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Abstract
[bookmark: _Hlk121148748][bookmark: _Hlk121148774]The ability of arginine-rich peptides to cross the lipid bilayer and enter cytoplasm, unlike their lysine-based analogues, is intensively studied in the context of cell-penetrating peptides. Although the experiments have not yet reconstructed their internalization mechanism, the computational studies have shown that the type or charge of lipid polar groups is one of the crucial factors in their translocation. In order to gain more detailed insight into the interaction of guanidinium (Gdm+) and ammonium (NH4+) cations, as important building blocks in arginine and lysine amino acids, with lipid bilayers, we conducted the experimental and computational study that tackles this phenomenon. The adsorption of Gdm+ and NH4+ on lipid bilayers prepared from a zwitterionic (DPPC) and an anionic (DPPS) lipid was examined by thermoanalytic and spectroscopic techniques. Using temperature-dependent UV/Vis spectroscopy and DSC calorimetry we determined the impact of Gdm+ and NH4+ on the thermotropic properties of lipid bilayers. FTIR data, along with molecular dynamics simulations, unraveled the molecular-level details on the nature of their interactions, showing the proton transfer between NH4+ and DPPS, but not between Gdm+ and DPPS. The findings originated from this work imply that Gdm+ and NH4+  form qualitatively different interactions with lipids of different charge which is reflected in the physico-chemical interactions that arginine-and lysinebased peptides establish at a complex and chemically heterogeneous environment such as the biological membrane.
Keywords: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC); 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS); guanidinium (Gdm+) and ammonium (NH4+) cations; spectroscopic (UV/Vis, FTIR) and calorimetric (DSC) study; molecular dynamics (MD) simulations
1. Introduction
The compartmentalization of the cellular material and the control of transport of substances between the cytoplasm and the extracellular space are pivotal functions of the cell membranes, among which lipids are one of the most important components. The natural asymmetry of the plasma membrane results primarily from unequal distribution of lipids with different polar headgroups between the cytoplasmic and extracellular leaflets of the membrane. Unlike zwitterionic phosphatidylcholine (PC) lipids, which are distributed in both leaflets, anionic phosphatidylserine (PS) lipids are present almost exclusively in the inner leaflet of eukaryotes [1–3]. Apart from the transmembrane potential partly created by the different charge distribution between the leaflets [4], the interactions between different types of lipids in membranes (both within individual leaflets and between opposite leaflets), lead to the formation of domains with different structural and mechanical properties, where some regions of the membrane are more susceptible to certain biochemical and biophysical processes [5]. For example, the increase in local curvature of the membrane [6], especially due to the lateral inhomogeneity of lipids, can be extremely important for translocation of charged substances across the bilayer [7]. Among the latter, cell-penetrating peptides (CPP), widely recognized as short amino acid sequences, display distinguished ability to enter the cytoplasm by crossing the plasma cell membrane [8], both without and with cargo, making them promising vessels in drug delivery and gene therapy [9–14]. Although the mechanism of their internalization is a rather puzzling phenomenon, the translocation of CPP is predominantly attributed to either direct transport or endocytosis [15–17], whereby, depending on their concentration [18], amino acid sequence [19], lipid charge and the associated hydration level [7,20,21], as well as on the presence of other species in solutions like ions [22], these mechanisms can be intertwined and switched. 
Although arginine-rich peptides that penetrate the cell membrane represent one of the most prominent classes of CPP [23], the translocation mechanism of nona-arginine (Arg9 or R9), the archetype among cationic CPP [24], is still a matter of debate; accordingly, the latest molecular dynamics findings reports that, along with displaying the concentration dependence [18], its entrance to the cell membrane includes membrane lamellarization and a fusion pore formation [25]. Although the translocation of cationic peptides seems to be universal, not all cationic peptides share this ability. For instance, in the computational study of the adsorption of nona-lysine (Lys9 or K9) and R9 on a mixed POPC+POPG lipid bilayer, Robison et al. demonstrated that K9 cannot produce the same effect as the R9 which might be related to the fact that Arg-rich peptides penetrate cells far more efficiently than Lys-rich peptides [26,27].
[bookmark: _Hlk121220978][bookmark: _Hlk120980092][bookmark: _Hlk121224944]A deeper insight into the molecular-level details on the interactions of Arg- and Lys-rich peptides with cell membranes [28–32] can be provided by the examination of their model systems, i.e. by the adsorption of Gdm+ and NH4+ at the lipid bilayers constituted from lipids with different polar headgroups and/or charge [33]. Surprisingly, there is still a serious lack of experimental data on the adsorption of Gdm+ and NH4+ at lipid membranes of a different composition and especially a different charge [34]. In order to fill this gap, we conducted the combined experimental and computational study of interactions of discriminative components of arginine and lysine peptides, i. e. Gdm+ and NH4+ cations, with representative zwitterionic PC and anionic PS lipids in eukaryotes, namely 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS) (Fig. 1). The choice was made on the basis that both lipids undergo melting at experimentally easily achievable temperatures, Tm (DPPC) ≈ 41 °C and Tm (DPPS) ≈ 53 °C [35], and it seems reasonable to expect that the differences in the interaction fashion of Gdm+ and NH4+ with DPPC/DPPS will be pronounced when lipids are found in different phases: in the gel phase (Lβ’ for DPPC and Lβ for DPPS) below Tm characterized by persistent van der Waals interactions between hydrocarbon chains and ordered lateral packing, in the ripple phase (Pβ’ for DPPC only) with maximum at pretransition temperature (Tp; Tp < Tm) distinguished by the periodic undulations on the surface of the lipid bilayer whose wavelengths are of the order of magnitude 10 nm, and in the fluid phase above Tm (Lα for both DPPC and DPPS) in which van der Waals interactions between hydrocarbon chains are weakened and lateral arrangement of lipids is lost [35]. With this in mind, we made a calorimetric and temperature-dependent UV/Vis study in order to examine the impact of Gdm+ and NH4+ on the phase and possible structural transitions [36–38] in DPPC/DPPS, whereas the molecular-level events associated with their interactions with lipid bilayers are provided by linear FTIR spectroscopy and MD simulations. The impact of these two cations on DPPC/DPPS lipid bilayers was compared with those generated by Na+ taken as a reference [39]. The results obtained were discussed in the context of interaction of Arg- and Lys-rich peptides with biological membranes.
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Fig. 1. a) Structural formulas of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, top) and 1,2-dipalmitoyl-sn-glycero-3-phosphoserine (DPPS, bottom); b) structural formulas of amino acids arginine (left) and lysine (right) with guanidinium and ammonium moieties marked by red circles.
2. Experimental 
2.1. Chemicals and liposome preparation
[bookmark: _Hlk120885071][bookmark: _Hlk120885534][bookmark: _Hlk120884338]1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphatidylserine (DPPS) were purchased from Avanti Polar Lipids (white powders, purity ≥ 99 %). Their stock solutions in chloroform (CHCl3; colorless liquid, p.a., Carlo Erba) of concentration γ(DPPC/DPPS) = 10 mg ml−1 were prepared and further used in making of multilamellar (MLV) DPPC and DPPS liposomes. Firstly, aqueous solutions of sodium chloride (NaCl, Kemika, p.a.), guanidinium chloride (GdmCl, Fluka AG, p.a.) and ammonium chloride (NH4Cl, Kemika, p.a.), of ionic strength (I = 100 mM), were prepared freshly from commercially available chemicals in Milli-Q water. pH values of prepared solutions were 6.8 for NaCl, 6.2 for GdmCl and 5.5 for NH4Cl, respectively. These solutions were titrated with freshly prepared sodium hydroxide solution (NaOH, T.T.T., p.a.) of ionic strength I(NaOH) = 100 mM and a pH = 12 (basic solution) in order to reach pH = 7.4 in which both lipids are soluble. Ionic strength of GdmCl, NH4Cl and NaCl solutions after titration with NaOH was I = 150 mM, whereas the concentration of cations was c(Gdm+/NH4+) = 100 mM and c(Na+) = 150 mM. The final concentration (and ionic strength) of cations was determined using dilution formula c1V1 = c2V2 in which V1 stands for the volume of NaOH solution added in the solution of GdmCl/NH4Cl/NaCl.  NaCl solution is chosen as a reference since adsorption of Na+ cation is negligible for PC bilayers [40]. For the preparation of multilamellar liposomes (MLV), 3 ml of DPPC or DPPS stock solutions, were pipetted in each flask. CHCl3 was removed from the flask on a rotary evaporator. After drying each obtained film under Ar stream, the films were suspended in 6 ml of aqueous solutions of GdmCl, NH4Cl and NaCl. Preparation of MLV constituted from DPPC and DPPS lipids takes place in 3 steps, starting with vortexing the solutions, then heating up in a hot H2O bath (heated up to 70 °C) and cooling in an ice bath. Whole procedure was performed in three to five cycles. Mass/molar concentrations of lipids (DPPC/DPPS) were γ = 5 mg ml−1/c = 6.6 mM for DSC and FTIR measurements, γ =1 mg ml−1/c = 1.3 mM for UV/Vis measurements and γ = 0.05 mg ml−1/c = 0.066 mM for DLS measurements, respectively.
2.2 Dynamic Light Scattering (DLS) experiments 
[bookmark: _Hlk120883141]The size distribution of liposomes was established with dynamic light scattering using a photon correlation spectrophotometer equipped with a 532 nm (green) laser (Zetasizer Nano ZS, Malvern Instruments, Worcestershire, UK). The average hydrodynamic diameter (dh) was specified as the value at peak maximum of the volume size distribution. The reported results correspond to the average of six measurements at 25 °C. The data processing was done by the Zetasizer software 7.13 (Malvern Instruments). The average hydrodynamic diameters values of the DPPC multilamellar liposomes (at γ(DPPC) = 0.05 mg ml−1) were in the range of 400 nm ≤ dh ≤ 2200 nm, and average hydrodynamic diameters values of the DPPS multilamellar liposomes (at γ(DPPS) = 0.05 mg ml−1) were in the range of 300 nm ≤ dh ≤ 500 nm (see Fig. S1 in Supporting Information)
2.3 Differential scanning calorimetry (DSC) experiments 
[bookmark: _Hlk121224676][bookmark: _Hlk120986515]All suspensions and reference aqueous solutions were held for 10 min in a degassing station before measuring in microcalorimeter Nano-DSC, TA Instruments (New Castle, USA). The suspensions of DPPC and aqueous solutions of GdmCl, NH4Cl and NaCl were examined in the temperature range of 20-60 °C, whereas the analogous suspensions prepared from DPPS and the corresponding aqueous solutions in the temperature range of 30-70 °C. Reference aqueous solutions were examined in the temperature range of 10-90 °C. All samples were recorded at the scanning rate of 1 °C min−1 at least two times in repeated heating-cooling cycles (two heating and two cooling runs), whereas reference aqueous solutions were recorded only once in the same regime. Data analysis was preformed using the TA Instruments Nano Analyze software package as follows: the DSC curve of reference solutions (NaCl, GdmCl and NH4Cl) was subtracted from the raw DSC curve of the explored suspensions and was followed by the baseline correction in the temperature range of interest. The latter was 25-52 °C for DPPC in aqueous solution of GdmCl and 30-52 °C for DPPC in aqueous solutions of NH4Cl and NaCl, whereas for DPPS the corresponding values were 36-61 °C and 40-61 °C, respectively. Values of Tm and Tp of DPPC and DPPS lipids in aqueous solutions of GdmCl, NH4Cl and NaCl were determined in two ways: i) using the curve onset (To) obtained by tangential method [41,42] and ii) by determining the curve maximum (Tm) [41]. Despite the fact that the latter method is commonly used due to the often complicated appearance of DSC curves and consequently the impossibility of determining the onset [43], the first method is independent of the heating rate of the sample [41]. Taking all of the above into account, we used both methods in determining the temperatures of lipid phase transitions.
2.4 UV/Vis spectroscopy experiments
UV/Vis spectra of DPPC and DPPS MLV were measured on UV/Vis spectrophotometer NanoDrop Thermo Scientific Nanodrop 2000 (Thermo Fisher Scientific, USA) in the spectral range of 250 – 500 nm. The samples were pipetted in quartz cuvettes of 1 ml total volume and placed in temperature-controlled cuvette holder. Suspensions of DPPC made in aqueous solutions of GdmCl was recorded in the temperature interval of 25-52 °C, whereas the suspensions of DPPC in aqueous solutions of NH4Cl and NaCl in 30-52 °C. Suspensions of DPPS with GdmCl and NH4Cl were recorded in the temperature interval 32-61 °C and 35-61 °C, respectively, whereas DPPS in aqueous solution of NaCl was examined in the temperature interval of 35-61 °C. The magnitudes of the temperature ranges were chosen in such a way as to satisfy the following two criteria: i) to detect the expected phase transition(s) (from the data provided by DSC measurements), and ii) to minimize lipid sedimentation. Every suspension was recorded three times (in different cuvettes) except for the aqueous solutions of GdmCl, NH4Cl and NaCl, which were recorded once. 
Before performing multivariate curve analysis, acquired UV/Vis spectra were smoothed (Savitzky-Golay; 10-points cubic polynomial) and examined in the 250 – 300 nm range [44] since the latter displays the greatest variability in temperature-dependent suspensions turbidity [36,38] (Fig. 2). 
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Fig. 2. Temperature-dependent UV/Vis spectra of DPPC/DPPS suspensions in the presence of Gdm+ (a) and d)), NH4+ (b) and e), and Na+ (c) and f)). The lowest (25 °C and 30 °C for DPPC and 32 °C and 35 °C for DPPS) and the highest (52 °C for DPPC and 61 °C for DPPS) temperatures are labeled with according colors (see main text), whereas spectral profile of the principal component(s) are designated with dashed lines. Phase and structural transition temperatures (Tp and Tm for DPPC and T1, T2 (Tm) and T3 for DPPS) are highlighted.
The prepared spectra were further examined by multivariate curve resolution with alternating least squares and evolving factor analysis (MCR-ALS with EFA) using publicly available MATLAB code [45]. DPPC suspensions were examined in the temperature range as measured: 25-52 °C for GdmCl and 30-52 °C for NH4Cl/NaCl, whereas DPPS suspensions in temperature range of 36-61 °C for GdmCl and 40-61 °C for NH4Cl/NaCl. As detailed theoretical background of MCR-ALS with EFA can be found elsewhere [36,46–49], only the basics will be outlined in this manuscript. Briefly, this approach shows the measured spectral set (D) as a matrix product of two components: matrices of the concentration (C) and spectral (S) profiles of the components of which this spectral set is made of: 
D = CST + E 											(1)
In the above expression E stands for the residuals unexplained by the product CST. Since the chromophore-free temperature-dependent UV/Vis spectra differ only by different intersections on the y-axis (Fig. S1), we assumed that only one (principal) component (c) is sufficient to explain the multidimensional data [36,37]. 
The projection of temperature-dependent UV/Vis spectra obtained using MCA displays a curve with double sigmoidal character for both DPPC and DPPS suspensions (Fig. 3). Expectedly, for DPPC the first transition is of more sigmoidal character than for DPPS [36,37] since the former, unlike the latter, undergoes pretransition. In the latter, however, the first sigmoid transition probably originates from lipid bilayers structural changes related with reaching the maximum of the surface undulations [37]. Therefore, the spectral projections of all suspensions were fitted on a double Boltzmann curve whose inflection points coincide with lipid phase transition temperatures. For DPPC suspensions the latter are Tp and Tm, whereas for DPPS suspensions the analogous quantities are labelled as T1 and T2 (Tm). Additionally, the projections of UV/Vis spectra of DPPS suspensions in all three aqueous solutions reveal the melting of protonated DPPS between 57 and 61 °C. This temperature is labelled as T3 and its magnitude is estimated by reading the maximum of discontinuity of spectral projections above T2 (Tm). The quality of fit is R2 ≥ 0.999 and R2 ≥ 0.992 for all DPPC and DPPS suspensions, respectively.
2.5 FTIR-ATR spectroscopy experiments 
Invenio-S Bruker spectrometer with BioATR II unit, equipped with the photovoltaic LN-MCT detector was used to measure FTIR ATR spectra. The BioATR II unit is circular with radius of 2 mm and it is based on dual crystal technology, where upper ATR crystal is made of silicon and the lower ATR crystal is made of zinc selenide (ZnSe). The ATR unit is purged with N2 gas connected with external supply. The spectrometer is connected to a circulating water bath of Huber Ministat 125 temperature controller. Suspensions of DPPS with NaCl, GdmCl and NH4Cl were measured at 35 and 65 °C, while suspensions of DPPC with NaCl, GdmCl and NH4Cl were measured at 30 and 50 °C. Each suspension, as well as reference solutions, were pipetted directly on the ATR crystal unit in volume of 30 μl. For suspensions, at least three independent unit fillings were taken and for reference solution, one. In all measurements, the air was used as background. All spectra were collected with nominal resolution of 2 cm-1 and 256 scans. Bruker spectrometer is connected with OPUS 8.5 SPI (20200710) software, where all spectral data were stored.
Acquired spectra were divided in four spectral ranges: i) 2980-2820 cm−1 (asCH2 and sCH2), ii), 1780-1690 cm−1 (C=O), iii) 1505-1430 cm−1 (CH2), and iv) 1275-1190 (asPO2−; asC−O and sC−O). The spectra were smoothed (Savitzky-Golay; polynomial of a 3rd degree through 10 points for spectral range i), 30 points for spectral ranges iii) and iv) and 50 points for spectral range ii)) and baseline corrected (two points) [44].  The positions and shapes of the bands of interests were examined when lipids (DPPC/DPPS) were found in the gel (30 °C/35 °C) and in the fluid (50 °C/65 °C) phase. 
3. Molecular dynamics simulations
DPPC and DPPS membranes in the presence of aqueous solutions of NaCl, NH4Cl and GdmCl were simulated by classical molecular dynamics (MD) methods using GROMACS 2020.0 software [50]. The membranes consisting of 128 DPPC or DPPS molecules (64 lipids per leaflet) were prepared using the CHARMM-GUI Membrane Builder module [51], and solvated with 12800 water molecules. To be consistent with the experiments, all systems had a total concentration of ions of 0.15 M, but the concentration of NH4Cl and GdmCl was 0.1 M (and NaCl was then added to achieve the target ionic strength). In the case of DPPS, Na+ was also used as a neutralizing counterion. Specifically, the systems with only NaCl contained 30 Na+ and 30 Cl (DPPC) or 158 Na+ and 30 Cl (DPPS), whereas the systems with NH4Cl and GdmCl contained 20 NH4+/Gdm+, 10 Na+ and 30 Cl (DPPC) or 20 NH4+/Gdm+, 138 Na+ and 30 Cl (DPPS), respectively (see Figs. S2 and S3 in Supporting Information). Simulation temperatures employed correspond to the lower (LT) and higher temperatures (HT) used in FTIR-ATR measurements: 30 and 50 °C for DPPC and 35 and 65 °C for DPPS.
[bookmark: _Hlk121734219][bookmark: _Hlk121734632][bookmark: _Hlk124245004]The simulations were conducted using the CHARMM36m force field [52] and the TIP3P water model [53]. After energy minimization, the system was heated for 100 ps in the NVT ensemble with the V-rescale algorithm, and equilibrated for 20 ns in the NpT ensemble (Nosé-Hoover thermostat [54] with the time constant of 1 ps, Parrinello-Rahman barostat [55] with target pressure of 1 bar and semi-isotropic pressure coupling with the time constant of 5 ps). Following equilibration, the production run was extended under the same conditions for subsequent 100 ns. The 20 ns equilibration time was deemed sufficient as the calculated system properties remained invariant throughout the 100 ns of production. However, to further confirm the proper equilibration of lower temperature simulations, the original 100 ns production run was extended for another 100 ns. Since the analysis of the extended simulation yielded no significant difference, the original production was considered appropriate (See Table S1 and Figs. S4 and S5 in Supporting Information). All simulations were conducted under the three-dimensional periodic boundary conditions, with a time step of 2 fs, and the LINCS algorithm for constraining the bonds involving hydrogen atoms. Long range Coulomb interactions were handled using particle mesh Ewald (PME) procedure [56]. The cutoff for short range Coulomb interactions and van der Waals interactions was set to 12 Å, with the switching function for the latter turned on after 10 Å. 
4. Results and discussion
Thermotropic properties of DPPC/DPPS multibilayers in the presence of Gdm+/NH4+/ Na+: DSC and UV/Vis spectroscopy. In the examined temperature range DPPC undergoes the pre- (Lβ’  Pβ’) and the main (Pβ’  Lα) phase transition at Tp and Tm, respectively, and the values of the former differ for aqueous solutions of GdmCl and NH4Cl/NaCl as demonstrated by DSC curves (Fig. 3a) -3c) and Table 1). In particular, the pretransition is barely detectable in the presence of Gdm+, whereas in the presence of NH4+ and Na+ the Tp values coincide with those reported [36,48]; in the presence of Gdm+ these values are ~ 27 °C as estimated from the curve onset (Tp, o) and 30.4 ± 0.1 °C as determined from the maximum of the curve (Tp, m), whereas in the presence of NH4+/Na+ the corresponding values are 33.0 ± 0.1 °C/32.9 ± 0.1°C (Tp, o) and 35.1 ± 0.1 °C/35.3 ± 0.1°C (Tp, m). The values of the main phase transition of DPPC in the presence of Gdm+ is for ~ 1 °C smaller than in the presence of NH4+/Na+ when determined from the curve onset (Tm, o(Gdm+) = 39.4 ± 0.1 °C  and Tm, o(NH4+/Na+) = 40.5 ± 0.1 °C/40.5 ± 0.1 °C) and for ~ 0.5 °C smaller when determined from the transition maximum, respectively (Tm, m(Gdm+) = 41.1 ± 0.1 °C  and Tm, m(NH4+/Na+) = 41.6 ± 0.1 °C/41.6 ± 0.1 °C) [57]. 
[bookmark: _Hlk121144269]On the other hand, phase transition temperatures obtained from inflection points of temperature-dependent UV/Vis spectra spectral projections display perhaps somewhat smaller, but still significant differences between Tp and Tm values of DPPC when Gdm+ and NH4+/Na+ are present: Tp(Gdm+) = 32.1 ± 0.1 °C  and Tp(NH4+/Na+) = 32.9 ± 0.5 °C/32.9 ± 0.7 °C and Tm(Gdm+) = 40.7 ± 0.4 °C  and Tm(NH4+/Na+) = 39 ± 1 °C/41.4 ± 0.5 °C (Fig. 3a)-3c) and Table 1).  The expected satisfactory agreement of phase transition temperatures determined from UV/Vis and DSC data is somewhat spoiled by the deviation observed for Tp from DPPC in the presence of Gdm+ (Fig. 3a) and Table 1), suggesting that the adsorption of Gdm+ on DPPC modulates thermodynamics of the mentioned phase transition (obtained by DSC) more than the structural changes (inferred from UV/Vis) (more details are presented in subsection Molecular picture of interactions of DPPC/DPPS with Gdm+/NH4+/Na+: MD simulation results).
The differences in the structural and phase transition temperature(s) of DPPS are by far greater in the presence of Gdm+ and NH4+/Na+ (Fig. 3d)-3f) and Table 1). As read from DSC curves, the main phase transition temperatures determined from both onsets (Tm, o) and curve (Tm, m) maxima are for 6-7 °C lower when DPPS in hydrated with Gdm+ than with NH4+/Na+ aqueous solution: in the presence of Gdm+ these values are 45.5. ± 0.1 °C (Tm, o) and 47.7 ± 0.1 °C (Tm, m), whereas for NH4+/Na+ the corresponding values are the same: 52.0 ± 0.1 °C/51.4 ± 0.1°C (Tm, o) and 53.3 ± 0.1 °C/52.8 ± 0.1°C (Tm, m). The analogous trend is observed from spectral projections of their temperature-dependent UV/Vis spectra: T1 values are 40 ± 1 °C and 46 ± 1 °C/45 ± 2 °C for Gdm+ and for NH4+/Na+, whereas T2 (Tm) values are 48.4 ± 0.1 °C and 53.7 ± 0.2 °C/53.6 ± 0.2 °C, respectively. The third structural transition in DPPS multibilayers (T3), originated from melting of traces of protonated (COOH) fraction of DPPS [58,59], is detected at about 56.6 °C (DSC) and 57 °C (UV/Vis) for Gdm+ and at about 60.7 °C/60.1 °C (DSC) and > 61 °C/59 °C (UV/Vis) for NH4+/Na+.
[bookmark: _Hlk121145279]Comparing the results with Na+ taken as a reference, the data of which agree with those already reported (Tp  34 °C and Tm  41 °C) [36,38,48], it is clear that Gdm+ interacts differently with uncharged zwitterionic DPPC and negatively charged DPPS lipid bilayers than NH4+. First, the presence of Gdm+ affects more Tp than Tm of DPPC, suggesting different surface adsorption mechanism and stronger binding affinity than NH4+, and second, Gdm+ generally reduces the structural and phase transition temperature(s) of DPPS (see Fig. 3 and Table 1). In contrast, the interaction of NH4+ with both DPPC and DPPS resembles those of Na+ suggesting either no specific interaction with neutral DPPC, or analogous electrostatic interactions with negatively charged DPPS More details on the cations adsorption are presented in subsection Molecular picture of interactions of DPPC/DPPS with Gdm+/NH4+/Na+: MD simulation results.
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Fig. 3. DSC curves and temperature-dependent UV/Vis spectra projected onto the first principal component (MCA [48]). Top row: DPPC hydrated with aqueous solution of: a) Gdm+ (DSC: wine curve; UV/Vis: red curve for spectral projection and orange curve for double sigmoidal fit), b) NH4+ (DSC: navy curve; UV/Vis: blue curve for spectral projection and cyan curve for double sigmoidal fit), c) Na+ (DSC: gray curve; UV/Vis: dark gray curve for spectral projection and light gray curve for double sigmoidal fit). Bottom row: DPPS hydrated with aqueous solution of: d) Gdm+ (DSC: purple curve; UV/Vis: magenta curve for spectral projection and light magenta curve for double sigmoidal fit), e) NH4+ (DSC: olive curve; UV/Vis: green curve for spectral projection and dark yellow curve for double sigmoidal fit), f) Na+ (DSC: dark gray curve; UV/Vis: gray curve for spectral projection and light gray curve for double sigmoidal fit). Phase transition temperatures determined from DSC (dashed lines for o and dashed lines for m) and UV/Vis experiments (dotted lines) are highlighted with corresponding colors on graphs.

Table 1. Phase transition temperatures as determined from the onset (o) and maximum (m) of DSC curves of DPPC (Tp, o/m and Tm, o/m) and DPPS lipid multibilayers (Tm, o/m and T3) and from inflection points of spectral projections of temperature-dependent UV/Vis spectra of DPPC (Tp and Tm) and DPPS lipid multibilayers ((T1), T2 (Tm), T3) obtained by Multivariate Curve Analysis (MCA). Uncertainties associated with DSC measurements are  0.1 °C. 
	Lipid
	Tpta

	
	GdmCl
	NH4Cl
	NaCl

	
	DSCb
	UV/Vis (MCA)
	DSCb
	UV/Vis (MCA)
	DSCb
	UV/Vis (MCA)

	
	Tp, o/m
	Tm, o/m
	T3 c
	Tp / (T1)
	Tm / (T2)
	T3 c
	Tp, o/m
	Tm, o/m
	T3 c
	Tp / (T1)
	Tm / (T2)
	T3 c
	Tp, o/m
	Tm, o/m
	T3c
	Tp / (T1)
	Tm / (T2)
	T3 c

	DPPC
	~ 27 / 30.4
	39.4/41.1
	−
	32.1 ± 0.1
	40.7 ± 0.4
	−
	33.0/35.1
	40.5/41.6
	−
	32.9 ± 0.5
	39 ± 1
	−
	32.9/35.3
	40.5/41.6
	−
	32.9 ± 0.7
	41.4 ± 0.5
	−

	DPPS
	−
	45.5/47.7
	≈ 56.6
	40  1
	48.4 ± 0.1
	≈ 57
	−
	52.0/53.3
	≈ 60.7
	46  1
	53.7 ± 0.2
	> 61
	−
	51.4/52.8
	≈ 60.1
	45  2
	53.6 ± 0.2
	≈ 59


a In °C; b Uncertainties associated with DSC data are  0.1 °C; c Melting of protonated DPPS lipid multibilayers present in traces.
[bookmark: _Hlk121744193]Molecular picture of interactions of DPPC/DPPS with Gdm+/NH4+/Na+: FTIR spectroscopy. FTIR spectra of examined DPPC and DPPS multibilayers hydrated with aqueous solutions of Gdm+ and NH4+ (and Na+) are displayed in Fig. 4. In order to facilitate the comparison and discussion of the same normal modes of lipid molecules (i) asCH2 and sCH2, ii) C=O, iii) CH2 and iv) asPO2−; asC−O and sC−O) in the presence of Gdm+ (left column) and NH4+ (right column), the spectra obtained in the presence of Na+, taken as a reference, are displayed in both columns. 
The spectral range in which asCH2 and sCH2 appear (Fig. 4a and 4b), usually considered as the signature of lipid phase state [60], looks more or less the same for all investigated lipid suspensions: in the gel phase (30 °C for DPPC and 35 °C for DPPS) asCH2 and sCH2 display maxima at lower wavenumbers (DPPC: 2918 cm−1 and 2850 cm−1 in the presence of Gdm+, 2918 cm−1 and 2850 cm−1 in the presence of NH4+, 2918 cm−1 and 2850 cm−1 in the presence of Na+; DPPS: 2918 cm−1 and 2850 cm−1 in the presence of Gdm+, 2918 cm−1 and 2850 cm−1 in the presence of NH4+, 2919 cm−1 and 2850 cm−1 in the presence of Na+) that displace to the higher wavenumbers (DPPC: 2924 cm−1 and 2854 cm−1 in the presence of Gdm+, 2922 cm−1 and 2852 cm−1 in the presence of NH4+, 2924 cm−1 and 2852 cm−1 in the presence of Na+; DPPS: 2924 cm−1 and 2854 cm−1 in the presence of Gdm+, 2923 cm−1 and 2853 cm−1 in the presence of NH4+, 2924 cm−1 and 2854 cm−1 in the presence of Na+) when lipids undergo fluid phase (50 °C for DPPC and 65 °C for DPPS).
The maximum of a broad envelope originated from C=O of DPPC remains mainly unchanged upon gel  fluid phase transition, but it appears at different wavenumbers depending on the cation found in aqueous solution: 1734 cm−1 (gel)/1734 cm−1 (fluid) in the presence of Gdm+, 1731 cm−1 (gel)/1731 cm−1 (fluid) in the presence of NH4+ and 1740 cm−1 (gel)/1741 cm−1 (fluid) in the presence of Na+ (Fig. 4c and 4d). On the contrary, the analogous signature of DPPS behaves differently during the gel  fluid phase transition (Fig. 4c and 4d): in the presence of Gdm+ the band maximum remains unchanged (1730 cm−1 (gel)/1730 cm−1 (fluid)) and is smaller than the corresponding quantity of DPPC; in the presence of NH4+ the band maximum experiences a substantial displacement to higher wavenumbers (1729 cm−1 (gel)/1740 cm−1 (fluid)) suggesting that NH4+ interacts differently with DPPS when the latter is found in gel and fluid phase; finally, in the presence of Na+ the corresponding band maximum displays rather small shift to the lower wavenumbers (1735 cm−1 (gel)/1733 cm−1 (fluid)), implying that its interaction with DPPS is qualitatively slightly different from those established by Gdm+ and NH4+, respectively. 
The maximum of an envelope originated from CH2, which is sensitive to the packing of lipid molecules in the lamellar phase[60], shifts to lower wavenumbers due to the gel  fluid phase transition, regardless of the lipid explored and the cation in aqueous solution (Fig. 4e and 4f); for DPPC the maximum appears at 1468 cm−1 (gel)/1467 cm−1 (fluid) in the presence of Gdm+, at 1468 cm−1 (gel)/1467 cm−1 (fluid) in the presence of NH4+, and at 1468 cm−1 (gel)/1466 cm−1 (fluid) in the presence of Na+. For DPPS the analogous values are at 1469 cm−1 (gel)/1466 cm−1 (fluid) in the presence of Gdm+, at 1468 cm−1 (gel)/1467 cm−1 (fluid) in the presence of NH4+, and at 1469 cm−1 (gel)/1465 cm−1 (fluid) in the presence of Na+. The key difference in the investigated spectral region of DPPC and DPPS lipids hydrated with aqueous solution of NH4Cl is related to the signature of NH4+ species with DPPC lipid; specifically, in the FTIR spectrum of DPPC lipids there is additional intense and a broad band with a maximum at 1456 cm−1 (gel)/1451 cm−1 (fluid) that originates from NH4+ (see Fig. 4f). Interestingly, the absence of analogous envelope in FTIR spectrum of DPPS implies deprotonation of NH4+ species due to the interaction and proton transfer between NH4+ and COO group in DPPS, resulting in disappearance of the NH4+ band. Since pKa value in water of NH4+ is 9.3 and pKa value of Gdm+ is 13.6, it is much easier to deprotonate NH4+ at DPPS interface than Gdm+, which explains the proton transfer observed in experiments.
Since the analysis of the spectral region in which phosphate groups (PO2−) absorb encompasses the bands originating from the stretching of the C−O bond of lipid molecules, several maxima were observed in the spectral region of interest (Fig. 4g and 4h). We will consider the position of the bands originating from asPO2− of a non-hydrogen bonded (non-HB) and a hydrogen bonded (HB) species, in which another HB partner is primarily water and secondarily Gdm+/NH4+, followed by the analysis of the positions of asC−O and sC−O bands. When DPPC and DPPS lipids undergo gel  fluid phase transition in the presence of Gdm+, the distribution of a non-HB and a HB phosphate group changes resulting with the displacement of the corresponding band (asPO2−) maxima and, especially for DPPC lipids, a change in the overall profile envelope is seen: 1237 cm−1 (gel)/1244 cm−1 (fluid) for non-HB, 1232 cm1 observed in fluid phase only and 1221 cm−1 (gel)/1224 cm−1 (fluid) for HB-phosphate species in DPPC and 1239 cm−1 (gel)/1240 cm−1 (fluid) for non-HB and 1221 cm−1 (gel)/1221 cm−1 (fluid) for HB phosphate species in DPPS, respectively [48]. The bands originated from asC−O and sC−O upon heating are approaching each other for both lipids: 1263 cm−1 (gel)/1261 cm−1 (fluid) for asC−O and 1202 cm−1 (gel)/1204 cm−1 (fluid) for sC−O of DPPC, and 1264 cm−1 (gel)/1263 cm−1 (fluid) for asC−O and 1202 cm−1 (gel)/1202 cm−1 (fluid) for sC−O of DPPS. The presence of NH4+ also exerts a different impact on the examined signatures of DPPC and DPPS lipids upon gel  fluid phase transition; a broad envelope with maxima observed at 1244 cm−1 and 1222 cm−1 in the gel phase (asPO2− of non-HB and HB species, respectively) upon heating changes into an envelope constituted from an intense and a sharp band with maximum at 1238 cm−1 (asPO2− of non-HB species) and a weak band at 1222 cm−1 (asPO2− of HB species). On the contrary, when DPPS undergoes gel  fluid phase transition the corresponding bands remain at the same position (non-HB species display a peak at 1238 cm−1 and HB ones at 1222 cm−1) and their intensities changes only slightly (Fig. 4h). Due to the heating of DPPC lipids, the bands originated from asC−O and sC−O approaches to one another (1266 cm−1 (gel)/1262 cm−1 (fluid) for asC−O and 1199 cm−1 (gel)/1203 cm−1 (fluid) for sC−O of DPPC), i.e. it displays a trend analogous to the one found in the presence of Gdm+. Finally, the signatures of C−O moieties of DPPS in the presence of NH4+ are rather similar to those found in the presence of Gdm+: 1265 cm−1 (gel)/1262 cm−1 (fluid) for asC−O and 1201 cm−1 (gel)/1202 cm−1 (fluid). During the gel  fluid phase transition of DPPC/DPPS lipids in the presence of Na+ the examined spectral region displays the intensity redistribution of the bands generated by asPO2− of non-HB and HB moieties; the bands with maxima at 1238 cm−1/1246 and 1222/1221 cm−1 in the gel phase merge into one irregular band with distinguished maximum at 1232/1237 cm−1 in fluid phase for DPPC/DPPS, respectively, while asC−O and sC−O approach each other upon heating of both lipids: 1263 cm−1 (gel)/1261 cm−1 (fluid) for asC−O and 1201 cm−1 (gel)/1203 cm−1 (fluid) for sC−O of DPPC and 1267 cm−1 (gel)/1262 cm−1 (fluid) for asC−O and 1201 cm−1 (gel)/1203 cm−1 (fluid) for sC−O of DPPS. 
As FTIR data provide the molecular-level information on the interactions between examined species, it appears that Gdm+ and NH4+ establish qualitatively different interactions with DPPC and DPPS lipids [61]. This particularly refers to different interaction of NH4+ with both polar headgroups and interfacial region of DPPS lipids compared to Gdm+ in the fluid phase (Figs. 4c and 4d) and the suggested charge transfer between NH4+ and DPPS lipids (Fig. 4f), which is absent in FTIR spectra of Gdm+ (Fig. 4e). The phase-transition induced changes of phosphate groups signatures of DPPC lipids in the presence of both Gdm+ and NH4+ suggest that their interactions with polar headgroups (see MD simulation results part for details) and perhaps their slightly different positioning and orientation in gel and fluid phase of DPPC (Fig. 4g and 4h). Notably, the obtained experimental data on DPPC/DPPS lipid bilayers suspended in the Na+- containing solution agree with the previous findings measured on similar systems using DSC or FTIR spectroscopy [35,43,60,62–65], which further strengthens our experimental results about the interaction of Gdm+/NH4+ cations on DPPC/DPPS lipid bilayers.  
 [image: ]
Fig. 4. FTIR spectra of DPPC and DPPS multibilayers hydrated with aqueous solution of Gdm+ (left column) and NH4+ (right column) (the data acquired in the presence of Na+ are displayed in both columns) obtained in different spectral ranges: a-b) asCH2 and sCH2; c-d) C=O; e-f) CH2; g-h)asPO2− with asC−O and sC−O). In the presence of Gdm+ the spectra of DPPC are labelled with red (30 °C) and wine (50 °C) lines, and those of DPPS with magenta (35 °C) and purple (65 °C) lines. In the presence of NH4+ the spectra of DPPC are labelled with blue (30 °C) and navy (50 °C) lines, and those of DPPS with green (35 °C) and olive (65 °C) lines. The most prominent band maxima are marked with light gray vertical lines and their displacements are highlighted (rectangular with pattern left/right). The spectra taken in the presence of Na+ are labelled with gray (30 °C/35 °C) and dark gray (50 °C/65 °C) dashed (DPPC) and dotted (DPPS) lines. Their positions and corresponding changes are emphasized with yellow color (rectangular with pattern left/right). The bands in every spectral range are normalized with respect to the strongest spectral signature.
[bookmark: _Hlk122002952][bookmark: _Hlk122003000][bookmark: _Hlk121732651]Molecular picture of interactions of DPPC/DPPS with Gdm+/NH4+/Na+: MD simulation results. a) Membrane properties. MD simulations were employed to evaluate the interactions of cations with DPPC and DPPS bilayers and to assess their impact on bilayer properties. The properties were analyzed by visualizing the bilayer and calculating the area per lipid (APL) and bilayer thickness, which are indicators of the lipid phase (Table 2). Area per lipid (APL) was calculated by obtaining the product of the box size in x and y dimensions, and dividing by the number of lipids in one leaflet. The reported value is the average value and standard deviation of 1200 frames of simulation (100 ns of simulation time). Membrane thickness is calculated as a distance between two maxima of number density profiles of lipid phosphorus atoms. The reported error was estimated from the difference in maxima between symmetrized and non-symmetrized number density calculations.
[bookmark: _Hlk114484003]Table 2. Area per lipid (APL) and membrane thickness for DPPC and DPPS membranes in the presence of different ions, at two temperature points (LT = low temperature, HT = high temperature).
	[bookmark: _Hlk114484055]Bilayer
	System
	APLa
	Membrane thicknessb

	DPPC 
	NaCl LT
	0.48 ± 0.01
	4.96 ± 0.02

	
	NaCl HT
	0.60 ± 0.01
	3.97 ± 0.01

	
	NH4Cl LT
	0.49 ± 0.01
	4.63 ± 0.08

	
	NH4Cl HT
	0.60 ± 0.01
	4.14 ± 0.07

	
	GdmCl LT
	0.51 ± 0.01
	4.63 ± 0.03

	
	GdmCl HT
	0.61 ± 0.01
	4.07 ± 0.01

	DPPS
	NaCl LT
	0.47 ± 0.01
	4.64 ± 0.02

	
	NaCl HT
	0.56 ± 0.01
	3.96 ± 0.01

	
	NH4Cl LT
	0.47 ± 0.01
	4.57 ± 0.00

	
	NH4Cl HT
	0.56 ± 0.01
	4.26 ± 0.02

	
	GdmCl LT
	0.48 ± 0.01
	4.44 ± 0.07

	
	GdmCl HT
	0.58 ± 0.01
	4.10 ± 0.07


a In nm2; b In nm.
The calculated APL is shown in Table 2, whereas the structure of each bilayer after 100 ns of production is shown in Figs. S2 and S3. At lower temperatures, where the systems are expected to be in gel phase, the lipid chains are more ordered, the bilayer is thicker and more rigid. This is especially visible for DPPS bilayers, whereas DPPC bilayers show some rippling and local interdigitation of acyl chains, as visible from final MD snapshots. This rippling effect at temperatures well below Tm is known for MD simulations of DPPC bilayers [66,67], and is likely caused by the increasing lipid headgroup hydration at the expense of the tight packing, as suggested by MD simulations [68]. The difference in bilayer structure when changing from below to above Tm is reflected in the increase in APL (looser packing) and the decrease in bilayer thickness (intertwining of opposite leaflets) (Table 2). At higher temperatures, the tight packing and ordering of acyl chains is diminished, as acyl chains are interdigitated. The APL obtained from simulations corresponds well to literature reports of computational [69,70] and experimental measurements [58,71]. Though DPPS is negatively charged and some electrostatic repulsion was expected between neighboring molecules, it has a lower APL (tighter packing) compared to DPPC. This has also been noted by López Cascales et al. [72] who have suggested this was due to binding of counterions to the DPPS surface which neutralize the charge and in turn assist in lipid packing. This tendency of cation binding to increase the bilayer order and decrease APL has been described previously [73,74]. However, in our study the type of cation does not appear to have an impact, since we observed minimal differences in the bilayer structure, membrane thickness or APL between systems containing Na+, NH4+ of Gdm+, respectively, when the overall ionic strength was kept the same between either DPPC or DPPS systems. Bilayer thickness (calculated from the differences of maxima of the phosphorus partial density functions) is also not significantly influenced by the type of ion, and appears to match the literature values [70,75].
[bookmark: _Hlk122003019]b) Density profiles. Figs. S2 and S3 also show the bilayers interacting with ions in the bulk, with cations accumulated on the bilayer surface. This is more prominent in DPPS systems due to the overall negative charge of the bilayer and favorable electrostatics. Number density profiles of ions and bilayer components (Figs. S6 and S7) confirm ion association with the bilayer. The profiles of all cations have the maxima that overlap with the maxima of lipid phosphate and carbonyl groups – indicating their preferred location among the bilayer headgroups. However, in all cases there are cations remaining in the bulk solvent, demonstrated by number density values > 0 even beyond the location of the bilayer. 
[bookmark: _Hlk122003033][bookmark: _Hlk121749961]c) Cation distribution. Interactions of salt ions with bilayers are further analyzed by radial distribution functions (RDFs), which determine the probability of finding an atom at a certain distance from another atom or group. Firstly, the entire DPPC or DPPS molecule was used as reference, and the distribution of Na+, ammonium nitrogen or guanidinium carbon was analyzed (Fig. S8). Cation distributions around both lipids have a distinct and well-defined first maximum, which corresponds to the population of cations adsorbed onto the bilayer. Temperature does not impact the positions of RDF maxima; however, the height and width of the peaks are somewhat affected. It is expected for RDF peaks to broaden and reduce in height with temperature increase due to increased disorganization in the solvation shells [76,77]. The effect was present here in some cases (DPPC with Na+ or NH4+), but for Gdm+ with both membranes the difference was non-existent, whereas in the case of DPPS with NH4+ the opposite situation was observed. This is likely due to the increased APL at higher temperatures allowing for more space to cations to approach the lipid headgroups. The interplay of those opposing effects is the likely cause for the lack of consistent trends in temperature dependence of RDF profiles.  The positions of the first maxima and minima of each RDF are listed in Table S2. The value of first minimum of each RDF corresponds to the location of the edge of the first interaction shell, encompassing adsorbed ions. Therefore, this value was used to set the distance criterion (rmin) for counting the number of ions adsorbed using the same approach as has been described in Rezaei Sani et al. [78].
[bookmark: _Hlk122003044][bookmark: _Hlk121822017]d) Cation binding. The number of bound cations was calculated by counting the number of each ion located within the distance rmin of the DPPC/DPPS bilayer using the option gmx select in GROMACS, and reporting the average of 1200 frames (100 ns of simulation time, Table 3). Considering the difference in net charges between DPPC and DPPS lipids, we see that significantly more cations are bound to the latter as expected. The general binding trends between different systems are comparable regardless of the lipid bilayer composition. The amount of bound Na+ is expectedly highest in systems with 0.15 M NaCl, and declines when other cations are present, since they compete for binding sites at the membrane surface. At the DPPC bilayers, the percentage of bound NH4+ is 20-25%, and for Gdm+ ⁓60%. The percentages for the DPPS bilayers are around 85% (NH4+) and 98% (Gdm+), suggesting the ion affinity in order of Gdm+ > NH4+ > Na+, regardless of the lipid type, but being significantly different for DPPC. Thus, MD simulations support the measurements from DSC melting curves of distinct adsorption and higher affinity of Gdm+ to DPPC. There was also little difference in the number of bound NH4+ and Na+ (in pure Na+ simulations) to DPPC, consistent with the experimental findings of similar thermotropic behavior in DPPC-NH4+ and DPPC-Na+ systems. In DPPS simulations, the same comparisons are less straightforward due to large quantity of Na+ present in all systems driven by additional electrostatic interactions, required for charge neutralization. Notably, Gdm+ again shows highest binding percentage and induces largest deviation in transition temperatures. Greater affinity of lipid bilayers for Gdm+ is not only consistent with our experimental measurements, but also complements the literature reports on increased binding of Arg-containing peptides to membranes compared to Lys-containing peptides [26]. 
The most notable finding is the difference between the total amount of NH4+ and Gdm+ when bound to DPPC, compared to DPPS, suggesting that the bilayer charge plays a role in selecting for particular type of cation. While the amount of bound Gdm+ is always greater than bound NH4+, the difference between 85% and 98% DPPS-bound ions on average is not as large as in DPPC which binds 2-3 times more Gdm+ than NH4+, in turn demonstrating that DPPC shows a larger selectivity between studied ions. Considering that all examined cations carry the same +1 charge, clearly other factors influence their affinity for the bilayers. Specifically, Na+ is a single ion modelled as a sphere of the appropriate van der Waals radius, NH4+ is a tetrahedron, while Gdm+ is planar. It has been already reported that Gdm+, due to its planarity, has an anisotropic hydration shell [79]. Also, the structure, number of heavy atoms and partial charges on each atom differs significantly between Na+, NH4+ and Gdm+. In particular, due to the planar shape and larger charge distribution between the atoms, Gdm+ ions establish more contacts with lipid phosphate groups than Na+ or NH4+. Furthermore, DPPC and DPPS molecules also differ in the number and position of charged groups. As DPPC possesses both negatively charged phosphate and positively charged choline, the DPPS anionic phosphate group is positioned deeper inside the bilayer than the cationic choline group. On the other hand, DPPS has one positively charged amino group (as in DPPC) but two negatively charged ones (phosphate and carboxyl groups), where the carboxyl group is exposed directly at the water/membrane interface and easily accessible to cations. Therefore, the accessibility of the carboxyl group of DPPS provides similar binding opportunities for both Gdm+ and NH4+. These results are in a slight contrast with the reports of Robison et al. [26], who found the larger differences between the number of bound nona-Arg vs. nona-Lys peptides, where anionic phosphatidylglycerol lipid (POPG) was involved which has no directly exposed negatively charged group (only the phosphate group deeper in the bilayer) regardless of the total negative bilayer charge. Since POPG lacks the accessible surface of carboxyl group of phosphatidylserine, this might indicate the importance of steric effects over nominal charge for cation binding, implicating different ionic affinity and functionality of biological membranes containing PS vs. PG groups.
[bookmark: _Hlk113440127]Table 3. Average number of ions bound to the DPPC and DPPS bilayers during 100 ns of simulation, and the percentage of bound ions relative to total amount of a particular ion in the system (0.15 M NaCl or 0.1 M NH4Cl/GdmCl + 0.05 M NaCl).
	[bookmark: _Hlk113440583]Ion
	System
	DPPC
	DPPS

	
	
	No. of bound atoms
	% of total atoms in the system
	No. of bound atoms
	% of total atoms in the system

	C(Gdm+)
	GdmCl LT
	11.7 ± 1.8
	59 ± 9 %
	19.7 ± 0.5
	98 ± 3 %

	
	GdmCl HT
	12.3 ± 1.7
	61 ± 9 %
	19.5 ± 0.7
	97 ± 4 %

	N(NH4+)
	NH4Cl LT
	5.0 ± 1.5
	25 ± 8 %
	17.1 ± 1.5
	85 ± 8 %

	
	NH4Cl HT
	3.8 ± 1.6
	19 ± 8 %
	17.1 ± 1.5
	85 ± 8 %

	Na+
	NaCl LT
	6.1 ± 1.2
	20 ± 4 %
	73.3 ± 4.0
	46 ± 3 %

	
	NaCl HT
	3.8 ± 1.5
	12 ± 5 %
	68.1 ± 4.6
	43 ± 3 %

	
	NH4Cl LT
	1.1 ± 0.7
	11 ± 7 %
	58.9 ± 4.3
	43 ± 3 %

	
	NH4Cl HT
	0.8 ± 0.8
	8 ± 8 %
	58.1 ± 4.4
	42 ± 3 %

	
	GdmCl LT
	0.8 ± 1.1
	8 ± 11 %
	53.7 ± 4.2
	39 ± 3 %

	
	GdmCl HT
	0.7 ± 0.8
	7 ± 8 %
	51.5 ± 4.5
	37 ± 3%



[bookmark: _Hlk122003083][bookmark: _Hlk121752808][bookmark: _Hlk121752820]Molecular picture of interactions of DPPC/DPPS with Gdm+/NH4+/Na+: discussion. More details on interactions of Gdm+/NH4+/Na+ with DPPC/DPPS lipid bilayers can be provided by complementing the MD with FTIR data, emphasizing lipid signatures produced by carbonyl and phosphate groups. Na+ insertion between phosphatidylcholine lipid bilayer headgroups has been seen in previous computational studies [39,80], and the RDF analysis of guanidinium C-atoms and ammonium N-atoms around phosphate P-atom and carbonyl C-atom (Fig. 5) confirms that both Gdm+ and NH4+ establish close contacts with phosphate and carbonyl groups. The location of the first maximum of Na+ around both P- and C-atoms is 0.35-0.37 nm, which corresponds well to the studies by Böckmann et al. [39], considering they used carbonyl oxygen as the reference atom. Gdm+ and NH4+ are also able to form HB with both phosphate and carbonyl moieties (Table S3) as evidenced by the slightly distant first maxima of guanidinium C-atom and ammonium N-atom (0.43/0.46 nm for P/C and 0.40/0.39 nm P/C, respectively) due to their larger size. Interestingly, the RDF profile of Gdm+ around P atom has a double maxima within the distance of a first hydration shell, while NH4+ and Na+ show only a single maximum. Since Gdm+ has a planar structure, its orientation among lipid headgroups may be close to parallel with the membrane surface, or nearly perpendicular, affecting the preferred distance of C(Gdm+) and P (Fig. 6). Spherically symmetrical NH4+ and Na+ ions cannot assume the same bonding configurations.
[image: ]
Fig. 5. Radial distribution functions of a) guanidinium carbon in DPPC systems, b) ammonium nitrogen in DPPC systems, c) Na+ in DPPC systems, d) guanidinium carbon in DPPS systems, e) ammonium nitrogen in DPPS systems and f) Na+ in DPPS systems. The reference atoms in all cases were P-atom of lipid phosphate group and C-atom of lipid carbonyl group.
The location and orientation of cations might contribute in the shaping and positioning of C=O envelope in both DPPC and DPPS lipids that display slightly displaced band maxima when interacting with different cations. In the discussed spectral region, the most intricate phenomenon is the phase transition-induced high-wavenumber shift of the C=O envelope generated by DPPS lipids in the presence of NH4+ (1729 cm1  1740 cm1). Before presenting probable origin of this phenomenon, we would like to point out that C=O bands of esters (COOR that constitute interfacial region of lipid bilayers) generally significantly overlap with those of carboxylic acids (COOH), with the remark that the latter may be somewhat shifted towards higher wavenumbers. As proton transfer from NH4+ species (evidenced by the lack of the NH4+ in Fig. 4f) to the COO moiety of DPPS in both gel and fluid phase results in the newly formed COOH group, along with interfacial COOR groups which contributes to the C=O envelope. The positions of the associated signatures are differently distributed in the examined wavenumber region due to different surroundings of COOH group in gel and fluid phase. A tighter packing of lipids in gel phase enables the formation of HB between COOH groups of neighboring lipid molecules (evidenced by the absorption at lower wavenumbers), whereas their separation in fluid phase is accompanied with the weakening of a HB (the absorption at higher wavenumbers). 
[bookmark: _Hlk121145387]The interaction of Gdm+ and NH4+ with the lipid phosphate groups of DPPC is featured by the differences when DPPC is in the gel and in the fluid phase (Figs. 4g and 4h). An irregular and expectedly structured envelope at experimental IR spectra at 30 °C is transformed into unexpectedly more structured one in the presence of Gdm+ (appearance of the maximum at 1232 cm1 at 50 °C) and into an unexpected feature with exceptionally pronounced band maximum (1238 cm1 at 50 °C) in the presence of NH4+. According to the MD simulations, both cations can form HB with phosphate groups, but larger number of HB donating sites in Gdm+ leads to the greater versatility in HB pattern distributed between phosphate groups and Gdm+ with DPPC in fluid phase (Fig. 6). On the contrary, a tetrahedron of NH4+ could, on average, make more HB with phosphate groups of DPPC in fluid than in gel phase, but the high symmetry of NH4+ reduces the number of possible HB arrangements and thus produce apparently only one band (Fig. 4h). Ultimately, phosphates and carbonyls also participate in extensive H-bonding with water, and the average number of those bonds is seemingly unaffected by the type of cation present in the system due to high hydration around those groups (Table S3). The cross-linking of cations and lipids in the case of interaction with Gdm+ cation, in contrast to NH4+ (or Na+) ions, as well as the larger overall influence of cations on the dynamics of lipid movement in aqueous surroundings where cations are more abundant, are indicating a significantly greater influence of Gdm+ compared to NH4+ (and Na+) on the thermotropic properties of lipids.
Overall, the findings provided by this comprehensive spectroscopic, calorimetric and computational study on Gdm/NH4+ interaction with DPPC/DPPS lipids can be inferred to the interaction of Arg/Lys-rich CPPs with biological membranes. Unlike Lys-rich CPPs, Arg-rich CPPs may adjust their interaction configuration to the instantaneous composition of their immediate surroundings changes more easily, which consequently reflects both in more diverse adsorption and in turn in the facilitated penetration through the membrane.[image: ]
Fig. 6. Guanidinium (left, middle) and ammonium (right) cations inserted between phosphate and carbonyl moieties of DPPC molecules in fluid phase. The phosphate groups interacting with the cations have been marked with black circles, while the carbonyl groups have been marked in red. Left and middle images show the different orientations of guanidinium cation inserted between lipid headgroups.
5. Conclusion
The unification of the experimental and computational results obtained from the analysis of thermotropic properties and FTIR spectra of DPPC and DPPS lipids suggests their qualitatively different interactions with Gdm+ and NH4+ ions. The thermotropic results reveal a significant influence of Gdm+ on the pretransition of DPPC, which is not observed in the presence of NH4+ (and Na+ as a reference). Despite small differences, both cations (as well as Na+) interact with the carbonyl group of the glycerol backbone of both lipids, but the interactions of Gdm+/NH4+ with phosphate groups of DPPC lipids show qualitative differences that get pronounced as DPPC goes from gel to fluid phase: in the presence of Gdm+ the phosphate environment becomes more heterogeneous, while in the presence of NH4+ the opposite is observed. According to the results obtained from MD simulations, while both DPPC and DPPS membranes bind more Gdm+ than NH4+, DPPC membranes show enhanced selectivity for Gdm+ stemming from structural properties of both cations and lipids. The planar shape of Gdm+ containing more H-bond donor groups facilitates its incorporation among phosphate and carbonyl moieties of both lipids, while the presence of additional accessible carboxyl group enables more NH4+ to bind to DPPS. Ultimately, proton transfer from NH4+ species to COO− group of DPPS is the exclusively feature of DPPS and NH4+ interaction, due to the proximity of NH4+ and COO groups which enabling facile proton transfer in the case of more easily ionizable NH4+, as opposed to Gdm+. The results obtained with Gdm+ and NH4+, as basic models of amino acids Arg and Lys, can be linked with the phenomenon that peptides and proteins rich in the Arg achieve a different mode of interactions with biological membranes and thus are more easily transported across the biological membranes.
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