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Abstract
Two approaches for modeling of the transmembrane potential, as present in all eukaryotic cells, are examined in detail and compared with each other. One approach uses
an externally applied electric eld, whereas the other maintains an imbalance of ions on
the two sides of a membrane. We demonstrate that both methods provide converged
results concerning structural parameters of the membrane which are practically indistinguishable from each other, at least for monovalent ions. Eects of the electric eld
on the detailed molecular structure of the phospholipid bilayer are also presented and
discussed. In addition, we achieve a considerable speed-up of the underlying molecular dynamics simulations by implementing the virtual interaction sites method for the
Slipids force eld.
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Introduction

All eukaryotic cells maintain a non-zero transmembrane potential across their plasma membranes. The voltage dierence from the exterior of the cell in a resting state to the interior is
usually in the range from -10 to -100 mV.

1,2

Its magnitude is determined by the permeability

of the membrane to specic ionic species via ion channels, by the intra- and extra-cellular
ionic distributions, as well as by active ion transport across the membrane.

2

In neurons,

changes in the membrane potential enable these cells to conduct electrical signals along their
axons. In the resting state of the neuron, the transmembrane voltage has a value around
-70 mV.

2

During neural activity, however, the transmembrane potential undergoes a dra-

matic change. This process happens in the range of milliseconds, and it is mainly driven by
the action of sodium and potassium channels. The openings and closings of these channels
induce non-zero uxes of ions across the membrane. This leads to a sudden polarity inversion
of the transmembrane voltage, which then propagates along the neural axon. This avalanche
process of membrane depolarization is called an action potential.

2

In experiments, the transmembrane potential can be monitored using microelectrodes
or voltage-sensitive uorescent probes.

513

3,4

The information about the transmembrane po-

tential obtained from the experiment is of a limited microscopic resolution, showing features
like current-voltage characteristics.

In contrast, computer simulations, such as molecular

dynamics, provide an atomistic picture of the system.

To date, there exist two methods

for modeling of the transmembrane potential in molecular simulation  the constant electric eld method

1418

and the ion imbalance method.

19,20

Both of these methods have been

successfully used to study the electroporation phenomenon or to induce a transmembrane
voltage when a voltage-sensitive protein was embedded within a lipid bilayer.

17,2124

The constant electric eld method originates from the Poisson-Boltzmann theory.

16

Within

this theory, the transmembrane potential is represented by an external electric eld applied
in the direction of the membrane normal.

16

Such a eld then acts on every atom in the

system proportionally to their partial charges and the eld strength. This additional force

2

represents the inuence of a voltage source far in the bulk, which is an eective simplied
model of the biological apparatus, i.e., ion pumps and channels, responsible for the existence of the transmembrane voltage in cellular membranes. In periodic systems, commonly
used in molecular simulation, the electric eld is homogeneous.
across the membrane is then the eld intensity

L

parallel to the membrane normal,

Ez

V = Ez · L.

16

The potential dierence

V

multiplied by the simulation box length
It is worth noticing that for modeling of

currents through membrane pores or channels this method is prone to nite-size artifacts
arising from system uctuations providing enhanced uxes.

16,17,20

This also raises a concern

for the modeling of membrane electroporation with short nanosecond electric pulses as the
small system size may lead to an articial redistribution of ions not observed in the experiments.

25

Finally, it is still an open question how this method performs when the electrolyte

also contains divalent ions like Ca
Poisson-Boltzmann theory.

2+

, which are known to be described poorly within the

26

In the ion imbalance method the voltage drop is introduced via a net charge dierence
between separated ionic solution reservoirs.

19,20

The voltage drop across the membrane then

depends on the amount of excess charge (ions in this case) forming the imbalance and the
membrane capacitance. This setup is meant to mimic the steady state condition of biological
membranes with a meta-stable ionic distribution, without explicitly representing the underlying biological apparatus. In simulations with periodic boundary conditions, the excess ions
are kept in imbalance by introducing a second membrane

19

or a solution/vapor interface.

20

Although the setup with a solution/vapor interface has the advantage of simulating only a
single bilayer, it also requires a change from a tensionless to a constant volume ensemble and
may be prone to artifacts due to the presence of the free water surface. The double bilayer
setup with two separate electrolyte reservoirs avoids this problem at the cost of a signicantly increased number of atoms in the simulation. Within the frame of the ion imbalance
method, the eld and voltage tend to substantially uctuate around their mean values.

16

Also, the voltage drop is not a priori known and it is not trivial to ne tune it to a precise

3

value.
Both of these modeling approaches have been applied for simulating membrane potentials.

17,22,23,27

In several studies, the methods are also compared as representatives of dierent

classes of electroporation experiments.

20,24,25,28

However, a detailed comparison of the meth-

ods in terms of equivalence of the generated electric eld eects is missing. In this article,
we aim at having a more thorough look at the two methods, comparing them by focusing on
several key properties such as proles of the transmembrane potential and the electric eld
intensity, charge and ionic densities, membrane capacitance, and water and lipid ordering.

2

Methods

2.1 Simulation details
The simulated systems consisted of two lipid bilayers separated by aqueous salt solutions.
The lipid bilayers were composed of 64 1-Palmitoyl-2-oleoylphosphatidylcholine (POPC)
molecules per leaet spanning the
Slipids force eld

29,30

xy -plane

of the periodic simulation box.

A modied

was used for their description (see also the following section 2.2).

They were hydrated with 10240 TIP3P water molecules.

31

112 water molecules were even-

tually replaced by ions to form a KCl or NaCl salt solution. Due to interactions of ions with
the bilayers, their bulk concentration is lower than the nominal one, approaching thus physiological values. The parameters for the ions were taken from the references.
molecular dynamics simulations were performed using the GROMACS

34

32,33

Classical

simulation package

(version 4.6.7). The simulation input parameters are based on the settings used in the original Slipids publication.

30

The simulation settings used in this work are summarized in Table

1; more details are given in the Supporting Information (SI).
Molecular dynamics simulations of membranes require relatively long timescales for generating reliable statistical ensembles.

27,41,42

Based on convergence patterns of various distri-

butions, such as the charge density proles, a sucient simulation time was estimated to

4

Table 1: Simulation parameters
simulation property

parameter

time-step

6 fs (using virtual interaction sites)

long-range electrostatics

PME

external electric eld intensity

0.0 or 0.066 V/nm

cut-o scheme

Verlet

Coulomb and VdW cut-o

1.0 nm

simulation time

300 ns

35

36

temperature

310 K

thermostat

v-rescale

barostat

Parrinello-Rahman, semi-isotropic

constraints

LINCS, all bonds and virtual sites

constraints for water

SETTLE

37
38
39

40

be around 200 ns. Thus, we performed 300 ns long simulations in the production run. All
production runs were preceded with a pre-equilibration of a length on the order of 10 ns.

2.2 Virtual interaction sites
The fastest degrees of freedom are most often associated with the motions of hydrogen atoms
in biomolecular simulations. Virtual interaction sites (VIS) is a method that removes these
degrees of freedom and reconstructs such atoms in their ensemble-average positions using
the coordinates of their neighboring atoms.

43

The speed, eciency, and success of the VIS

method for proteins has motivated us to develop also a lipid model which employs this
approach.
eld.

29,30

4446

For its good performance

47

we based this lipid model on the Slipids force

To our knowledge, the rst attempt to apply the VIS method to lipids used the

CHARMM36 force eld.

46

In that study, however, the VIS method rendered the membrane

to be more disordered than without applying it. This might have come from the fact that
the average angle of the H−C−H groups in the fatty acid chains was overestimated by
approximately ve degrees.

46

We observed a similar behavior when we applied the VIS method to the Slipids force
eld

29,30

in the same way as done previously for the CHARMM36 force eld.

46

In contrast

with the previous work, we then performed a proper averaging of the H−C−H angles of the

5

CH2 groups in the fatty acid chains. We optimized this VIS model of Slipids to such a degree
that it provided almost identical results to the original Slipids with a signicant speed-up
of the calculations by roughly a factor of three. More details can be found in the SI. We
denote this new fast-running version of Slipids

29,30

as SlipidsVIS. The simulation les, the

modied Slipids force eld and the POPC topology with virtual sites designed for the use
with the GROMACS package

34

used in this work are accessible at

http://dx.doi.org/10.

5281/zenodo.47649.

2.3 Poisson equation for transmembrane potential
In this work, we discuss two models of the transmembrane potential applicable in combination with molecular dynamics simulations. The transmembrane potential prole,

0 to L,

Ψ(z), z =

is thus a property of a central interest. Such a prole is obtained from the charge

density prole using the Poisson equation in one dimension:

1
Ψ(z) = −
0

Z

z

dz

0

Z

26

z0

ρ(z 00 )dz 00

(1)

0

0

Evaluation of the integrals in Equation 1 is complicated by uctuations of the simulation
box.

It is thus important to properly center the bilayers along the trajectories such that

the resulting proles are not inconsistently smeared along the uctuating

z -axis. 27

however, even more important to use a proper value of the box length in the

L,

It is,

z -dimension,

in Equation 1. This is especially true for a comparison of potential proles and voltage

drops, which scale quadratically with this length. For the comparison of potentials in this
work we hence employ the average value of

L = 14.8 nm

and use it consistently in Equation 1.

3

Results and Discussion

Four types of simulations were performed in this study:

6

as obtained from all simulations

(a) ZERO

(b) IIMB

(c) CEF

(d) FxI

Figure 1: Schematic description of the four types of simulations performed in this work. The
blue, red and green hue patterns qualitatively depict the voltage drops across the membranes.
The violet arrows depict the electric eld created by the CEF method, while the green arrows
represent the eld due to the IIMB scheme.



Reference simulations with no applied voltage, denoted as ZERO (Fig. 1a),



Simulations employing the ion imbalance method (IIMB) with a single ion transferred
from one electrolyte to the other (Fig. 1b),



Simulations using the constant electric eld method (CEF) with such a eld intensity
that the voltage drop matches that from the ion imbalance simulations (Fig. 1c),



Simulations with both methods applied simultaneously such that the generated electric
elds cancel each other in one of the two bilayers, denoted as FxI (Fig. 1d).

The last type of simulations, FxI, uses the mirror-symmetric (with respect to the center
of the box) IIMB method in combination with the CEF method, which has a translational
symmetry. Hence, the potential drop is canceled across one membrane, while it is doubled
across the other membrane (not used for analysis here). It is worth noticing that the former

7

membrane at zero voltage shares its lateral dimensions with the other membrane inducing
a small dierence from the conditions of ZERO simulations, where both membranes are at
zero voltage.
Although the formalism for the CEF method was derived and applied only to systems with
a single membrane,

16

we performed the CEF simulations with exactly the same conguration

as in the IIMB simulations, i.e., with two membranes. This is a valid extension of the CEF
method for periodic systems, in which the total voltage drop across the whole system splits in
the exact same fractions for each of the two simulated bilayers. An example of an electrostatic
potential prole of the whole system with two membranes is given in the SI.

3.1 Charge density, electric eld intensity, and transmembrane potential
We performed the four types of simulations (ZERO, IIMB, CEF, and FxI) using either KCl or
NaCl salt solutions as representatives of intracellular or extracellular electrolytes. For both
electrolytes, the pairs of simulations IIMB and CEF, as well as ZERO and FxI provide each
matching electrostatic potential proles within a statistical error of about

7 mV,

estimated

using a block averaging scheme (Figs. 2 and 3). Moreover, the corresponding proles in the
two electrolytes are very similar to each other. In addition, the electrostatic potential proles
conrm that the potential drops occur practically exclusively across the low-dielectric interior
of the membrane.

Upon exerting a voltage drop across the membrane, the electrostatic

potential prole responds with a perfectly linear inclination in its central part (Figs. 2, 3,
and 4).
The rst derivative of the potential, i.e., the electric eld intensity, follows the ne match
of the potential proles for the dierent methods and electrolytes (Figs. 2 and 3).

The

changes of the electrostatic properties along the membrane normal are exemplied in the
plots of the induced electric intensity; it is indeed only the central part of the prole that
gives rise to a non-zero induced electric eld, which is approximately constant in the cen-

8

Figure 2: The transmembrane potential (A,B), the electric eld intensity (C,D), and the
charge density (E,F) proles for the simulations with KCl. The gray area shows the standard
error. The voltage drop across the membrane is
the error of about

7 mV.

9

499 mV

for IIMB and

486 mV

for CEF with

Figure 3: The transmembrane potential (A,B), the electric eld intensity (C,D), and the
charge density (E,F) proles for the simulations with NaCl. The gray area shows the standard
error. The voltage drop across the membrane is
the error of about

7 mV.

10

499 mV

for IIMB and

486 mV

for CEF with

Figure 4: The dierence of IIMB and CEF simulations from ZERO in the transmembrane
potential (A,B) and the electric eld intensity (C,D). The shadowed area shows the transmembrane potential prole of the ZERO simulations. The induced electric eld is approximately constant and exists exclusively within the low-dielectric region of the membrane fatty
interior. The vertical dashed lines denote the mean positions of the carbonyl groups.

ter of the bilayer (Fig. 4).

This nding supports the approximative assumptions in the

Goldman-Hodgkin-Katz equations for the electrostatic potential dierences across membranes.

2,48

These equations assume the membrane to exist in a Goldman regime that

approximates the real electrostatic potential within the membrane with a linear function
resulting in a constant electric eld.

2,48

The charge density is the basic quantity upon which both the electrostatic potential and
the eld intensity are built. Because of a high residual noise, the charge density proles do
not show such a perfect match for the dierent methods and electrolytes as in the case of
the potential and eld intensity proles. Also, there is a small systematic dierence in ionic

11

(a) KCl

(b) NaCl

Figure 5: Proles of the voltage-normalized dierential charge density,

∆ρV ,

using ZERO as

a reference. The main charge redistribution takes place in the carbonyl region of the POPC
membrane. The dashed vertical lines denote the mean position of carbonyl groups. The gray
area shows the standard error.

concentrations up to 6 mM between the constant electric eld and ion imbalance methods
due to the eective transfer of a single ion in the latter. Still, they agree very well for both
pairs of methods within the error bars. The voltage-induced changes are mainly reected in
the amplitudes of the highest peaks (Figs. 2 and 3).

3.2 Ionic and voltage-normalized dierential charge densities, and
membrane capacitance
The capacitance of a system is a quantity that reects the response of a charge to the
modulation of the electrostatic potential.
the redistribution of an amount of charge
capacitance of the membrane

The observed charge proles consistently show

Q

C , Q = CV ,

linearly proportional to the voltage

V

with the

independently of the membrane voltage-inducing

method. For the sake of a detailed comparison of the two methods employed here, we use
a voltage-normalized dierential charge density,

∆ρV (z),

which reects the contributions of

individual layers along the membrane normal to the total capacity

C.

The voltage-normalized

dierential charge density is easily obtained from the simulations using the below Equation 2

12

Figure 6: Ionic concentration proles for K
Cl



+

and Cl



+

in KCl simulations (A,B), and Na

and

in NaCl simulations (C,D). The cations accumulate at the side of the membrane with a

positive potential (here at the right leaet, see Figs. 2 and 3), whereas anions remain almost
unaected by the voltage.

The dashed vertical lines show the mean position of carbonyl

groups.

with

∆ρ(z)

being the dierence in the charge density between a simulation with an applied

voltage and the ZERO simulation serving as a reference. In this relation it is assumed that

∆ρ(z)

responds linearly to the voltage

V

at each point

∆ρV (z) =
The

∆ρV (z)

∆ρ(z)
V

z.

(2)

density proles reveal the regions which are most aected by the charge

redistribution (Fig. 5). Independently of the type of electrolyte, the highest peaks of this
quantity appear just below the carbonyl region of the membrane. This is also reected in the

+

+

density proles of the K , Na , and Cl



ions, which are the only free charge carriers (Fig. 6).

13

The layer with the largest changes in the charge density is at the interface of the low dielectric
fatty interior of the membrane and its polar headgroup region. Namely, the largest change
for cations is in the carbonyl and phosphate region, while for chloride ions it is shifted further
toward the aqueous solution (roughly at the choline region, Figs. 6 and 5). This behavior

+

is present both for NaCl and KCl electrolytes despite the fact that the K

+

penetrate into the membrane as much as the Na

cations do not

cations (Fig. 6). The total capacitance

of the simulated POPC membrane for the IIMB as well as the CEF methods and for both
electrolytes is
value of

C = (0.38 ± 0.06) µFcm−2 ,

(0.59 ± 0.15) µFcm−2 49

which is somewhat lower than the experimental

but still within the error bars. The membrane capacitance,

C , can be obtained from the simulations using the basic the equation for capacitors, Q = CV ,
or by using the below Equation 3, which employs the voltage-normalized dierential charge
density,

∆ρV (z).
1
C=
2

Z

L/2

∆ρV (z) sign(z) dz

The form of Equation 3 assumes that the membrane center is located at
simulation box-length, and

1

otherwise.

(3)

−L/2

z = 0; L

sign(z) is a sign function yielding −1 for negative arguments and

Because of the similarity between the formulas for the capacitance,

the dierential charge density,
capacitance, i.e.,

is the

∆ρV (z),

C,

and

we express the latter in units commonly used for

µFcm−2 .

3.3 Water and lipid ordering
The ordering of water and lipids were chosen as quantities demonstrating the eects of the
transmembrane voltage on molecular dipoles. Water dipoles are randomly oriented in the
bulk where their average projection to the

z -axis

is zero.

The hydrogen-bond network is

more ordered close to the membrane interface where the water dipoles orient preferentially
from the positive moieties (choline groups) to the negative moieties (phosphate groups) of
the DOPC lipids.

50

With a zero transmembrane voltage the water dipoles orient in opposite

14

(a) KCl

(b) NaCl

Figure 7: Proles of the projection of water dipoles onto the membrane normal (z -axis).
The only notable dierence from the ZERO reference simulation lies solely in the carbonyl
region, where the dipoles tend to orient in the direction of the induced electric eld. The
curves are cut at the point where the water density practically vanishes and the estimated
error reaches 0.02 D.

directions on each of the two sides of the membrane.
contributions to the electric eld within the bilayer.

This cancels out their respective

51

The water ordering was analyzed by taking orientations of the water molecule dipoles
and projecting them to the normal of the membrane, i.e., the

z -axis.

Note that with a non-

zero transmembrane voltage, these dipoles do not balance out anymore and the membrane
is under the inuence of an additional induced electric eld.

The largest response to the

transmembrane voltage is located at the interface between the polar (lipid headgroups)
and non-polar (alkyl chains) layers of the membrane.

In this region, the water dipoles

accommodate to the induced electric eld within the membrane with their altered orientation
to the same extent in both types of simulations, CEF and IIMB (Fig. 7).

This eect is,

however, very weak for physiological transmembrane voltages. The mean orientation changes
at most by one degree in the carbonyl region of the membrane, where the electrostatic
screening is diminished by the vanishing water density and by the decreasing polarity of the
membrane. Note also that the water dipoles in the FxI simulation have a matching prole
with the ZERO reference simulation (not shown).

15

For the lipids, the voltage-related changes in their ordering are even smaller than for
water. For high voltages close to the electroporation threshold a small decrease in the order
parameter of lipids is observed with its maximum of

0.05 in the sn-1 chain of DOPC. 52

This

corroborates our ndings of a small but systematic decrease in the order parameter in both
types of simulations, CEF and IIMB, which slightly disorders the POPC lipid bilayer (not
shown). In addition, we observe only negligible changes up to one degree in the mean value of
the P-N angle between the connector of the phosphate and choline groups and the membrane
normal (Table 2). Note that studies done at a higher electric eld close to the electroporation
threshold showed a minor eect on the reorientation of the lipid headgroups.

22,53

At the

threshold eld for membrane poration, the external eld changes the mean headgroup dipole
angle by less than about 4° in the eld direction.
From our simulations, we report that the mean value of the P-N angle is larger by
approximately 4° for KCl than for NaCl background electrolyte, no matter if the external
eld is on or o.

The headgroups are thus slightly more aligned with the normal of the

membrane in the NaCl solution than in the KCl solution, pointing more toward the bulk
water.

This dierence may be overestimated due to the neglect of polarizability in our

+

simulations, which likely leads to a somewhat larger binding of Na
membranes.

+

As a result, the increased density of Na

into phospholipidic

in the headgroup region slightly

lowers the water density at the interface and the area per molecule (not shown). It is known
from the literature that sodium cations have a slightly higher anity to PC lipids than
potassium cations.

54,55

However, many studies suggest that sodium cations do not aect the

structure of the membrane signicantly.

5658

More discussion on the interactions between

cations and phospholipidic membranes can be found in previous articles on this topic.

42,5563

In this work, we focus on the eects induced by voltage modulations, which are introduced
by two dierent methods, i.e., constant electric eld and ion imbalance. For the purpose of
comparing the two methods, we can use the likely overestimated binding of Na

+

into POPC

lipid membranes to our advantage, giving us an upper bound to the possible dierences

16

Table 2: P-N angle values for KCl and NaCl simulations.
KCl
Leaet at

ZERO

Zero potential

67°± 3°

Positive potential

CEF

IIMB

68°± 3°

68°± 3°

67°± 3°

Negative potential

67°± 3°

FxI
67°± 3°
68°± 3°
68°± 3°

NaCl
Zero potential

63°± 3°

Positive potential

63°± 3°

Negative potential

between the two methods.

64°± 3°

64°± 4°
63°± 4°

64°± 4°
63°± 3°
63°± 3°

More details including also the dynamical properties of the

membrane are given in the SI.

4

Conclusion

To date, there exist two methods for modeling the transmembrane potential in molecular
simulations. The method of the constant electric eld represents the inuence of a voltage
source far in the aqueous bulk by an additional force acting on every charged particle.

14,16,17

This voltage source is an eective simplied model of the biological apparatus, i.e., ion
pumps and channels, responsible for the existence of the transmembrane voltage in biological
membranes. In the ion imbalance method the voltage is introduced by maintaining a metastable condition of unequal distribution of ions on the two sides of a membrane.

19,20

This is

meant to mimic more closely the steady state situation at biological membranes maintained
by the biological apparatus, where a small charge dierence is responsible for a non-zero
transmembrane voltage.
In this work, we have compared these two methods in biologically relevant model membrane systems. We achieved a considerable speed-up (about a factor of three) of the underlying molecular dynamics simulations by implementing the virtual interaction sites method
for the Slipids force eld. Based on these simulations, we showed that the two methods, i.e.,

17

constant electric eld and ion imbalance, yield indistinguishable results within the statistical error.

We compared important properties related to membrane electrostatics, such as

the transmembrane potential, eld intensity, and charge density. We have also introduced
a more detailed quantity, the voltage-normalized dierential charge density, which proved
to be useful for the observation of charge redistributions.

The proles of these quantities

along the membrane normal were shown to be matching for the two methods within the
achievable accuracy. The two methods for modeling transmembrane voltage were also combined such as to cancel each other in a way that makes the potential drop vanish.

This

setup has given the same results as those obtained from a simulation with no transmembrane voltage.

We thus conclude that the two methodologies are equivalent, at least for

electrolytes formed by the same monovalent ions on both sides of the membrane, and can
both be used to model the membrane potentials pertinent to electrophysiological or uorescence experiments at model bilayers as well as living cells. Presented results thus directly
connect together the practically independent developments within the two major approaches
to transmembrane potential modeling  the constant electric eld method
imbalance method.

14,16,17

and the ion

19,23
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