Hong Zhang 
  
Xueguang Shao 
  
François Dehez 
  
Wensheng Cai 
email: wscai@nankai.edu.cn
  
Christophe Chipot 
email: chipot@ks.uiuc.edu
  
  
Modulation of Membrane Permeability by Carbon Dioxide

Introduction

Although many new drugs have been designed and synthesized over the past decades, 1 not all drugs are utilized effectively. 2,3 There are many factors affect the drug bioavailability, for example, its solubility, permeability, absorption and cytotoxicity. 4,5 Poor bioavailability of drugs can increase the medical cost, on the one hand, and decrease the recovery rate of patients, on the other hand. 3 Increasing the drug bioavailability is still one of the main challenges in medicine field. 6 Recently, various approaches have been studied to improve the pharmacokinetic and physicochemical properties of drugs to increase their bioavailability. 6,7 One strategy relies on the modification of drug molecules to improve their solubility and effects, 8 which costs a lot of time before clinical application. One approach is to use drug carriers, for example, enteric coating, one of the traditional drug delivery approaches applied to oral drugs. 9,10 Recently, many new-type drug carriers have been designed to target the tumor cells. 11,12 Another strategy is to improve the penetration of drugs through membranes.

ABSTRACT

Promoting drug delivery across the biological membrane is a common strategy to improve bioavailability. Inspired by the observation that alcoholic carbonated beverages can increase the absorption rate of ethanol, we speculate that carbon dioxide (CO 2 ) molecules could also enhance membrane permeability to drugs. In the present work, we have investigated the effect of CO 2 on the permeability of a model membrane formed by 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids to three drug-like molecules, namely, ethanol, 2',3'-dideoxyadenosine (DDA), and trimethoprim. The free-energy and fractional-diffusivity profiles underlying membrane translocation were obtained from µs-timescale simulations and combined in the framework of the fractional solubility-diffusion model. We find that addition of CO 2 in the lipid environment results in an increase of the membrane permeability to the three substrates. Further analysis of the permeation events reveals that CO 2 expands and loosens the membrane, which, in turn, facilitates permeation of the drug-like molecules.

The permeability is a significant property to describe the absorption rate of drug candidates inside the body. Increasing the permeability of drug is one important strategy to enhance its bioavailability. 13 Recently, many approaches were reported to improve the membrane permeability. V. Khutoryanskiy and coworkers proposed that crown ethers can increase the permeability of ocular drugs. 14 Perkins et al. put forward that phenylalanine can enhance the membrane permeability. 15 Among these approaches, the cytotoxicity of the additives needs to be considered. Therefore, seeking a strategy with a low cytotoxicity appears to be very necessary.

Robinson and Roberts studied the effect of the mixture of ethanol and carbonated beverages on the blood ethanol level. 16 As mentioned about one hundred years ago, 17 their results indicate that the mixture of ethanol and carbonated drinks can increase the absorption rate of ethanol. The same conclusion was reached by Ridout et al. who proved that champagne is more inebriant than wine. 18 These observations prompt us to speculate that, at the microscopic level, CO 2 might affect the overall permeability of membrane cells, possibly increasing the absorption rate of any small molecule. In the present work, we disentangled the relationship between CO 2 and the membrane permeability by means of all-atom molecular-dynamics simulations. The permeation of three drug-like molecules, namely, ethanol, 2',3'-dideoxyadenosine (DDA) and trimethoprim, through a 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC) bilayer saturated with CO 2 was studied. To estimate accurately the membrane permeability to drugs, the solubility-diffusion model constitutes a powerful tool. [19][20][21] The free-energy calculations and the permeability estimations based on the fractional solubility-diffusion model were used to investigate the thermodynamics and kinetics properties of membrane permeation of these three permeants.

Methods

Molecular Models. The three-dimensional structures of the three small molecules, namely, ethanol, DDA, and trimethoprim (see Figure 1) were built. To compare with permeation in absence of CO 2 , we used the same number of POPC molecules as in our previous works, namely, bilayers of 100, 128, and 128 POPC units for the ethanol, 20 DDA, 19 and trimethoprim assays, respectively. CHARMM36 force field parameters were utilized for POPC 22 whereas the three drugs were decribed by the CHARMM general force field (CGenFF). [23][24][25] The normal to the membrane is aligned with the z-axis. 180 CO 2 molecules were added randomly into these assays. The molecular assays were immersed into a box of ~59 × 59 -67 × 67 Å 2 in the x, y-plane, extending up to 80 -120 Å in the z direction, including 6,154 -9,034 TIP3P 26 water molecules. Simulation Protocol. All the molecular dynamics simulations were carried out by means of the program NAMD (version 2.13). 27 The Langevin piston method 28 was employed to maintain the system pressure at 1 atm. Langevin dynamics was utilized to maintain the temperature at 308 K with 1 ps -1 damping coefficient. Covalent chemical bonds involving hydrogen atoms were constrained to their experimental lengths for solute and water molecules, using the Rattle 29 and SETTLE algorithms, 30 respectively. The integration of motion equations was carried out using a r-RESPA multiple time-stepping algorithm with a time step of 4 and 2 fs for long-and short-range interactions, respectively. 31 Long-range electrostatic forces were evaluated by means of the particle mesh Ewald (PME) scheme. 32 A smoothed 9 Å spherical cutoff was used to truncate short-range electrostatic and van der Waals interactions. The VMD program (1.9.3) was applied to analyze and visualize the MD trajectories. 33 Free-Energy Calculation. Before running the free-energy calculations, a 200-ns equilibrium simulation was carried out to equilibrate the CO 2 molecules. The potentials of mean force (PMF) characterizing the translocation of the small molecules across the membrane were then determined by the adaptive biasing force (ABF) algorithm. [34][35][36] The PMF profile describing the translocation of DDA without CO 2 was obtained from our previous study, 19 no repetitive calculations were performed in the present work. To do a fair comparison with the previous results, similar protocols were used. The transition coordinate was defined as the projection of the distance between the center of mass of the permeants and that of the phosphorus atoms of POPC molecules onto the z-axis of Cartesian space. The instantaneous force values were accrued in bins 0.1 Å. The free-energy profiles spanning from -45 to 45 Å were broken down into nine windows, 10 -15 Å wide with a 5 Å overlap. The free-energy profiles were eventually symmetrized with respect to center of the membrane. The sampling time for each simulation is gathered in Table S1 of the Supporting Information. Kinetic Modeling. A variant of the Bayesian-inference scheme developed for classical diffusion 37 was used to determine the position-dependent fractional diffusivity. The details of this inference algorithm, implemented in the program DiffusionFusion, 38 were described in our previous work. [19][20][21] The fractional order, α(z), and the fractional diffusivity, K α (z), were optimized. Two distinct lag times, namely, Δt = 4 ps and Δt = 16 ps, were employed. The long-tailed distributions 37 of Monte Carlo moves were presented with a value of 0.005 for α(z) and 3.5 Å 2 /ns α for K α (z). ε = 0.02 Å -1 and 20 Å/ns were used for the smoothness priors for α(z) and K α (z), respectively. The membrane permeability was calculated by integrating over the thickness of the lipid bilayer in the framework of the fractional solubility-diffusion model of permeation. 20,37 

Results and discussion

Free-energy Profiles of Small Molecules Across the Membrane

The free-energy profiles characterizing the translocation of three drug-like molecules across the model membrane are gathered in Figure 2. The smallest molecule among these three permeants, ethanol, yields a free-energy barrier around 2.9 kcal/mol in the pure POPC lipid bilayer while in the mixed POPC:CO 2 system, the free-energy barrier decreases to 2.2 kcal/mol. The hydrophilic DDA exhibits a much higher free-energy barrier compared to ethanol, which amounts up to ~7.5 kcal/mol at the center of the pure POPC bilayer, but reduces to 7.1 kcal/mol upon addition of CO 2 . As depicted in Figure 2C, the shape of free-energy profile of trimethoprim is similar to that of DDA, presenting a free-energy barrier of 7.8 kcal/mol, in agreement with the result obtained by Sun et al. 39 The free-energy barrier decreases by 0.7 kcal/mol upon addition of CO 2 molecules. Altogether, our results clearly indicate that the incorporation of CO 2 molecules into the POPC lipid bilayer reduces to a certain extent the free-energy barrier associated with permeation of small drugs across biological membranes. 

Fractional Diffusivity and Permeability of the Three Permeants Across the Membrane

In order to estimate the membrane permeability to these drug-like molecules, the fractional solubilitydiffusion model of permeation was used. The fractional diffusivity, K α (z), is shown in Figure 3. Though part of CO 2 molecules spread out in the aqueous phase, K α (z) does not significantly change for these drugs in water phase. Interestingly enough, a slightly increase of the fractional diffusivity for the three drugs is observed in the membrane, meaning that the addition of CO 2 enhances the diffusivity of drugs in the membrane. It is worth noting that K α (z) of ethanol in aqueous phase calculated herein, 240 Å 2 /ns, differs from that determined in our previous work, 340 Å 2 /ns. 20 It is solely a consequence of the different thermostats employed in both simulations. While Langevin dynamics was used in the present study, our previous work resorted to the Lowe-Anderson thermostat. 20 The friction term in Langevin dynamics can decrease the value of the position-dependent fractional diffusivity. 20 However, the value obtained from Langevin dynamics is much closer to the experimental one, 122 -126 Å 2 /ns. 40,41 The membrane permeability to the permeant was estimated from a direct integration in the framework of the fractional solubility-diffusion model of permeation. As depicted in Table 1, it is worth noting that the magnitude of experimental permeabilities differs from that inferred with simulations. This discrepancy is rooted in the difference in molecular composition of the model and the biological membranes and/or the systematic error associated with the force field. For trimethoprim, the simulation estimate is close to the permeability determined by Sun et al. 39 It appears clearly that the membrane permeabilities of POPC to the three small permeants increase upon the addition of CO 2 molecules, which may be ascribed to a modification of the membrane properties. The effect of CO 2 on the membrane is discussed in the following section. In addition, the permeability of ethanol, DDA, and trimethoprim in POPC:CO 2 mixture is around 4, 2, and 1.2 times higher than that in pure POPC, respectively. It appears that CO 2 primarily affects membrane permeabilities of small size molecules. 42 [b] Experimental values obtained from Ref. 43 [c] Theoretical estimation obtained from Chipot and coworkers. 19 [d] Experimental values obtained from Ref. 44,45 The Effect of CO 2 Molecules on the Membrane Properties.

The average number of CO 2 per lipid unit is reported in Table S2 in the Supporting Information. There is ~0.8 CO 2 molecule per lipid unit for all systems. In order to examine the distribution of CO 2 molecules in the membrane, the density profiles of CO 2 along the membrane axis was plotted (see Figure 4A). Most of the CO 2 molecules permeate into the membrane on account of their hydrophobic nature. In addition, distribution of CO 2 molecules culminates in the middle of the two membrane leaflets. We calculated further the average number of CO 2 and water molecules within 2.5 Å of each atom of the three permeants along the z-axis of the mixed POPC:CO 2 system. As shown in Figure 3B, the number of CO 2 around the trimethoprim in the membrane is higher than that around DDA and ethanol. It can be rationalized by the higher hydrophobicity and the larger size of trimethoprim. As described in Figure 3C, the differences in the number of water molecules hydrating the three drugs in bulk water, can be assigned to the size of the molecules. How do the CO 2 molecules affect the membrane properties? To answer this question, a series of analyses were performed. The phosphate-to-phosphate distance, characterizing the variation of thickness between mixed POPC:CO 2 and pure POPC membranes, was systematically determined (Figure 5A). The membrane thickness is found to increase by 1 Å upon addition of CO2, compared with the pure POPC membrane. We also analyzed the changes of the fraction mass overlap between the two leaflets (see Figure 5B), showing that insertion of CO 2 molecules decreases the leaflet interdigitation, consistently with the increase of the membrane thickness. These results support that addition of CO 2 can expand and loosen the membrane. As described in Figure 5C, the average area per lipid of pure POPC is ~68 Å 2 , in agreement with the experimental value of 68.3 ± 1.5 Å 2 . 46 The addition of CO 2 molecules increase this value up to ~71 Å 2 , a situation that is consistent with an accrued membrane permeability. 47 

Conclusions

In the present contribution, we investigated the effect of the CO 2 on the membrane permeability to drugs from both aspects of thermodynamics and kinetics. The permeabilities of three drug-like molecules, namely, ethanol, 2',3'-dideoxyadenosine (DDA), and trimethoprim, were examined in pure POPC and in mixed POPC:CO 2 bilayers. The free-energy profiles obtained from µs-timescale simulations indicate that the incorporation of CO 2 molecules into bilayers decreases the free-energy barrier associated with the membrane translocation of drugs. In addition, the permeabilities of three drug-like molecules increase when adding CO 2 . Further analyses indicate that CO 2 molecules loosen the membrane and improve its fluidity, increasing in return its permeability to small molecules. The data reported in the present work provide an appealing view about the modulation of drug permeability by CO 2 . The present theoretical framework opens the way toward understanding the effect of gas molecules on membrane properties.
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 1 Figure 1. Structures of the three permeants studied in this work.

Figure 2 .

 2 Figure 2. Free-energy profiles describing the membrane translocation of (A) ethanol, (B) DDA, and (C) trimethoprim across a pure POPC (black line) or a mixed POPC:CO 2 (red line) bilayer.

Figure 3 .

 3 Figure 3. The fractional diffusivity for (A) ethanol, (B) DDA, and (C) trimethoprim in pure POPC and a mixed POPC:CO 2 bilayer.

Figure 4 .

 4 Figure 4. (A) Density profiles of POPC phosphorus and CO 2 along the axis normal to the membrane plane. Number of (B) CO 2 and (C) water molecules within 2.5 Å of the three permeants along the z-axis in the mixed POPC:CO 2 bilayer.

Figure 5 .

 5 Figure 5. Evolution of (A) the phosphate-to-phosphate distance (B), the fraction mass overlap between the two leaflets, and (C) the average area per lipid during the 200-ns simulation.Membrane fluidity is another important property affecting the membrane permeability to drugs, which can be estimated by the order parameters, S CD . As shown in Figure5, the addition of CO 2 molecules decreases the S CD values of the POPC tails, which, in turn, increases the membrane fluidity. In conclusion, CO 2 molecules loosen the membrane, improving the membrane permeability and fluidity.
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 6 Figure 6. Average S CD order parameters of POPC (A) sn-1 and (B) sn-2 tails during the 200-ns simulation.

Table 1 .

 1 Permeabilities of Each Permeant in Pure POPC and mixed POPC:CO2 bilayers.

	Permeant	Bilayer	Pm (cm s -1 )
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