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Transmembrane potential is modulated by membrane asymmetry. 



Abstract 

Transmembrane potential difference (𝑉) plays important roles in regulating various biological 
processes. At the macro level, 𝑉 can be experimentally measured or calculated using the Nernst 
or Goldman-Hodgkin-Katz equation. However, the atomic details responsible for its generation 
and impact on protein and lipid dynamics still need to be further elucidated. In this work, we 
performed a series of all-atom molecular dynamics simulations of symmetric model membranes of 
various lipid compositions and cation contents to evaluate the relationship between membrane 
asymmetry and 𝑉. Specifically, we studied the impact of the asymmetric distribution of POPS (1-
palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine), PIP2 (phosphatidylinositol 4,5-bisphosphate), 
𝑁𝑎ା, 𝐾ା and 𝐶𝑎ଶା on 𝑉 using atomically detailed molecular dynamics simulations of symmetric 
model membranes. The results suggest that, for an asymmetric POPC-POPC/POPS bilayer in the 
presence of NaCl, enrichment of the monovalent anionic lipid POPS in the inner leaflet polarizes 
the membrane (∆𝑉  < 0). Intriguingly, replacing a third of the POPS lipids by the polyvalent 
anionic signaling lipid PIP2 counteracts this effect, resulting in a smaller negative membrane 
potential. We also found that replacing 𝑁𝑎ା  ions in the inner region by 𝐾ା  depolarizes the 
membrane (∆𝑉 > 0), whereas replacing by 𝐶𝑎ଶା polarizes the membrane. These divergent effects 
arise from variations in the strength of cation-lipid interactions and are correlated with changes in 
lipid chain order and head group orientation. 
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Introduction 

The physiologic transmembrane potential (𝑉) represents the difference in electrical potential 
between the extracellular and intracellular compartments of the cell. The magnitude of the 𝑉 in 
resting cells varies from cell to cell but generally ranges from about -10𝑚𝑉 to -100𝑚𝑉[1]. It is well 
known that fluctuations in electrical signal play many essential roles in the cell. For instance, in 
nerve cells, changes in 𝑉  regulate the amplitude and duration of somatic and axonal action 
potentials[2].  Changes in 𝑉 can also alter the membrane permeability of many ions and other small 
molecules[3] that are critical for cell fate decisions and maintenance of the homeostatic balance[4-5]. 
Therefore, cells employ sophisticated mechanisms, such as the regulated opening and closing of 
ion channels, to control the extent of plasma membrane depolarization (reduction of 𝑉 ) or 
hyperpolarization (larger negative 𝑉ሻ. A phenomenon less well-understood at the molecular level 
is how changes in 𝑉  might alter the organization of plasma membrane lipids and proteins to 
modulate signaling events underlying cell growth and proliferation. This fundamental biophysical 
problem has important implications to pathophysiology including cancer. For example, it has been 
shown that depolarization enhances the nanoscale clustering and activation of the oncogenic 
protein K-Ras, resulting in enhanced signaling and cell proliferation[6].  This was proposed to arise 



from changes in the lateral dynamics of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine 
(POPS) and phosphatidylinositol 4,5-bisphosphate (PIP2) lipids[6]. Therefore, it is important to 
understand not only the atomic basis of 𝑉 but also how it might depend on and, in turn, affect the 
structure and dynamics of membrane components. The focus of the current work is to examine the 
effect of membrane compositional asymmetry and ion distribution on 𝑉.  

Although its exact lipid composition may depend on cell status and varies from cell type to cell 
type, a large body of previous research has established a general picture of the plasma membrane 
lipid composition[7-8]: (1) some of the most common phospholipids such as 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) are found on both sides of the plasma membrane, (2) the 
intracellular leaflet is enriched in anionic lipids such as POPS, and (3) there are more sodium ions 
in the extracellular space and more potassium ions in the cytosol. Studies have also shown that 
𝐶𝑎ଶା affects the head-group conformation[9] as well as the dynamics and clustering[10] of PIP2, a 
signaling lipid involved  in a wide variety of biological processes[11]. Moreover, intracellular 𝐶𝑎ଶା 
regulates the structure and dynamics of many membrane proteins including those involved in 
transport of ions across the plasma membrane[12-13]. We therefore systematically studied the impact 
of the asymmetric distribution of POPS, PIP2, Na+, K+ and Ca2+ on 𝑉 using atomically detailed 
molecular dynamics (MD) simulations. The results suggest that, for an asymmetric PC-PC/PS 
bilayer in the presence of NaCl salt, the accumulation of POPS in the inner leaflet polarizes the 
membrane (∆𝑉 < 0). Interestingly, replacing a third of the PS lipids by PIP2 counteracts this effect, 
resulting in a smaller negative membrane potential. Intracellular 𝐾ା depolarizes the membrane 
(∆𝑉 > 0) while intracellular 𝐶𝑎ଶା dramatically polarizes the membrane. These effects arise from 
differences in the strength of cation-lipid interactions, and are correlated with changes in lipid chain 
order and head group orientation. 
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Scheme 1. Estimating the electrostatic potential ( 𝜓 ) of an asymmetric membrane using two symmetric 
membranes.  

 

Methods 

MD simulation is a powerful tool to probe the atomic details associated with transmembrane 
potential[14-15] generation and impact. Previous MD simulations used coarse-grained[16], united-
atom[17], all-atom[18] and polarizable[19] models to estimate the 𝑉 of a variety of lipid bilayers. 
These models yielded dramatically different electrostatic potential profiles, but the final 𝑉 values 
were generally comparable to experiments. Here, we chose to use an all-atom model[20] in order to 



capture the motion of every atom in a comparatively cost-effective manner (relative to polarizable 
force fields). 

Calculating 𝑽𝒎  of an Asymmetric Membrane from Simulations of Two Symmetric 
Membranes. An accurate calculation of 𝑉 from MD simulation depends on how well the charge 
distribution is sampled along the membrane normal. However, it is not always easy to achieve 
convergence of the charge distribution. Let us consider, for example, a two-bilayer all-atom 
simulation system with no charge imbalance between leaflets (∆𝑄 = 0). If this system is made up 
of single-component symmetric lipids, it is relatively easy to achieve convergence within a 
simulation time of hundreds of nanoseconds. This would yield a high-quality electrostatic potential 
profile[14, 17] that is mirror-symmetric with respect to the mid-plane of the bilayer, and the final 𝑉 
would be zero, as expected. However, if the bilayer is composed of multiple lipid types, which is 
more physiological, even a µs-scale simulation is not sufficient to obtain a mirror-symmetric 
electrostatic potential profile. For example, one study found an unacceptably high 𝑉≈ 40mV with 

∆𝑄 = 0 (excepted: 𝑉≈ 0 mV)[18]. In asymmetric bilayers, the problem is compounded by several 

factors. (i) Lipid compositional asymmetry can result in local bilayer deformation, making the 
accurate calculation of charge density along the membrane normal difficult. (ii) Ions can passively 
equilibrate across the membrane, making it difficult to maintain a differential distribution. To avoid 
these complications and obtain a reliable estimate of 𝑉  for multicomponent asymmetric 
membranes, two separate simulations can be conducted: one representing the outer leaflet of the 
plasma membrane and another representing the inner leaflet. Then, in each case, the charge density 
distribution 𝜌ሺ𝑧ሻ (z = 0 being the bilayer center) is averaged over the two halves (effectively 
symmetrized with respect to the membrane center of mass) as 𝜌ሺ𝑧ሻ = (𝜌ሺെ𝑧ሻ  𝜌ሺ𝑧ሻሻ/2. Thus, 
for the individual symmetric systems, the symmetrized 𝜌ሺ𝑧ሻ results in symmetric 𝜓ሺ𝑧ሻ and thus 
eliminates a non-zero 𝑉. To model the 𝑉 of asymmetric membranes, we combined the symmetric 
𝜓ሺ𝑧ሻ profiles of two symmetric membrane systems (Scheme 1) such that one represents the region 
z < 0 and the other z ≥ 0; the recombinant 𝜓ሺ𝑧ሻ then yields an effective transmembrane potential 

for the asymmetric membrane[21]. We used this approach to estimate the electrostatic potential of 
four asymmetric membrane systems based on the bilayers listed in Table 1. 

MD Simulation. The CHARMM36 force field[20] was used to perform all-atom MD simulations 
on five symmetric single-bilayer systems (Table 1). The initial configuration for each system was 
prepared using CHARMM-GUI[22-23]. The simulations were run under the constant pressure and 
temperature (NPT) ensemble with lipids, water and ions separately coupled to a Nose-Hoover heat 
bath[24-25] at T = 310 K (coupling constant τ = 1 ps) and a pressure of 1 bar maintained by a semi-
isotropic Parrinello-Rahman pressure coupling scheme[26] (coupling constant τ = 5 ps and 
compressibility = 4.5 × 10-5 bar-1). The leap-frog Verlet algorithm, and a periodic boundary 
condition (with bonds involving hydrogen atoms constrained using the LINCS algorithm[27]) were 
used. The Lennard-Jones potential was smoothly shifted to zero between 1.0 and 1.2 nm, and 
particle mesh Ewald (PME) electrostatics[28] was used with a real space cutoff of 1.2 nm. The non-
bonded interaction neighbor list was updated every 20 steps with a cutoff of 1.2 nm. Simulations 
were run using GROMACS (version 2016.04)[29] for 350 ns with a time step of 2 fs, and coordinates 
were saved every 4 ps for analysis. Snapshots were rendered using VMD[30].  



Table 1. Symmetric Membrane Systems Simulated in This Work. 

System Name 
No. of Lipids No. of ions 

POPC POPS PIP2* 𝑁𝑎ା 𝐾ା 𝐶𝑎ଶା 𝐶𝑙ି

PC 200 0 0 32 0 0 32 

PC/PS 140 60 0 92 0 0 32 

PC/PS/PIP2 140 40 20 172 0 0 32 

PC/PS/PIP2/K 140 40 20 0 172 0 32 

PC/PS/PIP2/Ca 140 40 20 0 0 86 32 

*Data for protonated PIP2 is shown in SI. Each simulation was run for 350 ns, and the first 50 ns was considered 
equilibrium phase while the last 300 ns data was used for analysis by dividing into six 50 ns blocks. Each system 
was charge-neutralized and the 𝐶𝑙ି concentration is 150mM. 

 

Trajectory Analysis.  

Mass/Charge Density Calculation. Electrostatic potential 𝜓ሺ𝑧ሻ  is calculated as the double 
integral of the charge density 𝜌ሺ𝑧ሻ along the membrane normal (z) using the Poisson equation: 
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The accuracy of 𝜓ሺ𝑧ሻ depends on the calculation of 𝜌ሺ𝑧ሻ. In our NPT simulations, the z-dimension 
of the simulation box fluctuates and the z-location of the membrane center of mass may change 
over time. Hence, a direct application of the GROMACS tool gmx_mpi density, which bins the 
membrane along the z-dimension of the simulation box to calculate the mass and charge density 
profiles, may give rise to an inaccurate 𝜌ሺ𝑧ሻ. Instead, we used an in-house script (based on “xdrfile-
1.1.4”, an open source program) that re-calculates the membrane center (𝑧=0nm) and equally 
divides the range |Δ𝑧|<4nm to obtain the mass or charge distribution for each trajectory frame (bin 
width of 0.05nm was used in the current work). The final mass or charge density profile is obtained 
by averaging over all frames. 

Lipid Acyl Chain Order Parameter. As a direct measure of the structural flexibility of lipids, the 
lipid chain order parameter, 𝑆ு, can be calculated as follows: 

𝑆ு ൌ
1
2

〈3𝑐𝑜𝑠ଶ𝜃 െ 1〉                                                     ሺ𝑒𝑞. 2ሻ 

Lipid Head Tilt Angle. For POPC and POPS lipids, the vector connecting the P atom and N atom 
was used to quantify lipid head orientation. For PIP2, the vector connecting the first and fourth 
carbon atoms in the six-membered carbon ring was used. The angle between these vectors and the 
membrane normal was defined as lipid head tilt angle, which was calculated using an in-house 
script. 



Lipid-Ion Contact Probability. Contacts between atoms in lipids and ions were counted when 
the distance between the was less than 0.6nm and contact probability was then obtained by 
averaging over lipids and frames of the last 300ns trajectories. The final snapshot visualization was 
achieved by VMD[30] using “Beta” coloring method, where the “B-factor” columns in the pdb files 
of lipids were replaced with the calculated contact probability. 
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Figure 1. Charge density distribution (left column) and electrostatic potential (right column) profiles of the five 
symmetric systems in this work. Bin width of 0.05nm is used, and the error bars are shown in gray shade. 

 

Results and Discussion 



𝑽𝒎 of Asymmetric Membranes from Symmetric Model Membranes. Previous MD studies have 
shown that it is difficult to obtain a symmetric electrostatic potential profile for multi-component 
bilayers. This is likely due to insufficient sampling[18]. Modeling the 𝑉 of an asymmetric bilayer 
presents additional technical challenges. Therefore, we followed a similar approach to that used by 
Falkovich et al.[21] and simulated symmetric membranes whose lipid composition roughly models 
the inner and outer leaflets of the plasma membrane to estimate the 𝑉  of asymmetric model 
membranes (see Methods). We used a pure POPC bilayer as a simplified model of the plasma 
membrane outer leaflet. The inner leaflet is modeled by a two-component lipid bilayer POPC/POPS 
(0.7:0.3) or a three-component bilayer POPC/POPS/PIP2 (0.7:0.2:0.1), reflecting the enrichment 
of these anionic lipids in the inner leaflet of the plasma membrane. These three systems were 
simulated in the presence of NaCl, and are referred to as PC, PC/PS and PC/PS/PIP2 (Table 1). To 
examine the impact of the higher concentration of potassium and calcium ions in the inner leaflet 
of the plasma membrane, we ran two additional simulations in which Na+ was replaced by K+ or 
Ca2+ so that the total number of positive charges remains constant (systems PC/PS/PIP/K and 
PC/PS/PIP/Ca).  

Fig. 1 (left panel) shows the charge density distribution along the membrane normal, 𝜌ሺ𝑧ሻ, for 
each of the five systems simulated in this work. Note that for each frame of the last 300ns of each 
trajectory, 𝜌ሺ𝑧ሻ was symmetrized over the two halves of the bilayer centered at z = 0. Using 
equation 1 and setting 𝜓ሺ0ሻ  = 0 mV, we obtained the corresponding symmetric electrostatic 
potential (𝜓ሺ𝑧ሻሻ profiles Fig. 1 (right panel). As illustrated in Scheme 1, each 𝜓ሺ𝑧ሻ profile derived 
from each model membrane representing the inner leaflet of the plasma membrane (systems PC/PS, 
PC/PS/PIP2, PC/PS/PIP/K and PC/PS/PIP/Ca)  was combined with that of the outer leaflet 𝜓ሺ𝑧ሻ 
(system PC), to obtain recombinant 𝜓ሺ𝑧ሻ profiles for the asymmetric PC-PC/PS, PC-PC/PS/PIP2, 
PC-PC/PS/PIP2/K and PC-PC/PS/PIP2/Ca membranes (Fig. 2a). In these plots, -4 < z < 0 nm 
represents the outer leaflet of the membrane made up of pure PC lipids while the region 0 < z < 4 
nm presents the inner leaflet and is modeled by PC/PS, PC/PS/PIP2, PC/PS/PIP2/K or 
PC/PS/PIP2/Ca. The transmembrane potential difference is then calculated as 𝑉 ൌ  𝜓ሺ4ሻ െ
𝜓ሺെ4ሻ and the results are shown in Fig. 2b.  
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Figure 2. Effects of Membrane Asymmetry on Transmembrane Potential, 𝝍ሺ𝒛ሻ, and transmembrane 
potential difference, 𝑽𝒎 . (a) Electrostatic potential profile 𝜓ሺ𝑧ሻ across model membranes with asymmetric 
lipid composition (systems 1 and 2) and ion distribution (systems 2, 3 and 4); (b) The transmembrane potential 
difference 𝑉 in the four asymmetric membrane systems. 



 

PS and PS/PIP2 in the Inner Membrane Leaflet Contribute Differently to 𝑽𝒎 . The 
electrostatic potential difference across the membranes (𝑉) was calculated as the difference in 
𝜓ሺ𝑧ሻ values in the bulk water regions of the inner and outer leaflets: 𝑉 = 𝜓ሺ4ሻ െ 𝜓ሺെ4ሻ. For the 
reference symmetric pure POPC bilayer, the 𝜓ሺ𝑧ሻ values at z = ± 4 are identical at -0.661 V (Fig. 
1), yielding the expected 𝑉 = 0 mV. Replacing 30% of the inner leaflet POPC lipids by POPS (net 
charge: -1 e) resulted in 𝜓ሺേ4ሻ = -0.690 V (Fig. 1), and thus decreasing the effective 𝑉 for the 
asymmetric PC-PC/PS system to ~-29 mV (Fig. 2). This polarizing effect of POPS is consistent 
with previous united-atom MD simulation results[31]. Note that the change in 𝑉 is not caused by 
charge imbalance because counter ions were used for each of the PC and PC/PS simulations to 
keep the system neutral. Intriguingly, replacing a third of the POPS lipids with the polyvalent 
anionic lipid PIP2 (net charge: -5 e) changed 𝜓ሺേ4ሻ from -0.690 V to -0.676 V (Fig. 1 and Fig. 
2a). In other words, the introduction of PIP2 decreases the |𝑉|, where 𝑉 changes from -29 mV 
to ~-15 mV (compare systems 1 and 2 in Fig. 2b). This shows that PIP2 counteracts the polarizing 
effect POPS, suggesting that the effect of anionic lipids on 𝑉 is not limited to their charge content. 
To check this further, we ran two additional simulations in which PIP2 was protonated at either the 
4- or 5- position, thus reducing the effective charge by -1 e per PIP2 molecule. We obtained almost 
identical results for the protonated and regular PIP2 systems (Fig. S1), indicating that the effect of 
PS and PIP2 on the 𝑉 is probably a consequence of structure, dynamics, and specific interactions 
with counter ions rather than charge alone. This issue is discussed further in subsequent sections.  

Asymmetric Ion Type Distribution Differently Affects 𝑽𝒎. In addition to lipid compositional 
asymmetry, the plasma membrane is also characterized by an asymmetric distribution of different 
ions. As shown Fig. 2, replacing 𝑁𝑎ା by 𝐾ା in the PC/PS/PIP2 bilayer increased the electrostatic 
potential 𝜓ሺേ4ሻ from -0.676 V to -0.641 V (Fig. 1 and Fig. 2a), consistent with the effect of 𝐾ା 
in resulting in a drop in the electrostatic potential across a pure dipalmitoylphosphatidylcholine 
(DPPC) bilayer observed in a previous simulation by Baker and colleagues[32]. As discussed below 
and in the reference[32], this is due to the weaker 𝐾ା-lipid interactions compared with 𝑁𝑎ା-lipid 
interactions. As a result of the reduced electrostatic potential,  the effective 𝑉 for the asymmetric 
PC-PC/PS/PIP2 bilayer changed from -15 mV in the presence of sodium to +20 mV when sodium 
is replaced by potassium (compare to systems 2 and 3 in Fig. 2b). A similar observation has been 
made in a previous simulation of a POPC/1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE) bilayer[33]. In this study, 𝐾ା was found to neutralize the intrinsic 
transmembrane potential in an asymmetric POPC (outer)/POPE (inner) bilayer. Together, these 
observations suggest that the electrostatic interaction of sodium and potassium ions with lipids, and 
hence their local distribution in and near the bilayer, is completely different despite their identical 
charge. Therefore, to the extent that the CHARMM36 force field used here faithfully captures the 
solvation properties and detailed interactions of these ions with each of the PC, PS and PIP2 lipids 
studied in this work, we conclude that the interplay among the various ion-lipid interactions -- 
rather than just the charge -- is critical for the magnitude and direction of the transmembrane 
potential.  



In order to further probe the effect of ion type asymmetric distribution on 𝑉, we considered the 
divalent ion 𝐶𝑎ଶା, simulated at the non-physiological concentration of ~75 mM so that the overall 
charge content remains the same as in the 𝑁𝑎ା and 𝐾ା systems. As shown in Fig. 2, relative to 
Na+, 𝐶𝑎ଶା decreased the 𝜓ሺേ4ሻ of the PC/PS/PIP2 bilayer from -0.676 V to -0.823 V (Fig. 1 and 
Fig. 2a). As a result, the effective 𝑉 in the asymmetric PC-PC/PS/PIP2 membrane changed from 
-15 mV to -162 mV (systems 2 and 4 in Fig. 2b).  As shown below, this large effect of calcium in 
polarizing the three-component model membrane is directly correlated with its strong interactions 
with lipid head groups, confirming that the detailed ion-lipid interactions are responsible for the 
differential effect of ions on 𝑉 . Overall, our simulations clearly show that, for the three-
component PC/PS/PIP2 bilayer, the asymmetric distribution of different cations affects the 𝑉 
differently--either depolarizing ( 𝐾ା ) or polarizing ( 𝐶𝑎ଶା ) the membrane relative to 𝑁𝑎ା -- 
depending on their specific interactions with the constituent lipids.  
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Figure 3. Contact probability between ions and lipids. Atoms in lipids were colored blue through red based on 
their contact probability with ions. 

 

Differential Interactions of 𝑵𝒂ା, 𝑲ା and 𝑪𝒂𝟐ା with Lipids Underlies their Differential Effect 
on 𝑽𝒎. To examine how and the extent to which differential cation-lipid interactions modulate the 
magnitude and direction of 𝑉, we quantified the time- and ensemble-averaged contact probability 
𝑁𝑎ା , 𝐾ା  and 𝐶𝑎ଶା  with each atom of each lipid type (Fig. 3). As expected, electrostatic 
interactions dominate the ion-lipid contacts, so that the PIP2 head group (net charge: -5 𝑒) exhibits 
the largest contact probability. Compared to the POPC pure bilayer, the presence of the anionic 
lipids strengthened the adsorption of the three cations onto the membrane[34]. In fact, except for 
𝐶𝑎ଶା which interacts with the phosphate group of each lipid type with comparable probability, 



𝑁𝑎ା and 𝐾ା have no measureable interactions with POPC. This, however, does not rule out low-
resident contacts as these cations are able to dynamically interact with the negatively charged 
phosphate group. The unexpectedly substantial interaction of 𝐶𝑎ଶା with the phosphate groups of 
PC, PS and PIP2 lipids, however, is likely due to its excessive attraction to phosphates in the 
CHARMM36 force field, as observed previously[35].  

The three cations also differ in their capacity to interact with the PS and PIP2 lipids. Intriguingly, 
𝐾ା  exhibits a higher tendency of interacting with the POPS carboxyl (and to a lesser extent 
phosphate) oxygen atoms than 𝑁𝑎ା (Fig. 3); in contrast, 𝑁𝑎ା interacts much more strongly with 
the sugar phosphates of PIP2. These differential affinities of 𝑁𝑎ା and 𝐾ା for PS and PIP2 lipids, 
coupled with the slightly larger aggregate number of 𝑁𝑎ା sequestered by PIP2, likely explains the 
opposite effect of these cations on the direction of the 𝑉 of the PC-PC/PS/PIP2 system (Fig. 2). 
𝐶𝑎ଶା, on the other hand, extensively interacts with both the carboxyl oxygen atoms of POPS and 
the sugar phosphates of PIP2, in addition to its interaction with the ester phosphate of all three lipid 
types. Taken together, the differential interactions of the three cations with the anionic moieties of 
the three lipid types explains their dramatically different effects on the direction and magnitude of 
the effective transmembrane potential of the asymmetric systems studied in this work.  
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Figure 4. Mass density distribution profile of the model membrane systems studied in this work. 

 

Structural Details of the Membrane Systems Simulated in This Work. The extent of bilayer 
penetration by ions can be modulated by the local area per lipid[36], and vice versa. In other words, 
changes in membrane composition and the resulting change in membrane tension could alter lipid-
ion interactions, which in turn affects the transmembrane potential. To quantitatively investigate 
this issue, we calculated the mass density distribution and the acyl chain order of each simulated 
system. As shown in Fig. 4, the addition of POPS or POPS/PIP2 in the PC bilayer reshaped the 
mass density distribution along the membrane normal. For example, relative to the pure PC system, 
the membrane thickness (peak-to-peak distance in Fig. 4) increased by approximately the same 
magnitude in both PC/PS and PC/PS/PIP2. Furthermore, 𝑁𝑎ା  increased the thickness of the 
PC/PS/PIP2 bilayer slightly more than 𝐾ା (compare purple and yellow in Fig. 4), whereas 𝐶𝑎ଶା 



does so even more strongly (dark yellow). Similarly, the width and height of the mass density 
distributions indicate differential adsorption of the ions across the head group region. These effects 
are directly correlated with the differential impact of the cations on the 𝑉  (Fig. 2). Note that the 
difference in peak height and width of the distributions among PC, PC/PS and PC/PS/PIP2 bilayers 
in the presence of 𝑁𝑎ା (i.e. red, green and purple in Fig. 4) is largely due to the larger size of the 
head group in PS and PIP2 relative to PC (see Fig. 6a).  
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Figure 5. Lipid chain order parameter of the five simulated symmetric membranes in this work.  

 

Since membrane thickness is correlated with lipid chain order, we calculated the NMR order 
parameter for each chain (sn-1 and sn-2) of each lipid type in the five symmetric membrane systems 
simulated in this work (Table 1). Fig. 5 (top) shows that, the presence of 30% POPS made both 
chains of the POPC lipids more ordered (compare system PC (red) and PC/PS (green)). This, 



however, could also be due to the presence of more 𝑁𝑎ା ions in the PC/PS bilayer. When one-third 
of the PS lipids in the PC/PS bilayer is replaced by PIP2, no significant changes occurred to the 
POPC lipid chain order (Fig. 5, top), although the sn-1 order parameter of the PS lipids is reduced 
slightly (Fig 5, middle). The latter is likely due to the even larger number of 𝑁𝑎ା ions in the 
PC/PS/PIP2 bilayer (see Table 1). The impact of the cations on lipid chain order is further 
demonstrated by the fact that the three cations have different ordering effects. First, compared to 
𝑁𝑎ା, 𝐾ା rendered both the sn-2 chains of both POPC and POPS more disordered, despite the 
identical number and valence of the two ions in the system (purple and yellow in Fig. 5). This may 
be partly explained by the slightly higher affinity of 𝐾ା for the PS lipids (Fig. 3). Unlike the 
ordering effect of 𝐾ା, 𝐶𝑎ଶା induced a dramatic increase in the order of both lipid chains of all 
three lipid types. Each of these observations are directly concordant with the effect of the cations 
on the 𝑉 (Fig. 2). We conclude that lipid composition and especially the number and type of 
cations affect lipid packing and thus the charge density distribution along the membrane normal, 
which inevitably modulates the electrostatic potential of the model membranes and thereby the 
transmembrane potential 𝑉. 

Impact of Cation-Lipid Interactions on Lipid Head Group Orientation. As mentioned above, 
𝐾ା and 𝐶𝑎ଶା ions have a notable effect on lipid chain order. To further examine the effect of these 
ions on membrane structure, we characterized the orientation of lipid head groups in each of the 
three-component bilayers systems PC/PS/PIP2, PC/PS/PIP2/K, PC/PS/PIP2/Ca. We defined lipid 
head group orientation by the tilt angle from the membrane normal of a vector along the P-N bond 
(for PC and PS) and across the six-membered rings (for PIP2), as shown in Fig. 6a. A smaller tilt 
angle indicates a better alignment of the lipid head group along the membrane normal, which we 
refer to as “ordered lipid head orientation”. Conversely, when the tilt angle is larger, the head group 
is considered to be orientationally “disordered”. We found that, when compared to 𝑁𝑎ା , 𝐾ା 
induced a slight disorder in the POPC lipids and order to the POPS lipids, respectively, and a more 
dramatic orientational order to the PIP2 lipid head groups (Fig. 6b). In contrast, 𝐶𝑎ଶା significantly 
ordered the orientation of POPC lipids and disordered the POPS and PIP2 lipids (Fig. 6b).  

In addition to being correlated with the trend of the 𝑉 (Fig. 2b), the effect of the three cations 
on head group orientation is broadly consistent with the strength of their interaction with anionic 
moieties in the different lipids (see Fig. 3). For example, when ranked by contact probability with 
the ester phosphate of POPC, the carboxyl group of POPS and the sugar phosphate of PIP2, we 
obtain 𝑁𝑎ା ≈ 𝐾ା  < 𝐶𝑎ଶା, 𝑁𝑎ା < 𝐾ା  < 𝐶𝑎ଶା and 𝑁𝑎ା > 𝐾ା  > 𝐶𝑎ଶା, respectively. When ranked 
by lipid head group orientational order, the trend is 𝑁𝑎ା > 𝐾ା  < 𝐶𝑎ଶା, 𝑁𝑎ା ≈ 𝐾ା  > 𝐶𝑎ଶା and 
𝑁𝑎ା < 𝐾ା > 𝐶𝑎ଶା, respectively (Fig. 6b). The imperfect correlation suggests that the differential 
effect of the ions on lipid head orientation may also be affected by non-specific ion-lipid 
interactions. This can be captured qualitatively by examining the extent to which the cations are 
adsorbed on the membrane surface. As shown Fig. 6c, there are substantial differences in the 
generalized adsorption of the different ions on the membrane. In particular, almost all 𝐶𝑎ଶା ions 
have moved from the bulk solution to embed in the lipid head region. In contrast, 𝑁𝑎ା and 𝐾ା 
ions, which have relatively weaker interaction with lipid head groups, tend to dynamically 
exchange with ions in the bulk water. Taken together and assuming negligible force field artifacts, 
these results suggest that induction of head group orientational disorder in the zwitterionic POPC 



and order in the anionic POPS and PIP2 lipids by a cation such as 𝐾ା depolarizes an asymmetric 
PC-PC/PS/PIP2 bilayer. Conversely, cations such 𝐶𝑎ଶା that disorder the head group of POPS and 
PIP2 and order that of POPC polarize the bilayer.  
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Figure 6. Effects of cations on lipid head-group orientation. (a) Schematics of the vectors of lipid head groups 
used for calculating tilt angle. (b) Average tilt angles of the three lipids in the presence of different cations. Errors 
represent the standard deviation of the average over the last three 300ns trajectories. (c) Snapshots of the three 
systems with different cations. POPC is in green, POPS in pink, PIP2 in red. Na+, K+ and Ca2+ are in yellow, and 
Cl- in white. Water molecules are omitted for clarity.  

 

Overall, our simulations suggest that, at least for POPS and PIP2 lipids, the impact of anionic 
charge on the transmembrane potential difference could be dramatically different and depends not 
only charge content but also structure and dynamics. Different lipid species and ion types can bring 
about different ion-lipid and lipid-lipid interactions that jointly regulate membrane equilibrium 
structure and charge distribution along the membrane normal. Hence, steady state or transient 
asymmetric alterations in either lipid composition or ion distribution in the intracellular and 
extracellular space of the cell may cause major changes in the transmembrane potential difference 
𝑉.  

 

Conclusion 



In this work, symmetric model membrane systems were used in all-atom MD simulations to 
evaluate the electrostatic potential profiles of physiologically relevant asymmetric membranes. 
Averaging of the two halves of symmetric membrane systems can ensure the symmetric charge 
density distribution around the membrane center, which yields a reliable 𝜓ሺ𝑧ሻ profile and thus 
eliminates a non-zero 𝑉 in multi-component symmetric model membranes. We have shown that 
one could obtain a recombinant 𝜓ሺ𝑧ሻ profile for an asymmetric membrane by combining two 
symmetrized 𝜓ሺ𝑧ሻ profiles obtained from two independent MD simulations, one modeling the 
inner leaflet and another modeling the outer leaflet of the plasma membrane. In the current work, 
a pure POPC bilayer in a 150mM NaCl solution was used as a model for the outer half of the 
plasma membrane. The inner leaflet was modeled by a two-component POPC/POPS and a three-
component POPC/POPS/PIP2 bilayer in the presence of neutralizing 𝑁𝑎ା  ions. The 
POPC/POPS/PIP2 bilayer was also simulated after replacing 𝑁𝑎ା  with 𝐾ା  or 𝐶𝑎ଶା  ions. 
Comparison of the effective transmembrane potential difference 𝑉 obtained from combining the 
𝜓ሺ𝑧ሻ profiles of the POPC bilayer with each of the inner leaflet model membranes indicated inner 
leaflet POPS in the inner membrane leaflet polarizes the membrane (∆𝑉 < 0) whereas replacing a 
third of the PS lipids by PIP2 partially counteracts this effect. Furthermore, replacing intracellular 
𝑁𝑎ା by 𝐾ା depolarized the membrane (∆𝑉 > 0) while 𝐶𝑎ଶା further polarizes the membrane. We 
have shown that these differential effects are a result of differential cation-lipid interactions, and 
are correlated with changes in lipid chain order and head group orientation. 
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Figure S1. Charge density distribution profiles for system PC/PS/PIP2 (a), PC/PS/PIP24 (b) and PC/PS/PIP25 
(c). as well as their electrostatic potential profiles (d). PIP24 (net charge: -4 e) and PIP25 (net charge: -4 e) are 



the PIP2 lipids with one protonation at 4- and 5- positions respectively. The results clearly indicated that the 
PIP2 protonation had no significant effects of the electrostatic potential distributions of model membranes. 
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