunnel of the MGDG stalk structure is similar to that of the MGDG bilayer.
(8) The number of lipid-water interactions in the locally connected regions of the MGDG stalk structure is smaller than that at the interface of the MGDG bilayer.
(9) In the locally connected regions of the MGDG stalk structure both horizontal (between lipids from the same bilayer leaflet) and vertical (between lipids from apposing bilayer leaflets) inter-lipid H-bonds and water bridges are formed.
(10) The total number of lipid-lipid horizontal and vertical interactions in the locally connected regions of the MGDG stalk structure is greater than the number of horizontal lipid-lipid interactions in the MGDG bilayer.
(11) The number of lipid-water interactions in the MGDG HII phase is similar to that in the locally connected regions of the stalk structure and smaller than that in the MGDG bilayer.
(12) The number of inter-lipid H-bonds (horizontal) in the MGDG HII phase is greater than in the MGDG bilayer (horizontal) and similar to the total (horizontal and vertical) number of inter-lipid H-bonds in the locally connected regions of the MGDG stalk structure. The number of water bridges in the MGDG HII phase is greater than in the MGDG bilayer and moderately similar to the total (horizontal and vertical) number of water bridges in the locally connected regions of the MGDG stalk structure.
(13) From 11 to 12 one can conclude that when the nonlamellar phase is formed, the lipid-water interactions are, to some extent, replaced by lipid-lipid interactions.
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In algae and land plants, transport of fatty acids (FAs) from their site of synthesis in the plastid stroma to the endoplasmic reticulum (ER) for assembly into acyl lipids is crucial for cellular lipid homeostasis, including the biosynthesis of triacylglycerol (TAG) for energy storage. In the unicellular green alga Chlamydomonas reinhardtii, understanding and engineering of these processes is of particular interest for microalga-based biofuel and biomaterial production. Whereas in the model plant Arabidopsis thaliana, FAX (fatty acid export) proteins have been associated with a function in plastid FA-export and hence TAG synthesis in the ER, the knowledge on the function and subcellular localization of this protein family in Chlamydomonas is still scarce. Among the four FAX proteins encoded in the Chlamydomonas genome, we found Cr-FAX1 and Cr-FAX5 to be involved in TAG production by functioning in chloroplast and ER membranes, respectively. By in situ immunolocalization, we show that Cr-FAX1 inserts into the chloroplast envelope, while Cr-FAX5 is located in ER membranes. Severe reduction of Cr-FAX1 or Cr-FAX5 proteins by an artificial microRNA approach results in a strong decrease of the TAG content in the mutant strains. Further, overexpression of chloroplast Cr-FAX1, but not of ER-intrinsic Cr-FAX5, doubled the content of TAG in Chlamydomonas cells. We therefore propose that Cr-FAX1 in chloroplast envelopes and Cr-FAX5 in ER membranes represent a basic set of FAX proteins to ensure shuttling of FAs from chloroplasts to the ER and are crucial for oil production in Chlamydomonas.
Keywords: chloroplast, endoplasmic reticulum, fatty acid transport, microalgae, oil production
INTRODUCTION
In all living organisms, fatty acids (FAs) are essential building blocks for polar, membrane-building structural lipids and energy-storage acyl lipids, mainly represented by neutral triacylglycerol (TAG) molecules that accumulate in lipid droplets. In photosynthetically active eukaryotes, ranging from algae to land plants, de novo synthesis of FAs takes place in the plastid stroma (Troncoso-Ponce et al., 2015; Li-Beisson et al., 2019). After synthesis, FAs are assembled into acyl lipids either in plastids via the so-called prokaryotic pathway or in the endoplasmic reticulum (ER) by the eukaryotic pathway. In the ER, all phospholipids for non-plastid, cellular lipid bilayer membranes, as well as precursors for complex extracellular lipophilic compounds in land plants are produced [for an overview on algal/plant lipid metabolism see (Li-Beisson et al. (2013), Li-Beisson et al. (2015), Lavell and Benning (2019))]. Further, ER membranes are the site for the biogenesis of lipid droplets (LDs). These are filled with TAG storage oils that have been assembled from glycerol and three acyl chains, which have been delivered and shuttled from the plastid (Bates, 2016; Xu and Shanklin, 2016; Li-Beisson et al., 2019; Li-Beisson et al., 2021). Thus, for a proper function of cellular lipid homeostasis in plant and algal cells, transport and distribution of lipophilic compounds are indispensable and mediated by membrane transport proteins (Li et al., 2016; Li-Beisson et al., 2017; Lavell and Benning, 2019) as well as via membrane contacts between organelles or vesicular traffic (Hurlock et al., 2014; Block and Jouhet, 2015; Michaud and Jouhet, 2019).
The green, unicellular alga Chlamydomonas reinhardtii in the past two decades has emerged as model organism for studying photosynthesis, flagella, carbon metabolism and more recently for dissecting molecular mechanisms of TAG synthesis and storage in LDs (Merchant et al., 2012; Scranton et al., 2015; Takeuchi and Benning, 2019). Thus, in the recent years, a focus was on understanding and engineering FA and TAG biosynthesis as well as LD biogenesis and disassembly in Chlamydomonas cells (Blatti et al., 2013; Kim et al., 2018; Gu et al., 2021; Li-Beisson et al., 2021). Since plant lipid transport is best understood in Arabidopsis thaliana (Li et al., 2016; Li-Beisson et al., 2017; LaBrant et al., 2018; Lavell and Benning, 2019), this model plant serves as blueprint for studies in Chlamydomonas, especially for subcellular distribution and transport of FAs from plastids to the ER. In the ER membrane, primary active ABC transporters that mediate uptake of FAs and/or acyl-CoA into the ER lumen in Arabidopsis (Kim et al., 2013) and in Chlamydomonas (Jang et al., 2020) have been described. Both proteins, which belong to the same ABC transporter subfamily, are crucial for the accumulation of TAGs in seed tissue (At-ABCA9) and Chlamydomonas cells (Cr-ABCA2). For the export of FAs from plastids, members of the FAX protein family have been pinpointed since the discovery of FAX1 in Arabidopsis (Li et al., 2015). At-FAX1 inserts with four membrane-intrinsic α-helices into the inner envelope (IE) membrane of chloroplasts and is able to mediate FA transport across lipid bilayer membranes. Further, our detailed study of At-FAX1 knockout and overexpressing lines in Arabidopsis revealed that the function of FAX1 is important for cellular lipid homeostasis, e.g. for ER-produced TAG oils and phospholipids, cuticular wax composition and lipophilic biopolymers of the outer pollen cell wall (Li et al., 2015). In addition, it was shown that seed-specific overexpression of At-FAX1 increases seed oil content in Arabidopsis and that the FAX1 ortholog in Brassica napus contributes to seed oil production, as well (Tian et al., 2018; Xiao et al., 2021). Thus, in land plants, the function of plastid IE-intrinsic members from the FAX-protein family is clearly associated with a role in export of FAs from plastids and hence affects the homeostasis of lipid compounds throughout plant development (Li et al., 2015; Tian et al., 2018; Tian et al., 2019; Li et al., 2020; Zhu et al., 2020; Cai et al., 2021; Huang et al., 2021; Xiao et al., 2021).
In unicellular algae, potential plastid envelope FAX-proteins have been analyzed in the red and green algal model systems Cyanidioschyzon merolae (Takemura et al., 2019) and Chlamydomonas reinhardtii (Li et al., 2019), respectively. The protein Cm-FAX1 in C. merolae most likely represents the ortholog to Arabidopsis At-FAX1 and was localized to plastid envelopes by indirect immuno-fluorescence microscopy on C. merolae cells overexpressing a FLAG-tagged Cm-FAX1 protein (Takemura et al., 2019). Further, Takemura and co-workers (2019) could show that a Cm-FAX1 null mutant in comparison to wild-type cells has higher free fatty acid (FFA) content. In a Cm-FAX1 overexpressor strain, however, the FFA level was reduced but the amount of TAG storage lipids increased by about 2.4-fold. In Chlamydomonas, two FAX-like proteins, named Cr-FAX1 and Cr-FAX2 were examined by Li et al. (2019). Although any data on subcellular localization of these proteins is missing, the authors conclude that both have similar functions to At-FAX1 and are involved in export of FAs from chloroplasts to the cytosol in Chlamydomonas cells. This hypothesis is purely based on some conserved sequence motifs between At-FAX1 and the two Cr-FAX proteins, and the finding that alleged overexpressing strains of Cr-FAX1 and Cr-FAX2 accumulate more TAG than wild type and affect FA as well as polar lipid homeostasis (Li et al., 2019). The data presented by Li et al. (2019) is somewhat disappointing since the overexpression of both FAX proteins is only followed in one single strain per protein and was analyzed only at the transcript level. The increase in transcript content in overexpression strains compared to wild type was small, i.e. around 1.5- and 1.3-fold for Cr-FAX1 and Cr-FAX2, respectively (Li et al., 2019). Although proteins of the Arabidopsis FAX5/6 and FAX7 subfamilies are predicted to be in ER and/or secretory pathway membranes (Li et al., 2015), so far no function of FAX5/6 and FAX7 proteins associated with FA/lipid transport and homeostasis has been described in the green lineage. As part of our long-term effort in understanding FA and lipid transport in green photosynthetic cells, here we have investigated in detail the subcellular localization and impact on lipid homeostasis of two distinct groups of FAX proteins - i.e. FAX1 and FAX5/6 - in the green microalga Chlamydomonas.
MATERIALS AND METHODS
Strains and culture conditions
Chlamydomonas reinhardtii strain cw15-325 (cwd mt+ arg7 nit1+ nit2+) was used for transformation with amiRNA constructs (containing the ARG7 gene for selection). UVM4, which is derived from cw15-302 (cwd mt+ arg7 nit1- nit2-), was used for immunolocalization as well as overexpression of Cr-FAX1 and Cr-FAX5 due to reduced transgene suppression (Neupert et al., 2009). Cultures were grown mixotrophically in Tris–acetate-phosphate (TAP) medium (Kropat et al., 2011) on a rotary shaker (140 rpm) at 20°C and continuous light (30 µmol photons m−2 s−1). Growth was followed by determining the optical density of cultures at 750 nm (OD750) and the cell number (Supplementary Figure S1). For growing cw15-325 cells prior to transformation, arginine (100 μg/ml) was added to the medium. For lipid analyses, cells were cultivated at 25°C with constant continuous light (80–100 µmol photons m−2 s−1) in TAP liquid medium in conical glass flasks in incubators (Multitron, Infors HT) shaking at 120 rpm. Exponentially grown cells were counted with a Multisizer 4 (Beckman Coulter), and a fixed number of cells was harvested by centrifugation. Chlamydomonas strains were kept on TAP agar plates under constant light at 20–25°C in a culture room.
Generation of artificial microRNA constructs
The artificial microRNAs (amiRNAs) targeting Chlamydomonas Cr-FAX1 and Cr-FAX5 transcripts were designed with the WMD3 Web tool (Ossowski et al., 2008). The resulting oligonucleotides CrFAX1-amiFor, CrFAX1-amiRev, CrFAX5-amiFor, CrFAX5-amiRev (Supplementary Table S1) directed against the second exon of the respective FAX sequence (see Figure 1A), were annealed by boiling and slowly cooling-down in a thermocycler. The resulting DNA constructs were SpeI-subcloned into the pMS539 plasmid vector, which harbors the inducible NIT1 (nitrate reductase 1) promoter (Schmollinger et al., 2010). Screening for correct constructs was done as described by (Molnar et al., 2009) and verified by sequencing. One microgram plasmid DNA was transformed into strain cw15-325 using the glass beads method (Kindle, 1990).
[image: Figure 1]FIGURE 1 | Knockdown and overexpression constructs for Cr-FAX1 and Cr-FAX5 genes. (A) Schematic drawing of artificial microRNA (amiRNA) constructs for knockdown of Cr-FAX1 and Cr-FAX5. The amiRNAs directed against Chlamydomonas Cr-FAX1 (left) and Cr-FAX5 genes (right) are SpeI-subcloned into the pMS539 plasmid vector (top), which harbors the inducible NIT1 (nitrate reductase 1) promoter (for details see Schmollinger et al., 2010). The amiRNA generated by pMS539 targets regions in the second exons of Cr-FAX1 (left) and Cr-FAX5 (right), coding for amino acids 20–26 of mature Cr-FAX1 and 77–83 of Cr-FAX5, respectively. Base-pairing nucleotides of the amiRNA and Cr-FAX1, Cr-FAX5 mRNAs are shaded in turquoise. (B) Schematic drawing of level 1 constructs according to the MoClo syntax (Patron et al., 2015; Crozet et al., 2018) for overexpression of Cr-FAX1 and Cr-FAX5 genes. The following level 0 modules were assembled in destination vector pICH47742 (Weber et al., 2011). PSAD, promoter of photosystem I reaction center subunit II (position A1-B2); respective FAX gene (position B3-B4); multiSTOP sequence (B5); RPL23ter: terminator of 50S ribosomal protein L23 (B6-C1).
To evaluate the inducibility of the NIT1 promoter for knockdown of Cr-FAX1 and Cr-FAX5, the respective Chlamydomonas strains were grown to mid-log phase (OD750 between 0.3 and 0.5) in TAP medium containing 7.5 mM NH4Cl as nitrogen source. For induction of the NIT1 promoter, the nitrogen source was switched from ammonium to nitrate. To this end, cells were pelleted by centrifugation for 3 min at 1,500 g and 4°C. The supernatant was discarded, and the cells were washed twice with TAP medium containing 7.5 mM KNO3 as nitrogen source. Subsequently, growth continued in TAP-nitrate medium for up to 6 days.
Generation of FAX overexpression and mVenus constructs by modular cloning (MoClo)
Genomic DNA from Chlamydomonas was isolated as described in Spaniol et al. (2022). The genomic sequences for Cr-FAX1 and Cr-FAX5 were amplified by PCR and “domesticated” by removing endogenous, internal BbsI and BsaI restriction sites and introducing BbsI restriction sites at the 5′ and 3′ ends by PCR-based mutagenesis (for oligonucleotides see Supplementary Table S1). The respective PCR products were cloned into the recipient plasmid pAGM1287 by adding BbsI and T4 DNA ligase (Weber et al., 2011), resulting in level 0 constructs for Cr-FAX1, Cr-FAX5. According to the MoClo syntax (Patron et al., 2015; Crozet et al., 2018), the FAX genes were inserted at positions B3-B4. For level 1 constructs, the respective FAX gene, the PSAD promoter (position A1-B2), multiSTOP sequence (B5), RPL23 terminator (B6-C1), and the destination vector pICH47742 (Weber et al., 2011) were directionally assembled with BsaI and T4 DNA ligase (see Figure 1B). For mVenus fluorescent constructs in the chloroplast stroma and ER lumen, we assembled the following level 1 modules in pICH47742 (see Supplementary Figure S4B). Chloroplast targeted mVenus: HSP70A-RBCS2 hybrid promoter (A1-B1); the chloroplast transit peptide of universal stress protein A (USPA; B2); mVenus(i2), harboring the second intron of RBCS, plus stop codon (B3-B5); and the RPL23 terminator (B6-C1). ER-targeted mVenus: HSP70A-RBCS2 hybrid promoter (A1-B1); the signal peptide of BiP2 (B2); mVenus(i2), harboring the second intron of RBCS (B3-B4); the 3XHA+KDEL (ER retention signal) sequence (B5); and the RPL23 terminator (B6-C1).
Subsequently, the respective level 1 module was combined with a level 1 construct harboring the aadA gene conferring resistance to spectinomycin, a proper end-linker, and the destination vector pAGM4673 (Weber et al., 2011), digested with BbsI and ligated by T4 DNA ligase in order to obtain the final level 2 device for transformation. Transformations were carried out with the Chlamydomonas reinhardtii strain UVM4 with 1 µg plasmid DNA of the respective level 2 device using the glass beads method (Kindle, 1990). Selection of transformants was performed on TAP agar medium containing 100 μg/ml spectinomycin.
Isolation of proteins, membranes, and organelles
For the extraction of total cellular proteins, Chlamydomonas cells from 5–10 ml cultures were collected in mid-log growth phase (OD750 between 0.3 and 0.5, see Supplementary Figure S1) by centrifugation for 3 min at 1,500 g and 4°C. The cell pellet was resuspended in 60 µl DTT-carbonate buffer (0.1 M DTT, 0.1 M Na2CO3), to generate a homogenous solution prior to freezing at −20°C. After thawing, 55 µl SDS-sucrose buffer (5% [w/v] SDS, 30% [w/v] sucrose) was added and the sample was mixed thoroughly. Samples were then incubated at 99°C for 2 min, followed by 2 min on ice and insoluble material was removed by centrifugation at 16,000 g for 2 min. Next, the chlorophyll concentration of the supernatant, containing total cellular proteins, was determined. Chlorophyll was extracted with 80% acetone for 5 min on ice. After centrifugation at 16,000 g for 5 min, the absorption was measured at 645 and 663 nm. The chlorophyll concentration was calculated according to Porra and Scheer (1989): Chlorophyll [µg/µl] = [(A645 × 17.76) + (A663 × 7.34)].
For the isolation of total cellular membranes, cells were collected from 25 ml cultures grown to mid-log growth phase (3–5*106 cells/ml) by centrifugation for 5 min at 3,100 g (swing out buckets) and 4°C. The supernatant was discarded, and the cell pellet was resuspended in 1 ml lysis buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 0.25XcOmplete protease inhibitor cocktail [Roche]). 200 µl were directly used as the whole cell protein fraction for immunoblot analysis. The remaining cells were broken up by four cycles of freezing and thawing (liquid nitrogen and room temperature, respectively) and cellular membranes were pelleted by centrifugation for 30 min at 21,000 g and 4°C. The pellet, containing cellular membrane-intrinsic proteins was resuspended in 800 µl lysis buffer. The corresponding supernatant contained soluble cellular proteins and membrane vesicles of light density such as microsomes. The protein content of all fractions was determined by Bradford and BCA assays.
Chloroplast and microsomal membranes were isolated according to Jang et al. (2020). Therefore, cells were collected from 100 ml in mid-log growth phase (OD750 = 0.4–0.55, see Supplementary Figure S1) by centrifugation for 3 min at 1,500 g and 4°C. The cell pellet was resuspended in 40 ml homogenization buffer (250 mM sorbitol, 50 mM Tris-acetate pH 7.5, 1 mM EGTA-Tris pH 7.5, 2 mM DTT, 1XcOmplete protease inhibitor cocktail [Roche]). The suspension was kept at 4°C during homogenization by pulse sonication (UP50H [Hielscher, Germany]: cycle 0.4, intensity 20%). Subsequently, 20 ml of cell homogenate were subjected to serial centrifugation steps at 4°C, which precipitated non-broken cells and nuclei (500 g, 10 min), chloroplasts (3,000 g, 10 min), smaller organelles like mitochondria/peroxisomes (20,000 g, 30 min) and microsomes (100,000 g, 4 h, swing out rotor). The respective chloroplast and microsomal membrane pellets were each resuspended in 500 µl homogenization buffer and the protein content was determined by a BCA assay.
Immunoblot analysis
For immunoblot analyses, proteins from Chlamydomonas cells, organelles and membranes were separated by SDS-PAGE and transferred to PVDF membranes. Primary antisera were used in 1:1,000 dilution in TTBS buffer (100 mM TRIS-HCl, pH 7.5, 150 mM NaCl, 0.2% Tween-20, 0.1% BSA). Secondary anti-rabbit IgG horseradish peroxidase (Santa Cruz Biotechnology) was diluted 1:10,000 in TTBS. Blots were stained in ECL solution (Pierce ECL Western Blotting Substrate, Thermo Scientific) according to the manufacturer’s instructions and chemiluminescent signals were detected by the iBright1500 imaging system (Invitrogen). Cr-FAX1 and Cr-FAX5 antisera were raised in rabbit (Pineda Antibody Service, Berlin, Germany) against C-terminal peptide sequences of both proteins (see Figure 2A). For controls of chloroplast and microsomal fractions we used the following antisera, generated in rabbit: The antiserum against BiP luminal-binding protein (rabbit antibody, product No. AS09 481) was purchased from Agrisera (Sweden), α-Cr-ABCA2, directed against the ER-localized ABC transporter ABCA2 (Jang et al., 2020) was provided by Prof. Y. Lee, α-Lhcb4 for detection of thylakoid CP29 chlorophyll a/b binding protein of PSII from higher plants has been described previously (Duy et al., 2007).
[image: Figure 2]FIGURE 2 | FAX1 and FAX5/6 proteins in Chlamydomonas and Arabidopsis. (A) Sequence alignment of mature FAX1 and FAX5/6 proteins in Chlamydomonas and Arabidopsis. The four membrane-embedded α-helices (red boxes) within the Tmemb_14 domain (pfam PF03647 motif, green line) are depicted according to the Aramemnon consensus prediction AramTmCon for At-FAX1 (Schwacke et al., 2003). Oligopeptides used to generate antisera against Cr-FAX1 and Cr-FAX5 are specified by yellow boxes. Processing sites for stromal peptidases according to TargetP2.0 (Almagro Armenteros et al., 2019) are indicated by green triangles, the presumed ER signal peptide for Cr-FAX5 is depicted by a blue box. The most N-terminal peptides of mature Cr-FAX1 and At-FAX1, identified after peptide sequencing are highlighted by green boxes. Among the FAX-protein family in Arabidopsis, Cr-FAX1 shows highest similarity to At-FAX1 (26% aa identity) and Cr-FAX5 is most likely related to At-FAX5 (32% identical aas). Names, gene codes (AGI, Phytozome), and protein IDs (UniProt) are as follows: Cr-FAX1 (Cre10.g421750, A8ICM7), At-FAX1 (At3g57280, Q93V66), Cr-FAX5 (Cre08.g366000, A8J403), At-FAX5 (At1g50740, Q9C6T7), At-FAX6 (At3g20510, Q9LJU6). Note that our Cr-FAX1 and Cr-FAX5 correspond to CrFAX1 and CrFAX2, described in (Li et al., 2019), respectively. (B, C) Structural modelling of Cr-FAX1 and Cr-FAX5 (Phyre2; Kelley et al., 2015) revealed high similarity to the structure of human TMEM14C and TMEM14A proteins (confidence 99.7–99.9%). Depicted are 3D models of (B) Cr-FAX5 versus TMEM14C (PDB entry c2losA) and (C) versus TMEM14A (PDB entry c2lopA; right) generated by FirstGlance in Jmol (firstglance.jmol.org). Note that models of Cr-FAX1 (not shown) are highly similar to those of Cr-FAX5. The four α-helices (h1–h4) of the Tmemb_14 domain of FAX/TMEM14 proteins are depicted as red cylinders. N- and C-terminal ends of the proteins are highlighted by orange circles (NT) and red triangles (CT). Boundaries of a lipid bilayer membrane are indicated by gray, dashed lines.
For the detection of N-terminal peptides in mature Cr-FAX1 and At-FAX1 proteins, peptide sequencing of SDS gel slices of the same size as of the respective bands stained by antisera was carried out. To this end, a tryptic digest of PAGE separated proteins and mass spectrometric analysis was performed as described in Rütgers et al. (2017) on a TT6600 Instrument (AB Sciex). MS data analysis was performed with MaxQuant software v 1.6.0.1 using default settings including phospho-STY variable modifications and searching against proteins from Arabidopsis thaliana and Chlamydomonas reinhardtii derived from the UniProt database.
Immunofluorescence assays
UVM4 cells from 1 ml TAP medium culture grown to the mid-log phase (∼5*106 cells/ml, see Supplementary Figure S1) were fixed on poly-L-lysin coated Poly-Prep slides (Sigma). Positioning of chloroplasts and nuclei was determined visually by screening through images with a confocal laser scanning microscope (Leica LSM780). Subsequently, slides were dipped for 2 min in cold methanol (−20°C), followed by rinsing five times with phosphate-buffered saline (PBS: 27 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). Blocking of unspecific signals was achieved by incubation with 1% BSA in PBS for 30 min, again followed by rinsing five times with PBS solution. Primary antisera against Cr-FAX1 (1:1,000), Cr-FAX5 (1:1,000) or hemagglutinin (HA; 1:500; Agrisera, Sweden) were applied in PBS + 1% BSA for 3 h, followed by rinsing five times with PBS solution. Subsequently, all steps were performed in darkness and fixed cells were incubated with the secondary antibody anti-rabbit IgG-TRITC (IgG-tetramethylrhodamine-isothiocyanate; Sigma), diluted 1:250 in PBS + 1% BSA for 1 h. Fixed cells were washed five times with PBS solution before being overlayed with Prolong Gold antifade reagent (Invitrogen). Pseudo transmission images (PTI) as well as TRITC fluorescence signals (excitation at 561 nm, emission from 565 to 583 nm) were collected with an LSM780.
As controls for chloroplast stroma and ER lumen, signals from Chlamydomonas cells expressing mVenus fluorescent constructs were recorded. For this, the respective strains were grown to mid-log phase in TAP medium and immobilized by adding 2.5% glutaraldehyde. By centrifugation at 1,500 g, cells were concentrated and placed on a glass slide. Signals for mVenus fluorescence were collected from 520 to 564 nm with a confocal laser scanning microscope (Leica LSM780) after excitation at 512 nm. The laser line at 458 nm was used for excitation of chlorophyll signals, which were collected from 626 to 735 nm.
Lipid extraction and analyses
Total lipids were extracted from Chlamydomonas cells using a protocol based on isopropanol and methyl-tert-butyl ether (MTBE) extraction as detailed in Legeret et al. (2016). Briefly, cells were harvested in glass tubes by centrifugation at 3,200 g, 5 min at 4°C. Hot isopropanol (1 ml) containing 0.01% (w/v) butylated hydroxytoluene (BHT; pre-heated to 85°C) were added to the cell pellet, vortexed and heated up for 10 min at 85°C. Once cooled down, MTBE and water were added to reach a final ratio of isopropanol/MTBE/water of 1:3:1 (v/v/v). The mixture was vortexed and then phase separated by centrifugation at 4°C for 2 min at 3,200 g. The organic upper phase was transferred to a clean glass tube using a Pasteur pipette. An additional volume of MTBE was added to the cell pellet to extract remaining lipids, and again the upper phase collected after a brief centrifugation. The combined organic phases were then evaporated under a gentle stream of N2 and re-dissolved in a mixture of chloroform/methanol (2:1, v/v) and kept at −20°C until further analysis.
TAGs and polar lipids were quantified using a densitometry method after being separated from each other using Thin Layer Chromatography (TLC) techniques. An ATS5 autosampler (Camag Switzerland) was used to deposit lipid extracts to a silica TLC plate made of silica gel 60 F254 (Merck KGaA, Germany). Lipid classes were then separated by developing the plate in an ADC2 automatic developing chamber (Camag) using a hexane/diethyl ether/acetic acid (17/3/0.2, v/v/v) solvent mixture for TAG analysis or acetone/toluene/water (91/30/8, v/v/v) solvent mixture for polar lipid analysis. TLC plates were thoroughly dried under the hood, before being dipped for 6 s in a solution containing CuSO4 reagent (20 g CuSO4, 200 ml methanol, 8 ml H2SO4, 8 ml H3PO4), heated at 141°C for 30 min on a TLC plate heater and finally scanned using a TLC Scanner 3 with WinCATs software (Camag). TAG or polar lipids were then quantified by comparing to a curve generated with corresponding lipid standard (Sigma-Aldrich, Saint-Louis, United States; Larodan Fine Chemicals AB, Malmö, Sweden). Lipid standards used were triheptadecanoin (C17:0 TAG, Sigma-Aldrich, Saint-Louis, United States), monogalactosyl-distearoylglyceride (MGDG; Larodan Fine Chemicals AB, Malmö, Sweden), digalactosyl-distearoylglyceride (DGDG; Larodan Fine Chemicals AB), 1,2-dipalmitoyl-sn-glycerol-3-phospho-(1′-rac-glycerol) (PG; Avanti Polar Lipids, AL, United States) and 1,2-dipalmitoyl-sn-glycerol-3-phospho-ethanolamine (PE; Avanti Polar Lipids).
For fatty acid composition analysis, a fraction of the extracted lipids or whole cells were converted to fatty acid methyl esters (FAMEs) using an acid-based transmethylation. Briefly, to cell pellet or total lipid extracts, 1 ml of 5% H2SO4 in methanol was added in a glass tube with a Teflon-lined screw cap. In addition, we added 0.01% BHT (final concentration) and 250 µl of toluene to improve solubility when TAG content is high. The internal standard used was triheptadecanoin (C17:0 TAG). The mixture was heated up at 85°C for 1.5 h. Once cooled down, hexane and 1 ml of 0.9% NaCl solution was added to extract FAMEs and allow phase separation. After centrifugation, the upper organic phase was transferred to a new tube and dried under a stream of N2, then analyzed by a GC-MS detailed in Legeret et al. (2016).
All lipid data were analyzed by student t-test (double sided p-value: ***p < 0.001; **p < 0.01; *p < 0.05).
RESULTS
Chlamydomonas contains four FAX proteins with distinct structural features
When we examined publicly available databases, we identified four FAX-like proteins in Chlamydomonas reinhardtii (Table 1). According to TargetP 2.0 predictions (Almagro Armenteros et al., 2019), the proteins encoded by Cre10.g421750 and Cre08.g383300 are in chloroplasts and possess cleavable, N-terminal transit peptides of 54 and 37 amino acids (aa), respectively. In contrast, the protein corresponding to Cre08.g366000 is expected to hold an N-terminal signal peptide of 29 aa for the ER, and no prediction for subcellular targeting of the gene product from Cre09.g387838 was possible (Table 1). All four Cr-FAX proteins are annotated to belong to the FAX/TMEM14 protein family (PANTHER “transmembrane protein 14” subfamily, PTHR12668) and contain the FAX-like Tmemb_14 domain (Pfam entry PF03647) with four conserved α-helical domains (Figure 2 and Supplementary Figure S2A). In comparison with sequences and motifs of the plant FAX protein family, we found that the chloroplast predicted Cre10.g421750 and Cre08.g383300 are most similar to FAX1- and FAX3-subfamilies, respectively (Supplementary Figure S2). Thus, in the following we refer to Cre10.g421750 as Cr-FAX1 and to Cre08.g383300 as Cr-FAX3 (Table 1). The protein encoded by Cre08.g366000 we named Cr-FAX5, since it most likely represents the ortholog to At-FAX5, and Cre09.g387838/Cr-FAX7 corresponds to At-FAX7 (Figure 2 and Supplementary Figure S2). Note that Cr-FAX1 is identical to the protein named CrFAX1 by Li et al. (2019). For our Cr-FAX5, however, Li and coworkers chose the name CrFAX2, although no similarity to the seed-plant and plastid-specific FAX2 proteins [see Figure 2A; Supplementary Figure S2B and Tian et al. (2019), Li et al. (2020)] can be found.
TABLE 1 | FAX proteins in Chlamydomonas reinhardtii.
[image: Table 1]The mature Cr-FAX1 protein is predicted to have 14.3 kDa and within the Tmemb_14 domain contains the typical peptide stretches identified for the plant FAX1 subfamily (Figure 2A). Besides the confirmed cleavage site for a chloroplast stromal peptidase, in particular the C-terminal “GGNPPKK” motif and the highly conserved sequence in the first α-helix classify Cr-FAX1 to be a FAX1-like protein. Structural modelling revealed that like for At-FAX1 [see Li et al. (2015)], the structure of Cr-FAX1 with high similarity fits to that documented for the human TMEM14C and TMEM14A proteins (Figures 2B,C; Klammt et al., 2012). Thus, most likely the third α-helix of Cr-FAX1 has an amphiphilic character and orients perpendicular to the lipid bilayer membrane. Analogous to At-FAX1, also the first helix of Cr-FAX1 shows amphiphilic character due to conserved hydrophilic residues at the N-terminal end and thus might be somewhat tilted vertically inside the membrane. Further, this first α-helix of the Tmemb_14 domain of Cr-FAX1 is not only highly similar to At-FAX1, but also to Cr-FAX5 and At-FAX5/At-FAX6, another conserved feature of plant FAX1- and also of FAX5/6-subfamilies. The FAX5/6 subfamily is conserved throughout plant species, but not always represented by two gene copies like for the presumed paralogs At-FAX5, At-FAX6 in Arabidopsis (Könnel et al., 2019). Cr-FAX5 is most similar to At-FAX5 (Table 1) and in the green microalga Chlamydomonas represents the only FAX5/6-like protein that could be identified. In consequence, we classify Cr-FAX5 to be the Chlamydomonas member of the plant FAX5/6 group. The molecular mass of Cr-FAX5 is calculated to be 12.7 kDa and an N-terminal ER signal-peptide that includes the first α-helix of the Tmemb_14 domain is predicted (Table 1 and Figure 2). Again, the topology of Cr-FAX5 can be modeled to that of hm-TMEM14C and TMEM14A (Figures 2B,C). We therefore conclude that Cr-FAX1 and Cr-FAX5 have a very similar topology inside the lipid bilayer membrane: 1) When modeled according to hm-TMEM14C the third α-helix of Cr-FAX1 and Cr-FAX5 represents a “classical,” type II amphiphilic helix (Gkeka and Sarkisov, 2010), which plunges into the lipid bilayer parallel to the membrane surface (Figure 2B). Helix 1 of Cr-FAX1 and Cr-FAX5 in this model instead represent type III amphiphilic helices where hydrophilic residues are clustered only at the N-terminal end and thereby the membrane-spanning helix is tilted vertically inside the membrane [compare Könnel et al. (2019)]. 2) In comparison to hm-TMEM14A, however, the first α-helix of Cr-FAX1/FAX5 would be perpendicular to the lipid bilayer membrane, whereas helix 3 and 4 would be tilted vertically (Figure 2C). Because both structural models appear with highest confidence (99.7–99.9% by Phyre2; Kelley et al., 2015), we cannot assign the final membrane topology for FAX1 and FAX5/6 proteins, however, in both models helices 1 and 3 display an amphiphilic character.
In addition to Cr-FAX1 and Cr-FAX5 that have been described simplistically earlier [see Li et al. (2019)], we could identify two more FAX proteins in Chlamydomonas, i.e. Cr-FAX3 and Cr-FAX7 (Table 1 and Supplementary Figure S2). Cr-FAX3 is most similar to At-FAX3 and, in addition to a cleavable, N-terminal chloroplast transit peptide, has a poly-glycine region N-terminally of the Tmemb_14 domain, which is typical for all plant FAX3 proteins (Supplementary Figure S2A). The mature Cr-FAX3 has a predicted mass of 15.7 kDa. The protein encoded by Cre09.g387838 has about 11.2 kDa and is related to At-FAX7 (Table 1 and Supplementary Figure S2) and therefore was named Cr-FAX7. Like for At-FAX7, no targeting peptide for subcellular localization could be predicted for Cr-FAX7 (Table 1).
Since Cr-FAX1 and Cr-FAX5 have very similar structural features and appear to represent a basic set of chloroplast (Cr-FAX1) and ER (Cr-FAX5) predicted FAX proteins, which is conserved throughout the plant kingdom [compare also Könnel et al. (2019)], we chose to further characterize these two proteins in Chlamydomonas.
Cr-FAX1 is in chloroplast membranes and Cr-FAX5 in ER membranes of Chlamydomonas cells
To experimentally verify the subcellular localization of Cr-FAX1 and Cr-FAX5 proteins in Chlamydomonas cells, we generated antisera against C-terminal peptides of both proteins (Figure 2A). Subsequently, we used our antisera, specific for Cr-FAX1 and Cr-FAX5, for immunohistochemical staining. After incubation with a fluorescent secondary antibody, we thereby could follow in situ localization in wild-type Chlamydomonas cells. For Cr-FAX1, we could detect specific fluorescent signals in the chloroplast envelope (Figure 3). Compared to respective controls in the literature, Cr-FAX1 has a rather non-homogeneous distribution in the chloroplast envelope, similar to the protein import translocon protein Tic20 [see Mackinder et al. (2017)]. Cr-FAX5 signals, however, clearly associated with non-chloroplast membranes connected to the nucleus (Figure 4). In comparison to fluorescent signals of an ER targeted mVenus control (Figure 4B) and to the ER lumen protein BiP (Mackinder et al., 2017), we deduce that these membranes belong to the ER.
[image: Figure 3]FIGURE 3 | Cr-FAX1 can be found in the chloroplast envelope of Chlamydomonas. (A) In situ immunofluorescence signals of α-CrFAX1 in Chlamydomonas cells. Intact, fixed wild-type UVM4 C. reinhardtii cells were treated with α-CrFAX1 antiserum and signals of the secondary antibody were detected by coupled fluorescence of TRITC (tetramethylrhodamine-isothiocyanate). Shown are pseudo transmission images (PTI), pictures of TRITC-fluorescence (green) and an overlay of both. A cartoon (left) illustrates positioning and organelles of the respective Chlamydomonas cells that were recorded prior to antiserum treatment. Location of the chloroplast envelope and its lobes is indicated by a yellow dashed line (α-CrFAX1/TRITC upper panel). TRITC fluorescence was excited at 561 nm and recorded between 565 and 583 nm by a Leica LSM780 confocal microscope. For a background control of unspecific TRITC fluorescence in comparison to chlorophyll, see Supplementary Figure S4A. c, chloroplast; cw, cell wall; n, nucleus; p, pyrenoid. (B) Fluorescence signals of chloroplast controls. Intact, fixed C. reinhardtii cells of an UVM4 strain transformed with an mVenus-fluorescence construct, which is targeted to the chloroplast stroma, were examined by fluorescence microscopy. Shown are pseudo transmission images (PTI) as well as chlorophyll (purple) and mVenus (yellow) fluorescence and an overlay of both. (mVenus: excitation at 514 nm, emission at 520–564 nm; chlorophyll: excitation at 458 nm, emission at 626–735 nm; Leica LSM780 confocal microscope). Note that the soluble mVenus construct in (B) shows signals in the chloroplast stroma and the pyrenoid, while chlorophyll fluorescence (B) and α-CrFAX1 signals in (A) only appear at thylakoid and envelope membranes, respectively. All scale bars are 5 μm.
[image: Figure 4]FIGURE 4 | Cr-FAX5 can be found in ER membranes of Chlamydomonas. (A) In situ immunofluorescence signals of α-CrFAX5 in Chlamydomonas cells. Intact, fixed wild-type UVM4 C. reinhardtii cells were treated with α-CrFAX5 antiserum and signals of the secondary antibody were detected by coupled fluorescence of TRITC (tetramethylrhodamine-isothiocyanate). Shown are pseudo transmission images (PTI), pictures of TRITC-fluorescence (green) and an overlay of both. A cartoon (left) illustrates positioning and organelles of the respective Chlamydomonas cells that were recorded prior to antiserum treatment. TRITC fluorescence was excited at 561 nm and recorded between 565 and 583 nm by a Leica LSM780 confocal microscope. For a background control of unspecific TRITC fluorescence in comparison to chlorophyll, see Supplementary Figure S4A. c, chloroplast; cw, cell wall; n, nucleus; p, pyrenoid. (B) Fluorescence signals of an ER lumen control. Intact, fixed C. reinhardtii cells of an UVM4 strain transformed with an mVenus-fluorescence construct, which is targeted to and retained in the ER lumen, were examined by fluorescence microscopy. Shown are pseudo transmission images (PTI) as well as chlorophyll (purple) and mVenus (yellow) fluorescence and an overlay of both (mVenus: excitation at 514 nm, emission at 520–564 nm; chlorophyll: excitation at 458 nm, emission at 626–735 nm; Leica LSM780 confocal microscope). Note that the signals of mVenus in the ER lumen (B) and of α-CrFAX5 (A) are very similar surrounding the nucleus and do neither overlap with chloroplasts or chlorophyll fluorescence. All scale bars are 5 μm.
Testing of our antisera by immunoblot analysis on proteins from a crude membrane preparation of wild-type Chlamydomonas cells confirms the predicted molecular mass of mature Cr-FAX1 (about 14 kDa) and of Cr-FAX5 (around 11–12 kDa; Supplementary Figure S3A). Moreover, peptide sequencing of a respective SDS gel slice at 14 kDa, exactly validated the predicted processing site of a chloroplast stromal peptidase (compare Figure 2A). Thus, we can conclude that Cr-FAX1 has a cleavable, N-terminal transit peptide of 54 aa and that the mature, processed Cr-FAX1 protein of 14.3 kDa is 145 amino acids long. Because signals of Cr-FAX5 antisera appeared at approximately 11–12 kDa (Supplementary Figure S3A), we assume that the predicted N-terminal, α-helical ER signal-sequence is actually a signal anchor sequence that is not cleaved, as observed for type II integral membrane proteins in the ER (Liaci and Forster, 2021). Indeed, with 19 aa, the first hydrophobic α-helix of Cr-FAX5 is a bit too long to act as cleavable signal peptide. Furthermore, the required small, hydrophobic residues at position -1 and -3 relative to the predicted protease cleavage site are not exactly positioned in Cr-FAX5 (compare with Figure 2A). We thus conclude that the full Cr-FAX5 protein is 121 amino acids long and has a molecular mass around 12 kDa (see Table 1). As expected, the signal of α-Cr-FAX1 was highly enriched in fractionated membrane proteins, which in Chlamydomonas cells primarily consist of chloroplast integral membrane proteins as documented by the control Lhcb4 (Supplementary Figure S3A). Remarkably, signals for Cr-FAX5 appeared in the supernatant and not in the pellet of the crude membrane preparation, indicating that this protein most likely localizes to non-chloroplast, light membrane fractions. To further follow Cr-FAX1 and Cr-FAX5 localization, we separated Chlamydomonas chloroplasts and microsomes from other organellar membranes by differential centrifugation, which in particular is described for purification of microsomal membranes. After immunoblot analysis, we here again observed that Cr-FAX1 is in chloroplast membranes. Cr-FAX5 in contrast to Cr-FAX1 and well in line with the in situ immunolocalization, clearly associated with the microsomal fraction and co-localized with signals of antisera against the ER-membrane integral Cr-ABCA2 (Jang et al., 2020) and BiP (binding immunoglobulin protein), a marker for the ER lumen (Supplementary Figure S3B).
In summary, we could show by two direct immunological approaches on purified membrane proteins and in situ on intact Chlamydomonas wild-type cells, that Cr-FAX1 integrates into the chloroplast envelope and that Cr-FAX5 is an integral membrane protein of the ER. Thus, the mature Cr-FAX1 inserts with its four hydrophobic α-helical domains into a chloroplast envelope membrane, which due to the presence of a classical N-terminal chloroplast transit peptide and in comparison to Arabidopsis and pea FAX1 (Li et al., 2015), most likely is the chloroplast IE. Cr-FAX5 appears to be a type II integral membrane protein of the ER, which contains a signal anchor sequence in the first hydrophobic α-helix.
The oil content can be manipulated by varying Cr-FAX1 or Cr-FAX5 protein levels
To dissect the function of the two FAX proteins in lipid homeostasis, we generated mutant lines using an artificial microRNA (amiRNA) approach (Figure 1A). Two independent lines for each gene were validated as true and constitutive knockdown of Cr-FAX1 or Cr-FAX5, respectively as shown by immunoblot (Figure 5A). In addition, these immunoblots verified the specificity of our antisera α-CrFAX1 and α-CrFAX5 (compare Supplementary Figure S3) as well as the apparent molecular mass of the mature Cr-FAX1 and Cr-FAX5 proteins (see above and Table 1). Although under control of the inducible NIT1 (nitrate reductase 1) promoter (Schmollinger et al., 2010), the strains kd-C#22, kd-C#24 for Cr-FAX1 and kd-E#22, kd-E#28 for Cr-FAX5 (Figure 5A and Supplementary Figure S5) constitutively showed a strong reduction of FAX proteins. This constitutive activity of the NIT1 promoter in some transformants most likely is due to position effects imposed by the chromatin structure at the ectopic integration site of the transgene in the genome (Schroda, 2019). The strains C#12 and E#4, however, without NIT1 induction did not exhibit reduced Cr-FAX1 and Cr-FAX5 protein levels, respectively (compare Supplementary Figure S5). Therefore, we used these two lines as controls with wild type-like Cr-FAX1 and Cr-FAX5 protein content under non-inducing growth conditions. Lipid analysis of exponentially grown cells showed that all four Cr-FAX knockdown strains made around 60% less TAG than their corresponding control lines (Figure 5B). Among all membrane lipids, only DGDG and DGTS (diacylglyceryl-trimethyl-homoserine) showed significant reduction by 15 and 45%, respectively, in the Cr-FAX5 knockdown lines (Supplementary Figure S6A). Knockdown of Cr-FAX1, however, did not result in any variations in content of polar lipid classes. Further, the total lipid content and the distribution of different FA species in all lipids analyzed did not change in any of the Cr-FAX1, Cr-FAX5 knockdown strains when compared to the respective controls (Supplementary Figures 6B,C).
[image: Figure 5]FIGURE 5 | Knockdown of Cr-FAX1 and Cr-FAX5 affects oil content in Chlamydomonas. (A) Knockdown of Cr-FAX1 and Cr-FAX5 in cw15-325 Chlamydomonas cells. Immunoblot analysis of Cr-FAX1 and Cr-FAX5 in protein extracts from Chlamydomonas cells that were transformed with amiRNA knockdown constructs for Cr-FAX1 (kd-C, upper panels) and for Cr-FAX5 (kd-E, lower panels) under control of the inducible NIT1 promoter (see Figure 1A). Proteins were extracted from cells of the independently derived Cr-FAX1 strains kd-C#22, kd-C#24, co-C#12 and Cr-FAX5 strains kd-E#28, kd-E#22, co-E#4 as well as the respective untransformed parental strain cw15-325 (pl). Equal amounts of proteins (isolated from the same quantity of cells corresponding to 2 μg chlorophyll) were separated by SDS-PAGE and subjected to immunoblot analysis using antisera directed against Cr-FAX1 (upper panels) and Cr-FAX5 (lower panels). Numbers indicate molecular mass of proteins in kDa. Note that all protein samples were extracted from non-induced Chlamydomonas cells, i.e., knockdowns result from leaky expression of the NIT1 promoter. While for the strains kd-C#22, kd-C#24, and kd-E#22, kd-E#28, we observed a strong reduction of Cr-FAX1 and Cr-FAX5 proteins, respectively, the strains co-C#12, co-E#4 showed no knockdown effect under these conditions and thus were used as control (co) lines. All boxed immunoblot signals were generated on one identical blot with equal amounts of sample loaded. Signals of other strains, which are not subject of this study, have been removed as indicated by gray, dotted lines (compare Supplementary Figure S5). (B) Knockdown (kd) of chloroplast Cr-FAX1 and ER-localized Cr-FAX5 decreases TAG oil content in Chlamydomonas cells. Two independently generated C. reinhardtii strains each for knockdown of Cr-FAX1: lines kd-C#22 (green) and kd-C#24 (light green), and Cr-FAX5: lines kd-E#22 (blue) and kd-E#28 (light blue) as well as the respective control lines with wild-type levels for Cr-FAX1 (co-C#12; white) and Cr-FAX5 (co-E#4; gray) were grown in TAP medium and harvested in the exponential growth phase for determination of neutral lipids via thin layer chromatography (TLC). For protein levels in all lines see (A). TAG neutral lipids [μg/106 cells] were quantified densitometrically after separation by TLC from five individual liquid cultures of each strain (n = 5 ± SD). p-values for significantly different TAG content when compared to the respective control strains (co-C#12 for Cr-FAX1kd, co-E#4 for Cr-FAX5kd) are indicated (double-sided student t-test): *** p < 0.001.
To further elucidate the impact of Cr-FAX proteins on lipid homeostasis in Chlamydomonas, we generated overexpression lines for each gene Cr-FAX1 and Cr-FAX5 (Figure 1B) under control of the constitutive and strong promoter for photosystem I reaction center subunit II (PSAD; Fischer and Rochaix, 2001). Overexpression in two independent strains for each Cr-FAX1 (ox-C#8, ox-C#12) and Cr-FAX5 (ox-E#1, ox-E#8) was confirmed by immunoblotting (Figure 6A and Supplementary Figure S7). Lipid analysis in these lines revealed that overexpression of Cr-FAX1 in Chlamydomonas almost doubled the TAG content when compared to the parental strain UVM4 (Figure 6B). Overexpression of Cr-FAX5, however, did not bring any difference in TAG levels, but showed a mild reduction in MGDG and DGDG polar lipids (Supplementary Figure S8A). Similar to the knockdown lines, the total lipid content in all overexpression strains did not substantially change in comparison to the UVM4 parental line (Supplementary Figure S8B). However, some modifications could be observed in the distribution of FA molecule species (Supplementary Figure S8C): most prominent was a reduction of C16:1(7) and the C18:1(9) FAs in lipids from all overexpression strains for Cr-FAX1 or Cr-FAX5, respectively.
[image: Figure 6]FIGURE 6 | Overexpression of Cr-FAX1 affects oil content in Chlamydomonas. (A) Overexpression of Cr-FAX1, Cr-FAX5 in UVM4 C. reinhardtii cells. Immunoblot analysis of Cr-FAX1 (top) and Cr-FAX5 (bottom) in protein extracts from Chlamydomonas cells that were transformed with overexpression constructs for Cr-FAX1 (ox-C) and Cr-FAX5 (ox-E) under control of the constitutive PSAD promoter (see Figure 1B). Proteins were extracted from cells of independently derived Cr-FAX1ox strains C#12, C#8 (top) and Cr-FAX5ox strains E#1, E#8 (bottom) as well as the respective untransformed, parental strain UVM4. Equal amounts of proteins (isolated from the same quantity of cells corresponding to 2 μg chlorophyll) were separated by SDS-PAGE and subjected to immunoblot analysis using antisera directed against Cr-FAX1 or Cr-FAX5. Numbers indicate molecular mass of proteins in kDa. The increase in protein amount compared to UVM4 could be estimated to be around 1.8-fold for both Cr-FAX1ox C#8 (1.83 ± 0.13), C#12 (1.79 ± 0.16) and at 2.7-fold, 2.5-fold for Cr-FAX5ox E#1 (2.72 ± 0.38) and E#8 (2.47 ± 0.07), respectively (n = 3–4 independent immunoblots ± SD). Note that all boxed immunoblot signals were generated on one identical blot (see Supplementary Table S7). Signals of other mutant lines, which are not subject of this study, have been removed as indicated by gray, dotted lines. (B) Overexpression of chloroplast Cr-FAX1 increases TAG oil content in Chlamydomonas cells. Two independently generated C. reinhardtii strains (see (A)) each for overexpression of Cr-FAX1: lines ox-C#8 (green) and ox-C#12 (light green), and Cr-FAX5: lines ox-E#1 (blue) and ox-E#8 (light blue) as well as the respective wild-type parental strain UVM4 (white) were grown in TAP medium and harvested in the exponential growth phase for determination of neutral lipids via TLC. TAG neutral lipids [μg/106 cells] were quantified densitometrically after separation by TLC from five individual liquid cultures of each strain (n = 5 ± SD). p-values for significantly different TAG contents when compared to UVM4 are indicated (double-sided student t-test): ** p < 0.01.
In summary, knockdown of both Cr-FAX1 and Cr-FAX5 led to a strong decrease in TAG levels in Chlamydomonas, whereas overexpression only of the chloroplast Cr-FAX1 almost doubled the TAG content. Effects on polar lipids and FA species in acyl lipids, however, were only marginal. Since all mutant strains grew normally under standard cultivation conditions (Supplementary Figure S9), we conclude that changes in TAG content are a direct effect of changing Cr-FAX protein levels.
DISCUSSION
In this study, we provide a general overview on FAX proteins in the green microalga Chlamydomonas reinhardtii in comparison to the model plant Arabidopsis thaliana. With Cr-FAX1/Cr-FAX5 and, most likely, also with Cr-FAX3/Cr-FAX7, Chlamydomonas appears to harbor two basic sets of FAX proteins, in which one FAX is targeted to membranes of chloroplasts (FAX1 and FAX3) and the other to the ER/secretory pathway (FAX5 and FAX7). Members of FAX2 and FAX4 subfamilies, which can be found in land plants, appear to be absent in the Chlamydomonas genome. Due to similar secondary structure and conserved amino acid sequence motifs of Cr-FAX1 and Cr-FAX5, an analogous function of both membrane proteins is likely. Since Cr-FAX1 is predicted to be localized to the chloroplast envelope and Cr-FAX5 to ER/secretory pathway membranes, we chose to verify their subcellular localization and to investigate their function. In contrast to a previous report, where the protein equivalent to Cr-FAX5 was assumed to be in chloroplasts (Li et al., 2019), here by in situ immunolocalization we show unequivocally that Cr-FAX5 in Chlamydomonas cells is targeted to ER membranes. Although an N-terminal ER signal sequence is weakly predicted for Cr-FAX5, the protein of around 12 kDa (121 amino acids) most likely is not processed and represents a type II integral membrane protein of the ER (Liaci and Forster, 2021). Further, we provide experimental evidence that Cr-FAX1 inserts into the chloroplast envelope. Due to determination of the processing site for a chloroplast stromal peptidase by peptide sequencing, we conclude that the mature Cr-FAX1 protein contains 145 amino acids with a molecular mass of about 14.3 kDa. Whereas in the unicellular red alga C. merolae, chloroplast envelope localization of the FAX1 ortholog Cm-FAX1 was demonstrated on overexpression strains with FLAG-tagged Cm-FAX1 (Takemura et al., 2019), our studies rely on endogenous protein levels in non-modified UVM4 cells, detected by specific antisera for Cr-FAX1 and Cr-FAX5. In comparison to the IE-membrane intrinsic At-FAX1 and Ps-FAX1 (Li et al., 2015), Cr-FAX1 with its four α-helical domains most likely integrates into the IE membrane of Chlamydomonas chloroplasts as well. In comparison to proteolytic pattern of Ps-FAX1 in purified IE membrane vesicles from pea chloroplasts (JP and KP, unpublished results), Cr-FAX1 presumably orients with the N-terminus to the stroma and the C-terminus exposed to the inter membrane space (Figure 7). Because in Chlamydomonas as well as in Arabidopsis [compare Könnel et al. (2019)], secondary structure and the predicted membrane topology of mature FAX1 and FAX5 proteins are very similar, we suppose that Cr-FAX1 and Cr-FAX5 function in the same metabolic pathway in chloroplast envelope and ER membranes, respectively.
[image: Figure 7]FIGURE 7 | Contribution of Cr-FAX1 and Cr-FAX5 for oil synthesis in Chlamydomonas. According to our working hypothesis, Cr-FAX1 with its 4 α-helical domains (green) integrates in an asymmetric fashion into the inner envelope (IE) membrane of chloroplasts. Most likely the N-terminus is in the stroma (str) and the C-terminus in the intermembrane space (ims). In comparison to proteolytic pattern of Ps-FAX1 in purified IE membrane vesicles from pea chloroplasts (JP and KP, unpublished results), Cr-FAX1 presumably orients with the N-terminus to the stroma and the C-terminus exposed to the ims. Upon proteolysis of this C-terminus of Ps-FAX1, intermediate bands can be detected by an antiserum directed against an N-terminal peptide stretch (JP and KP, unpublished results). Since the C-terminus of the structural model shown in Figure 2C is almost completely protected by the lipid bilayer, the model of Figure 2B, which is adapted here, is more likely to lead to these intermediate band pattern. Cr-FAX5 (turquoise) in a similar fashion sits in the membrane of the endoplasmic reticulum (ER). De novo fatty acid synthesis (FAS) occurs in the chloroplast stroma and the acyl-ACP thioesterase 1 (FAT1) generates free fatty acids (FFA) for export mediated by FAX1. The transport mode for FAs across the outer envelope (OE) membrane still is unclear. Import of FFAs and/or acyl-CoA into the ER occurs via the ABC transporter ABCA2 and with the help of FAX5. If both proteins act together or represent different FA import routes remains to be elucidated. However, function of ABCA2 and FAX5, most likely contributes acyl chains for triacylglycerol (TAG) synthesis and assembly in the ER. As described in the text, we assume that FAT1, FAX1, FAX5 and LACS1 (long chain acyl CoA synthetase 1) function in the same transport pathway from chloroplast to the ER for fueling FAs into TAG oil synthesis.
To test this assumption, we generated amiRNA knockdown strains for Cr-FAX1 and Cr-FAX5 in Chlamydomonas, resulting in a drastic reduction of FAX protein levels. In land plants, the function of plastid-intrinsic FAX-proteins is associated with a role in export of FAs from plastids and hence an effect on the homeostasis of lipid compounds throughout plant development (Li et al., 2015; Tian et al., 2018; Tian et al., 2019; Li et al., 2020; Zhu et al., 2020; Cai et al., 2021; Huang et al., 2021; Xiao et al., 2021). The in planta task of ER-localized FAX5/6, to our knowledge, has not been elucidated yet. In consequence, we here studied the impact of reduced levels of Cr-FAX1 and Cr-FAX5 proteins on lipid homeostasis in Chlamydomonas. Remarkably, knockdown lines for both Cr-FAX1 and Cr-FAX5 exhibited a strong and reproducible decrease in ER-made TAG, with levels down to 30% of controls in both Cr-FAX1 knockdowns, and to 18 and 28% in the two Cr-FAX5 knockdowns. The total lipid content and distribution of FA-molecule species in acyl lipids did not change and polar lipids were only slightly affected in Cr-FAX5 knockdowns, indicating that potential membrane lipid remodeling (Young and Shachar-Hill, 2021) to compensate for the reduction in TAG does not occur. However, the pronounced reduction of the ER-produced DGTS to 46 and 62.5% in both Cr-FAX5 knockdown lines points to an ER-specific function of Cr-FAX5 in lipid synthesis. Thus, in Chlamydomonas we can provide a proof of principle for the implication of chloroplast FAX1 proteins in TAG production and show that a FAX5 protein in the ER membrane is involved in the same physiological process, most likely the transfer of FAs from chloroplasts into the ER for assembly of acyl lipids (Figure 7).
In comparison to the Chlamydomonas ER membrane-intrinsic ABC-transporter CrABCA2, which most likely imports FAs and/or acyl-CoA into the ER and has been described to be crucial for TAG accumulation under nitrogen deprivation (Jang et al., 2020), the contribution of Cr-FAX1 and Cr-FAX5 to TAG assembly appears to be stronger. Knockdowns of CrABCA2 only reduced TAG levels to 70–80% of the corresponding wild type, although values are difficult to compare because of different Chlamydomonas strains, promoters, and growth conditions. Knockdowns for Cr-FAX1 have not been described in the literature, however, a knockout strain of the C. merolae ortholog Cm-FAX1 did not affect red algal TAG levels (Takemura et al., 2019). In Arabidopsis, the loss of At-FAX1 function leads to a decrease in TAG content by only 4.3–7.2% in leaf and flower tissue, respectively. Thus, the effect of reduced chloroplast Cr-FAX1 protein levels on TAG production in Chlamydomonas appears to be more stringent and direct than in C. merolae and Arabidopsis. In Arabidopsis, redundancy of plastid IE- localized FAX proteins – i.e. FAX1, FAX2, FAX3, FAX4 – might compensate for the loss of FAX1 in single knockouts, while in Chlamydomonas only the chloroplast predicted Cr-FAX3 could functionally replace Cr-FAX1.
To further track the function of FAX proteins in lipid homeostasis and to contribute knowledge for potential biofuel production in microalgae, we also generated overexpression strains for Cr-FAX1 and Cr-FAX5. While the amiRNA generated knockdown of Cr-FAX1 and Cr-FAX5 was quite efficient, overexpression under control of the constitutive PSAD promoter in comparison was rather modest with about 1.8-fold and 2.5–2.7-fold higher protein levels for Cr-FAX1 and Cr-FAX5, respectively. However, this mild increase in Cr-FAX1 protein levels resulted in a doubling of the oil content: line Cr-FAX1ox C#8 produced 1.7-fold, and line Cr-FAX1ox C#12 produced 2.2-fold more TAG when compared to their parental strain. In contrast, increase of Cr-FAX5 proteins did not affect TAG levels. Similar to knockdown lines, changes in total lipid content could not be recorded and the polar lipids MGDG and DGDG were only marginally reduced in Cr-FAX5 overexpression lines. Most prominent for the distribution of FA species in total lipids was a reduction of C16:1(7) and C18:1(9) FAs in lipids of all overexpression strains for Cr-FAX1 or Cr-FAX5. Both FA species are desaturated within the chloroplast, and their reduction in relative proportion in FAX overexpressing lines suggests that an enhanced flow of FAs between subcellular organelles can affect FA desaturation levels. Our results for Cr-FAX1 overexpression are comparable to the very strong overexpression of Cm-FAX1, which leads to a 2.4-fold increase in total TAG in C. merolae cells (Takemura et al., 2019). The reported 1.3-fold increase of TAG in single lines supposedly overexpressing Cr-FAX1 and Cr-FAX5 in Chlamydomonas (Li et al., 2019) are difficult to relate, because the only very marginal rise of transcripts by around 1.5- and 1.3-fold for CrFAX1 and CrFAX2/alias Cr-FAX5, respectively, casts doubts on the overexpression at the protein level. Also, the strong changes in polar lipids, observed by Li and coworkers (2019) in their strains cannot be reproduced by our study. In Arabidopsis, very strong overexpression of At-FAX1 results in a quite modest increase of TAG content when compared to wild type tissue, i.e. 3.2% in leaf and 6.6% in flower tissue (Li et al., 2015). Thus, the impact of moderately increased protein levels of chloroplast IE-intrinsic FAX1 in Chlamydomonas is significant, and the protein definitely represents a target for biotechnological oil production in unicellular green and red microalgae like Chlamydomonas reinhardtii and Cyanidioshyzon merolae.
Interestingly, in contrast to overexpression of Cr-FAX1, overexpression of Cr-FAX5 in our study did not affect the TAG content in Chlamydomonas cells. In strains with increased levels of the ER intrinsic FA/acyl-CoA importer CrABCA2, however, the TAG yield could be mildly improved by 1.2–1.6-fold under standard conditions (Jang et al., 2020). It is thus tempting to speculate that a bottleneck for increasing Chlamydomonas oil content might rather be in FA export from chloroplasts via FAX1 proteins than in FA/acyl-CoA import into the ER, mediated by FAX5. Only very recently, Cr-FAX1 and Cr-FAX5 were described to be co-expressed with chloroplast-intrinsic acyl-ACP thioesterase 1 (FAT1), and the long-chain acyl CoA synthetase LACS1, indicating that these genes function in the same pathway for enhanced FA transport from chloroplast to ER for TAG production (Choi et al., 2022). Well in line with a chloroplast FA-delivery bottleneck for TAG assembly in the ER, overexpression of Cr-FAT1, which generates free fatty acids for export into the chloroplast stroma by Choi and coworkers (2022) could increase the TAG content by 1.5-fold.
In summary, we conclude that Cr-FAX1 in the chloroplast IE and Cr-FAX5 in the ER membrane function together in shuttling FA acyl chains from the site of synthesis in the chloroplast stroma to the ER lumen for TAG lipid assembly (Figure 7).
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Lipids play a major role in bacterial cells. Foremost, lipids are the primary constituents of the cell membrane bilayer, providing structure and separating the cell from the surrounding environment. This makes the lipid bilayer a prime target for antimicrobial peptides and membrane-acting antibiotics such as daptomycin. In response, bacteria have evolved mechanisms by which the membrane can be adapted to resist attack by these antimicrobial compounds. In this review, we focus on the membrane phospholipid changes associated with daptomycin resistance in enterococci, Staphylococcus aureus, and the Viridans group streptococci.
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INTRODUCTION
The cell membrane is a vital component of the bacterial cell, serving as a part of the protective barrier against the surrounding environment and as a scaffold for metabolic and regulatory proteins. Bacterial membranes are primarily composed of a bilayer of phospholipids with varying headgroups, acyl chain lengths, and acyl saturation which can influence membrane properties such as fluidity or charge. The major lipids in Gram-positive bacteria, particularly the firmicutes, are anionic phospholipids (APLs) [e.g., phosphatidylglycerol (PG), cardiolipin (CL)] and their derivatives (lysyl-PG, alanyl-PG), zwitterionic phospholipids, as well as other lipid classes like glycolipids and diacylglycerols (Sohlenkamp and Geiger, 2016). While the traditional “fluid mosaic model” describes a uniform bilayer whereby lipids and proteins are free to diffuse throughout the space, there is increasing evidence of the existence of distinct domains within the membrane (Matsumoto et al., 2006). These phospholipid domains have been described across several clinically important species of Gram-positive organisms, including “functional membrane microdomains” in S. aureus (García-Fernández et al., 2017), APL microdomains in Enterococcus faecalis (Tran et al., 2013a), or the ExPortal of Streptococcus spp. (Vega and Caparon, 2013). Importantly, alterations in these domains have been associated with specific roles in the bacterial response to antibiotics and antimicrobial peptides active at the cell envelope.
The relative accessibility and essential functions of the bacterial membrane components make them effective targets for antimicrobials. The rise of multidrug resistant organisms such as methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) (Munita et al., 2015; Khan et al., 2018) spurred interest in antibiotics with alternative mechanisms of action that could bypass resistance to available agents. Daptomycin (DAP) has emerged as a treatment option that retained in vitro activity against resistant Gram-positive organisms and has seen increasing use against invasive infections due to MRSA and particularly VRE (Jorgensen et al., 2003; Mortin et al., 2007). Resistance to DAP is being reported with increasing frequency in clinical isolates, approaching 15%–28% in centers with heavy use of DAP (Kamboj et al., 2011; Munita et al., 2015; DiPippo et al., 2017; Wang et al., 2018). This review will address the role of the cell membrane in DAP resistance (DAP-R), with a focus on the alteration and adaptation of membrane phospholipids in Gram-positive bacteria of clinical importance.
MECHANISM OF ACTION OF DAPTOMYCIN
DAP is a lipopeptide antibiotic originally isolated from Streptomyces roseosporus in the 1980s (Eisenstein et al., 2010). DAP possesses a cyclic peptide core linked to a fatty acyl chain and requires calcium to adopt an amphipathic conformation that facilitates oligomerization and insertion into the bacterial membrane. In addition, complex formation with calcium masks the lipopeptides’s negative charge and increases its affinity for the membrane lipid PG, the major constituent of Gram-positive membranes (typically comprising 50%–65% of the total APL content in S. aureus and E. faecalis (Müller et al., 2016; DeMars et al., 2020; Kotsogianni et al., 2021; Woodall et al., 2021). Recent structural analysis of Ca2+-DAP in lipid bilayers containing PG shows that DAP forms tetramers within the outer leaflet (Beriashvili et al., 2020). These tetramers can reversibly flip between the outer and inner leaflets and associate with one another to form a complex that spans the entire membrane (Zhang et al., 2014), resulting in membrane leakage and depolarization in cells after prolonged incubation with Ca2+-DAP (Silverman et al., 2003).
Multiple DAP mechanisms of action have been proposed based on the different reported cellular responses to DAP exposure (Figure 1), including membrane permeabilization, inhibition of cell wall synthesis, and physical alteration of membrane fluidity or curvature (Mengin-Lecreulx et al., 1990; Silverman et al., 2003; Pogliano et al., 2012; Müller et al., 2016). A recent study published by Grein et al. demonstrated that in S. aureus Ca2+-DAP oligomers form a tripartite complex with PG and lipid II (or other undecaprenyl cell envelope precursors, UDP), which are primarily located at the cell septum (Figure 1). The DAP-PG-lipid II complex not only sequesters lipid II substrate, but also disrupts the localization and assembly of the peptidoglycan synthesis machinery (Grein et al., 2020). In Bacillus subtilis, the insertion of DAP complexes in the membrane and subsequent alteration in membrane fluidity leads to mislocalization of crucial membrane proteins (Müller et al., 2016). After prolonged incubation, the DAP-UDP-PG complexes spread throughout the membrane, compromising envelope integrity and leading to cell death (Grein et al., 2020). The ability of DAP to disrupt cell wall biosynthesis is also supported by multiple in vitro and ex vivo studies where synergy or re-sensitization of DAP was observed upon combination with cell-wall acting antibiotics such as β-lactams (Dhand et al., 2011; Sakoulas et al., 2013; Sakoulas et al., 2014; Smith et al., 2015a; Smith et al., 2015b; Werth et al., 2015; Yim et al., 2017; Kebriaei et al., 2019; Johnson et al., 2021). Additionally, DAP has been shown to induce production of reactive oxygen species in S. aureus via binding to the universal stress response protein Usp2, a membrane protein which has been postulated to mediate the response to oxidative stress (Po et al., 2021). Thus, the binding and action of DAP is tied to the specific properties of the target bacterial membrane.
[image: Figure 1]FIGURE 1 | Proposed mechanisms of action of daptomycin. After insertion into the cell membrane, the Ca2+-daptomycin complex oligomerize in the outer leaflet of the cell membrane. Ca2+-daptomycin oligomers are translocated to the inner leaflet of the cell membrane which result in lipid shedding, tripartite formation with phosphatidylglycerol and lipid II/UDP precursors, or membrane protein functional disruption. See text for details. ROS—reactive oxygen species, UDP—undecaprenyl. Figure produced with BioRender.
ALTERATIONS OF MEMBRANE LIPIDS ASSOCIATED WITH CHANGES IN DAPTOMYCIN SUSCEPTIBILITY
A recurring theme in the emergence of DAP resistance across species is the presence of mutations leading to changes in both proteins of the lipid metabolic pathways and two-component sensors (TCS) involved in regulating cell envelope homeostasis (Tran et al., 2015). These changes can lead to alterations in the synthesis and modification of membrane lipid species and acyl-groups, thus impacting the composition and properties of the membrane (Table 1). In addition to de novo synthesis, bacteria can utilize exogenous fatty acids from their environment, including from human hosts, and importantly these exogenous acyl-chain profiles may be substantially different from those achievable by de novo synthesis in bacteria (Parsons et al., 2014a; Parsons et al., 2014b; Saito et al., 2014). These findings are also seen in model membranes where phospholipid head group and fatty acid residues in phospholipids can influence the membrane properties and alter the sensitivity to DAP (Beriashvili et al., 2018). The specific mechanisms by which these alterations impact the membrane are the subject of ongoing investigation, but shifts in membrane lipid content, fatty acid saturation, and alteration of membrane surface charge are common features of resistant isolates (Table 1).
TABLE 1 | Genes associated with membrane changes and daptomycin resistance.
[image: Table 1]Enterococcus faecalis and Enterococcus faecium
E. faecalis and E. faecium are important opportunistic human pathogens that cause a variety of infections ranging from skin and soft tissue infections to bacteremia and endocarditis (Krawczyk et al., 2021). DAP has emerged as a front-line agent against complicated VRE infections; however, emergence of DAP-R has threatened its utility in clinical practice. Characterization of both lab-evolved and clinical DAP-R strains has shed light on the genetic and phenotypic changes associated with DAP-R in enterococci (Arias et al., 2011; Palmer et al., 2011; Tran et al., 2013b; Miller et al., 2013; Diaz et al., 2014; Wang et al., 2018; Miller et al., 2019). In E. faecalis, there is an observable re-distribution of APL microdomains, while in E. faecium a DAP repulsion phenotype similar to S. aureus is seen (Ernst et al., 2009; Tran et al., 2013a; Diaz et al., 2014; Khan et al., 2019) (Figure 2).
[image: Figure 2]FIGURE 2 | Proposed strategies of daptomycin resistance in Gram-positive pathogens: (A) wild-type bacterial cell membrane with anionic phospholipid (APL) microdomains clustered at the division septum. (B) In Enterococcus faecalis, redistribution of APL diverts daptomycin (DAP) away from the critical division septum. (C) In Staphylococcus aureus and E. faecium, changes in membrane phospholipid content and net surface charge lead to decreased daptomycin binding and oligomerization to the cell membrane. (D) In Viridans group streptococci, the decrease or loss of target phospholipid, PG and CL, are associated with overall decreased binding to the cell membrane or hyperaccumulation of daptomycin in a small subset of the bacterial population. APL–anionic phospholipid; CL–cardiolipin; PG–phosphatidylglycerol. Figure produced with BioRender.
Enterococci predominantly contain the APL PG in their cell membranes, in addition to CL, cationic PG derivatives such as lysyl-PG, and various glycolipids and diacylglycerols. In DAP-R enterococcal isolates, several general patterns in membrane lipid changes begin to emerge. Two studies using the clinical strain pair E. faecalis S613 (DAP-S) and R712 (DAP-R) grown to stationary phase found that the DAP-R isolate had a significant reduction in the amount of membrane PG as compared to its DAP-S parent, and an increase in glycerolphospho-diglycodiacylglycerol (GP-DGDAG) (Mishra et al., 2012; Hines et al., 2017). Further, an analysis of the laboratory strain E. faecalis OG1RF and two derivative strains rendered DAP-R via in vitro passage showed decreases in PG and lysyl-PG in the resistant isolates during mid-logarithmic phase growth (Rashid et al., 2017). In paired isolates of E. faecium, the DAP-R isolate showed a significant decrease in PG (14% vs. 33%) and increases in GP-DGDAG (23% vs. 12%) as compared to the susceptible parent strain (Mishra et al., 2012). Taken together, these data appear to indicate that a relative loss of PG, the primary phospholipid involved in DAP binding, may contribute to the resistant phenotype. Interestingly, a different analysis of membrane lipids of the DAP-R E. faecalis strain performed by 2D-TLC during exponential growth showed a significant increase in PG, a reduction in CL, and no differences in lysyl-PG as compared to S613, while levels of GP-DGDAG were not reported (Khan et al., 2019). Thus, lipid alterations other than a decrease in membrane PG are likely to also contribute to DAP-R. A recent study showed that the absence of CL in E. faecalis OG1RF, achieved by deletion of both CL synthases, increased sensitivity to DAP and other cell damaging agents such as SDS, while the absence of lysyl-PG, resulting from deletion of mprF2, did not change sensitivity to DAP but rendered the mutant more resistant to SDS (Woodall et al., 2021). The triple mutant, which lacked CL and lysyl-PG, restored membrane tolerance to DAP and SDS to the level of parental strain OG1RF. These results further demonstrate the complexity of membrane lipid adaptation to DAP and other cell membrane damaging compounds.
The importance of cell surface charge in the DAP-R phenotype can be inferred from direct measurement and the pattern of mutations in resistant isolates. Both the clinical DAP-R strains E. faecalis and E. faecium displayed increased positive surface charge relative to their DAP-S counterparts (Arias et al., 2011; Mishra et al., 2012). Mutations impacting the dlt operon and mprF have been associated with DAP-R in E. faecium (Diaz et al., 2014). Further, in vitro adaptation of E. faecium to DAP led to the identification of additional genes associated with increases in cell surface charge, including yvcRS, oatA, and divIVA (Prater et al., 2019). Despite these observations, levels of lysyl-PG do not show a predictive trend in net surface charge in DAP-R strains (Mishra et al., 2012).
Alteration of membrane fluidity has also been observed in association with changes in DAP susceptibility. Differences in the length, saturation, and cyclization of fatty acyl chains of individual lipid species influence fluidity by altering lipid packing, and DAP has been reported to preferentially locate to regions of increased fluidity (Müller et al., 2016). Thus, changes in fluidity may alter DAP insertion and oligomerization in the membrane. Decreases in membrane fluidity (i.e., more rigid membranes) are associated with DAP-R resistance in enterococci. In E. faecium, this phenotype was associated with a decrease in the total proportion of unsaturated fatty acids and an increase in cyclic fatty acids which may be associated with mutations in cfa (cyclopropane fatty acid synthase) (Tran et al., 2013b; Diaz et al., 2014). Increased membrane rigidity has also been described in E. faecalis in association with changes in genes involved in the lipid metabolic pathway, including cls, gdpD (glycerophosphodiester phosphodiesterase), and dak (encoding a homologue of Fak, the staphylococcal fatty acid kinase) (Miller et al., 2019).
Further evidence supporting the potential importance of acyl-chain composition comes from a series of experiments examining the influence of exogenous fatty acids on the enterococcal membrane. Using laboratory isolates of E. faecalis, Harp and colleagues demonstrated that supplementation of growth media with oleic and linoleic acid induced tolerance to membrane stress, including protecting against DAP mediated killing (Saito et al., 2014; Harp et al., 2016). Subsequent studies profiling the changes in E. faecalis membranes associated with supplementation of a range of both saturated and unsaturated fatty acids found that exogenous fatty acids were rapidly incorporated into the acyl-chains of phospholipids. Unlike oleic acid, supplementation with saturated fatty acids and the native enterococcal monounsaturated fatty acid cis-vaccenic acid did not confer a survival advantage in the presence of DAP (Saito et al., 2017) while other combinations of “protective” fatty acids could induce DAP tolerance (Brewer et al., 2020). Thus, it is likely that variations in acyl-chains, as well as overall lipid species, play a role in protecting the membrane against daptomycin induced stress.
Staphylococcus aureus
S. aureus is an important pathogen that causes a wide range of infections including cellulitis, bacteremia, and infective endocarditis (Tong et al., 2015). Vancomycin has been the mainstay of therapy for infections due to methicillin-resistant MRSA, however DAP has seen increasing use as salvage therapy for recalcitrant MRSA infections (Lee et al., 2018). While DAP retains activity against the vast majority of MRSA isolates, the overlap of genetic pathways leading to vancomycin-intermediate S. aureus (VISA) and heterogenous VISA isolates and decreased susceptibility to DAP has contributed to the emergence of DAP-R on therapy (Patel et al., 2006; Julian et al., 2007; Kelley et al., 2011).
Similar to enterococci, resistance to DAP has been linked to mutations in genes encoding TCS (vraSR, yycFG) and lipid biosynthetic enzymes (pgsA, cls, and mprF), with subsequent alteration of membrane composition and surface charge associated with reduced binding of DAP (Table 1) (Friedman et al., 2006; Muthaiyan et al., 2008; Mehta et al., 2012; Peleg et al., 2012; Bayer et al., 2013). It has been noted that DAP-R associated mutations in yycG (also known as WalK, a histidine kinase sensor involved in cell wall biosynthesis) could play a role in modulating fatty acid biosynthesis and potentially membrane fluidity as shown by the role of the YycFG homologue in S. pneumoniae (Mohedano et al., 2005). Interestingly, S. aureus has also been shown to exhibit “lipid shedding,” where DAP exposure triggered active release of membrane phospholipids that were able to inactivate DAP and protect from bacterial killing (Pader et al., 2016). This phenomenon has since been shown in other organisms, including in E. faecalis and Streptococcus spp. (Ledger et al., 2022).
Although a variety of lipids exist in staphylococcal membranes, the major phospholipids include PG, CL, and lysyl-PG, with PG and lysyl-PG being the most abundant (DeMars et al., 2020). Like enterococci, membranes from DAP-R S. aureus tend to have decreased amounts of PG, with increases in lysyl-PG which are closely correlated with mutations in mprF. Mutations in mprF are thought to lead to a gain-of-function, with increased production and/or flipping of lysyl-PG into the outer leaflet of the membrane (Ernst et al., 2009; Slavetinsky et al., 2022). In a DAP-S/DAP-R clinical strain pair, Jones et al. showed increased levels of lysyl-PG with decreased levels of PG in the resistant isolate (Jones et al., 2008). Other independent studies which analyzed MRSA strain pairs containing mutations in mprF, yycG and/or cls2 showed similar increased levels of lysyl-PG in the DAP-R strains (Peleg et al., 2012; Mishra and Bayer, 2013). Conversely, a DAP-R MRSA strain containing mutations in pgsA (encoding PG synthase), mprF, and yycG amongst others showed reduced levels of PG, but also reduced levels of lysyl-PG and CL (Hines et al., 2017). This may be explained by the hypothesis that, in addition to electrostatic repulsion, MprF-mediated resistance may also reduce the available pool of PG for DAP to target, which has been supported through biochemical work using large unilamellar vesicles (Kilelee et al., 2010). Mutations in dltABCD (involved in D-alanylation of teichoic acids) have also been associated with DAP-R in S. aureus (Bayer et al., 2013; Bayer et al., 2016). Gain-of-function mutations in this operon are proposed to increase overall cell surface charge through alanylation of lipoteichoic acids and wall teichoic acids (Table 1; Figure 2), and deletion of dlt results in increased susceptibility to cationic antimicrobial peptides (Peschel et al., 1999).
Mutations in cls2, one of the two staphylococcal CL synthases, have been implicated in DAP-R. Alterations of the enzyme resulted in increased biosynthetic activity, increased levels of CL, decreased levels of PG, and no changes in lysyl-PG levels. CL-rich membranes have shown to have increased thickness by neutron reflectometry, which was associated with decrease in penetration and aggregation of DAP. This impaired ability of DAP insertion and translocation, which was postulated as the as mechanism underlying DAP-R in these strains (Jiang et al., 2019). Increases in CL and decreased levels of PG has also been linked to DAP-tolerance in serum-adapted strains of S. aureus (Ledger et al., 2022).
In addition, changes in membrane fluidity also correlate with decreased DAP bactericidal activity. In contrast to enterococci, clinical isolates of S. aureus have in general shown increases in membrane fluidity associated with DAP-R (Jones et al., 2008; Mishra et al., 2011a; Mishra and Bayer, 2013). While no significant differences in fatty acid content in saturation levels, length, or branching, the fluidity changes may be explained by membrane carotenoid content of S. aureus. In many clinical isolates, there was a statistically significant decrease in the membrane carotenoid staphyloxanthin accompanied by a decrease in membrane fluidity. Staphyloxanthin is expressed by the majority of S. aureus isolated from infections and has previously been implicated in protecting the bacteria from DAP and antimicrobial peptide mediated killing, although prior studies in laboratory strains associated resistance with increased staphyloxanthin content and more rigid membranes (Mishra et al., 2011b). Interestingly, a more rigid membrane phenotype has also been observed in isolates arising from in vitro adaptation experiments or exposure to other cell envelope active compounds (such as the lipoglycopeptide dalbavancin) for which there was also cross resistance to DAP (Mishra et al., 2009; Zhang et al., 2022). These changes were related to differences in the ratio of long and short-chain fatty acids; however, differences in strain background mutations and growth media prevent a direct comparison. It is not clear if the observed shifts in fluidity are mechanistically important in disrupting the binding or translocation of DAP in the membrane, or merely a consequence of the alterations of membrane composition.
Streptococcus spp.
Viridans group streptococci (VGS) include a variety of species (i.e., S. mitis, S. oralis, S. anginosus, among others) that can cause severe infections including infective endocarditis, and resistance to commonly used antibiotics such as β-lactams is increasing (Doern et al., 1996; Marron et al., 2001; Prabhu et al., 2004). Unfortunately, high-level DAP-R [minimum inhibitory concentration (MIC) ≥ 256 μg/ml] can rapidly emerge in VGS upon DAP exposure (García-De-La-Mària et al., 2013; Akins et al., 2015).
While wild-type DAP-S cells contain PG and CL as the predominant phospholipids in the membrane, DAP-R VGS strains show no detectable PG or CL. Instead, cell membranes of resistant derivatives contain increased levels of the phospholipid precursor phosphatidic acid (PA) and decreased levels of phosphatidylcholine (not found in E. faecalis or S. aureus) (Adams et al., 2017; Mishra et al., 2017; Tran et al., 2019). This correlates with the identification of loss-of-function mutations in cdsA, a gene that encodes the phosphatidate cytidyltransferase enzyme (which generates the substrate CDP-diacylglycerol from PA for downstream phospholipid synthesis). The disappearance of CL and PG in various VGS strains harboring mutations in cdsA and/or pgsA was confirmed by lack of fluorescence in binding studies with 10-N-nonyl acridine orange NAO (Mishra et al., 2017), a fluorescent dye which binds APLs (Mileykovskaya and Dowhan, 2000).
Despite the lack of PG and CL in the membrane, several patterns of DAP binding have been observed in DAP-R streptococci (Figure 2). In S. oralis strains that developed DAP-R in association with mutations in pgsA, binding of DAP to the cell membrane appears to be uniform, but with significantly less binding overall (Tran et al., 2019). Conversely, strains that developed DAP-R via mutations in cdsA demonstrated hyperaccumulation of DAP in a small population of the cells (Mishra et al., 2017). The authors of this study hypothesized that a minority of bacterial cells may sequester DAP and allow the larger population to survive the antibiotic exposure, although the viability of cells as determined by propidium iodide uptake did not correlate with DAP hyperaccumulation. The discordance between a lack of PG and overall binding of DAP in VGS strains remains unexplained. While lack of PG and CL are consistent with many DAP-R VGS strains which have been adapted by serial passage or in an ex vivo simulated endocarditis vegetation model (SEV), there are other strains that showed no significant changes in lipid content (Kebriaei et al., 2019).
Overall, alterations in cell membrane fluidity have not been a consistent or predictable phenotype of DAP-R in VGS. Initial studies showed an increase in membrane fluidity was associated with resistance in S. mitis/oralis strains that were obtained from serial passage (Mishra et al., 2017; Mishra et al., 2020). These findings were later confirmed by Kebriaei et al. in an SEV model using the same strain. However, these changes may be isolate specific, as adaptation of a different strain background identified no differences in fluidity in the DAP-R derivative, and displayed a similar membrane lipid content relative to its DAP-S parent (Kebriaei et al., 2019). In a separate study, Tran et al. found no changes in fluidity between parental strains and evolved DAP-R derivatives of S. mitis or S. oralis strains despite the complete disappearance of PG and CL (Tran et al., 2019).
Similarly, alterations in cell surface charge have varied across DAP-R VGS. In S. mitis and S. oralis strains which developed DAP-R via mutations in pgsA or cdsA, Tran et al. found no changes in surface charge between parental strains and evolved DAP-R derivatives (Tran et al., 2019). In a serial passage experiment, DAP-R in S. mitis/oralis SF100 was associated with a decrease in net surface positive charge while maintaining the similar overall DAP binding profiles between the DAP-R and DAP-S strain (Mishra et al., 2020). However, in the SEV model Kebriaei et al. found no difference in surface charge in the DAP-R SF100 strain (Kebriaei et al., 2019). Furthermore, DAP-R in S. anginosus has been linked to changes in capsular polysaccharide and other cell surface modification genes that may affect surface charge. Substitutions in genes encoding cls, yycG and the dlt operon were identified in the DAP-R strain (Rahman et al., 2016) however, the exact contribution of surface charge to DAP-R in VGS remains unclear.
In summary, changes in lipid content associated with DAP-R in S. mitis/oralis seem to be dependent on strain and the type of mutation present despite a similar phenotype of high-level DAP-R (MIC ≥256 μg/ml). The precise mechanism of DAP-R in VGS or how this group of bacteria maintains cell envelope function and integrity despite the absence of PG and CL remains unclear. Further evaluation is warranted to determine the impact of membrane changes on DAP-R in VGS.
CONCLUSION
The bacterial cell membrane is a dynamic structure that has evolved to adapt to changing environmental conditions. Understanding how bacteria alter their membrane in the face of external stress is critical to preserve the usefulness of membrane active antibiotics such as DAP. While the precise role of membrane lipid changes in the mechanism of resistance to DAP has yet to be completely explored, a deeper understanding of this process can be leveraged to overcome the limitations of current therapeutics.
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The deep-sea is characterized by extreme conditions, such as high hydrostatic pressure (HHP) and near-freezing temperature. Piezophiles, microorganisms adapted to high pressure, have developed key strategies to maintain the integrity of their lipid membrane at these conditions. The abundance of specific membrane lipids, such as those containing unsaturated and branched-chain fatty acids, rises with increasing HHP. Nevertheless, this strategy is not universal among piezophiles, highlighting the need to further understand the effects of HHP on microbial lipid membranes. Challenges in the study of lipid membrane adaptations by piezophiles also involve methodological developments, cross-adaptation studies, and insight into slow-growing piezophiles. Moreover, the effects of HHP on piezophiles are often difficult to disentangle from effects caused by low temperature that are often characteristic of the deep sea. Here, we review the knowledge of membrane lipid adaptation strategies of piezophiles, and put it into the perspective of marine systems, highlighting the future challenges of research studying the effects of HHP on the microbial lipid composition.
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1 INTRODUCTION
The deep-sea is defined by a water depth of >1,000 m and encompasses most of Earth’s biosphere. At these depths, the average sea temperature is 2°C and the hydrostatic pressure is >10 MPa (100 bars) increasing by 1 MPa (10 bars) every 100 m (Jannasch and Taylor, 1984). High hydrostatic pressure (HHP) in deep-sea environments usually coincides with low bottom-water temperatures except for areas in the vicinity of hydrothermal vents and warm seas, such as the Mediterranean, and the Black Sea, which average bottom temperature are 12°C and 8°C, respectively (Lacombe et al., 1985; Vargas-Yáñez et al., 2017).
Microorganisms adapted to HHP are usually known as piezophiles, referring to their preference for high pressure (Kato, 2011). Regarding the adaptability to HHP, microorganisms can be piezolerant, if they can withstand HHP but have similar or faster growth rates at atmospheric pressure, while obligate piezophiles can only grow under HHP (Kato, 2011). Piezophiles are usually found at the bottom of the water column thus these microorganisms are both piezophiles and psychrophiles (adapted to low temperatures). The fact that these two factors coincide makes it challenging to discern the effects of HHP and low temperature on microorganisms. A strategy to pinpoint the microbial effects of HHP solely is to focus on microorganisms isolated from warmer deep-sea bottom waters or from locations close to hydrothermal vents outside of areas with extremely high temperatures. Nevertheless, to our knowledge research to pull these two effects apart are scarce (Bartlett, 1999; Nogi, 2008; Wang et al., 2009).
HHP impacts protein folding, metabolic rate, and membrane stability, leading to cell disruption. Thus, piezotolerant and piezophiles have developed various adaptive strategies to cope with HHP, such as accumulation of protein-stabilizing solutes, gene expression modulation (such as induction of genes encoding for heat shock protein), and changes in the composition of the cell membrane (Simonato et al., 2006; Oger and Jebbar, 2011).
An essential microbial cell feature that has been observed to change under HHP is the composition of the cell membrane, which represents the cell barrier against environmental stimuli. The cell membrane is a dynamic compartment composed of membrane lipids and proteins. HHP has been seen to affect membrane proteins, for example, by increasing membrane diffusion by the activation of porins (proteins forming membrane channels) (Bartlett, 1999), or by increasing the abundance of respiratory terminal oxidase able to maintain their integrity under HHP (Tamegai et al., 2011). Changes in the membrane lipid composition to keep the membrane fluid are known as homeoviscous adaptation, while the modification of the proportion of lipids in a crystalline state is referred as homeophasic adaptation (Bartlett, 2002; Fang and Bazylinski, 2008). Membrane fluidity (i.e., a parameter describing the freedom of movement of lipids and proteins within the membrane) can be adapted by modifying the degree of lipid packing, which directly affects the water permeability across the membrane. In addition, other biophysical characteristics of the cell membrane have been seen to be relevant to modulate the integrity of the membrane such as thickness, phase properties, and viscosity (Chwastek et al., 2020).
Here, we review the knowledge of membrane lipid adaptation strategies of piezotolerant and piezophile microbes encountered in the water column of marine systems. Most studies have been conducted in this setting since the deep-sea represents by far the most widespread environment where microorganisms thrive under HHP. Several structural features of the membranes have been examined, such as the composition of polar headgroups and degree of unsaturation and methylation of fatty acyl chains, and the presence of hopanoids and sterols. We conclude this review by outlining the future challenges to determine membrane lipid adaptations to HHP.
2 MICROBIAL MEMBRANE LIPIDS AND THEIR RESPONSE TO HHP
Bacteria and eukaryotes have similar adaptive strategies, as they share characteristics in the structure of their lipid membranes with their lipids composed of fatty acyl chains connected through ester bonds to glycerol-3-phosphate at positions sn-1 and sn-2, and polar head groups (Figure 1A). Both bacterial/eukaryotic and archaeal membrane lipids have mainly glycerophospholipids (GPLs) composed by a glycerol moiety, a phosphate group, and a variable head group. GPLs are polar lipids - they have an amphiphilic nature, meaning they have both a hydrophilic (with a strong affinity to water, soluble in water) and a hydrophobic (lacking affinity for water) part.
[image: Figure 1]FIGURE 1 | Overview of the chemical structures of bacterial and archaeal membrane lipids, including (A) different stereochemistry in the backbone being glycerol-3-phosphate (G3P) in bacteria and G1P in archaea (labeled in pink), and a different type of side chain (in yellow), i.e., fatty acids esterified to the G3P in bacteria, and isoprenoid alkyl chains linked through ether bonds to the G1P moiety in archaea. Polar headgroup is labeled in blue. (B) Different fatty acid side chains of phospholipid fatty acids (PLFA) commonly encountered in the bacterial membranes of piezophiles, with (B1) being C20:5, (B2) being (Z)-hexadec-9-enoic acid or palmitoleic acid, and (B3) being hexadecenoic acid or palmitic acid (C16), and their influence in the packing conformation and fluidity of the membrane. (C) Archaeal tetraether membrane lipids, being (C1) GDGT-4 with four cyclopentane moieties, and (C2) GDGT with no cyclopentane moieties (i.e., GDGT-0), and their impact on the conformation and fluidity of the membrane.
Archaeal membrane lipids differ substantially from those of bacteria and eukaryotes as they are composed of two linear isoprenoidal alkyl chains made up of a phytanyl chain (containing 20 carbon atoms, or C20) bound through ether-bonds to the sn-2 and sn-3 position of glycerol-1-phosphate (G1P) (Figure 1A). Thus, they are referred to as glycerol diether or archaeol. In addition, archaea can also form monolayers of tetraethers or so-called glycerol dibiphytanyl glycerol tetraethers (GDGTs) (Figure 1A). The isoprenoid cores can be modified by unsaturation, hydroxylation, or presence of cyclopentane or cyclohexane rings (only in the case of crenarchaeol synthesized by Thaumarchaeota) (Schouten et al., 2013).
These fundamental chemical differences between bacterial/eukaryotic and archaeal membranes lead to specific adaptation when encountering membrane-disrupting parameters such as HHP, depressurization, or extreme temperature (Siliakus et al., 2017). To adapt to HHP and extreme temperature, bacteria and eukaryotes modulate the degrees of unsaturation and branching of their acyl chain (Figure 1B) and adapt the type and proportion of polar headgroups, while archaea modulate their ratio of diether lipid to GDGT (Figure 1C).
3 ADAPTATIONS IN THE COMPOSITION OF BACTERIAL/EUKARYOTIC MEMBRANE LIPIDS TO HHP
3.1 Acyl chain composition
Most research on membrane lipid adaptation has focused on modulation of the fatty acyl chains of the bacterial/eukaryotic lipids in response to physical parameters. For example, saturated fatty acyl chains allow the lipids to be packed in a tighter and denser configuration than lipids with unsaturated chains, resulting in a more rigid membrane structure (Small, 1984); (Figure 1B). Monounsaturated phospholipid fatty acyl chains lead to a slight curled configuration, thus loosening the membrane, leading to an increase in fluidity (Figure 1B). In addition to unsaturation, hydroxylation (i.e., the presence of hydroxy groups), methylation, and length of the fatty acyl chain can also impact the fluidity of the membrane by impacting the melting temperature (Ernst et al., 2016).
In general, piezophiles are known to increase the level of fatty acyl chain unsaturation as an adaptive response to HHP. For instance, the model organism Photobacterium profundum SS9, a piezo- and psychrophile, has been reported to increase the unsaturation in its fatty acyl chain upon HHP as well as the bacterium Alteromonas 4033-B (Table 1; Kamimura et al., 1993; Allen et al., 1999). The presence of multiple unsaturations of the fatty acyl chain, or so-called polyunsaturated fatty acids (PUFAs), is also a common strategy among piezophiles. PUFAs that are most frequently associated with adaptation to HHP are C20:5 and C22:6 (Bartlett, 1999; Kawamoto et al., 2011; Usui et al., 2012; Moi et al., 2018). For example, two strains of Psychromonas (2D2 and 16C1) were isolated from the intestines of a deep-sea fish, Coryphaenoides yaquinae, which lives at 6,000 m depth. Under HHP, both strains significantly increased the content of C20:5 and C22:6, confirming that this lipid plays an important role in microbial adaptation under HHP (Table 1; Yano et al., 1998). Another example is Shewanella piezotolerans WP3, which increases the relative abundance of C20:5 upon HHP [Table 1; (Wang et al., 2009; Kawamoto et al., 2011)]. Surprisingly, however, the phylogenetically related piezophile Shewanella violacea DSS12 adopts an opposite strategy; it decreases the relative abundance of C20:5 upon HHP (Kawamoto et al., 2011).
TABLE 1 | Summary of piezophiles and piezotolerant microorganism.
[image: Table 1]Although these studies confirm that the microbial membrane can adapt to HHP by changing the relative abundance of the PUFA C20:5, other studies have shown that the presence of this PUFA is not essential to withstand HHP since, e.g., some bacterial strains such as the piezotolerant Pseudomonas sp. BT1, do not contain C20:5 in its membrane (Kaneko et al., 2000). Moreover, the lack of production of C20:5 by mutation of specific biosynthetic genes in the piezotolerant strains S. piezotolerans WP3 and S. violacea did not impair their cell viability but only reduced their growth rate under HHP conditions suggesting the synthesis of PUFA is not a requirement to withstand HHP (Wang et al., 2009; Usui et al., 2012). Both strains compensated for the absence of C20:5 by increasing the relative abundance of monounsaturated fatty acids (MUFAs), supporting the fact that both PUFAs and MUFAs are involved in the membrane adaptation to HHP (Table 1). This is further supported by other studies, showing that mutant strains of P. profundum with a deficit in C20:5 could withstand both low temperature and high pressure, while mutants with reduced C18:1 were unable to grow under those conditions (Allen et al., 1999). The membrane of piezophilic and piezotolerant microorganisms harbors also other types of PUFAs, such as the C22:6 (Table 1), which typically occurs in the piezophilic and piezotolerant strains of the genera Moritella and Colwellia (DeLong and Yayanos, 1986; Oger and Cario, 2014), as well as Psychromonas hadalis, Psychromonas strain 2D2, and strain 16C1 (Table 1; Yano et al., 1998; Nogi et al., 2007).
Another acyl change modification of the bacterial/eukaryotic fatty acids that has been related to the homeoviscous adaptation under HHP is related to an increase in the degree of branching of the esterified fatty acids (Mostofian et al., 2019). In piezophile and piezotolerant strains, the most commonly occurring branched-chain fatty acids are iso and anteiso fatty acids (Figure 2). Iso and anteiso fatty acids are usually found in Gram-positive and sulfate-reducing bacteria (Kaneda, 1991), but they have also been reported in the membrane of some piezophiles (Fang and Kato, 2007). For example, Shewanella benthica and P. profundum both synthesize iso fatty acids under HHP (Allen et al., 1999; Fang and Kato, 2007). Consequently, changes in their relative abundance have been previously interpreted as a strategy to deal with HHP (Bartlett, 1999). As an example, the gram-positive Clostridium paradoxum increased its relative abundance of iso and anteiso fatty acids at increasing hydrostatic pressure at a given growth temperature (Table 1; Li et al., 1993; Scoma et al., 2019). This strategy in C. paradoxum coincided with an increase of the proportion of shorter carbon chain fatty acids in the membrane with increasing hydrostatic pressure to increase the fluidity of the membrane (Scoma et al., 2019). Nevertheless, other piezotolerant bacteria, e.g., Colwellia piezophila, Moritella yayanosii, and Psychromonas kaikoae, do not produce branched-chain fatty acids (Table 1), revealing that branched-chain fatty acids solely are not required to achieve piezophily for some microbial groups (Kaneda, 1991).
[image: Figure 2]FIGURE 2 | Differences between straight and branched-chain fatty acids. (A) Example of a straight-chain fatty acid containing 15 carbons. (B) Two branched-chain fatty acids chain containing 15 carbons. Iso-15:0 refers to configuration of the acyl chain containing a methyl group attached on the penultimate, while anteiso-15:0 refers to a similar configuration in which the methyl group would be attached to the antepenultimate carbon of the acyl chain.
3.2 Polar head groups
Polar head groups attached to the glycerol backbone, both in eukaryotic/bacterial lipids, confer specific structural characteristics, such as anchorage of proteins or curvature to the membrane (Castell, 2019). Head group polarity is also a key factor to regulate membrane packing. Zwitterionic lipids, which contain an equal amount of negative and positive charges, are expected to be packed more tightly than lipids with a net positive or negative charge. Thus, polar headgroup have an important effect on the packing and in the curvature of the membrane, and can play an important role for homeoviscous adaptation.
The membrane polar head groups can be diverse, but the most common ones are serine, ethanolamine, glycerol, choline, and myo-inositol, which are found in the phospholipids in all three domains of life (Sohlenkamp and Geiger, 2015). Most of the studies that have evaluated changes in the cell membrane upon environmental stimuli, including HHP, have focused on changes in the core lipid, while little is known of how the polar head groups change in these conditions. Nonetheless, a study by Kaneko et al. (2000) reported an increase in the relative abundance of intact polar lipids (IPLs) with the phosphatidylethanolamine (PE) head group with increasing pressure in a piezotolerant strain of Pseudomonas sp. isolated from the deep sea and grown at elevated temperature and HHP (Canganella et al., 2000). Another study also reported an increase in the relative abundance of IPLs with phosphatidylcholine (PC) head group for the deep-sea bacterium Photobacterium profundum grown at HHP and low temperature (Allen et al., 1999). In contrast, a recent study reported a decrease of the relative abundance of PC IPLs at HHP in two strains of the family Marinifilaceae of the phylum Bacteroidetes (Yadav et al., 2020). Yadav et al. (2020) also observed opposing changes in the polar head group distribution upon HHP for different analyzed strains of the same genus, with PE IPLs either increasing or decreasing at HHP, concomitantly with an increase or decrease of the ornithine lipid (OL). (Yadav et al., 2020). Therefore, it is likely that polar head group modifications upon HHP are not a universal feature. In general, all the studies on the membrane adaptation upon HHP suggest that the membrane lipid response is a combination of changes on both the polar head group and the core lipids (fatty acids) as a whole, and that the nature and the direction of this change is highly dependent on the taxonomy of the strains under study.
4 HOPANOIDS AND STEROLS
Apart from membrane lipids, other lipid-based components are part of the membrane and act as regulators modifying the permeability of the membrane by increasing its rigidity and decreasing its permeability, being these hopanoids and sterols.
Hopanoids are a diverse group of pentacyclic triterpenoids mainly produced by bacteria. Their functionalized derivatives are referred as bacteriohopanepolyols (BHPs). The structure of hopanoids resemble the one of sterols (tetracyclic triterpenoids) found mostly in eukaryotic membranes. Previous studies have been shown that hopanoids have a similar location and function than sterols (Joung et al., 2008). Both sterols and hopanoids are derived from the same precursor, squalene, which is one of the products of the isoprenoid biosynthetic pathways (Kannenberg and Poralla, 1999; Micera et al., 2020). Sterols have also been observed in a few bacterial species of aerobic methanotrophs, myxobacteria and planctomycetes and members of the Bacteroidetes. Nevertheless, these have a very low structural complexity in comparison with those of eukaryotes.
The effect of HHP on the composition and/or abundance of sterols or hopanoids in cell membranes is poorly constrained. Two piezotolerant Marinifiliceae from the Black Sea possess BHPs biosynthetic genes, however the conditions inducing the productions of those hopanoids have not yet been identified (Yadav et al., 2020). A study by Abe, (2021), evaluated the effect of HHP on the growth of the yeast Saccharomyces cerevisiae by using functional genomics and transcriptomics analyses, concluding that mutations causing a decrease in the abundance of the sterol ergosterol in their membrane, made the cells more sensitive to HHP and to low temperature (Abe, 2021). More studies on the changes in membrane lipids in sterol and hopanoid-producers need to be conducted to further clarify if an increase of these membrane regulators upon HHP is a universal feature or not.
5 ADAPTATION TO HHP IN ARCHAEAL MEMBRANE LIPIDS
Archaeal membrane lipids are based on ether-bonded isoprenoid chains with modifications, such as methylations, hydroxy groups covalent bonds, and ring moieties, the abundance of which has been related to membrane fluidity adaptation to compensate for environmental changes (Figure 3; Siliakus et al., 2017; Jebbar et al., 2015).
Membrane adaptation under HHP has only been studied in two archaeal species; in Methanococcus jannaschii, a thermophilic methanogen, and in Thermococcus barophilus, a hyperthermophile piezophile [Table 1; Kaneshiro and Clark, 1995; Cario et al., 2015)]. In both species, the ratio of diether to GDGT membrane lipids increased when they were grown at higher than optimal pressure (Cario et al., 2015). This change would theoretically result in a bulkier membrane with higher lateral mobility and lower bending rigidity (Shinoda et al., 2005). In M. jannaschii, this transition to diether lipid results in a strong increase of macrocyclic archaeol at the expense of GDGT-0 and archaeol (Figure 3A). The increase of macrocyclic molecules in the membrane results in a tightly packed membrane, and prevents potential leakage of solute, proton or water (Jebbar et al., 2015). Although the studies on M. jannaschii and T. barophilus point to similar adaptive strategies, the lack of additional study on piezophile or piezotolerant archaea does not allow to identify specific adaptive response to HHP in archaea.
[image: Figure 3]FIGURE 3 | Diversity of isoprenoid chains in archaeal membrane lipids. (A) Archaeol (diether) membrane lipids encountered in piezophiles. (B) Diversity of archaeal tetraether lipids with and without moieties. Top: GDGT-0, with no cyclopentane moieties. Middle: GDGT-4 containing four cyclopentane rings, bottom: crenarchaeol, containing four cyclopentane rings and a cyclohexane ring (Damsté et al., 2002; Holzheimer et al., 2021).
6 METHODOLOGICAL CHALLENGES OF STUDYING THE EFFECT OF HHP ON THE MEMBRANES OF MARINE MICROBES
To gain more insight into the potential contained in piezophiles, isolation and cultivation of piezophilic microorganisms under laboratory conditions is essential. Nevertheless, the maintenance of HHP during sampling and further cultivation is rather challenging and advancements in this regard have been only possible as a result of developments in specific equipments (Bartlett, 2002; Garel et al., 2019). These constraints have severely biased the types of piezophiles available in culture from which their physiology has been investigated, with a preference for oxygen-consuming (aerobic) microbes or piezophilic (hyper)thermophiles collected from hydrothermal vents. In this regard, most of the studied piezophiles are bacteria, while little is known about piezophilic archaea due to their slower growth rate and because they either consume or generate gasses out of their metabolism.
Methods to extract and analyze microbial membranes in general, and membrane lipids in particular, have been widely optimized (Carrasco-Pancorbo et al., 2009; Aldana et al., 2020). Nevertheless, the main problem is to assure that microbial membranes do not change upon decompression of the cultures or enrichments prior to analysis. Previous studies have assessed the effect of decompression on microbial growth, cell mobility and morphology, but the effect on membrane composition has yet to be examined (Cario et al., 2022a). Similar caveats have been faced when studying changes in microbial gene expression upon HHP, and a solution to it has been to fix samples while they are under HHP (Feike et al., 2012). To the best of our knowledge, no studies have been performed with fixed samples under HHP for the purpose of lipid analysis, and there is no knowledge regarding how membranes, or membrane lipids specifically, would be affected by the use of fixatives that would arrest cell activity. Still, these kinds of studies would be essential to discard changes in the microbial membrane during decompression which would be independent on those caused by HHP.
Among future challenges are the live observation of changes in the permeability or integrity of the cell membrane upon changes in hydrostatic pressure by using live-cell imaging methods. In this regard, previous studies have adjusted microscope setups to be able to perform high-resolution quantitative imaging of live cells under HHP (Bourges et al., 2020). In addition, the development of microfluidic chip now allows to observe phenotype change of microbes under HHP in real-time, without depressurization (Cario et al., 2022b). Another way to determine potential changes in the membrane lipids upon HHP, might be to determine the microbial genomic potential to synthesize unsaturated and branched-chain fatty acids, which have been seen to increase as a response to HHP. Lipid biosynthetic pathways and their protein-coding genes are, in some cases, quite constrained and it is possible to detect, determine the diversity, and or the expression of specific genes as a proxy of the diversity of microorganisms producing a given lipid, or the up and downregulation of the gene expression leading to it (Pearson et al., 2007; Villanueva et al., 2014). This approach has proven to be very useful when applied to environmental settings to better constrain the distribution and/or abundance of producers of specific membrane lipids (Kim et al., 2016; Besseling et al., 2018).
7 CONCLUSIONS AND FUTURE CHALLENGES
In conclusion, piezophiles and piezotolerant prokaryotes have multiple mechanisms to maintain the integrity of their cell membrane when challenged to grow under HHP, such as an increased degree of unsaturation or branching of fatty acids. However, the extent of those mechanisms is not fully constrained as most studies have focused solely on modifications in the acyl chain, and the impact of HHP on polar head groups, the presence of hopanoids and/or sterols, and membrane proteins remains largely unknown. Unveiling those aspects of membrane adaptations would allow to have a comprehensive picture of microbial adaptation, and possibly explain the substantial differences in fatty acid distribution found even between species of the same genus. Similarly, the limited research on the impact of the chemical composition of archaeal membrane on its physical properties does not allow at present to draw broad conclusion on archaeal adaptation, although the two piezophiles archaea studied seem to have similar adaptive strategies. This scarcity can be explained by the difficulty of studying piezophiles and piezotolerant microbes in the lab. Developments of accessible and low-maintenance high pressure incubators would allow to culture and identify more piezophiles and piezotolerant strains, and potentially highlight specific adaptations to HHP.
Another challenge for high pressure incubators and samplers is the decompression process: the transition to atmospheric pressure is likely to impact the membrane composition—the extent of this impact being still unknown. Alternatively, molecular omics methods present a way to circumvent the culturing difficulty and allow to predict the potential of a microbial community. Such studies require well-characterized lipid biosynthetic pathways. Future challenges would include a combined omics study, combining lipidomics, metagenomics and proteomics, to fully assess the specific membrane lipid adaptations of environmental microbial communities.
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P-glycoprotein (Pgp) is a multidrug transporter that uses the energy from ATP binding and hydrolysis to export from cells a wide variety of hydrophobic compounds including anticancer drugs, and mediates the bioavailability and pharmacokinetics of many drugs. Lipids and cholesterol have been shown to modulate the substrate-stimulated ATPase activity of purified Pgp in detergent solution and the substrate transport activity after reconstitution into proteoliposomes. While lipid extracts from E. coli, liver or brain tissues generally support well Pgp’s functionality, their ill-defined composition and high UV absorbance make them less suitable for optical biophysical assays. On the other hand, studies with defined synthetic lipids, usually the bilayer-forming phosphatidylcholine with or without cholesterol, are often plagued by low ATPase activity and low binding affinity of Pgp for drugs. Drawing from the lipid composition of mammalian plasma membranes, we here investigate how different head groups modulate the verapamil-stimulated ATPase activity of purified Pgp in detergent-lipid micelles and compare them with components of E. coli lipids. Our general approach was to assay modulation of verapamil-stimulation of ATPase activity by artificial lipid mixtures starting with the bilayer-forming palmitoyloyl-phosphatidylcholine (POPC) and -phosphatidylethanolamine (POPE). We show that POPC/POPE supplemented with sphingomyelin (SM), cardiolipin, or phosphatidic acid enhanced the verapamil-stimulated activity (Vmax) and decreased the concentration required for half-maximal activity (EC50). Cholesterol (Chol) and more so its soluble hemisuccinate derivative cholesteryl hemisuccinate substantially decreased EC50, perhaps by supporting the functional integrity of the drug binding sites. High concentrations of CHS (>15%) resulted in a significantly increased basal activity which could be due to binding of CHS to the drug binding site as transport substrate or as activator, maybe acting cooperatively with verapamil. Lastly, Pgp reconstituted into liposomes or nanodiscs displayed higher basal activity and sustained high levels of verapamil stimulated activity. The findings establish a stable source of artificial lipid mixtures containing either SM and cholesterol or CHS that restore Pgp functionality with activities and affinities similar to those in the natural plasma membrane environment and will pave the way for future functional and biophysical studies.
Keywords: P-glycoprotein, multidrug ABC transporter, verapamil-stimulated ATPase activity, membrane lipid composition, artificial plasma membrane mimic, mixed detergent/lipid micelles, liposomes, nanodiscs
INTRODUCTION
P-glycoprotein, also known as MDR1 or ABCB1, is a plasma membrane protein that can pump a wide range of hydrophobic, structurally diverse substances out of cells (Chufan et al., 2015). The Pgp substrates include many chemotherapeutic drugs used for the treatment of cancer, HIV/AIDS, neurodegenerative and cardiovascular diseases (Al-Khazaali et al., 2014; Waghray and Zhang, 2018; Jia et al., 2020). Pgp participates in the transepithelial transport of drugs and metabolites which makes it an important determinant in the absorption, distribution, metabolism and excretion (ADME) that affect the pharmacokinetics and drug-drug interactions of therapeutics across many diseases (Giacomini et al., 2010; Yee et al., 2018). Pgp is also richly expressed at several blood-organ barriers including the brain and placenta where it protects those sanctuaries from harmful xenobiotics, environmental pollutants, and waste products of cellular metabolism (Storelli et al., 2021). Additionally, Pgp is a key player in multidrug resistance (MDR) of cancers (Robey et al., 2018). Therefore, it is critical to comprehend the mechanism by which Pgp recognizes and extrudes medicines in the context of the tissue microenvironment.
Pgp is an ATP-binding cassette (ABC) transporter that consists of two nucleotide binding domains (NBDs) that energize transport by binding and hydrolyzing ATP, and two transmembrane domains (TMDs) that harbor the drug binding site(s) within the lipid bilayer. A large hydrophobic binding surface in the center of the transmembrane domains was shown in Pgp structures determined by X-ray crystallography and cryo-electron microscopy (cryo-EM). Pgp structures have been solved with multiple bound substrates, such as QZ-59 cyclopeptides, vincristine, taxol, and as well as with inhibitors elacridar, tariquidar, zosuquidar (Aller et al., 2009; Szewczyk et al., 2015; Alam et al., 2018; Alam et al., 2019; Nosol et al., 2020). Because Pgp substrates are generally hydrophobic, they are likely extruded from within the membrane rather than from the aqueous phase. Indeed, Pgp is thought to act as “hydrophobic vacuum cleaner” (Gottesman and Ling, 2006) that intercepts hydrophobic compounds from the inner leaflet of the membrane bilayer before they reach the cytoplasm and pumps them back out of cells. As a membrane transporter and because of the intricate interactions of the hydrophobic substrate with the bilayer, the surrounding lipid environment is an important regulator of Pgp activity (Sharom, 2014; Stieger et al., 2021).
Phospholipids modulate Pgp function
Early studies of Pgp in native plasma membranes fractions from mammalian cells showed robust stimulation of the ATPase activity by transport substrates like verapamil and vinblastine (al-Shawi and Senior, 1993). Purification of Pgp in detergents often led to reduced ATPase activity but could be restored with the supplementation of lipids (e.g., tissue extracts from E. coli, sheep or bovine brain, bovine liver, for available lipid composition see Table 1). However, the basal activity (in the absence of added drug) and the drug-stimulated activities varied considerably depending on the detergent used for solubilization and the lipid source (Ambudkar et al., 1992; Sharom et al., 1993; Urbatsch and Senior, 1995). Similar studies with extracts of defined phospholipids or synthetic lipids including phosphatidylcholine (PC), -ethanolamine (PE), -serine (PS) and -inositol (PI); showed that they all supported basal ATPase activity of purified Pgp and protected its thermal inactivation (Doige et al., 1993; Yang et al., 2017). This may be due to specific phospholipid binding to the outer surface of Pgp, which may affect the protein stability and activity (Marcoux et al., 2013).
TABLE 1 | Lipid composition of native mammalian membranes.
[image: Table 1]It has been suggested in the literature that phospholipids themselves are substrates for Pgp (Rothnie et al., 2001). Sharom et al. detected the flippase activity of Pgp using the NBD fluorescence-labeled PC, PE and PS derivatives, reviewed in (Sharom, 2014). Albeit this flippase activity is much lower than the dedicated PC-lipid flippase activity of its close relative MDR2 (ABCB4) both of which are prominent in the liver canalicular membrane duct, where they work together with cholesterol transporter ABCG5/G8 and the bile salt export pump ABCB11 to excrete hydrophobic drugs, lipids and cholesterol dissolved in bile acids (Neumann et al., 2017).
Cholesterol modulates bilayer properties and Pgp function
Cholesterol is one of the key components in animal cell membranes. It influences membrane properties such as membrane packing, elasticity and fluidity, affects lateral and transmembrane diffusion and overall stabilizes the structure of phospholipid bilayers. Over the years, a connection between Pgp activity and cholesterol has evolved. Pgp ATPase activity has been reported to be affected by the presence of lipid and cholesterol (Sharom, 2008). Besides its effect on Pgp transport activity, cholesterol may alter the availability of hydrophobic drugs in the membrane (Rothnie et al., 2001; Modok et al., 2004; Belli et al., 2009). Interestingly, ordered POPE and cholesterol molecules have been found in cryo-EM structures tightly associated with human Pgp in nanodiscs composed of brain lipid extract supplemented with cholesterol (Alam et al., 2019). On the contrary, phospholipids and cholesterol have not been revealed in the internal cavity of existing high-resolution Pgp structures. Hence the evidence for Pgp as a lipid or cholesterol transporter is still lacking. More likely, the membrane lipids modulate the conformational changes associated with drug binding and transport.
We previously have reconstituted Pgp into E. coli lipid nanodiscs that displayed high verapamil-stimulated ATPase activity. These nanometer-scale discoidal structures contain a phospholipid bilayer encased by membrane scaffold proteins (MSPs), which are soluble and stable in aqueous solutions (Zoghbi et al., 2017). Although nanodiscs differ from native membranes in physical properties such as curvature, and in the complexity of their lipid composition, they are excellent lipid–bilayer platforms for many biophysical applications including optical measurements that require reduced light scattering (Ritchie et al., 2009). With access from both sides, nanodisc allows the protein to interact with the substrate from different directions. However, tissue extracts of lipids, including E. coli lipids, carry very high fluorescence in the tryptophan excitation/emission (290/345 nm) range and are not suitable for biophysical studies using the intrinsic fluorescence of Pgp’s eleven native tryptophans.
Phospholipid and cholesterol composition of membranes
The composition of lipid components in different organelles and tissues varies greatly; thus, it is traditionally difficult to assess the endogenous activity of Pgp. In a typical mammalian cell, the total membrane lipid composition consist of roughly 45%–55% PC, 15%–25% PE, 5%–10% PS, 10%–15% PI, 5%–10% sphingomyelin (SM), and 10%–20% cholesterol (Table 1) (Vance and Steenbergen, 2005; van Meer et al., 2008). Human liver microsomes, which contain a mixture of endoplasmic reticulum, Golgi and plasma membranes, generally have a higher content of about 31% PE and lower relative contents of SM and cholesterol. In contrast, plasma membranes are enriched in total SM (>15%) and cholesterol (ratio is approximately 1:1 cholesterol:phospholipid, w/w) accounting for its greater rigidness (Symons et al., 2021). Furthermore, within the plasma membrane SM (up to 26%) and cholesterol are accumulating in detergent-insoluble microcompartments known as lipid rafts, in which Pgp tends to gather (Ismair et al., 2009; Hullin-Matsuda et al., 2014). In both microsomes and plasma membranes, PC is the most abundant phospholipid (36%–42%), followed by PE and SM with lower PS and PI contents (Table 1).
In this study, we measure the effects of individual lipids and lipid mixtures on the basal and verapamil-stimulated ATPase function of Pgp. We use both natural lipids and defined synthetic lipids to identify those that promote Pgp activity. We further probe increasing concentrations of supplemental cholesterol and its more soluble hemisuccinate derivative CHS and demonstrate favorable interaction of CHS on the Pgp ATPase function. By these measurements, we establish a stable source of artificial lipid mixtures containing POPC, POPE, and cholesterol/CHS that can support Pgp ATPase activity, and optimize the reconstitution of Pgp into lipid nanodiscs with high yields and high activity. Our study reassures that the phospholipid and cholesterol composition play a crucial role in the basal and drug-stimulated ATPase activity affecting both the apparent binding affinity for verapamil and the Vmax.
METHODS AND MATERIALS
Materials
Protein kinase A, lactate dehydrogenase, and phosphoenol-pyruvate were purchased from Roche CustomBiotech (Indianapolis, IN). Adenosine-5′-triphosphate disodium salt (ATP) ultrapure 98% was obtained from Alfa Aesar (Tewksbury, MA). Verapamil was acquired from Sigma Aldrich (Saint Louis, MO). n-dodecyl-β-D-maltopyranoside (DDM) was bought from Inalco S. p.A (Milano, Italy). Nicotinamide adenine dinucleotide (NADH) was purchased from Sigma-Aldrich (Burlington, MA).
E. coli polar lipids (polar extract) and synthetic lipids were acquired from Avanti (Alabaster, AL); these include 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine or 16:0-18:1 PC (POPC), 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylinositol (POPI), 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), DPPA, 1,2-dipalmitoyl-sn-glycero-3-phosphate or 16:0 PA, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). Sphingomyelin (SM) was >99% pure from porcine brain with major acyl chains of 18:0 (50%) and 21:1 (21%), and cardiolipin (CL) was from >99% bovine heart with major acyl chains of 18:2 (90%). All synthetic lipids, SM and CL had very low tryptophan fluorescence (ex/em 295/350 nm) if purchased as powder. Cholesterol (Chol) and cholesteryl hemisuccinate (CHS) were purchased from Anatrace (Maumee, OH).
General chemicals were at the highest grade from Thermo Fisher Scientific (Waltham, Massachusetts).
Tryptophan-free membrane scaffold protein mutagenesis
The membrane scaffold protein MSP1E3D1 plasmid was a gift from Stephen Sligar (Addgene plasmid # 20066; http://n2t.net/addgene:20066; RRID:Addgene_20066) obtained from Addgene (Denisov et al., 2009). The three native tryptophans (Trps) were substituted by PCR mutagenesis (W41R/W77Q/W143Q) to create a Trp-less MSP1E3D1 named WL-MSP. Wild-type and WL-MSP were expressed in BL21Gold (DE3) E. coli cells in Terrific broth with 70 μg/ml kanamycin after induction with 1 mM IPTG for 2–4 h at 37°C as described (Ritchie et al., 2009). The N-terminal hepta histidine-tag was used for purification by established protocols (Ritchie et al., 2009) with the following modifications: Because Triton-X100 has a very high absorption around 280 nm, 1% DDM was substituted for Triton during cell breakage. WL-MSP bound to Ni-NTA resin was first washed with buffer M (40 mM TrisCl pH = 8, 300 mM NaCl) containing 50 mM sodium cholate (10 column volumes (cv)), followed by 50 mM sodium cholate buffer M containing 20 mM imidazole (10 cv). Then cholate was washed off with buffer M containing 0.1% DDM (10 cv), followed by a stringent wash in detergent-free buffer (10 cv) containing 50 mM imidazole to remove tightly bound contaminants. The WL-MSP protein was eluted in detergent-free buffer M with 400 mM imidazole, dialyzed against buffer M and frozen in aliquots. Protein concentration was determined by its absorption at 280 nm using a molar extinction coefficient Ɛ of 11,520 M-1cm-1 with 1 absorption unit containing 2.84 mg/ml protein.
Lipid mixtures of varied composition
Lipids from Avanti Polar Lipids were obtained as lyophilized powder. Calculated amounts of lipid powder were weighed into a glass vial and pumped under vacuum at ≤20 microns for 16–20 h at room temperature to remove trace amounts of solvent. Lipid mixtures were suspended into 50 mM TrisCl buffer pH, 7.4 at a final concentration of 20 mg/ml by rotating for at least 8–10 h at room temperature, followed by several freeze cycles at −80°C followed by thawing at room temperature. Lipid powder and suspension were kept under inert nitrogen gas at all times and stored frozen at −80°C. For nanodisc reconstitutions, lipid mixtures were dissolved in DDM at a ratio of 4:1 DDM to lipid (w/w) unless otherwise indicated. For lipid mixtures containing CHS, the indicated amount of phospholipids and CHS powder were weighted prior to dissolving in TrisCl buffer.
Protein purification and quantification
Mouse mdr1a Pgp (codon-optimized abcb1a, GenBank JF834158) was expressed in Pichia pastoris, and grown in fermentor cultures as previously described (Bai et al., 2011). Tobacco, Etch Virus protease (TEV)-cleavable Twin-Strep and His6 –tags were engineered to the C-terminus to facilitate purification by tandem affinity chromatography on Ni-NTA and Strep-Tactin resins as described (Swartz et al., 2020), with the following modifications. Microsomal membrane preparations were solubilized at a concentration of 2–3 mg/ml keeping a constant ratio of detergent to protein of 4:1 (w/w). All purification buffers contained 50 mM Tris pH 8, 10% glycerol, and 500 mM NaCl (Buffer A). Detergent concentrations were reduced to 0.05% DDM during chromatography. Pgp was eluted from the Strep-Tactin superflow resin (Qiagen, Valencia, CA) in the presence of 1 mM DTT, 1 mM TCEP by competition with 4 mM desthiobiotin.
The concentrations of purified Pgp preparations were initially determined from the absorbance at A280 nm using a calculated molar extinction coefficient Ɛ including the purification tags of 126,630 M-1cm-1. Protein concentrations were verified by the bicinchoninic acid (BCA) protein assay using BSA as a standard. Finally, increasing protein amounts of a Pgp standard and newly purified Pgps were resolved side-by-side on SDS-PAGE gels, stained with Coomassie Brilliant Blue, and the Pgp bands quantified using ImageJ (http://rsbweb.nih.gov) to compare mutant Pgp levels between purifications, and after reconstitutions. From 100 g of cells, we routinely purified 6–7 mg of highly pure Pgp at the concentration of 0.8–1 mg/mL. Pgp was frozen in aliquots of 100–200 μl at −80°C.
ATPase activity measurements
To determine the ATPase activity, purified Pgp (∼100 µL) in detergent was activated by incubation with 10 mM DTT and an equal volume of 20 mg/ml of lipids added, giving a final concentration of 1% (w/v) lipids for 15 min at 4°C. Then the protein concentration was adjusted with TrisCl buffer to 0.075 μg/μl 0.5–1.0 µg (∼10 µl) samples were added to 200 µl of ATP cocktail in 96-well plates. The rate of ATP hydrolysis was measured at 37°C in an enzyme linked continuous optical assay utilizing an ATP regeneration system (Urbatsch et al., 1995; Urbatsch et al., 2000), in the absence and presence of increasing concentrations of verapamil. Purified Pgp mixed with E. coli polar lipids typically displayed a specific ATPase activity at 30 µM Verapamil of 3.8–4.0 μmol/min/mg.
Verapamil stocks (50 mM) and 2x-serial dilutions were made in water, 2 µl of the serial dilutions were added to 200 µl of ATP cocktail. ATP activity was monitored for 20 min to 2 h during which the slopes were constant. Statistical analyses were done as described (Swartz et al., 2013; Swartz et al., 2014). EC50 values were calculated from fits according to f = Vb+((Vmax-Vb)*Xb/(Ksb + Xb)), where Vb is the basal activity (in the absence of verapamil), Vmax is the maximum activity, X is the concentration of verapamil, b is the Hill coefficient of the upward curve, Ks is the concentration for half-maximal stimulation or EC50. For each data fit, R2 was greater than 0.97 and each of the parameters was statistically significant (p < 0.05). Lines in the graphs represent fits to the data points (open and closed symbols) using the following equation f = Vb+((Vmax-Vb)*Xb/(Ksb + Xb))+(Vmax-(Vmax-V∞)*Xm/(Kim + Xm)), where Vb is the basal activity (in the absence of verapamil), Vmax is the maximum activity, X is the concentration of verapamil, b is the Hill coefficient of the upward curve, Ks is the concentration for half-maximal stimulation or EC50, V∞ is the activity at infinite verapamil concentrations, m is the Hill coefficient of the downward curve, and Ki is the concentration for half-maximal inhibition or IC50. All statistical analyses were performed with Sigmaplot 11.
Protein reconstitution and quantification
For liposome reconstitutions, purified Pgp in detergent was activated with 10 mM DTT and lipid mixture at a ratio of 1:250 Pgp:lipids (mol/mol). The sample was then diluted with 50 mM TrisCl buffer to give a final glycerol concentration of 4%.
For nanodisc reconstitution, purified Pgp in detergent was activated with 10 mM DTT before adding membrane scaffold protein (MSP) and lipid mixture at a ratio of 1:5:250 Pgp:MSP:lipids (mol/mol/mol). The sample then diluted using 50 mM TrisCl, buffer to give a final glycerol concentration of 4%. For both liposome and nanodisc reconstitutions, for every 1 mg of purified protein, 2 mg of Bio-Beads were added in two additions to remove the detergent. First addition consisted of 1/3 of the total Bio-Beads then placed on a rocker for 2 h at 4°C before adding the second batch of Bio-Beads with continuous rocking for 16–18 h at 4°C. Bio-Beads were removed by filtration through a chromatography column (BioRad) and washed with twice the initial volume of 50 mM TrisCl, 150 mM NaCl, 2% glycerol (buffer M). The filtrate was centrifuged for 15 min at 12,000 g and 4°C to pellet precipitated protein. The supernatant contained a mixture of Pgp-discs and “empty” lipid-nanodiscs that had not entrapped Pgp. This mixture can be directly used for ATPase activity measurement of Pgp since empty nanodiscs show zero activity. Pgp liposomes were directly used for ATPase assays and were not further purified.
Freshly prepared proteoliposomes were snap-frozen at 80°C in small aliquots and assayed within 2 days. Aliquots were thawed at room temperature, and then 2.5–5 µl were diluted into 200 ul of ATPase cocktail, and the ATP hydrolysis monitored at 37°C as above. To test the orientation of the NBDs in the proteoliposomes, aliquots were incubated overnight at 4°C on a rotator without or with TEV protease that cleaves the C-terminal Strep-tag of only those Pgp molecules with the NBDs accessible facing outside of sealed proteoliposomes. Loss of the Strep-tag was detected on Western blots with the anti-Strep tag antibody (Qiagen) and the SuperSignal™ West Pico enhanced chemiluminescent (ECL) substrate; luminescence signals were quantitated with the ImageQuant software.
For separation of Pgp-discs and empty nanodiscs, we took advantage of the Twin-Strep tag on Pgp to bind the protein to Strep-Tactin resin and wash off empty nanodiscs in detergent-free buffers. For this, 1 mg Pgp reconstituted as detailed above was incubated with 1 ml of Strep-tactin resin in 1.5 ml total volume by rotating in a sealed chromatography column for 5 h at 4°C. The flow-through was collected in the same column, and unbound empty nanodiscs were washed off with 10 column volume of size exclusion chromatography (SEC) buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 4% glycerol). The Pgp-discs were eluted off the resin by cleavage of the tag. For this TEV protease was added to the resin at a Pgp:TEV ratio of 4:1 (w/w) in a total of one cv by rotating in the same column for 16–18 h at 4°C to allow for optimal cleavage. The flow through was collected and the Strep-tactin resin was washed with 2 cv of SEC buffer to collect all cleaved sample and combined with the column elution.
Isolated Pgp-discs were analyzed for purity and Pgp concentration on Coomassie-stained SDS-gels and cross-referenced with ATPase activity. The Pgp protein bands were quantified by comparison with a purified Pgp standard using ImageJ. We routinely obtained Pgp concentration of 0.04–0.05 μg/μl; total protein recovery was variable between experiments and was about 25% ± 6% of the starting Pgp using POPC/POPE/Chol/CHS lipid mixtures. For ATPase assays, about 20 µL Pgp-disc samples were mixed with 200 µl ATP cocktail containing 30 µM verapamil and incubated for 50 min to 2 h at 37°C, and ATPase activity calculated as above. ATPase measurements of samples “Before” and “After” separation on Strep-Tactin resin were assayed in triplicates, and the total ATPase activity calculated per input Pgp.
In all cases, data are expressed as means of at least two independent reconstitutions ± range. Graphs were plotted using SigmaPlot 11.0 from Systat Software, Inc., San Jose California United States, www.systatsoftware.com. Statistical analyses were performed using GraphPad Prism 9 Software (San Diego, California United States). Statistical differences between groups were analyzed by two-tailed unpaired Student’s t-test, or by one-way analysis of variance (ANOVA) followed by Dunnett’s, Bonferroni’s, or Tukey’s test, for single and multiple comparisons; a p < 0.05 was considered significant. For these statistical tests, the normality was confirmed using the GraphPad Prism 9 software.
RESULTS
Parameters analyzed to evaluate Pgp function
The overarching goal of this study was to compare Pgp functionality in different lipid environments. For this purpose, we measured Vmax and, in order to assess the affinity for transport substrates, EC50 for verapamil-induced ATPase activity. In some cases with a high basal activity (i.e., in absence of verapamil), the additional activation by verapamil was too small to reliably determine EC50. In those cases, it was easier to determine the verapamil concentration necessary for maximal ATPase activity.
Pgp ATPase activity in E. coli lipid
The ATPase activity of Pgp was previously measured using E. coli polar lipid extract (Avanti Polar Lipids) (Bai et al., 2011; Shukla et al., 2017). Typically with E. coli lipids, purified Pgp in DDM was activated by simply mixing the protein in detergent solution (usually 0.1% DDM) with lipids, together with 10 mM DTT to fully reduce inhibitory disulfide bonds (Urbatsch et al., 2001). The highest activation of ATPase by verapamil in this detergent/lipid mixture was reported at around 30 μM, with a Vmax of 3.8 μmol/min/mg and an EC50 of around 3 µM. (Figure 1, see also (Urbatsch et al., 2000; Bai et al., 2011). Basal ATPase activity in the absence of verapamil was low at around 0.15 μmol/min/mg. In dose-response curves for verapamil activation of ATPase activity we have consistently observed a Hill coefficient of greater than 1.2 suggesting two binding sites that interact with positive cooperativity. Moreover, a negative slope of the curve at high concentrations of verapamil suggests (an) secondary inhibitory site(s) with a lower affinity for verapamil.
[image: Figure 1]FIGURE 1 | Verapamil-induced stimulation of ATPase activity in DDM-E. coli lipid mixed micelles. Purified Pgp in detergent solution was activated with 1% E. coli polar lipids and 10 mM DTT as described in experimental procedures. ATPase activity was measured in the presence of increasing concentrations of verapamil as indicated. Data points represent the mean ± SEM (n = 3). Kinetic parameters obtained from a fit (solid line) to the data points is listed in Table 2, for details see Methods.
Pgp ATPase activity in defined phospholipids
The first specific aim of this study was to create an artificial lipid mixture that can better mimic the mammalian plasma membrane composition but still promote Pgp ATPase activity in the same way that E. coli lipids can. While there is a large variety of phospholipids, the major species of fatty acids in phospholipids of the mammalian cell membranes are 16:0-18:1 (Kalvodova et al., 2009). As to the phospholipid head group, two major phospholipids found in plasma membranes are PC and PE (Table 1). Thus, the synthetic phospholipids POPC and POPE were chosen as basis to analyze the effect of individual phospholipids on Pgp ATPase activity. Purified Pgp treated with POPC alone yielded low activity. With the addition of POPE to POPC at a weight ratio of 1 to 1, half the maximum activity was reached compared to E. coli lipids (Figure 2; Table 2). Supplementing POPC/POPE with 10% cardiolipin increased Vmax more than 2.5-fold but higher concentrations (17%) reversed this effect. The addition of 22% sphingomyelin also increased Vmax significantly.
[image: Figure 2]FIGURE 2 | Effects of phospholipid head groups on the verapamil-stimulation of ATPase. (A) Lipid components of E. coli polar lipids, and (B) phospholipids found in mammalian plasma membranes. Purified Pgp was activated with 10 mM DTT and 1% POPC:POPE (50:50, w/w) lipid supplemented with indicated phospholipids as described in Experimental Procedures. Data points represent the mean ± SEM (n = 3). Kinetic parameters obtained from fits (solid lines) to the data points are listed in Table 2.
TABLE 2 | POPC:POPE (50:50, w/w) was supplemented with indicated phospholipids and the verapamil stimulation of ATPase activity was assayed (n = 3).
[image: Table 2]Importantly, addition of cardiolipin as well as SM and the acidic lipid POPS to POPC/POPE all significantly decreased the EC50 to around 3 μM, a value similar to E. coli lipids. The largest decrease in EC50 was observed when POPC/POPE was supplemented with the negatively charged free acid DPPA. POPS alone had little effect on Vmax, but when combined with the polar head group lipid POPI, the activity was reduced. Pgp activity was also reduced by the acidic lipid POPG. Taken together, the data demonstrate that the lipid head group plays a key role in the interaction of Pgp with verapamil, affecting Vmax and its apparent affinity for drugs, as manifested in the effects on EC50 for verapamil.
Cholesterol and CHS strongly affect Pgp ATPase activity
Cholesterol is a key component of mammalian lipid bilayers, accounting for up to 50% of the plasma membrane lipid mass (see Table 1). Biochemical studies using cholesterol, on the other hand, can be cumbersome due to its very hydrophobic nature. The hemisuccinate ester of cholesterol, CHS, is more water-soluble and therefore more suitable for many biochemical applications. CHS has been shown to be able to mimic cholesterol function (Kulig et al., 2014). Here, we examined the effects of both cholesterol and CHS on the ATPase function of Pgp.
We found that supplementing POPC/POPE lipid with 15% cholesterol had little effect on the verapamil-stimulation of the Pgp ATPase activity and on the EC50. Addition of 30% or 50% cholesterol to POPC/POPE decreased Vmax moderately and gradually reduced EC50 (Figure 3A; Table 3). A plasma membrane mimic composition was created using POPC:POPE:POPS:SM at a ratio of 42:25:10:23 (w/w) with 50% cholesterol. The mixture was able to produce an activity similar to E. coli lipids while decreasing the EC50 by more than 20-fold (Figure 3B; Table 3). Interestingly, in both cases where 50% cholesterol was used the basal activity (in the absence of verapamil) increased.
[image: Figure 3]FIGURE 3 | Effects of cholesterol on the verapamil-stimulation of ATPase. Purified Pgp was activated with 10 mM DTT and (A) POPC:POPE (50:50, w/w) lipid supplemented with 15% (w/w), 30% or 50% cholesterol. (B) A POPC:POPE:POPS:SM mixture (42:25:10:23, w/w) plus 50% cholesterol was used. ATPase activity was assayed as described in Experimental Procedures. Data points represent the mean ± SEM (n = 3).
TABLE 3 | POPC:POPE (50:50, w/w) was supplemented with indicated concentration of cholesterol and the verapamil stimulation of ATPase activity was assayed (n = 3).
[image: Table 3]If POPC/POPE with 15% cholesterol was additionally supplemented with as little as 1% CHS, a left-shift in the verapamil dose-response curve was observed. The decrease in EC50 was even more pronounced upon increasing the CHS concentration to 5% or 10%, reflecting a 20-fold increase in apparent affinity for verapamil (Figure 4A; Table 4). Interestingly, the effect of 10% CHS could even be observed in absence of cholesterol.
[image: Figure 4]FIGURE 4 | Effects on cholesterol and CHS on the verapamil-stimulation of ATPase. Purified Pgp was activated with 10 mM DTT and POPC:POPE (50:50, w/w) supplemented with the indicated concentrations of cholesterol and CHS. (A) 1%–10% CHS; (B) 15% or 20% CHS. ATPase activity was assayed as described in Experimental Procedures. Data points represent the mean ± SEM (n = 3).
TABLE 4 | POPC:POPE (50:50, w/w) was supplemented with the indicated concentrations of cholesterol and CHS and the verapamil stimulation of ATPase activity was assayed (n = 3).
[image: Table 4]Increasing the CHS concentrations to 15% or 20%, in the absence or presence of up to 20% cholesterol, dramatically increased the basal activity to values much higher than those seen with cholesterol, no longer allowing the determination of EC50 values with certainty (Figure 4B; Table 4). Maximum activity was observed between 0.1 and 1 µM verapamil, concentrations roughly 100-fold lower than in absence of CHS. Taken together, these results show that CHS, either alone or in combination with cholesterol, substantially increases the apparent affinity of Pgp for verapamil. Interestingly, CHS also improves the thermostability of Pgp significantly (Supplementary Figure S1), as has been demonstrated for cholesterol (Rothnie et al., 2001; Bucher et al., 2007; Sharom, 2008).
Increasing the bilayer POPC content
Since POPE does not naturally form bilayers, we explored increasing the concentration of POPC to better promote membrane formation and repeated the experiments by supplementing with either cholesterol alone or cholesterol plus CHS (see Supplementary Figure S2, Supplementary Table S1). Trends with POPC:POPE at a ratio of 80:20 (w/w) were similar as with POPC:POPE at a ratio of 50:50 (w/w). However, the higher POPC:POPE ratio of 80:20 (w/w) resulted in lower Vmax and higher EC50 values as compared to the 50:50 ratio (w/w); the latter was chosen for all subsequent experiments.
Reconstitution of Pgp-discs
The second aim of this study was to reconstitute Pgp into lipid nanodiscs with high recovery. Since the invention of nanodisc technology, protocols for reconstitution of Pgp have been reported with variations in the nanodisc size (MSP1D1 or MSP1E3D1), the lipid source, and the ratio of the components during assembly (Ritchie et al., 2009; Zoghbi et al., 2017; Alam et al., 2019; Clouser et al., 2021). Typically, to facilitate the insertion of a protein into lipid bilayers, a lipid mixture is dissolved in detergent, mixed with the protein of interest and MSP, and then the detergent is removed using Bio-Beads to initiate reconstitution. After detergent removal, Pgp-discs can be isolated from “empty” nanodiscs devoid of Pgp by affinity chromatography taking advantage of engineered purification tags on Pgp. To track recovery of Pgp-discs we recorded the verapamil-stimulated ATPase activity and quantitate the Pgp protein bands on SDS-gels before and after purification on Strep-tactin resin.
Dissolving the lipid
First, we tested different DDM:lipid ratios from 1:1 to 8:1 (w/w) to dissolve the POPC/POPE 50:50 (w/w) mix with 15% cholesterol and 5% CHS. After detergent removal using Bio-Beads, we tracked Pgp recovery using its ATPase function. A range of DDM/lipid ratios from 1:1 to 6:1 (w/w) were effective in completely dissolving the lipid and resulted in good recovery of ATPase activity with a maximum observed at the ratio of 4:1 DDM:lipid (w/w). Increasing the DDM/lipid ratio to 7:1 or more reduced the recovered ATPase activity (Supplementary Figure S3).
Amount of bio-beads
Second, we tested the amount of Bio-Beads needed for maximum recovery. While Bio-Beads are effective in removing detergent, excess amounts of Bio-Beads may rapidly deplete the detergent causing the protein to precipitate before it is inserted into the lipid disc (Rothnie et al., 2001). On the other hand, not using sufficient amounts of Bio-Beads can leave traces of detergent in the solution which may bind to the drug binding sites and alter the ATPase activity (Shukla et al., 2017; Zoghbi et al., 2017). Therefore, finding the optimal amount of Bio-Beads is crucial to protein recovery and Pgp function. We tested four different ratios of Bio-Beads of 1, 2, 3, and 4 mg per 1 mg of purified Pgp. 2 mg of Bio-Beads per 1 mg Pgp produced high ATPase activity while increasing the ratio of Bio-Beads to Pgp diminished the yield of Pgp-discs. Of note, as the concentration of Bio-Beads was increased, larger protein pellets, indicative of protein precipitation, were observed concomitant with a decrease in recovered ATPase activity (Supplementary Figure S4A). Recovery of ATPase activity at 2 mg Bio-Beads per mg Pgp was around 24% ± 6% and agreed well with the recovery of the Pgp protein band of Pgp-discs resolved on Coomassie Blue-stained SDS-gels which ranged from 20% to 25% (Supplementary Figure S4B).
Ratio of MSP to phospholipids
To assemble Pgp-discs, two membrane scaffold proteins (MSPs) are needed to enclose one Pgp molecule in a lipid nanodisc. Using excess MSP will increase the number of “empty” nanodiscs devoid of Pgp, while excess lipids can create Pgp proteoliposomes instead of or in addition to nanodiscs. Therefore, finding the optimal ratio of MSP to phospholipid is important. We tested a range of MSP:phospholipid ratios from 1:30 to 1:70 (mol/mol) using POPC/POPE supplemented with 15% cholesterol and 10% CHS. After Bio-Beads treatment and purification on Strep-tactin resin, the highest ATPase activity was recovered at a ratio of 1:40-1:50 of MSP to lipid (mol/mol) (Supplementary Figure S5). At an MSP:lipid ratio of 1:60 or less, recovery declined.
Reconstitution of Pgp in proteoliposomes and nanodiscs
Using the optimized conditions described above, we reconstituted Pgp-discs in POPC/POPE supplemented with 15% cholesterol and 0%, 10%, or 20% CHS to observe the effect of CHS on reconstitution. Purified protein was mixed with a detergent-lipid mixture and then the detergent was removed using Bio-Beads to initiate reconstitution. One sample received an addition of MSP to generate nanodiscs while the other sample without MSP will form proteoliposomes. Pgp-discs were isolated by affinity chromatography. Recovery of Pgp-discs was tracked by measuring verapamil-stimulated ATPase activity after purification on Strep-tactin resin.
Compared to the results obtained with lipid-activated Pgp (Figure 4; Table 4), the reconstituted protein (Figure 5; Tables 5, 6) demonstrated overall superior function. In absence of CHS, reconstituted Pgp showed an increased ATPase activity by a factor of about 2 and a roughly 10-fold decrease in EC50 for verapamil activation, both in proteoliposomes and in nanodiscs. Addition of 10% or 20% CHS resulted in an increase of ATPase activity and a gradual decrease of EC50 in all cases, although the effect on EC50 was smaller for the reconstituted samples due to their already reduced EC50 in absence of CHS. Recovery was similar without or with CHS (Supplementary Figure S6). Compared to lipid-activated Pgp, the reconstituted samples had a higher basal activity, especially in nanodiscs.
[image: Figure 5]FIGURE 5 | Effects of CHS on the verapamil-stimulation of ATPase in proteoliposomes and nanodiscs. Purified Pgp was reconstituted into (A) liposomes and (B) lipid nanodiscs containing POPC/POPE supplemented with 15% cholesterol and 0%, 10%, and 20% CHS. ATPase activity was measured as described in Experimental Procedures. Data points represent the mean ± SEM (n = 3). In liposomes, more than 86% of Pgp’s NBDs were oriented inside-out and accessible to ATP hydrolysis as inferred from accessible to cleavage of the C-terminal Strep-tag, see Fig. S7.
TABLE 5 | Pgp was reconstituted into liposomes prepared from POPC/POPE with the indicated concentrations of CHS and the verapamil stimulation of ATPase activity was assayed (n = 3).
[image: Table 5]TABLE 6 | Pgp was reconstituted into lipid nanodiscs prepared from POPC/POPE with the indicated concentrations of CHS and the verapamil stimulation of ATPase activity was assayed (n = 3).
[image: Table 6]Finally, we reconstituted Pgp in proteoliposomes and nanodiscs containing the phospholipid composition mimicking plasma membranes (POPC:POPE:POPS:SM at a ratio of 42:25:10:23 (w/w) with 50% cholesterol). In contrast to the samples reconstituted in POPC/POPE/cholesterol (Figure 5; Tables 5, 6), reconstitution of Pgp in plasma membrane mimic lipids, either as proteoliposomes or as nanodiscs, did not improve functionality compared to the lipid-activated protein. While the Vmax of verapamil-stimulated ATPase activity was slightly to moderately increased, the apparent affinity for verapamil decreased by a factor of 4 (Figure 6; Table 7). Again, Pgp in nanodiscs showed a high basal activity.
[image: Figure 6]FIGURE 6 | Effects of reconstitution on the verapamil-stimulation of ATPase in lipids mimicking plasma membranes. Purified Pgp was reconstituted into liposomes and lipid nanodiscs. ATPase activity was measured as described in Experimental Procedures. Data points represent the mean ± SEM (n = 3). In liposomes, more than 84% of Pgp’s NBDs were accessible, see Fig. S7.
TABLE 7 | Pgp was reconstituted intp proteoliposomes and lipid nanodiscs prepared from plasma membrane mimicking lipids, and the verapamil stimulation of ATPase activity was assayed (n = 3).
[image: Table 7]DISCUSSION
In this study, we created an artificial lipid mixture that comes closer to the mammalian plasma membrane composition but still promotes Pgp ATPase activity in the same way that E. coli lipids can. Our study will facilitate future investigations of the mechanism of Pgp such as using tryptophan fluorescence, in order to overcome the high background signal from natural lipid extracts (such as E. coli lipids). Two major components of mammalian plasma membranes are PC and PE, while E. coli polar lipids contain a large amount of PE, but no PC. Using a mixture of synthetic POPC and POPE in a ratio of 50:50, Pgp fell short of reaching the verapamil-stimulated ATPase activity and apparent verapamil affinity observed with E. coli polar lipids. However, with supplements such as cardiolipin, SM, or DPPA, the POPC/POPE mixture was able to restore Pgp functionality to the same level observed with E. coli polar lipids or even higher. It should be emphasized that the activities and affinities reached here are similar to those found in the natural environment of Pgp, the plasma membrane (al-Shawi and Senior, 1993; Shukla et al., 2017).
The main effect of these lipid supplements was to reduce the EC50 for verapamil, while verapamil-stimulated ATPase activity (Vmax) was only moderately affected, if at all. Of these three components, only SM is found in mammalian plasma membranes in significant amounts. It is not clear how these components support Pgp functionality or if they do it by the same mechanism. Cardiolipin and DPPA are negatively charged, but SM is not; furthermore, the negatively charged phospholipids POPS and POPG did not improve Pgp performance. Both DPPA and the SM preparation used in this study contain exclusively or nearly exclusively saturated fatty acids, which tend to reduce the membrane fluidity. On the other hand, the cardiolipin preparation used here carries mostly doubly-unsaturated fatty acids, which are expected to increase membrane fluidity.
Cholesterol is a major component of mammalian plasma membranes. However, adding cholesterol to the POPC/POPE mixture, even in amounts as high as 50%, did not improve Pgp functionality to a pronounced extent. While the apparent ligand binding affinity was somewhat increased, the ATPase activity dropped. In contrast, a mammalian plasma membrane mimic, containing POPC:POPE:POPS:SM at a ratio of 42:25:10:23 (w/w) with 50% cholesterol gave a verapamil-stimulated ATPase activity similar to E. coli lipids while increasing the apparent affinity for verapamil significantly. Taken the results described above into account, this increase in Pgp functionality is most likely due to the presence of SM, not POPS.
Another compound we identified as supportive of Pgp performance was CHS. Adding 10% CHS to a POPC/POPE mix supplemented with 15% cholesterol improved the Vmax of verapamil-stimulated ATPase activity only slightly but increased the apparent affinity for verapamil by a factor of 20. High concentrations of CHS resulted in a significantly increased basal activity which could be due to binding of CHS to the drug binding site as transport substrate or as activator, maybe acting cooperatively with verapamil to increase the verapamil affinity. Alternatively, cholesterol has been shown by cryo-EM to bind to grooves on the surface of the TMDs of Pgp (Alam et al., 2019). CHS might do the same and stabilize Pgp in a conformation that is hydrolysis-active and has a high affinity for verapamil. The notion of direct interactions of CHS with Pgp, whether in the drug binding site or on the surface of the transmembrane region, is supported by the finding that CHS increases the thermostability of DDM-solubilized Pgp.
Following the systematic investigation of lipid effect on Pgp activity, we optimized conditions for reconstitution of Pgp in nanodiscs, especially with regard to recovery, and to see if the artificial lipid mixtures identified above also worked well in nanodiscs. The optimal DDM:lipid ratio for solubilizing the lipids ratio was determined to be 4:1 and the best ratio of Bio-Beads to Pgp was found to be 2 mg Bio-Beads per 1 mg Pgp. The MSP:lipid ratio was optimal at 1:40–1:50. Using these conditions, we reconstituted Pgp into proteoliposomes and nanodiscs using POPC/POPE with 15% cholesterol and 0%, 10% or 20% CHS. Especially when prepared in presence of CHS, the resulting proteoliposomes and nanodiscs both strongly supported Pgp functionality. Both verapamil-stimulated ATPase activity and apparent verapamil affinity were actually superior to results observed in preparations where detergent-solubilized Pgp was just mixed with lipids, without undergoing the reconstitution procedure.
When using the plasma membrane mimic lipid mixture (POPC:POPE:POPS:SM at a ratio of 42:25:10:23 (w/w) with 50% cholesterol for the reconstitution, we obtained again proteoliposomes and nanodiscs with active Pgp. However, the verapamil-stimulated ATPase activity in nanodiscs was only about half of the activity observed in proteoliposomes. While the lipid composition of the proteoliposomes likely reflects the composition of the lipid mix user for the reconstruction, this might not be the case for the nanodiscs. It could be shown that nanodiscs prepared from binary mixtures of POPC and POPG or POPS in different ratios have a lipid composition reflecting the original mixture (Hoi et al., 2016). However, these phospholipids are very similar, just differing in the head group. Experimental data on nanodiscs prepared from more mixtures of structurally more diverse lipids are lacking (Li et al., 2019). Another possible problem is a heterogeneous distribution of lipids in nanodiscs due to the presence of MSP. A molecular dynamics study found an even distribution of cholesterol in the nanodiscs, while the negatively charged CHS preferred to bind to positively charged amino acid residues in MSP (Augustyn et al., 2019). Even if some CHS binds to MSP, the results of the present study show that there must be still CHS molecules available to bind to Pgp and improve its functionality.
In conclusion, we could identify improved lipid mixtures that are able to sustain high levels of activity and verapamil binding affinities very similar to Pgp in plasma membranes. This will pave the way for future functional and biophysical studies of Pgp in a lipid environment that supports enzyme activity and mirrors the drug binding properties in its native membrane environment.
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polar

lipid
extract

Bovine
liver polar
lipid
extract

Mammalian
total cell lipid®

Porcine
brain polar
lipid extract

Rat liver
plasma
membrane®

Human liver
microsomes

Plasma
membrane
mimic

Phosphatidylcholine (PC) 2 13 451055"° 2 36 to 41 ~40

Phosphatidylethanolamine 67 2% 2 151025 31 231026 ~24

(PE)

Phosphatidylserine (PS) 10 19 [ 21010 5 [ 91010 -9

Phosphatidylinositol (PT) 4 101015 13 4108 <

Phosphatidylglycerol (PG) 23 [

Sphingomyelin (SM) 51010 4 16025 ~22

Cardiolipin 10 2t05 [

PA, BMP 1 lto2 5

Residual 174 314 102

Cholesterol 5 1010 20 7

Cholesterol:phospholipid ratio 1:1° ratio 1:1

References Avanti Polar | Avanti Polar | Avanti Polar Vance and Kapitulnik et al.  Zambrano et al. “This study

Lipids Lipids Lipids Steenbergen (2005) (1987) (1975)

van Meer et al.
(2008)

‘Cultured cell extracts from a typical mammalian cell (Vance and Steenbergen, 2005); examples from HEK, CHO, MDCK, and other cell lines can be found in (Symons et al, 2021).
"Original references are from rat plasma membranes; these are considered similar to human plasma membranes (Ingélfsson et al, 2014; Domicevica et al., 2018; Symons et al., 2021).
“Residuals are not specified on the Avanti Polar Lipids website.
Values are given in % (w/w); cholesterol is often reported as a weight ration relative to total phospholipid content. A ratio of 1:1 amounts to 50% total cholesterol (w/w).

“Was not include due to inhibitory effect, see text.
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# gly-ring WB/head 0.63 =004 0,84 006

Average numbers of lipid-water H-bonds (# H-bonds); H-bonded water molecules (#H bonded H;0) and water bridges (# WB) per lipid head, rings and glycerol backbone (gly) and
additionally per a and p rings of DGDG, at the interface of the MGDG, and DGDG, bilayers. In parenthesis are the numbers of interactions via H (H-bond donor) and O (H-bond acceptor)
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813014
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6.01 003

‘WB/head horizontal
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1.69 +0.10
157 £ 009
141 £0.16
1.90 +0.03

‘WB/head vertical
072 + 006
056 + 0.11

‘WB/head total

228011
197 £0.20

Concave is the region of W15 that contai

excess water (not marked in Figure 4A); connect-15, and connect-30 (cf. Main text) are regions of W15 that are marked with black and red

frames, respectively, in Figure 4. The inverse hexagonal MGDG, phase (Hyy) was generated in Ref. (Bratek et al,, 2019). In the connect-15, and connect-30 regions, the numbers of the
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Hy 133 £ 002 190 £ 0.03

Average numbers of direct lipid-lipid H-bonds (second column) in the MGDG, and DGDG, lamellar bilayers per head and per the a and f rings of DGDG; the concave, connect-15, and
connect-30 regions of W15 (cf. Figure 44) as well a in the inverse hexagonal MGDG, phase (Hy). For comparison, the average numbers of WBs, from Table 2 and 3 are also given (third
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Bilayer (# lipids in a leaflet)

¢ H-bonds
¢ water bridges
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size smallest
size largest (%)
¢ network bridges
node strength
Edge lifetime [ps]
Direct H-bonds
Water bridges
Interaction energy [kcal/mol]
Direct H-bonds
Water bridges

MGDG™ (8 x 8)
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4MGDG* (16 x 16)

103 % 0.04
1.69 + 0.06

327 £1.09
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252.80 + 2.02 (98.7)
2111 £ 4.44

3486 + 0.95

1.73 £ 0.004
1.43 £ 0.005

-5.12 £ 275
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anzoa2

101 £ 0.06

99.30 + 5.86
99.99 + 0.06 (100)
021033

3447 + 109

0.86 £ 0.003
0.80 + 0.004

-5.12 £ 275
~14.23 £ 7.80

Average numbers (#) of lipid-lipid H-bonds and water bridges; average number of clusters (# clusters); average size of the smallest (size smallest) and largest (size largest) clusters (in
parenthesis, % of the lipid molecules in one bilayer leaflet); average number of network bridges (# network bridges); average node strength; average lifetimes of inter-node edges (Edge
lifetime) in networks via H-bonds (Direct H-bond) and via water bridges; average energy of the H-bond (Direct H-bond) and the water bridge interaction (Interaction energy) for the
MGDG?*, 4 MGDG* (Szczelina etal., 2020) and DGDG, bilayers MD, simulated at 295 K. The numbers for the DGDG bilayer are averages over the last 50 ns of the 1,050-ns MD simulation.
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System Ep [10° kJ/mol] A, [A?] Dgr [A] Dcc [A] Tilt []

MGDG ~5.488 + 0.02 6177 £ 0.50 4160 + 028 3459 + 025 p:32
DGDG ~2420 £ 001 65.84 + 0.63 4204 £ 033 3339 + 031 a: 30

B: 36
w15 -8.340 £ 0.02 6426 £ 0.72 4039 £ 039 33.80 + 0.40 pr a2

Time average values of the potential energy (Ep), surface area per lipid (A,) and bilayer width (Dy, and Dec) (see text) as well as the preferred tilt angle (maximum of the w angle
probability distribution in Supplementary Figure $5) of the p and a rings for the MGDG, and DGDG, bilayers and the W15 system, MD, simulated at 295 K. The W15 system was cooled
from 333 t0 295 K and MD, simulated at this temperature for 100 ns (sce Figure 3G); the average value of Ep was calculated for the whole W15 system and those for Ar, Dy, and Dec for
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name Gene Protein-ID Length [aa] MW [kDa| Pre-loc At ortholog [id/sim aa]

Cr-FAX1 * Crel0.g421750 ASICM7 199 (145) 19.9 (14.3) [ At-FAXI [26/37%]
Cr-FAX3 Cre08.g383300 AOA2K3DI83 208 (171) 197 (15.7) o At-FAX3 [24/38%]
Cr-FAX5 * Cre08.g366000 A8J403 121 (92) 12.7 (9.5) ER/SP At-FAX5 [32/51%]
Cr-FAX7 Cre09.g387838 AOA2K3DDV7 109 1.2 - At-FAX7 (28/47%]

The Chlamydomonas genome harbors four genes encoding for FAX-like proteins. Listed are names, genes (Phytozome; Goodstein et al., 2012), and protein-IDs (UniProtKB), length in
amino acids (aa), molecular weight in kDa and the predicted subcellular localization (TargetP 2.0; Almagro Armenteros et al, 2019). In brackets are values for the respective predicted
mature proteins; bold letters indicate proteins and verified features of this study. The similarity to the presumed Arabidopsis ortholog (see also Supplementary Figure S2B) is given in %
identical (id) and similar (sim) aa. *: Note that Cr-FAX1/Cre10.g421750 and Cr-FAX5/Cre08.g366000 correspond to CrFAX1 and CrFAX2, described in Li et al. (2019), respectively. C,
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