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Abstract

:

Gramicidin S (GS), one of the first discovered antimicrobial peptides, still shows strong antibiotic activity after decades of clinical use, with no evidence of resistance. The relatively high hemolytic activity and narrow therapeutic window of GS limit its use in topical applications. Encapsulation and targeted delivery may be the way to develop the internal administration of this drug. The lipid composition of membranes and non-covalent interactions affect GS’s affinity for and partitioning into lipid bilayers as monomers or oligomers, which are crucial for GS activity. Using both differential scanning calorimetry (DSC) and FTIR methods, the impact of GS on dipalmitoylphosphatidylcholine (DPPC) membranes was tested. Additionally, the combined effect of GS and cholesterol on membrane characteristics was observed; while dipalmitoylphosphatydylglycerol (DPPG) and cerebrosides did not affect GS binding to DPPC membranes, cholesterol significantly altered the membrane, with 30% mol concentration being most effective in enhancing GS binding. The effect of star-like dextran-polyacrylamide D-g-PAA(PE) on GS binding to the membrane was tested, revealing that it interacted with GS in the membrane and significantly increased the proportion of GS oligomers. Instead, calcium ions affected GS binding to the membrane differently, with independent binding of calcium and GS and no interaction between them. This study shows how GS interactions with lipid membranes can be effectively modulated, potentially leading to new formulations for internal GS administration. Modified liposomes or polymer nanocarriers for targeted GS delivery could be used to treat protein misfolding disorders and inflammatory conditions associated with free-radical processes in cell membranes.
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1. Introduction


Decapeptide gramicidin S (GS) is a widely used effective antimicrobial drug. Its pharmacological action is commonly associated with direct binding to membranes of bacterial and eukaryotic cells, which provide both therapeutically positive antibacterial effects and negative hemolytic ones [1,2,3,4,5,6,7,8,9,10,11,12,13].



The primary structure of GS is known: it is a cyclic, C2-symmetrical decapeptide with the sequence cyclo(Pro-DPhe-Leu-Orn-Val)2 [6]. The synthesis of gramicidin S is a strictly regulated process that involves precise peptide chemistry and enzyme specificity. The enzymatic formation of GS from its precursor peptides is very similar to enzyme-catalyzed protein post-translational modifications. Conformation studies solve the secondary structure of GS as an anti-parallel β-sheet with four intermolecular hydrogen bonds [14], which generally maintains both in water and in membrane surroundings.



Nowadays, a broad range of features regarding the biological activity of GS has been identified; however, the detailed molecular mechanism of GS action is still far from clear. Anyway, the primary GS targets are lipid membranes. GS partitioning into lipid membranes is predominantly driven by large favorable entropy change [9]. After being introduced into the membrane interior, GS molecules bonded directly underneath the polar lipid part, pointing its charged residues toward the water phase [3,5,13]. GS is characterized by two types of binding to lipid membranes, namely monomeric and oligomeric [2,10]. GS oligomers are mainly observed at GS concentration above 2 mol %, and it is worth noting that the bactericidal effect of GS is observed at the same concentration [11].



It was assumed that GS binding to model lipid membranes results in pore formation and, therefore, cell lysis [15]. However, novel data reveal that over the pore formation, GS-induced large lipid domain formation coupled with changes of localization of peripheral proteins take place in vivo in bacterial cells [16]. It has also been established that GS introduction in artificial lipid membranes causes elevation of lipid cross-area, as well as diminution in lipid chains ordering, hydrophobic thickness, and interlamellar distance of the membranes [5]. Taken together, these findings point to the disordering and dehydrating membranotropic effects of GS, which need to be further studied.



Differences in membrane lipid compositions among various biological species, especially between eukaryotes and prokaryotes, suggest a method for differentiating the therapeutic actions of membranoactive drugs like GS while minimizing their negative side effects, such as hemolysis, in animal and human cells [6,17]. Indeed, lipid composition and asymmetry are able to predetermine membrane permeability for GS [18,19] and, therefore, could impact drug–membrane interactions. Indeed, changes in lipid composition are pointed out as one of the mechanisms of cell resistance to antibiotics [20,21]. This is in line with the dependence of the GS effect on lipid composition, which has been reported, especially on membrane hydrophilic parts and on the presence of cholesterol (Chol) [1,8,9,10,22,23]. Interestingly, one study [14] reports that a Chol content of about 40% prevents GS from binding to the membrane, while 10% Chol content favors this binding. Thus, the Chol effect on GS–membrane interaction needs to be further studied.



The importance of in-depth studies on GS also stems from the fact that GS, among other antimicrobial peptides, attracts the attention of researchers addressing the pressing issue of widespread microbial resistance to conventional antibiotics. This is due to its non-specific mechanism of action and the much slower development of resistant microbial strains.



It is also important to note that in the last decades, a number of GS analogs were synthesized with different lengths of the peptide chain and various numbers of charged groups, with the introduction of post-translational modifications and different positioning of hydrophobic amino acids in the moiety. Some of them have essential preferences over the original GS in a therapeutic index. Nevertheless, it would take additional years of study and clinical trials to introduce GS analogs as a new drug into clinical practice. Our idea is to explore the possibilities of modulation of “standard” GS binding effects by means of its application in tandem with other certified pharmaceuticals, as well as by using modern nanocarriers for targeted delivery. Assuming the possibility of applying lipid nanocarriers (liposomes and micelles) or polymer nanocarriers for GS encapsulation and delivery, we have studied here the impact of lipid composition (particularly, cholesterol content) and calcium ions on GS interaction with these drug-delivery vehicles.



Taking into account that the principal distinguishing feature of lipid composition of eukaryotic cells comparatively from bacterial ones is the presence of phosphatidylcholines and Chol, several types of model lipid membranes were investigated here: (1) pure dipalmitoylphosphatidylcholine (DPPC) membrane, which is widely used as model lipid membrane [24]; (2) membrane consisting of DPPC and dipalmitoylphosphatidylglycerol (DPPC-DPPG membrane), which mimics negative membrane charge of Gram-positive bacteria [25,26]; (3) membrane containing DPPC and cerebrosides (DPPC-Cer membrane), which mimics membranes of skin cells as well as some bacterial cells [26,27]; (4) cholesterol-containing membrane (DPPC-Chol membrane), which mimics membranes of mammalian cells.



Another way to modulate GS binding and, thus, its biological effects could be achieved through various guest substances. For example, it has been shown that the formation of an intermolecular complex between GS and the lipopeptide surfactin can lead to a rare case of bacterial resistance to GS [28]. As another example, the modulation of GS is reported under Ca2+ introduction in concentrations above 100 mM [11]. In this study, we will also test the Ca2+ effect on GS binding to the complex membranes.



A powerful way to modulate drug–host interactions and drug efficacy is by using polymers (polymeric drug delivery systems). For instance, star-like dextran-polyacrylamide copolymers have been previously examined as drug carrier nanocontainers [29,30,31,32] and as membranotropic agents [33]. Based on the published results, the polyanionic form D-g-PAA(PE) of dextran-graft-polyacrylamide copolymer D-g-PAA is supposed as a perspective modulator of GS action and is studied here.



Finally, some non-canonical applications of GS are reported in the literature: GS anti-aggregatory activity towards blood clot system [34], as well as activity against formation of protein fibrillar aggregates [35] and radioprotective properties [36]. Elucidation of governing molecular mechanisms of GS membranotropic effects [37] would accelerate the development of new effective formulations for treating protein (mis)folding deceases and inflammatory disorders associated with free-radical processes in cell membranes.



The aim of the present study is to explore various factors affecting GS–membrane interactions, such as membrane cholesterol content, the presence of star-like polyanionic dextran-polyacrylamide copolymer D-g-PAA(PE), and calcium ions in order to expand the possibilities for optimizing the therapeutic action of GS. The modulation of GS membranotropic effects, observed here, contributes to exploring new ways to redeploy this certified and successful pharmaceutical.




2. Results


2.1. Impact of Cholesterol Content


The chemical structure of GS and the main GS-interacting molecules studied here are presented in Figure 1. We applied DSC to study the impact of cholesterol on GS binding with the DPPC membrane. Firstly, we tested the effect of pure GS on the DPPC membrane and distinguished GS oligomers and polymers. Then, we tested four types of membranes for GS binding, three control membranes, and membrane with cholesterol content: (1) dipalmitoylphosphatidylcholine (DPPC) membrane; (2) membrane consisting of DPPC and dipalmitoylphosphatidylglycerol (DPPC-DPPG membrane); (3) membrane containing DPPC and cerebrosides (DPPC-Cer membrane); (4) cholesterol-containing membrane (DPPC-Chol membrane).



The original DSC thermogram of neat DPPC membrane contains two endothermal peaks: the low-temperature peak is near 36 °C and corresponds to the phase transition “gel to ripple phase” called pre-transition (Tp). Another peak reflects the “gel to liquid crystal” phase transition called membrane melting (Tm). These parameters were used to distinguish the GS binding under monomer and oligomer forms and study the dose dependence of DPPC membrane Tm from GS (Figure 2).



DSC data evidence that all studied types of membranes are impacted by GS in a similar way and appeared in thermograms as a lowering of Tm (Figure 2, Table 1) and in the disappearance of the pre-transition Tp peak. The most pronounced Tm shift (ΔTm) and half-width widening of the melting peak ΔTm½ is observed for the DPPC-Chol membrane (Table 1). Importantly, Tm shift in the membrane containing both Chol and GS is discernibly non-additive to the one containing individual components. Indeed, in the membranes containing only GS at 5 mol %, the temperature shift ΔTm = −1.5 ± 0.15 °C (Figure 2) was observed; Chol individually (10 mol %) induced ΔTm = −1.7 ± 0.15 °C, whereas being introduced together, GS and Chol led to ΔTm = −5.3 ± 0.15 °C.



In addition, GS introduction into the DPPC membrane at a concentration above 2 mol % causes a substantial increase in the asymmetry of DSC profiles, indicating the appearance of a new low-temperature DSC peak, which could be specified as Tm*. According to the literature data on two possible modes of GS binding to lipid membranes (in the form of GS monomers or oligomers) [10], the Tm* peak is attributed here to GS oligomer binding. The dependence of Tm on GS concentration is shown in Figure 2 for both possible modes of GS binding—monomeric and oligomeric. The additionally observed increase in the half-width (the width of a spectral peak at half of its maximum amplitude) of the “oligomeric” DSC peak at higher GS concentration suggests that the lipids in the membrane become much less homogeneous in the presence of GS.



A comparison of membranotropic effects of GS was performed using four different DPPC-based membranes with GS content of 5 mol %. Table 1 presents the most sensitive thermodynamic parameters of membrane melting, such as molar membranotropic activity amol [38], defined as Tm shift per unit concentration, half-width of the melting peak ΔTm1/2, and shift of the melting enthalpy ΔΔHm1/2. GS induces a low-temperature shift of membrane melting peak in all tested types of membranes, with the most pronounced effect in the DPPC-Chol membrane (Table 1, row 4). This result indicates an increased distribution of GS into the DPPC-Chol membrane, demonstrating the synergistic effect of GS and Chol towards altering the DPPC membrane and is in sync with the general Chol effect on biological membranes [39,40,41].



To further investigate the observed synergistic effect between GS and Chol in the DPPC membrane, two additional steps were performed. Firstly, all original DSC profiles were decomposed into two components, which correspond, in accordance with [40], to Chol-depleted (peak Tm) and Chol-enriched (peak Tm*) lipid phases. High values of determination coefficient (R2 > 0.99) validate the correctness of the decomposition procedure.



Secondly, Chol content (cchol) has been varied in our experimental model membrane systems in the range of 0 to 40 mol %. As shown in Figure 3, the dependence Tm* from cchol is non-linear, with a clear minimum at Chol content of about 30% w/w. The dependence Tm from cchol has a similar non-linear trend with the minimum at 10–30 mol %. The same critical value cchol of approximately 30 mol % is found on concentration dependences of the peaks’ half-width, whereas enthalpy values decrease monotonously with Chol concentration.




2.2. Impact of Lipid Composition


FTIR spectroscopy has been applied to provide important information on the impact of lipid composition on GS–membrane interactions. Note that the control DPPC membrane FTIR spectra contained mainly the sets of characteristic bands of DPPC and water, as they were identified according to the literature data [42,43,44,45,46]. The characteristic bands of GS, Chol, and lipid components were detected separately on FTIR spectra of corresponding pure substances. The bands were modified or absent when the spectra of the complex systems were examined. The possible impact of single compounds’ bands has been taken into account during FTIR spectra analysis.



GS introduction into the DPPC-DPPG membrane caused changes in relative intensity between two components of the vibration band of DPPC phosphate groups (νP=O) at 1220 cm−1 and 1240 cm−1, showing the difference from the DPPC membrane. According to previously described FTIR spectra analysis and interpretation [46], these components correspond to asymmetric valence vibrations of hydrated and “free” phosphate groups, respectively. They are considered extremely sensitive markers of structural rearrangements in the membrane water shell, particularly during interactions with exogenous substances [41,47]. An increase in relative intensity of the 1220 cm−1 band in the DPPC-DPPG membrane containing GS indicates dehydration of the membrane surface or GS binding to phosphate groups of lipids, as was previously reported [48]. Note that this effect could not be a result of band superposition because the nearest bands of DPPG at 1150 cm−1 and 1260 cm−1 did not change. The effect of dehydration of membrane lipid P=O groups by introducing Chol alone appeared to be similar to that of GS, but under the simultaneous introduction of Chol and GS into the DPPC membrane, opposite compensative effects were observed.



Vibration bands of methyl groups were characterized using peak decomposition onto four components (for stretching vibrations νCH2 2920 cm−1 and 2850 cm−1) or onto three components (for bending vibrations δCH2 1470 cm−1). The values of peak maximum and half-width were defined for each of these components. High values of the determination coefficient (R2 > 0.99) validate the correctness of the decomposition procedure. The obtained results evidence that Chol introduction causes the narrowing of νCH2 bands coupled with their bathochromic shift, which reflects increasing both lipid homogeneity and fluidity. GS addition enhanced this effect in accordance with the GS-Chol synergic effect observed here by the DSC method (Table 1).



Analysis of characteristic bands of carbonyl groups of DPPC νC=O 1734 cm−1 was performed according to the established procedure [49,50]. The original νC=O bands were decomposed into two constituent peaks (low-frequency and high-frequency), which correspond to hydrated (C=Ohydr) and non-hydrated (C=Ofree) carbonyl groups. According to published data [49,50], the ratio of corresponding peak areas (C=Ohydr/C=Ofree) reflects the portion of hydrated carbonyl groups and, therefore, allows monitoring of changes of water access into the membrane interface. This value amounts to 2.1 for neat DPPC membrane, 2.0 for DPPC-Chol membrane, and 3.5 for DPPC-Chol membrane containing 8 mol% GS. Both Chol and GS cause hypsochromic shifts of νC=O bands.



FTIR data for a set of multi-compound lipid membranes containing GS show that GS has qualitatively and quantitatively different impacts depending on lipid composition (Table 2). In negatively charged DPPC-DPPG membrane, GS causes dehydration of phosphate groups coupled with disordering of alkyl chains of lipids, as concluded from νasCH2 and δCH2 increase (Table 2, first line), whereas an opposite effect is observed in DPPC-Chol membrane (Table 2, third line). Note that in multi-compound membranes, there is no clear correlation between alkyl chain ordering and hydration of membrane surface [51]. Present data contribute to clear this issue.




2.3. Impact of a Polymer Carrier


The dextran-graft-polyacrylamide copolymer in its anionic form D-g-PAA(PE) was chosen as a potential modulator of GS binding with membrane. According to [31,52], D-g-PAA(PE) molecular weight is about 7 kDa, and the hydrodynamic radius is approximately 70 nm. It contains five polyacrylamide chains with approximately 37% negatively charged group moiety (Figure 1). In our previous studies, we examined the potential of D-g-PAA(PE) to be used as a drug carrier [29] and its ability to bind to a model lipid membrane [33].



In this study, the impact of D-g-PAA(PE) on GS binding with membranes was initially observed at a relatively high GS concentration (about 8 mol %) and manifested itself as an increase in Tm, Tm*, and Tm*½ in DCS thermograms of DPPC membranes. These changes in lipid transition temperatures appeared exactly the opposite of what we observed for the binding of free GS to membranes (Figure 2). This indicates that D-g-PAA(PE) prevents GS binding with DPPC membrane at high GS concentrations. At the same time, at a moderate GS concentration of 5 mol %, the presence of D-g-PAA(PE) polymer changes the affinity of GS binding with membranes, favoring the incorporation of peptide oligomers into lipid bilayers versus monomeric forms of GS. This could be figured out from the redistribution of the DSC peak enthalpies between membranes with GS bound in a monomeric form and GS bound as oligomers (Figure 4, empty columns for GS oligomers). Enthalpy ΔHm was significantly (2.1 ± 0.3 times) higher for GS bounds in oligomeric forms due to polymer D-g-PAA(PE) presence (Figure 4). This result means the facilitation of GS oligomeric binding mode at the expense of monomeric form.




2.4. Impact of Calcium Ions


The importance of calcium ions as moderators of membrane interactions with exogenic substances is well-known [11,53,54], but further studies are needed. In order to clarify the impact of calcium ions on GS–membrane interactions, DSC thermograms were obtained for DPPC membrane containing GS at different concentrations of CaCl2 (Figure 5). We observed the positive shifts of phase transition temperatures after the increase in ionic strength (Figure 5). These data are in accordance with the individual membranotropic effect of Ca2+ ions [55], whereas the effect of Cl− ions is known to be neglectable [56]. However, the shape of the dependence curves Tm from GS concentration remains similar for different Ca2+ concentrations (Figure 5). The equidistance of the dependence curves was interpreted as the additivity of GS and CaCl2 effects in the DPPC membrane. Enthalpies calculated from DSC thermograms were changed insignificantly. Taking into account opposite directions of GS versus CaCl2 membranotropic effects, significant peak broadening observed in DSC thermograms from the systems containing CaCl2 is plausibly caused by independent binding of GS and Ca2+ with the membranes.





3. Discussion


GS binding to biological membranes is a crucial step in its activity. Two modes, monomeric and oligomeric, of GS binding to model lipid membranes were established here using calorimetry methods by observing an additional low-temperature peak of DPPC membrane melting. DSC profiles of the melting suggest simultaneous binding of GS monomers and oligomers to model biological membranes.



Possibilities of modulation of GS–membrane interactions were explored in this study using various factors, such as Chol content, lipid composition, calcium ions, and a polymer D-g-PAA(PE) carrier.



Critical Chol content was monitored and established here as 30 mol % (Figure 3) by DSC. It was concluded from the analysis of the qualitative change of GS binding to membrane, from facilitating to hindering. Additionally, the ability of lipid membrane composition to substantially modify GS membranotropic effect was shown using FTIR data (Table 2). We show that Chol’s impact on GS binding was much stronger than the effect of DPPG or ceramides. This effect can be interpreted as synergism and is in accordance with the literature data on 19F NMR [10], which demonstrated enhancement of GS binding to membranes in the presence of similar concentrations of Chol. The specific effect of Chol in phospholipid membranes has been reported before [39] when the enhancement of spectrin distribution into lipid membranes in the presence of Chol was observed. This effect was explained by increasing phase boundaries, which serve as binding sites of spectrin in spectrin-containing membranes. The same mechanism could be proposed for GS in the presence of Chol. Indeed, according to [40,41], Chol content of about 10% w/w causes non-homogeneity of lateral lipid ordering and an increase in membrane-free volume at the region of the membrane interface, i.e., in the area of GS localization in the membrane. In our opinion, the totality of these features indicates significant differences in DPPC membrane properties when the Chol content is much below or above 30 mol %. The composition with low Chol (10–30 mol %) promotes GS binding to the lipid bilayer, whereas 40 mol % hinders the binding. It is noteworthy that exactly the same 30 mol % composition corresponds to a homogenous DPPC-Chol membrane in a single liquid-ordered phase described by others [40]. These findings integrate with previous data obtained by NMR analysis [10,41] concerning the opposite Chol effect at concentrations of 10 mol % and 40 mol %. Taking into account the absence of sterols in bacterial cells and the presence in eukaryotes, our finding could be applied to explain the harmful side effects of GS on human cells, e.g., erythrocytes hemolysis [6]. In summary, the cholesterol concentration of 30 mol % is found to maximally influence DSC and FTIR parameters, meaning the most effective GS binding to membranes. These data are in accordance with the known Chol effect of blurring phase transition peaks in lipid membranes [40].



FTIR analysis, performed here, is based on established protocols [42,43,44,45,46,47,48,49,50], and the obtained data correspond with similar membrane systems tested for drugs. It is important to note that, generally, in multi-compound membranes, there is no clear correlation between alkyl chain ordering and membrane surface hydration [51]. Our data contribute to clearing this issue.



Generally, it was shown that the composition of lipid membranes can modify the activity of antibacterial peptides [10], which is very important for pharmacology. In concordance with results obtained by other authors [16], our data contribute to the understanding of the changes in lipids’ localization in membrane and lipid domain formation caused by the presence of GS.



The data on the interactions of GS with D-g-PAA(PE) inside the membrane indicate that D-g-PAA(PE) partially prevents GS from binding to the DPPC membrane. In general, these interactions could be direct or membrane-mediated. The direct type of interaction is probably realized by the formation of intermolecular complexes between the cationic drug (GS) and the polyanionic polymer D-g-PAA(PE). However, this process is hampered by the majority of ions in the HBSS medium, which are able to create shells of counter-ions around both GS and D-g-PAA(PE). The second membrane-mediated type of interaction could consist of the concurrent binding of both substances with the experimental membranes. Naturally, both mechanisms could simultaneously take place. In summary, it was observed that a polymer carrier D-g-PAA(PE) strongly modulates GS interaction with the lipid membrane by diminishing its total membranotropic effect and favoring the binding of GS oligomers at the expense of monomeric binding (Figure 4). Thus, D-g-PAA(PE) could be preliminarily proposed as a perspective delivery system for GS, which needs to be additionally studied.



Alongside numerous important functions in living organisms, calcium ions serve as moderators of membrane interactions with various exogenic substances [11,53,54]. Independent binding of GS and calcium ions to the membrane was observed here under calcium concentrations up to 200 mM (Figure 5). This could be an additional regulatory factor for GS binding to nanocarriers or for the GS mechanism of biological action, including GS-induced hemolysis.



The obtained results on GS interaction with lipid components permit the proposal of GS for the creation of optimized or new drug formulations, as well as specially formulated liposomes or polymer nanocarriers, which could be used for targeted internal delivery of GS for such important diseases as protein misfolding diseases and inflammatory disorders associated with free-radical processes in cell membranes.




4. Materials and Methods


Gramicidin S (GS, PubChem CID 73357) was used as chemically pure gramicidin S from Bacillus brevis (“Sigma-Aldrich, Merk”, St. Louis, MO, USA, 50847, 90% pure by HPLC) or in some control tests as pharmaceutical preparation after additional purification. No difference was observed by applying the substance from these two sources. Chemically pure L-α-dipalmitoylphosphatidylcholine (DPPC), L-α-dipalmitoylphosphatidylglycerol sodium salt (DPPG), and cholesterol (Chol) were purchased from “Sigma-Aldrich”. Cerebrosides (Cer) were purchased from “BASF” (Ceramides LS 3773). Star-like polyanionic dextran-polyacrylamide copolymer D-g-PAA(PE) (Figure 1) was synthesized by one of the co-authors, Dr. N.V. Kutsevol, in Taras Shevchenko National University of Kyiv, Ukraine. Commercially available ultra-pure CaCl2 solution “calcium chloride” was used (Darnitsa Pharmaceutical Company, Kyiv, Ukraine).



4.1. Membrane Preparation


Lipid DPPC membranes were prepared according to the following procedure. Lipid compounds for (i) basal DPPC membranes, (ii) control membranes DPPC-DPPG and DPPC-Cer (see below), and (iii) Chol dose-dependence experiments and GS were dissolved in chemically pure ethanol. The GS quantity was adjusted to provide GS content in membrane systems from 1 to 8 mol %. The solvent was then evaporated by means of Concentrator Plus equipment (“Eppendorf”, Hamburg, Germany) for 6 to 10 hours at 45 °C and 0.2 mbar. After drying, the samples were hydrated with Hanks’ balanced salt solution without phenol red (HBSS) at pH 7.4 (“Thermo Fisher Scientific”, Waltham, MA, USA) to provide a water content of 60% w/w. The membrane samples were used immediately after the preparation procedure (if needed, they were stored at 5 °C, with recurrent heating up to 50 °C, combined with careful mixing and quality control). Generally, the lipid structures obtained this way are stable for at least 10 days; we performed DSC analyses, which showed that the parameters of the membrane varied only within experimental errors during this period. The accuracy of drying, hydration, and incubation stages was controlled by the samples’ precise weight using micro-balance Mettler XP26 (“Mettler-Toledo”, Columbus, OH, USA).



The compositions of control membranes were DPPC:DPPG 50:50 w/w and DPPC:Cer 90:10 w/w. In DPPC-Chol membranes, the ratio DPPC:Chol was from 92:8 to 60:40 mol %. Water-soluble components were introduced into the experimental system in the form of solution at the hydration stage: D-g-PAA(PE) at 2% w/w in HBSS and 10% w/w solution of calcium chloride. Unless otherwise indicated, the experiments were conducted at room temperature (approximately 21 °C).



The type of obtained membranes are large multi-bilayer vesicles, i.e., stacks of planar lipid bilayers [19]. These lipid structures, with a curvature radius much larger than a bilayer thickness, correspond well to cytoplasmic cell membranes, which could be considered planar. Similar planar lipid films have also been used to study several AMPs [57,58]. The value of ζ-potential could not be accurately measured for our DPPC membranes, which consist of multilamellar vesicles containing 40 % w/w lipids. To better understand the ζ-potential, we analyzed DPPC monolamellar liposomes with a lipid content of 0.025 % w/w. For these liposomes, we detected a ζ-potential value ranging from −5 to −9 mV at pH 7.4 in Hanks’ balanced salt solution without phenol red. The mean hydrodynamic diameter of the liposomes was estimated to be 0.5 nm, with a polydispersity index of approximately 0.37. Nevertheless, given the large variability in the data obtained, we conclude that this method is unlikely to be useful in revealing the impact of lipid composition in our experimental system.




4.2. DSC Investigations


The differential scanning calorimetry (DSC) technique was used to obtain information about the phase transition “gel to liquid crystal” (or melting) in the model lipid membranes containing GS. DSC experiments were carried out using a microcalorimeter Mettler DSC 1 (“Mettler-Toledo”). Samples (15–20 mg) were placed into a standard 40 μL aluminum crucible, sealed with a lid, and then scanned in the temperature range of 20–50 °C with a scanning rate of 1 °C/min. Several scans in “cooling–heating” mode were performed for each sample. For further processing, normalized DSC thermograms were plotted, where the original values of heat flow were normalized by the sample mass. The reproducibility of DSC profiles served as a criterion for the sample quality and stability. Based on DSC profiles, a set of thermodynamic parameters was obtained, such as melting temperature (Tm), melting enthalpy (ΔHm), and peak half-width (ΔTm1/2).




4.3. FTIR Investigations


Fourier-transform infrared (FTIR) spectra were obtained by means of a spectrophotometer Spectrum One (“Perkin-Elmer”, Waltham, MA, USA). The samples of model lipid membranes were placed between ZnSe plates by the “crushed drop” technique and scanned in the range of 4000 to 400 cm−1 at room temperature. The original FTIR spectra were used after the recalculation of the values of absorbance with subtraction of the baseline (absorption of the ZnSe plates). The experimental error of wavelength values was within 1 cm𢄣1.




4.4. Statistical Analysis


The values from three to five independent preparations are presented in the figures as means ± standard deviations (SDs). Statistical significance was calculated by the Mann–Whitney test, indicating p < 0.05 by *.




4.5. Data Sharing Statement


The data supporting the findings of this study are available within the article.





5. Conclusions


The observed effects and proposed possibility to dynamically modify GS binding to biological membranes could be further used for optimization of the therapeutic efficacy of GS, further development of lipid-based drug-delivery nanosystems, and drug redeployment.







Author Contributions


Conceptualization, O.V.V.; Methodology, O.V.V. and V.P.B.; Formal analysis, O.V.V. and L.V.S.; Investigation, L.V.S., N.A.K. and D.S.S.; Resources, V.P.B. and N.V.K.; Writing—original draft, O.V.V. and V.P.B.; Writing—review and editing, O.V.V., V.P.B., N.V.K., N.A.K. and O.S.; Visualization, O.V.V. and L.V.S.; Supervision, V.P.B.; Project administration, V.P.B.; Funding acquisition, V.P.B. All authors have read and agreed to the published version of the manuscript.




Funding


Volodymyr P. Berest was supported by the grant №0118U002041 from the Ministry of Education and Science of Ukraine.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article; further inquiries can be directed to the corresponding author/s.




Conflicts of Interest


The authors have no conflicts of interest to declare.




References


	



Chiu, M.H.; Prenner, E.J. Differential scanning calorimetry: An invaluable tool for a detailed thermodynamic characterization of macromolecules and their interactions. J. Pharm. Bioallied. Sci. 2011, 3, 39–59. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Babii, O.; Afonin, S.; Ishchenko, A.Y.; Schober, T.; Negelia, A.O.; Tolstanova, G.M.; Garmanchuk, L.V.; Ostapchenko, L.I.; Komarov, I.V.; Ulrich, A.S. Structure-Activity Relationships of Photoswitchable Diarylethene-Based β-Hairpin Peptides as Membranolytic Antimicrobial and Anticancer Agents. J. Med. Chem. 2018, 61, 10793–10813. [Google Scholar] [CrossRef] [PubMed]

	



Prenner, E.J.; Lewis, R.N.; Kondejewski, L.H.; Hodges, R.S.; McElhaney, R.N. Differential scanning calorimetric study of the effect of the antimicrobial peptide gramicidin S on the thermotropic phase behavior of phosphatidylcholine, phosphatidylethanolamine and phosphatidylglycerol lipid bilayer membranes. Biochim. Biophys. Acta 1999, 1417, 211–223. [Google Scholar] [CrossRef] [PubMed]

	



Toyran, N.; Severcan, F. Infrared Spectroscopic Studies on the Dipalmitoyl Phosphatidylcholine Bilayer Interactions with Calcium Phosphate: Effect of Vitamin D2. J. Spectrosc. 2002, 16, 381692. [Google Scholar] [CrossRef]

	



Grage, S.L.; Afonin, S.; Kara, S.; Buth, G.; Ulrich, A.S. Membrane Thinning and Thickening Induced by Membrane-Active Amphipathic Peptides. Front. Cell Dev. Biol. 2016, 4, 65. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Swierstra, J.; Kapoerchan, V.; Knijnenburg, A.; van Belkum, A.; Overhand, M. Structure, toxicity and antibiotic activity of gramicidin S and derivatives. Eur. J. Clin. Microbiol. Infect. Dis. 2016, 35, 763–769. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Krivanek, R.; Rybar, P.; Prenner, E.J.; McElhaney, R.N.; Hianik, T. Interaction of the antimicrobial peptide gramicidin S with dimyristoyl—Phosphatidylcholine bilayer membranes: A densitometry and sound velocimetry study. Biochim. Biophys. Acta 2001, 1510, 452–463. [Google Scholar] [CrossRef] [PubMed]

	



Onda, M.; Hayashi, H.; Mita, T. Interaction of gramicidin with lysophosphatidylcholine as revealed by calorimetry and fluorescence spectroscopy. J. Biochem. 2001, 130, 613–620. [Google Scholar] [CrossRef] [PubMed]

	



Abraham, T.; Prenner, E.J.; Lewis, R.N.; Mant, C.T.; Keller, S.; Hodges, R.S.; McElhaney, R.N. Structure-activity relationships of the antimicrobial peptide gramicidin S and its analogs: Aqueous solubility, self-association, conformation, antimicrobial activity and interaction with model lipid membranes. Biochim. Biophys. Acta 2014, 1838, 1420–1429. [Google Scholar] [CrossRef] [PubMed]

	



Afonin, S.; Glaser, R.W.; Sachse, C.; Salgado, J.; Wadhwani, P.; Ulrich, A.S. (19)F NMR screening of unrelated antimicrobial peptides shows that membrane interactions are largely governed by lipids. Biochim. Biophys. Acta 2014, 1838, 2260–2268. [Google Scholar] [CrossRef] [PubMed]

	



Berditsch, M.; Lux, H.; Babii, O.; Afonin, S.; Ulrich, A.S. Therapeutic Potential of Gramicidin S in the Treatment of Root Canal Infections. Pharmaceuticals 2016, 9, 56. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kapoerchan, V.V.; Knijnenburg, A.D.; Keizer, P.; Spalburg, E.; de Neeling, A.J.; Mars-Groenendijk, R.H.; Noort, D.; Otero, J.M.; Llamas-Saiz, A.L.; van Raaij, M.J.; et al. ‘Inverted’ analogs of the antibiotic gramicidin S with an improved biological profile. Bioorg. Med. Chem. 2012, 20, 6059–6062. [Google Scholar] [CrossRef] [PubMed]

	



Reißer, S.; Strandberg, E.; Steinbrecher, T.; Ulrich, A.S. 3D hydrophobic moment vectors as a tool to characterize the surface polarity of amphiphilic peptides. Biophys. J. 2014, 106, 2385–2394. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Jakubke, H.-D.; Jeschkeit, H. Aminosauren, Peptide, Proteine; Publisher Akademie-Verlag: Berlin, Germany, 1981; ISBN 9783112702147. [Google Scholar]

	



Lohner, K.; Blondelle, S.E. Molecular mechanisms of membrane perturbation by antimicrobial peptides and the use of biophysical studies in the design of novel peptide antibiotics. Comb. Chem. High Throughput Screen. 2005, 8, 241–256. [Google Scholar] [CrossRef] [PubMed]

	



Wenzel, M.; Rautenbach, M.; Vosloo, J.A.; Siersma, T.; Aisenbrey, C.H.M.; Zaitseva, E.; Laubscher, W.E.; van Rensburg, W.; Behrends, J.C.; Bechinger, B.; et al. The Multifaceted Antibacterial Mechanisms of the Pioneering Peptide Antibiotics Tyrocidine and Gramicidin S. mBio 2018, 9, e00802-18. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Kalyvas, J.T.; Wang, Y.; Toronjo-Urquiza, L.; Stachura, D.L.; Yu, J.; Horsley, J.R.; Abell, A.D. A New Gramicidin S Analogue with Potent Antibacterial Activity and Negligible Hemolytic Toxicity. J. Med. Chem. 2024; epub ahead of print. [Google Scholar] [CrossRef] [PubMed]

	



Ashrafuzzaman, M. The Antimicrobial Peptide Gramicidin S Enhances Membrane Adsorption and Ion Pore Formation Potency of Chemotherapy Drugs in Lipid Bilayers. Membranes 2021, 11, 247. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Koynova, R.; Tenchov, B. Transitions between lamellar and nonlamellar phases in membrane lipids and their physiological roles. OA Biochem. 2013, 1, 9. [Google Scholar] [CrossRef]

	



Delcour, A.H. Outer membrane permeability and antibiotic resistance. Biochim. Biophys. Acta 2009, 1794, 808–816. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Matsuzaki, K. Control of cell selectivity of antimicrobial peptides. Biochim. Biophys. Acta 2009, 1788, 1687–1692. [Google Scholar] [CrossRef] [PubMed]

	



Berest, V.P.; Sotnikov, A.; Sichevska, L.V. Lipid Nanocarriers Impede Side Effects of Delivered Antimicrobial Peptide. In Proceedings of the IEEE 3rd Ukraine Conference on Electrical and Computer Engineering (UKRCON), Lviv, Ukraine, 26–28 August 2021; pp. 513–518. [Google Scholar] [CrossRef]

	



Hackl, E.V.; Berest, V.P.; Gatash, S.V. Effect of Cholesterol Content on Gramicidin S-Induced Hemolysis of Erythrocytes. Int. J. Pept. Res. Ther. 2012, 18, 163–170. [Google Scholar] [CrossRef]

	



Mannock, D.A.; Lewis, R.N.; McMullen, T.P.; McElhaney, R.N. The effect of variations in phospholipid and sterol structure on the nature of lipid-sterol interactions in lipid bilayer model membranes. Chem. Phys. Lipids 2010, 163, 403–448. [Google Scholar] [CrossRef] [PubMed]

	



Carey, A.B.; Ashenden, A.; Köper, I. Model architectures for bacterial membranes. Biophys. Rev. 2022, 14, 111–143. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Merrill, A.H. Sphingolipids. In Biochemistry of Lipids, Lipoproteins and Membranes, 5th ed.; Vance, D.E., Vance, J., Eds.; Elsevier: Amsterdam, The Netherlands, 2008; pp. 363–397. [Google Scholar]

	



Bouwstra, J.A.; Dubbelaar, F.E.; Gooris, G.S.; Ponec, M. The lipid organisation in the skin barrier. Acta Derm.-Venereol. 2000, 208, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Rautenbach, M.; Eyéghé-Bickong, H.A.; Vlok, N.M.; Stander, M.; de Beer, A. Direct surfactin-gramicidin S antagonism supports detoxification in mixed producer cultures of Bacillus subtilis and Aneurinibacillus migulanus. Microbiology 2012, 158 Pt 12, 3072–3082. [Google Scholar] [CrossRef] [PubMed]

	



Telegeev, G.; Kutsevol, N.; Chumachenko, V.; Naumenko, A.; Telegeeva, P.; Filipchenko, S.; Harahuts, Y. Dextran-Polyacrylamide as Matrices for Creation of Anticancer Nanocomposite. Int. J. Polym. Sci. 2017, 2017, 4929857. [Google Scholar] [CrossRef]

	



Merlitz, H.; Wu, C.-X.; Sommer, J.-U. Starlike Polymer Brushes. Macromolecules 2011, 44, 7043–7049. [Google Scholar] [CrossRef]

	



Kutsevol, N.V.; Chumachenko, V.A.; Rawiso, M.; Shkodich, V.F.; Stoyanov, O.V. Star-like dextran-polyacrylamide polymers: Prospects of use in nanotechnologies. J. Struct. Chem. 2015, 56, 959–966. [Google Scholar] [CrossRef]

	



Chumachenko, V.; Virych, P.; Nie, G.; Virych, P.; Yeshchenko, O.; Khort, P.; Tkachenko, A.; Prokopiuk, V.; Lukianova, N.; Zadvornyi, T.; et al. Combined Dextran-Graft-Polyacrylamide/Zinc Oxide Nanocarrier for Effective Anticancer Therapy in vitro. Int. J. Nanomed. 2023, 18, 4821–4838. [Google Scholar] [CrossRef]

	



Kutsevol, N.; Harahuts Yu Chumachenko, V.; Budianska, L.V.; Vashchenko, O.V.; Kasian, N.A.; Lisetski, L.N. Impact of surface properties of branched polyacrylamides onto model lipid membranes of various compositions. Mol. Cryst. Liq. Cryst. 2018, 671, 9–16. [Google Scholar] [CrossRef]

	



Hackl, E.V.; Berest, V.P.; Gatash, S.V. Interaction of polypeptide antibiotic gramicidin S with platelets. J. Pept. Sci. 2012, 18, 748–754. [Google Scholar] [CrossRef] [PubMed]

	



Parkhomenko, I.M.; Zarubina, A.P.; Romanova, N.A.; Kossova, G.V. Radiobiologicheskie osobennosti P+-varianta Bacillus brevis var. G.—B.v sviazi s sintezom gramitsidina S [The radiobiological characteristics of the P+ variant of Bacillus brevis var. G.—B. in relation to gramicidin S synthesis]. Nauchnye Dokl. Vyss. Shkoly Biol. Nauk. 1990; 48–55. (In Russian) [Google Scholar] [PubMed]

	



Johnke, R.M.; Sattler, J.A.; Allison, R.R. Radioprotective agents for radiation therapy: Future trends. Future Oncol. 2014, 10, 2345–2357. [Google Scholar] [CrossRef] [PubMed]

	



Brodskii, R.Y.; Vashchenko, O.V. Mutual impact of alternative mechanisms of a dopant embedding into an ordered medium: A case of gramicidin S in model lipid membranes. Funct. Mater. 2023, 30, 413–423. [Google Scholar] [CrossRef]

	



Lisetski, L.N.; Vashchenko, O.V.; Kasian, N.A.; Krasnikova, A.O. Liquid crystal ordering and nanostructuring in model lipid membranes. In Nanobiophysics: Fundamentals and Applications; Karachevtsev, V.A., Ed.; Pan Stanford Publishing: Singapore, 2016; pp. 163–192, ISBN 978-981-4613-96-5 (Hardcover)/978-981-4613-97-2 (eBook). [Google Scholar]

	



Diakowski, W.; Ozimek, Ł.; Bielska, E.; Bem, S.; Langner, M.; Sikorski, A.F. Cholesterol affects spectrin-phospholipid interactions in a manner different from changes resulting from alterations in membrane fluidity due to fatty acyl chain composition. Biochim. Biophys. Acta 2006, 1758, 4–12. [Google Scholar] [CrossRef] [PubMed]

	



Subczynski, W.K.; Pasenkiewicz-Gierula, M.; Widomska, J.; Mainali, L.; Raguz, M. High Cholesterol/Low Cholesterol: Effects in Biological Membranes: A Review. Cell Biochem. Biophys. 2017, 75, 369–385. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Miller, I.R.; Bach, D.; Wachtel, E.J.; Eisenstein, M. Interrelation between hydration and interheadgroup interaction in phospholipids. Bioelectrochemistry 2002, 58, 193–196. [Google Scholar] [CrossRef] [PubMed]

	



Bensikaddour, H.; Snoussi, K.; Lins, L.; Van Bambeke, F.; Tulkens, P.M.; Brasseur, R.; Goormaghtigh, E.; Mingeot-Leclercq, M.P. Interactions of ciprofloxacin with DPPC and DPPG: Fluorescence anisotropy, ATR-FTIR and 31P NMR spectroscopies and conformational analysis. Biochim. Biophys. Acta 2008, 1778, 2535–2543. [Google Scholar] [CrossRef] [PubMed]

	



Pawlikowska-Pawlęga, B.; Dziubińska, H.; Król, E.; Trębacz, K.; Jarosz-Wilkołazka, A.; Paduch, R.; Gawron, A.; Gruszecki, W.I. Characteristics of quercetin interactions with liposomal and vacuolar membranes. Biochim. Biophys. Acta 2014, 1838 Pt B, 254–265. [Google Scholar] [CrossRef] [PubMed]

	



Carrillo, C.; Teruel, J.A.; Aranda, F.J.; Ortiz, A. Molecular mechanism of membrane permeabilization by the peptide antibiotic surfactin. Biochim. Biophys. Acta 2003, 1611, 91–97. [Google Scholar] [CrossRef] [PubMed]

	



Joshi, K.; Semrouni, D.; Ohanessian, G.; Clavaguéra, C. Structures and IR spectra of the Gramicidin S peptide: Pushing the quest for low-energy conformations. J. Phys. Chem. B 2012, 116, 483–490. [Google Scholar] [CrossRef] [PubMed]

	



Binder, H. Water near lipid membranes as seen by infrared spectroscopy. Eur. Biophys. J. 2007, 36, 265–279. [Google Scholar] [CrossRef] [PubMed]

	



Arias, J.M.; Tuttolomondo, M.E.; Díaz, S.B.; Ben Altabef, A. Reorganization of Hydration Water of DPPC Multilamellar Vesicles Induced by l-Cysteine Interaction. J. Phys. Chem. B 2018, 122, 5193–5204. [Google Scholar] [CrossRef] [PubMed]

	



Jelokhani-Niaraki, M.; Hodges, R.S.; Meissner, J.E.; Hassenstein, U.E.; Wheaton, L. Interaction of gramicidin S and its aromatic amino-acid analog with phospholipid membranes. Biophys. J. 2008, 95, 3306–3321. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Mannock, D.A.; Lewis, R.N.; McElhaney, R.N. A calorimetric and spectroscopic comparison of the effects of ergosterol and cholesterol on the thermotropic phase behavior and organization of dipalmitoylphosphatidylcholine bilayer membranes. Biochim. Biophys. Acta 2010, 1798, 376–388. [Google Scholar] [CrossRef] [PubMed]

	



Popova, A.V.; Hincha, D.K. Effects of cholesterol on dry bilayers: Interactions between phosphatidylcholine unsaturation and glycolipid or free sugar. Biophys. J. 2007, 93, 1204–1214. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Ho, C.; Slater, S.J.; Stubbs, C.D. Hydration and order in lipid bilayers. Biochemistry 1995, 34, 6188–6195. [Google Scholar] [CrossRef] [PubMed]

	



Kutsevol, N.; Bezuglyi, M.; Bezugla, T.; Rawiso, M. Star-Like Dextran-graft-(polyacrylamide-co-polyacrylic acid) Copolymers. Macromol. Symp. 2014, 335, 12–16. [Google Scholar] [CrossRef]

	



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

	



Zander, T.; Garamus, V.M.; Dédinaité, A.; Claesson, P.M.; Bełdowski, P.; Górny, K.; Dendzik, Z.; Wieland, D.C.F.; Willumeit-Römer, R. Influence of the Molecular Weight and the Presence of Calcium Ions on the Molecular Interaction of Hyaluronan and DPPC. Molecules 2020, 25, 3907. [Google Scholar] [CrossRef]

	



Vashchenko, O.V.; Kasian, N.A.; Budianska, L.V.; Brodskii, R.Y.; Bespalova, I.I.; Lisetski, L.N. Adsorption of ions on model phospholipid membranes. J. Mol. Liq. 2019, 275, 173–177. [Google Scholar] [CrossRef]

	



Vashchenko, O.V.; Ermak, I.u.L.; Lisetskiĭ, L.N. Univalent ions in phospholipid model membranes: Thermodynamic and hydration aspects. Biofizika 2013, 58, 663–673. (In Russian) [Google Scholar] [CrossRef] [PubMed]

	



Raudino, A.; Sarpietro, M.G.; Pannuzzo, M. The thermodynamics of simple biomembrane mimetic systems. J. Pharm. Bioallied. Sci. 2011, 3, 15–38. [Google Scholar] [CrossRef] [PubMed] [PubMed Central]

	



Le, M.T.; Litzenberger, J.K.; Prenner, E.J. Biomimetic Model Membrane Systems Serve as Increasingly Valuable in Vitro Tools. In Advances in Biomimetics; Cavrak, M., Ed.; IntechOpen: Rijeka, Croatia, 2011; pp. 251–276. ISBN 978-953-307-191-6. Available online: http://www.intechopen.com/books/advances-inbiomimetics/biomimetic-model-membrane-systems-serve-as-increasingly-valuable-in-vitro-tools (accessed on 3 August 2024). [CrossRef]








[image: Ijms 25 08691 g001] 





Figure 1. Chemical structures of decapeptide gramicidin S (GS), dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatydylglycerol (DPPG), cholesterol (Chol), and cerebroside (Cer, R1, and R2 are fatty acid residues) and schematic representation of star-like polyanionic dextran-polyacrylamide copolymer D-g-PAA(PE). 
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Figure 2. Dependences of melting temperature of DPPC (Tm) on GS concentration (c, mol %). Solid circles are plotted for the initial DSC peak and GS monomer binding; data attributed to the binding of GS oligomers are marked with open circles. Means ± SDs for 3–5 independent preparations are shown. 






Figure 2. Dependences of melting temperature of DPPC (Tm) on GS concentration (c, mol %). Solid circles are plotted for the initial DSC peak and GS monomer binding; data attributed to the binding of GS oligomers are marked with open circles. Means ± SDs for 3–5 independent preparations are shown.



[image: Ijms 25 08691 g002]







[image: Ijms 25 08691 g003] 





Figure 3. Effect of Chol content on thermodynamic parameters of GS binding with the DPPC membrane. The peak temperatures of Chol-enriched (lower four points with correspondent approximate curve, marked Tm*) and Chol-depleted lipid phases (upper five points with correspondent approximate curve, marked Tm) are plotted against Chol concentration in the DPPC membrane containing GS at 5 mol %. Data from one representative experiment out of three independent preparations. 
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Figure 4. Values of enthalpies of DSC peaks of DPPC membrane (showed as “membrane”) in the presence of GS and/or polymer D-g-PAA(PE) (showed as “polymer”). Empty columns correspond to the enthalpies of GS “oligomer” peaks. Data are shown for GS content 5 mol %. Means ± SDs of 3–5 independent preparations are shown. Significant changes with p < 0.05 are indicated with * over solid lines for the effect of GS oligomer binding and over dotted line for the effect of D-g-PAA(PE) polymer. 
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Figure 5. Dependences of Tm (panel a) and Tm* (panel b) on GS content in DPPC membranes prepared on water subphase (■), 100 мM CaCl2 (●), and 200 мM CaCl2 (▲). 
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Table 1. The cholesterol content in DPPC membranes strongly impacts GS binding, as evidenced by DSC. The thermodynamic parameters of the melting of lipid membranes containing 5 mol % GS are presented: molar membranotropic activity (amol), half-width of the melting peak (ΔTm1/2),