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 46 

Abstract 47 

Green propolis, a mixture of beeswax and resinous compounds processed by Apis mellifera, 48 

displays several pharmacological properties. Artepillin C, the major compound in green 49 

propolis, consists of two prenylated groups bound to a phenyl group. Several studies have 50 

focused on the therapeutic effects of Artepillin C, but there is no evidence that it interacts 51 

with amphiphilic aggregates to mimic cell membranes. We have experimentally and 52 

computationally examined the interaction between Artepillin C and model membranes 53 

composed of dimyristoylphosphatidylcholine (DMPC) because phosphatidylcholine (PC) is 54 

one of the most abundant phospholipids in eukaryotic cell membranes. PC is located in 55 

both outer and inner leaflets and has been used as a simplified membrane model and a non-56 

specific target to study the action of amphiphilic molecules with therapeutic effects. 57 

Experimental results indicated that Artepillin C adsorbed onto the DMPC monolayers. Its 58 

presence in the lipid suspension pointed to increased tendency toward unilamellar vesicles 59 

and to decreased bilayer thickness. Artepillin C caused point defect in the lipid structure, 60 

which eliminated the ripple phase and the pre-transition in the thermotropic chain melting. 61 

According to molecular dynamics (MD) simulations, (i) Artepillin C aggregated in the 62 

aqueous phase before it entered the bilayer; (ii) Artepillin C was oriented along the 63 

direction normal to the surface; (iii) the negatively charged group on Artepillin C 64 

accommodated in the polar region of the membrane; and (iv) thinner regions emerged 65 

around the Artepillin C molecules. These results helped to understand the molecular 66 

mechanisms underlying the biological action of propolis. 67 
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Introduction 91 

Propolis results from a mixture of beeswax and resinous compounds that bees 92 

selectively collect from the vegetation. This mixture has long been used as an antibacterial, 93 

antifungal, and antioxidant agent in traditional medicine (Bastos, Simone, Jorge, Soares, & 94 

Spivak, 2008; Lotfy, 2006; Sawaya, 2009). The biological activity of propolis is related to 95 

the presence of natural substances such as bioactive secondary metabolites from plants. 96 

Therefore, the final composition of propolis strongly depends on the bee species and on the 97 

region the bees inhabit (Alhassan, Abdullahi, Uba, & Umar, 2014; Kumazawa, Hamasaka, 98 

& Nakayama, 2004; Yong K. Park, Severino M. Alencar, 2002). Phenolic acids, 99 

flavonoids, and terpenes are the commonest substances collected by several species of bees 100 

worldwide (Arslan, Silici, & Percin, 2012; Bonvehí & Gutiérrez, 2012; Gregoris & 101 

Stevanato, 2010; Hamasaka, Kumazawa, Fujimoto, & Nakayama, 2004; Laskar, Sk, Roy, 102 

& Begum, 2010; Righi, Negri, & Salatino, 2013). These substances protect beehives 103 

against intruders and ensure their antisepsis. 104 

Green propolis from the species Apis mellifera has a broad spectrum of biological 105 

and pharmacological properties. The Brazilian green propolis is famous for its antitumor 106 

potential, especially due to the presence of Artepillin C (3,5-diprenyl-4-hydroxycinnamic 107 

acid), which is the major constituent among all the compounds identified in this propolis 108 

(Kimoto et al., 1998). Artepillin C also displays anti-inflammatory and anti-oxidant 109 

properties (Paulino et al., 2008; Shimizu, Ashida, Matsuura, & Kanazawa, 2004), and it is 110 

an important lead in the search for new drugs even though its mechanism of action is not 111 

well established yet. This molecule belongs to the group of cinnamic acid derivatives. It has 112 

low molecular weight (300.39 g.mol-1) and bears two prenylated groups bound to a phenyl 113 
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group (Figure 1). This particular structure enhances the hydrophobicity of Artepillin C and 114 

probably favors its interaction with amphiphilic aggregates such as cell membranes 115 

(Alhassan et al., 2014), which may be the step that elicits its biological action. However, 116 

the interaction between Artepillin C and cell membranes or cell membrane models is not 117 

well understood. 118 

 119 

Figure 1. Molecular structure of Artepillin C 120 

 121 

In this study, we have examined the interaction of Artepillin C with cell membrane 122 

models such as vesicles and Langmuir monolayers consisting of 123 

dimyristoylphosphatidylcholine (DMPC). We decided to use DMPC because it is one of the 124 

most abundant phospholipids in eukaryotic cell membranes and is located in both outer and 125 

inner leaflets. Phosphatidylcholine (PC) has been extensively explored as a model for the 126 

basic structure of cell membranes and has been employed as a non-specific target for the 127 

action of amphiphilic molecules with therapeutic effects (Barioni, Ramos, Zaniquelli, 128 

Acuña, & Ito, 2015; Fa et al., 2006; Ota, Abramovič, Abram, & Poklar Ulrih, 2011; 129 

Suwalsky et al., 2015; Tovani et al., 2013; Wesołowska, Gąsiorowska, Petrus, Czarnik-130 

Matusewicz, & Michalak, 2014). To probe the thermotropic lipid phase transition, we have 131 
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resorted to differential scanning calorimetry (DSC). Small angle X-ray scattering (SAXS) 132 

helped us to investigate alterations in the structural properties of the lipid bilayers. The 133 

adsorption of Artepillin C at the water/lipid interface was monitored by z-potential 134 

measurements and surface pressure vs surface area isotherms. In addition, molecular 135 

dynamics (MD) simulations helped us to evaluate how Artepillin C accessed the lipid 136 

bilayer, to identify its specific location in the membrane, and to verify structural changes in 137 

the bilayer after the interaction. 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 
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 151 

 152 

 153 

Material and Methods 154 

Chemicals 155 

1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased from Avanti Polar 156 

Lipids (Alabaster, AL, USA) as powder. Artepillin C (3,5-diprenyl-4-hydroxycinnamic 157 

acid), isolated and purified from Brazilian green propolis, was purchased from Wako, 158 

Japan. All the reagents were used without further purification. Lipid suspensions were 159 

prepared by using dust-free Milli-Q water (18.2 MΩ.cm). 160 

 161 

Preparation of vesicles  162 

Large unilamellar vesicles (LUVs) and multilamellar vesicles (MLVs) were prepared from 163 

stock solutions of DMPC lipids in chloroform at 40 mmol.L-1. Vesicles containing 164 

Artepillin C were obtained by mixing controlled amounts of a 20 mmol.L-1 stock solution 165 

of the compound in methanol (MeOH) with the lipid solution in chloroform. Dry films 166 

emerged by evaporating the solvent under a N2 flow and eliminating the remaining traces of 167 

organic solvent under reduced pressure for at least 1 h. The MLVs were prepared by adding 168 

Milli-Q water onto the films and vortexing them at 30 °C for 2 min, above the lipid phase 169 

transition temperature. Subsequent extrusion afforded the LUVs, as described elsewhere 170 
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[22,23]. The MLV suspension was passed through a polycarbonate membrane with pores 171 

measuring 0.1 µm (Whatman, Sigma Aldrich) at least 21 times. Previous work on dynamic 172 

light scattering (DLS) performed in our group had shown this procedure resulted in a sharp 173 

distribution of particles with diameter of 120 nm and a single population when the process 174 

occurred above the phase transition temperature. The turbidity of the preparation remained 175 

stable during the period the experiments were conducted. 176 

 177 

Langmuir Monolayers 178 

A 1 mmol.L-1 DMPC solution in chloroform was spread on a 216-cm² (length = 21.95 cm; 179 

width = 9.85 cm) Langmuir trough (Insight-Brazil). After evaporation of the organic 180 

solvent, the mobile barrier was moved at a constant rate of 0.041 cm.s-1, to form the lipid 181 

monolayer at the air/liquid interface. Either pure water or 1 µmol.L-1 Artepillin C aqueous 182 

solution was used as subphase. The surface vs surface area (π−Α) isotherms were recorded 183 

at 25 °C, and the area expansion due to Artepillin C adsorption was calculated by 184 

subtracting the isotherm obtained in the absence of the compound from the isotherm 185 

obtained in the presence of the compound (Parra, Borissevitch, Borissevitch, & Ramos, 186 

2015).  187 

 188 

Zeta potential measurements 189 
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The electrophoretic mobility of DMPC unilamellar vesicles (1 mmol.L-1) was measured in 190 

the absence and in the presence of Artepillin C (Artepillin C/DMPC molar ratio 2:100, 191 

5:100, 7.5:100, 15:100, and 20:100) to compute the z-potential by means of the 192 

Smoluchowski equation (Shaw, 1992): 193 

𝜁𝜁 = 𝜂𝜂µ
𝜀𝜀

 ,                                                                (1) 194 

where η is the viscosity of the solvent, µ is the electrophoretic mobility, and ε is its 195 

dielectric constant. Samples containing Artepillin C were prepared by adding aliquots of a 196 

10 mmol.L-1 solution of this compound in MeOH to the extruded suspension. The 197 

measurements were performed on a Nano Zetasizer ZS90 (Malvern Instruments, 198 

Worcestershire, U.K), which uses a wide-angle (178°) laser Doppler velocimetry, at 30 °C. 199 

The samples were placed in dedicated plastic cuvettes (DTS1060 cells) equipped with gold 200 

electrodes (Malvern Instruments). 201 

 202 

Small angle X-ray scattering (SAXS) 203 

SAXS measurements were performed on a SAXSLAB GANESHA 300 XL SAXS system 204 

equipped with a GeniX 3D Cu Ultra Low Divergence micro focus sealed tube source that 205 

produced X-rays with a wavelength of λ = 1.54 Å. A sample-to-detector distance of 206 

713 mm was used to access a q-range of 0.15 ≤ q ≤ 4.47 nm−1 with q = 4π/λ(sin θ/2), where 207 

2θ was the angle between the incident X-ray beam and the detector measuring the scattered 208 

intensity. Extruded lipid suspensions at 40 mmol.L-1 in the absence and in the presence of 209 
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10 mol% of Artepillin C were placed in 2-mm quartz capillaries (Hilgenberg, Germany). 210 

The sample temperature was kept at 30 °C with the aid of a Julabo temperature controller. 211 

The acquisition time of the SAXS data was 6 h for each sample, and the background signal 212 

(scattering of a capillary filled with water) was subtracted from the obtained profiles. The 213 

experimental SAXS diagrams were fitted by using the Global Analysis Program (GAP) 214 

version 1.3, provided by Dr. Georg Pabst of the Austrian Academy of Sciences – Graz.  215 

Herewith, we obtained the electron density of the polar head group, of the acyl chain 216 

regions of the lipid bilayers, and of the fraction of the resulting unilamellar vesicles (Pabst 217 

et al., 2003; Pabst, Rappolt, Amenitsch, & Laggner, 2000) by using the function: 218 

𝐼𝐼(𝑞𝑞) = (1 − 𝑁𝑁𝑈𝑈𝑈𝑈) 𝑆𝑆(𝑞𝑞)|𝐹𝐹(𝑞𝑞)|2

𝑞𝑞2
+ 𝑁𝑁𝑈𝑈𝑈𝑈

|𝐹𝐹(𝑞𝑞)|2

𝑞𝑞2
 ,   (2)  219 

where NUV is the fraction number of positionally non-correlated particles (i.e., unilamellar 220 

vesicles), S(q) is the structure factor (inter-particle interaction), and F(q) is the form factor, 221 

which gives the electron density profile. From the parameters that describe the head group 222 

regions, it was possible to calculate the thickness of the membrane (dB) through equation 223 

(Pabst et al., 2008): 224 

𝑑𝑑𝐵𝐵 = 2(𝑧𝑧𝐻𝐻 + 2𝜎𝜎𝐻𝐻) ,      (3) 225 

where zH is the headgroup position measured from the center of the bilayer, and σH is the 226 

width of the Gaussian of the electron-dense distribution over the headgroup region. 227 

 228 

Differential scanning calorimetry (DSC) 229 
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Calorimetric experiments were carried out on a VPN-DSC from Microcal. The capillary 230 

degassed samples of MLVs (10 mmol.L-1) were placed in the analyzer in the absence and in 231 

the presence of 1, 5, and 10 mol% of Artepillin C. The scan rate was 0.5 °C.min-1 232 

throughout the experiments. The Microcal Origin software, provided by Microcal, allowed 233 

us to subtract the baseline and analyze the data. Each sample was scanned at least seven 234 

times. The samples were prepared in triplicate. 235 

 236 

Molecular Dynamics Simulations (MD) 237 

Molecular Dynamics (MD) simulations were performed with the NAMD 2.10 (Phillips et 238 

al., 2005)⁠software on a fully hydrated DMPC bilayer in the presence of different 239 

concentrations of Artepillin C molecules. The DMPC bilayer containing 64 lipids per 240 

leaflet was previously equilibrated until it reached the experimentally reported values of 241 

area per lipid and thickness (Kučerka, Nieh, & Katsaras, 2011). The parameters for 242 

Artepillin C were obtained by using the webserver CGenFF (Vanommeslaeghe et al., 2010; 243 

W. Yu, He, Vanommeslaeghe, & MacKerell, 2012). Two different systems were built by 244 

employing packmol (Martínez, Andrade, Birgin, & Martínez, 2009)⁠ and different Artepillin 245 

C/lipid molecular ratios, namely 5:128 and 10:128. The low concentration system 246 

contained 34,411 atoms with five sodium ions, whereas the high concentration system had 247 

34,626 atoms with 10 sodium ions. In both cases, the simulation started with Artepillin C 248 

molecules placed in the bulk. To eliminate bad contacts between the atoms, we initially 249 

minimized the starting structures and equilibrated the system for 2 ns. Afterwards, we 250 
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performed a 500-ns simulation for both systems. For these simulations, the CHARMM C36 251 

(Klauda et al., 2010) force field was applied. Moreover, the NPT ensemble was employed 252 

at 313 K and pressure of 1 bar. To control the temperature and pressure, we used Langevin 253 

Dynamics and Nosé-Hoover Langevin, respectively. The long-range electrostatic 254 

interactions were estimated by using the Particle-Mesh-Ewald summation method with a 255 

cutoff of 1.2 nm and switch distance of 1.0 nm. The results of the simulations were 256 

analyzed with LOOS v2.2.5 (Romo, T.D., Grossfield, 2009), and figures were prepared by 257 

using VMD (Humphrey, Dalke, & Schulten, 1996)⁠. 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 
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 274 

 275 

 276 

 277 

 278 

Results and Discussion 279 

DMPC monolayers: π−Α isotherms 280 

First, a DMPC π−Α isotherm was obtained with a pure water subphase (Figure 2A - black 281 

line). The monolayer was compressed from 0 up to its collapse, which occurred at a surface 282 

pressure of approximately 47 mN/m. At 25 °C, the isotherm evidenced a liquid-expanded 283 

phase over all the compression of the monolayer, as expected for this phospholipid 284 

(Gaboriaud, Volinsky, Berman, & Jelinek, 2005; Gradella Villalva et al., 2016; Ramos, 285 

Pavani, Iamamoto, & Zaniquelli, 2010). The isotherm expanded upon addition of Artepillin 286 

C to the subphase (Figure 2A, red line). With 1 µmol.L-1 Artepillin C, the collapse 287 

happened at a surface pressure of 50 mN/m, which represented a slight increase of 3 mN.m-288 

1 as compared to the pure water subphase. This increase indicated larger barrier against 289 

compression.  290 

Artepillin C expanded the area of the DMPC monolayer as revealed by the 291 

difference between the molecular lipid areas of the isotherms measured in the pure water 292 

subphase and in the presence of the compound. Increased surface pressure decreased the 293 

expanded area (Figure 2B), which reached a constant value close to 2 Å² at surface 294 

pressures above 30 mN.m-1.  This corresponded to an area expansion of around 4% in the 295 
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DMPC monolayer at its maximum packing, which was caused by insertion of Artepillin C 296 

molecules. 297 

A surface effect promoted by the deprotonated form of Artepillin C, which displays 298 

a negative charge on the oxygen located in the carboxylic group of the cinnamic acid with 299 

pKa value of 4.4, may have increased the surface pressure required to collapse the 300 

monolayer and expanded the observed area (J. Q. Yu & Matsui, 1997). This should expand 301 

the monolayer and demand higher energy to compensate for the electrostatic repulsion 302 

between the charges of the Artepillin C molecules in the monolayer. The presence of 303 

negative charges in the monolayer and the corresponding changes in the electric surface 304 

potential could be related to the zeta potential experiments, as follows.  305 

 306 

Figure 2. A) Isotherms recorded for the DMPC monolayer in the absence (black line) and in 307 

the presence (red line) of Artepillin C, at 25 °C. B) Area expansion obtained from the 308 

difference between the areas per molecule of the phospholipid isotherms, obtained in the pure 309 

water subphase and recorded in the presence of Artepillin C molecules, as a function of the 310 

surface pressure 311 
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Zeta potential 313 

Zeta potential measurements evidenced the charge effects of Artepillin C at the polar head 314 

group region of the lipid unilamellar vesicles. Figure 3 shows the changes in the z-potential 315 

of DMPC vesicles as a function of the amount of Artepillin C added to the system. Despite 316 

the electrical neutrality of pure DMPC, a negative potential of – 4.2 mV was detected. This 317 

potential basically originated from the negative charge on the phosphate group of DMPC 318 

molecules. The z-potential decreased slightly when 2.5 mol% Artepillin C was added to the 319 

DMPC vesicles. Addition of 5 and 20 mol% Artepillin significantly reduced the surface 320 

potential to values around –10.0 and -16.7 mV, respectively. These changes indicated that 321 

Artepillin C inserted into the bilayer and modified the negative charge density on the 322 

vesicle surface. This could be caused by the O- located in the carboxylic group of the 323 

cinnamic acid, which affected the zwitterionic polar head region of the lipid vesicle. The 324 

decrease in the vesicle surface potential could result from electrostatic contribution to the 325 

π-A results: a higher surface pressure was necessary to collapse the expanded monolayer 326 

containing the deprotonated structure of Artepillin C.  327 
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 328 

Figure. 3 Zeta potential of DMPC vesicles in the absence and in the presence of Artepillin C, 329 

obtained at 30 °C 330 

 331 

Small Angle X-ray Scattering (SAXS) 332 

Structural changes in DMPC vesicles induced by Artepillin C were examined by small 333 

angle X-ray scattering experiments. The results were analyzed in terms of the electron 334 

density distribution of the hydrophobic and hydrophilic regions of the bilayers. The SAXS 335 

pattern of DMPC extruded vesicles without Artepillin C displayed a broad quasi-Bragg 336 

peak around 0.1 Å-1 and a shoulder around 0.2 Å-1  (Figure 4A), which indicated the 337 

presence of multilamellar vesicles despite the extrusion procedure (Ristori et al., 2009). 338 

From the fit of the curves to the experimental data given by equation 2, and by using the 339 

values obtained for dB, calculated as shown in equation 3, it was possible to obtain the 340 

structural parameters presented in Table 1. By far the most prominent difference was the 341 
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increased percentage of unilamellar vesicles (NUV) upon insertion of Artepillin C: the 342 

percentages of DMPC unilamellar vesicles (LUVs) in the absence and in the presence of 343 

Artepillin C were 64% and 96%, respectively. Artepillin C presumably accommodated in 344 

the polar head group region. Because it is negatively charged, Artepillin C should generate 345 

an inter-bilayer electrostatic repulsion, to form LUVs spontaneously, as reported elsewhere 346 

for other charged compounds (Ristori et al., 2009). This was consistent with the results 347 

from the z-potential measurements. The other structural parameters (Table 1) revealed that 348 

the presence of Artepillin C slightly thinned the lipid bilayer, by around 2%.  349 

The SAXS data evidenced that Artepillin C affected LUVs in almost the same way 350 

as the procedures conducted to obtain unilamellar vesicles; for instance, addition of a small 351 

percentage of negatively charged lipids to the suspension resulted in inter-bilayer 352 

electrostatic repulsion. Further experiments with non-extruded lipid suspension (data not 353 

shown) corroborated this feature: the diagram obtained for the sample without Artepillin C 354 

was typical of multilamellar vesicles. However, addition of the bioactive compound to the 355 

non-extruded suspension culminated in a profile that was characteristic of unilamellar 356 

vesicles. Moreover, fitting of both diagrams provided Nuv values that corresponded to the 357 

amount of unilamellar vesicles in the non-extruded suspension and indicated the presence 358 

of around 29% and 99% of LUVs for the pure and for the Artepillin C-containing 359 

suspensions, respectively. 360 



19 

 

 361 

Figure. 4 SAXS diagrams (A) and electron density (B) profiles of extruded DMPC lipid 362 

vesicles in the absence and presence of 10 mol% of Artepillin C, obtained at 30 °C.  Electron 363 

density profiles were obtained by fitting the SAXS curves with the aid of the GAP software 364 

(version 1.3) 365 

 366 

Table 1. Structural parameters obtained by fitting the SAXS profiles of DMPC extruded 367 

vesicles in the absence and in the presence of 10 mol% Artepillin C. ZH: headgroup position; 368 

σH: width of the electron density distribution over the headgroup region, NUV: percentage of 369 

unilamellar vesicles; dB: thickness of the lipid bilayer. Estimated deviations are 1% 370 

Extruded vesicles ZH (Å) σH (Å) NUV (%) dB (Å) 

DMPC 40 mM 17.2 3.0 64 46.4 

DMPC 40 mM + 10 mol% Artepillin C 16.9 2.9 97 45.4 
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An increase in temperature causes DMPC multilamellar vesicles to undergo transition from 373 

a gel (Lβ’) to a fluid phase (Lα). The data obtained here agreed with the results of Prenner et 374 

al. (Prenner, Lewis, Kondejewski, Hodges, & McElhaney, 1999) and showed that the 375 

transition gave rise to a sharp peak at 23.9 °C (TM) in the thermogram, which was 376 

associated with an enthalpy value of 7.2 kcal/mol (Figure 5). Additionally, a pre-transition 377 

peak (TP) emerged at 14.3 °C with a variation in enthalpy of 1.26 kcal/mol. This peak 378 

reflected the conformational change of the carbon chains from a lamellar gel phase to a 379 

ripple gel phase. Addition of 1 mol% of Artepillin C altered the cooperativity of the lipids 380 

in the vesicles. The main peak shifted and broadened slightly, which strongly modified the 381 

pre-transition peak and concomitantly increased and decreased the enthalpy of both 382 

endothermic processes, respectively (Table 2). The pre-transition peak shifted downward 383 

by -3.6 °C, which was accompanied by a reduction in ΔHP from 1.26 to 0.68 kcal/mol 384 

(54%). These changes suggested that Artepillin C could be located near the lipid/water 385 

interface, thereby affecting the properties of the polar headgroup region, as already reported 386 

for other compounds (Basso, Rodrigues, Naal, & Costa-Filho, 2011; Gardikis, 387 

Hatziantoniou, Viras, Wagner, & Demetzos, 2006; Wesołowska et al., 2014). For higher 388 

Artepillin C concentrations of 5 and 10 mol%, the pre-transition peak completely 389 

disappeared, the main peak broadened and shifted to lower temperatures, and the associated 390 

enthalpy decreased, which indicated that the presence of the bioactive compound strongly 391 

impacted both transitions. Indeed, the fact that the addition of biomolecules changes the 392 

DMPC pre-transition temperature has already been reported. For instance, cholesterol 393 

decreases TP, while other compounds such as gramicidin S, cannabinoids, sphingosine, 394 

various anesthetics, and ceramides completely abolish it (T Heimburg, 2000). As reported 395 
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before (Thomas Heimburg, 1998), the pre-transition in DMPC vesicles has half width in the 396 

range of 1 °C and is considerably less cooperative than the main transition, which has half 397 

width of 0.05 °C. 398 

Figure 5. DSC thermograms of DMPC multilamellar vesicles, spanning from 5 to 40 °C 399 

 400 

Table 2. Thermodynamic data obtained from DSC measurements of DMPC (control) and 401 

Artepillin C-inserted DMPC vesicles (1 , 5 and 10 mol%). TP: pre-transition temperature; 402 

ΔHP: pre-transition enthalpy change; TM: main transition temperature; ΔHM: main transition 403 

enthalpy change. Estimated deviations are 1% 404 

DMPC 10 mM Tp (° C) ΔHp (kcal/mol) Tm (° C) ΔHm (kcal/mol) 

Pure 14.3 1.26 23.9 7.2 

1 mol% 10.7 0.68 23.6 8.3 

5 mol% - - 22.3 5.7 
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10 mol% - - 20.1 5.7 

 405 

Heimburg (2000) presented a model for the thermotropic phase transition in lipid 406 

vesicles that considered both the pre- and the main melting transitions as part of the lipid 407 

chain melting, associated with the formation of periodic ripples on the membrane surface. 408 

Within the model, the formation of membrane ripples, which consist of fluid lipid line 409 

defects, could be a consequence of the coexistence of gel and fluid lipid domains within an 410 

individual monolayer. Due to geometrical and topological constraints, such domains are 411 

forced to arrange periodically on the surface. Therefore, in the framework of this model, the 412 

pre- and main transitions are coupled, and an isolated monolayer should not form ripples. 413 

 According to the SAXS results, insertion of Artepillin C into DMPC vesicles forced 414 

the formation of unilamellar vesicles. Geometrical changes also occurred in the bilayer, as 415 

seen by the 2% decrease in the thickness of the bilayer and the concomitant extension of the 416 

surface. Hence, the structural arrangement of the DMPC vesicles in the presence of 417 

Artepillin C should modify their thermotropic behavior in such a way that the fluid lipid 418 

line defects would be avoided, thus preventing the formation of line defects that could 419 

originate the ripple phase and the pre-transition. 420 

 421 

Molecular Dynamics Simulations (MD) 422 

To clarify the interaction between Artepillin C and the DMPC lipid bilayer, we carried out 423 

atomistic molecular dynamics simulations. Two different Artepillin C/lipid molecular 424 

ratios, 5:128 and 10:128, were investigated. In the initial configuration, all the Artepillin C 425 
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molecules were placed in the bulk (Figure 6A), and the simulations were run for over 500 426 

ns (Figures 6A to 6F). At the end of the simulation, the Artepillin C molecules were inside 427 

the lipid bilayer (Figure 6F). To evaluate the interaction between the compound and the 428 

bilayer in more detail, we counted the number of contacts between two Artepillin C 429 

molecules or between the compound and other components of the system. To this end, we 430 

created a shell in the target molecule (Artepillin C) and computed the number of atoms 431 

residing inside the shell to obtain the percentage of contacts between the target molecule 432 

and the second compound. 433 

 434 

Figure. 6 Artepillin C interacting with a DMPC lipid bilayer: snapshots from MD simulations 435 

over 500 ns for the system containing 10 Artepillin C molecules and 128 DMPC lipids 436 

molecules. The lipid bilayer and the water molecules were replicated in the x-y plane. In 437 

addition, the snapshots corresponded to different x-y positions (at the same z) of the bilayer, 438 

which improved visualization of the Artepillin C position in the bilayer.  439 
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 440 

Figure 6B shows that Artepillin C aggregated in the bulk before reaching the lipid 441 

bilayer. The contact map (Figure 7A – top, green line) confirmed the presence of 442 

aggregates within the first 100 ns: 88% of the total average contact took place between 443 

Artepillin C molecules. Hydrophobic interactions of Artepillin C in water promoted such 444 

aggregation, subsequently favoring insertion of this molecule into the lipid phase of the 445 

membrane. The contacts between Artepillin C and DMPC or water (Figure 7A – bottom) 446 

revealed how the compound entered the bilayer: in the first 100 ns, Artepillin C molecules 447 

had some contact with water molecules (blue line), which surrounded the Artepillin C 448 

aggregates. However, Artepillin C had no contact with the DMPC bilayer (magenta line), 449 

then. From 100 to 300 ns, Artepillin C molecules started entering the membrane (snapshots 450 

C, D, and E in Figure 6), increasing the percentage of average contacts with DMPC lipids 451 

while decreasing the contacts with water. Thereafter, Artepillin C aggregates disintegrated 452 

as reflected by a decrease in the number of Artepillin C-Artepillin C contacts. From this 453 

point on, most Artepillin C molecules were in contact with DMPC instead of water, 454 

indicating that the compound was now inserted in the membrane. Nevertheless, the 455 

simulation indicated that Artepillin C molecules remained near the water/membrane 456 

interface because the contact with water remained constant in the last 200 ns even though 457 

the contact with DMPC increased. 458 

The molecular dynamics simulations provided useful information about the 459 

interaction of Artepillin C with DMPC bilayers at the same time that they supported the 460 

experimental results discussed so far. One of the parameters, the area per lipid, increased 461 

along the MD simulation for both Artepillin C concentrations (Figure 7B)—from an initial 462 
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average value of 61.9 ± 1.3 Å² to 64.6 ± 1.0 Å² and 66.3 ± 1.1 Å² after 500 ns in the 463 

presence of 5 and 10 Artepillin C molecules, respectively. The average membrane thickness 464 

decreased slightly (by 2.2%) in the last 10 ns (Figure 7C), from 3.56 nm in pure DMPC 465 

down to 3.48 ± 0.14 nm in the highly concentrated system (10 Artepillin C molceules). 466 

Moreover, the presence of Artepillin C molecules induced a specific local thinning of the 467 

membrane (represented by green colored areas in Figure 7C). The absolute values of 468 

bilayer thickness obtained in the MD simulations were smaller than the values obtained by 469 

SAXS experiments (4.64 and 4.54 nm in the absence and in the presence of Artepillin C, 470 

respectively). These values agreed well, especially when one considers that the 471 

experimental value represent an averaged position of the polar headgroup (zH) and its width 472 

(σH), whereas the theoretical value was calculated as the peak-to-peak average distance of 473 

phosphate-phosphate atoms between inner and outer leaflets. Nevertheless, the same 474 

relative thickness decreased by 2.2% upon addition of Artepillin C in both cases. 475 

The disorder of the acyl chains, quantified by the average order parameter observed 476 

during the studied thermotropic and structural alterations caused by Artepillin C in DMPC 477 

model membranes, did not change significantly (Figure 7D). However, simulations with 478 

five and ten Artepillin C molecules demonstrated increased mobility of the acyl chains, 479 

suggesting that this feature augmented the area per lipid even when the order parameter 480 

changed very little. Figure 7D shows that the major changes in order parameter occurred 481 

from the 5th to the 11th carbon atom of the acyl chain. Curiously, the alterations in order 482 

contrasted with the effects reported for other small molecules: when cholesterol, alcohol, 483 

and DMSO interacted with phosphatidylcholine model membranes, an increase in area per 484 
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lipid implied an increase in the order parameter (Khajeh & Modarress, 2014; Lee et al., 485 

2005; Vermeer, de Groot, Réat, Milon, & Czaplicki, 2007). 486 

 Figure 7E illustrates the electronic density over the last 10 ns of simulation in the 487 

presence of 10 Artepillin C molecules. Given the average phosphorous-phosphorous atom 488 

distance from the plot as compared to the above-mentioned bilayer thickness, the 489 

membrane clearly maintained its form after the Artepillin C molecules entered it. These 490 

data helped us to deduce the preferential positioning of the Artepillin C molecules. 491 

Artepillin C seemed to be equally distributed in both leaflets and resided mainly over the 492 

polar-apolar interface of the membrane, thereby influencing the regions around the lipid 493 

head group and the less profound carbon atoms of the acyl chain of the bilayer. Figure 6F 494 

depicts the equilibrium position of Artepillin C inside the bilayer during the final period of 495 

the simulation. The prenylated groups penetrated the deeper regions of the membrane, and 496 

the negative charge remained closer to the interface region, near the phosphate groups. The 497 

scheme in Figure 8 clearly shows positioning of the compound near the phosphate group as 498 

well as its orientation in the bilayer, with the carboxylic groups exposed toward water. 499 

 500 
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Figure. 7 A - Contact map along the 500-ns simulation; B - Area per lipid along the 501 

simulation; C - Contour map of bilayer thickness (nm) during the last 10 ns simulation (color 502 

scale represents thickness along the direction normal to the surface); D - Order parameter for 503 

the DMPC hydrophobic chains; E - Electron density profile over the last 10 ns of simulation. 504 

Two different Artepillin C/lipid molecular ratios of 5:128 and 10:128 were investigated 505 

 506 

Molecular Dynamics simulations also provided parameters regarding the 507 

perturbation in the area per lipid in the moment Artepillin C molecules entered the lipid 508 

bilayer under constant pressure. Regardless of the amount of Artepillin C in the lipid 509 

bilayer, either 5 or 10 molecules, the area they occupied remained constant along all the 510 

simulation time, suggesting that the perturbation caused by the compound in the membrane 511 

occurred in the initial moments of its interaction with the bilayer. This result agreed with 512 

the data obtained during the Langmuir monolayer experiments, which showed that 513 

Artepillin C occupied an area of 2 Å² in the monolayer. This value corresponded 514 

approximately to the value found in the molecular dynamics simulations conducted for an 515 

Artepillin C/DMPC molecular ratio of 5:128.  516 
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 517 

Figure. 8 Schematic illustration of the Artepillin C insertion into the lipid bilayer. The 518 

negatively charged oxygen group (red) of the carboxylic acid was oriented toward the 519 

water/lipid interface represented by the phosphate atoms (purple) and blue points 520 

(water), whereas the prenylated groups were oriented toward the hydrophobic regions 521 

 522 

 523 

 524 

 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 
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 533 

 534 

 535 

Conclusion 536 

We have performed a series of experiments and MD simulations to understand how the 537 

main component of green propolis, Artepillin C, interacts with DMPC model membranes. 538 

In Artepillin C, the prenylated groups bound to cinnamic acid enhance the amphiphilic 539 

character of the compound and favor its insertion into the DMPC bilayer. Because the 540 

prenylated groups are relatively large, they significantly contribute to the changes promoted 541 

by Artepillin C in the vesicles. We inferred these changes from the results achieved with 542 

the use of different experimental techniques. The negativity of the electric surface potential 543 

increases due to contribution of the negative charge on Artepillin C. A higher surface 544 

pressure is necessary to disrupt DMPC monolyers containing Artepillin C. Addition of 545 

Artepillin C to DMPC increases the content of unilamellar vesicles and reduces the bilayer 546 

thickness. The presence of Artepillin C modifies the structure of the bilayer, affecting fluid 547 

lipid line defects in a way that the ripple phase and the pre-transition in the chain melting 548 

are eliminated. MD simulations detailed the interaction between Artepillin C and DMPC. 549 

Artepillin C aggregates in the aqueous phase before entering the bilayer. According to the 550 

simulations, the negatively charged group is located in the polar region of the membrane, 551 

the Artepillin C molecule is oriented in such a way that its longer symmetry axis lies along 552 

the direction normal to the surface, and heterogeneous regions emerge around Artepillin C, 553 

accompanied by a decrease in the thickness of the membrane. All this information helps to 554 
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understand how Artepillin C affects model membranes and contributes with knowledge 555 

about the molecular mechanisms involved in the many biological actions of propolis.   556 

 557 
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