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Abstract

Phosphatidylserine (PS) lipids are important signaling molecules and the most com-

mon negatively charged lipids in eukaryotic membranes. The signaling can be often

regulated by calcium, but its interactions with PS headgroups are not fully understood.

Classical molecular dynamics (MD) simulations can potentially give detailed descrip-

tion of lipid-ion interactions, but the results strongly depend on the used force �eld.

Here, we apply the electronic continuum correction (ECC) to the Amber Lipid17 pa-

rameters of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) lipid to improve

its interactions with Na+ and Ca2+ ions. The partial charges of headgroup, glycerol

backbone and carbonyls of POPS, bearing a unit negative charge, were scaled with a

factor of 0.75, derived for monovalent ions and the Lennard-Jones σ parameters of the

same segments were scaled with a factor of 0.89. The resulting ECC-POPS model gives

more realistic interactions with Na+ and Ca2+ cations than the original Amber Lipid17

parameters, when validated using headgroup order parameters and �electrometer con-

cept�. In ECC-lipids simulations, Ca2+ cations do not simultaneously interact with

more than two PS lipids, and interactions with carboxylate groups is twice more likely

than with phosphate groups, while interaction with carbonyls is almost negligible. Our

results pave the way for more realistic MD simulations of anionic biological membranes

and demonstrate the usefulness of ECC also to charged lipids.

Introduction

Phosphatidylserine (PS) lipids are the most common negatively charged lipids in eukaryotic

membranes and important signaling molecules1�3. They interact with signaling proteins2,

regulate surface charge and protein localization4, induce protein aggregation5,6 and mem-

brane fusion7�9. As such lipid-related functions are also often regulated by ions2, a detailed

understanding of interactions between negatively charged lipids and biologically relevant

cations such as calcium is of a great importance. Recent combination of spectroscopic ex-

periments, biochemical essays, and molecular simulations showed that binding of calcium to
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PIP2 lipids inhibits their recognition by a phospolipase C, which demonstrates that not only

proteins but also lipids can get involved in calcium signaling10.

Spectroscopic experiments give accurate information about the interactions between ions

and PS lipids, but the data is often indirect and di�cult to interpret11�20. Some studies

suggest that the binding a�nity of ions to negatively charged lipids is similar to that of

zwitterionic lipids, and the binding a�nity is increased only due to the increased cation

concentration in the vicinity of the membrane21,22. On the other hand, calcium forms de-

hydrated complexes with PS headgroups which cause phase separation11,12,16�20,23. Theories

about the interaction between calcium and PS are di�cult to evaluate experimentally, es-

pecially at physiological ion concentrations, which are typically too low to yield measurable

e�ects.

More recently, classical molecular dynamics (MD) simulations have been used to sup-

port the interpretation of spectroscopic experiments, but the results strongly depend on the

force �eld parameters23�27. For instance, the moieties of PS lipids that interact with cal-

cium cations vary greatly. In simulations with the CHARMM36 force �eld28,29 using the

NB�x parameters for calcium30, calcium ions interact only with the carboxylate group of

PS lipids27. However, the same force �eld without the NB�x parameters, gives a signi�cant

binding a�nity also to the phosphate region26. On the other hand, simulations with the

Berger force �eld31,32 suggest a signi�cant calcium binding also to the carbonyls in the acyl

chains25.

The NMRlipids project (nmrlipids.blogspot.fi) has recently demonstrated that such

controversies can be resolved by using the headgroup order parameters of phosphatidyl-

choline (PC) lipids33,34, which can be related to cation binding a�nity to lipid bilayers using

the electrometer concept35�37. The main advantage of this approach is the direct comparison

between experimental and calculated order parameters, which reduce the ambiguity aris-

ing from the interpretation of the data. Unfortunately, none of the readily available force

�elds was su�ciently accurate to correctly reproduce the cation binding a�nity to zwitte-
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rionic PC bilayers33 or to the mixtures with negatively charged PS lipids34. In our recent

work38, we were able to improve the cation binding a�nity to zwitterionic 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer by implicitly including electronic

polarizability using the electronic continuum correction (ECC)39. The good agreement be-

tween the resulting ECC-POPC model and experiments enable detailed interpretation of

calcium binding details to a POPC lipid bilayer.

Here, we extend the ECC approach also to the negatively charged 1-palmitoyl-2-oleoyl-

sn-glycero-3-phospho-L-serine (POPS) lipid. We also complement the available experimental

data for the force �eld quality evaluation by measuring the acyl chain C�H bond order pa-

rameters of POPS in bilayer using natural abundance 13C NMR. In addition to the acyl chain

order parameters measured here, the quality of the newly developed ECC-POPS force �eld

parameters is evaluated using previously published C�H bond order parameters of glycerol

backbone and headgroup in various ionic conditions and lipid molar fractions19,34, as well as

X-ray scattering form factors24. The overall improvement of the force �eld accuracy upon

applying ECC paves the way to more realistic MD simulations of both neutral and negatively

charged lipid bilayers for a wide range of applications.

Methods

Electronic continuum correction for PS lipids

Electronic continuum correction (ECC) is an implicit mean-�eld representation of the elec-

tronic polarization in classical MD simulations. For simple ions in water, the electronic polar-

izability can be taken into account by scaling the charge with a constant factor fq = 1√
εel
≈ 0.75,

where εel = 1.78 is the high-frequency dielectric constant of electrons in water39. The scaling

of charges with this factor has been recently applied to improve empirical models for ions

and biomolecules containing charged groups such as proteins40�44. In addition to the charge,

the Lennard-Jones σ was scaled with a factor 0.9 < fσ ≤ 1 1.JOE: The given range is not
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correct, e.g. scaling of POPC (0.89), Mg2+ (0.72 and 0.82). Extending the lower bound to

0.8 �ts the cases I know of with the exception of the small-Mg2+. to improve the descrip-

tion of hydration properties of ions with respect to scattering data in these studies. The

reason for the small readjustment of the ionic radii is that the original force �elds were often

developed such that the �rst peak on the experimental ion-water oxygen radial distribution

function was reproduced. Upon charge scaling this peak typically moved to slightly larger

distances and the agreement with experiment was then restored by a small decrease of the

Lennard-Jones σ parameter.

Derivation of the correct scaling factor for lipids is more complicated, because the partial

charges depend on the methods used to derive the respective force �elds. For example, the

partial charges of overall neutral molecules may already include the e�ects of electronic po-

larizability to some extent, and hence, the scaling factor can be larger than the theoretically

derived value for ions in water, fq ≈ 0.75. Before the ECC theory was rigorously derived,

similar idea was already employed in early classical MD simulations of lipids and surfac-

tants using the scaling factor of 0.5 for atomic charges45�47. In our recent work, we applied

the ECC to the Amber based lipid14 force �eld of zwitterionic POPC lipid48 by scaling

the partial charges and Lennard-Jones σ parameters of headgroup, glycerol backbone, and

carbonyl regions38. The scaling factors were optimized to reproduce the calcium binding

a�nity to POPC lipid bilayers, evaluated using the headgroup order parameters and the

electrometer concept33,35�37, and the X-ray scattering form factor without additional ions49,

which resulted to the scaling factor values of fq = 0.8 and fσ = 0.8938.

Here, we apply the ECC to the Amber-based lipid17 parameters50 (available in Amber-

Tools1851) of POPS lipid with a monovalent negative charge. Because POPS is anionic at

physiological pH ≈ 7 carrying a physical total charge as aqueous ions, we apply the theo-

retically derived scaling factor39 for ions fq = 0.75 to the partial charges of POPS in the

headgroup, glycerol backbone, and carbonyl regions. The lipids with a total charge of -0.75

are also neutralized by the counterion charges of +0.75 in simulations with ECC-ions40,41,52.
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Following our previous work for POPC, we use the scaling factor fσ = 0.89 for the Lennard-

Jones σ parameters to scale the corresponding parameters of atoms in the headgroup, glycerol

backbone, and carbonyl regions38. Further optimization of parameters was not done in this

work. The generated ECC-POPS parameters are available from Ref. 53.

Measurements of acyl chain order parameters

A R-type Proton Detected Local Field (R-PDLF) experiment was performed to determine

C�H bond order parameters

SCH =
1

2
〈3 cos2 θ − 1〉, (1)

where θ denotes the angle of the C�H bond with the bilayer normal and the angular brackets

de�ne a time average on a time scale of approximately 1 microsecond. The experiment

was done using a Bruker Avance III 400 spectrometer operating at a 1H Larmor frequency

of 400.03 MHz equipped with a standard 4 mm CP-MAS HXY probe. The set up of the

R-PDLF experiment was the following (using the notation from �gures 1c and 2c in the

original publication describing the R-PDLF experiment54). The magic angle spinning (MAS)

frequency used was 5.15 kHz. The recoupling pulses in the R18 blocks had therefore a length

of 10.79µs, which correspond to a nutation frequency of 46.35 kHz. Increments of 18 × 2

recoupling pulses where used giving a spectral width of 2.6 kHz in the indirect dimension

and a total number of 32 points in the indirect dimension were recorded. These settings

enable to record dipolar slices with a C�H bond order parameter resolution of ±0.01. The

C�H bond order parameter determined from a given dipolar splitting, ∆ν (see e.g. Fig.

S3 in supplementary information) is equal to ∆ν/(0.315 × 21.5kHz), where 0.315 is the

scaling factor of the R18 recoupling sequence and 21.5 kHz is the maximum 1H-13C dipolar

coupling for a C�H bond. The refocused-INEPT transfer55,56 was used for transferring the

polarization from 1H nuclei to the covalently bond 13C nuclei with the delays of τ1 = 1.94 ms

and τ2 = 0.97 ms (set as multiples of the MAS rotation period). The pulses for the refocused-
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INEPT sequence had a nutation frequency equal to 63.45 kHz. For acquiring the spectra, a

total number of 1024 transients were recorded for each point in the indirect dimension, using

an acquisition time of 0.1 s under SPINAL64 1H decoupling57 with a nutation frequency of

50 kHz, and with dwell time giving a spectral width of 200 ppm for the 13C chemical shift

dimension. The set of free induction decays recorded were then processed as described e.g. in

Ref. 58. The dipolar splittings in the crowded spectral region between 29 and 30 ppm were

assigned based on the previous assignments for POPC59 and the POPS order parameters

calculated from simulations in this work.

2.We need sample preparation, temperature and other potentially missing details.

Simulation details

MD simulations of POPC:POPS lipid bilayers with di�erent molar ratios and ion concen-

trations (K+, Na+, Ca2+ and Cl� ) were performed in an orthorhombic simulation box with

periodic boundary conditions using the GROMACS 201860 simulation package. The sim-

ulated systems are listed in Table 1 and the used simulation parameters in Table S1 in

supplementary information. All simulations were ran for a minimum of 1µs at 298 K, and

the �rst 50 ns were omitted as an equilibration period. Generated trajectories and parameter

�les are available from Refs. 53,61�65.

In the reference simulations with the standard Amber force �eld, the Lipid14 parame-

ters48 for POPC, the Lipid17 parameters for POPS50, the TIP3P water model66, and ion

models by Dang and coworkers67�69 were used. The previously generated70 Lipid14 parame-

ters for POPC in Gromacs format were downloaded from Ref. 71. The Lipid17 parameters

for POPS were obtained from AmberTools1851 and converted to Gromacs format using

acpype72. The ion model by Dang and coworkers67�69 was used with Amber lipids because

the default Amber ion parameters73 led to the arti�cial clustering of ions in solution34.

In the ECC-lipids simulations, the ECC-POPC parameters38 (available from Ref. 74), the

ECC-POPS parameteres derived in this work (see above for details and Ref. 53 for parame-
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Table 1: List of MD simulations reporting their respective lipid composition,
used counterions, added bu�er concentrations, amounts of individual molecules,
and the deployed models. The fatty acid chains for all lipids are palmitoyl (sn-1)
and oleoyl (sn-2).

PC:PS added bu�er conc. / mM no. molecules simulated with
ratio counterion K+ Na+ Ca2+ Cl� H2O PC:PS ECC-lipids Lipid17

only PS K+ 0 0 0 0 3600 0:72 • •
only PS Na+ 0 0 0 0 3600 0:72 • •

1:1 K+ 0 0 0 0 5253 64:64 • •
1:1 Na+ 0 0 0 0 5253 64:64 • •
4:1 K+ 0 0 0 0 3600 48:12 • -
4:1 Na+ 0 0 0 0 3600 48:12 • -
5:1 K+ 0 0 0 0 3600 60:12 • •
5:1 Na+ 0 0 0 0 3600 60:12 • •
5:1 Na+ 0 0 78 78 3561 60:12 • •
5:1 Na+ 0 0 125 125 3561 60:12 • •
5:1 Na+ 0 0 202 202 3561 60:12 • •
5:1 Na+ 0 0 409 409 3522 60:12 • •
5:1 Na+ 0 0 621 621 3483 60:12 • •
5:1 Na+ 0 621 0 621 3483 60:12 • •
5:1 Na+ 0 1510 0 1510 3377 60:12 • •
5:1 Na+ 0 3002 0 3002 3213 60:12 • •
5:1 Na+ 621 0 0 621 3483 60:12 • •
5:1 Na+ 1510 0 0 1510 3377 60:12 • •
5:1 Na+ 3002 0 0 3002 3213 60:12 • •
10:1 K+ 0 0 0 0 3600 60:6 • -
10:1 Na+ 0 0 0 0 3600 60:6 • -
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ters), the SPC/E75 water model, and ECC-ions40,41,52 were used. The SPC/E water model

was selected because its lower dielectric constant is consistent with the ECC concept76,77.

The C�H bond order parameters were calculated directly from Eq. 1. The time average

was �rst calculated for each lipid, and the standard error of the mean from these individual

values was then used as the error estimate34,70,78. Python program that uses the MDAnalysis

library79,80 is available in Ref. 81 (scripts/calcOrderParameters.py). The ion number

density pro�les were calculated using the gmx density tool of the Gromacs sofware pack-

age82. The salt concentrations in bu�er before solvating the lipids, reported in the used

experimental data set19, were calculated as [salt] = Nc× [water] /Nw, where Nc is the num-

ber of cations in simulation, [water]=55.5 M and Nw is the number of water molecules in

the simulation. As discussed in our previous work34, the hydration levels of multilamellae

are expected to be su�ciently similar in the used simulations and reference experiments19.

Results and Discussion

ECC-POPS improves agreement in experimental structural param-

eters of a pure POPS bilayer

The X-ray scattering form factors and C-H bond order parameters from NMR experiments

are good measures to validate the lipid bilayer structure in MD simulations against experi-

ments because they are related to the bilayer dimensions (area per molecule and thickness)

and conformational �uctuations of individual lipids, respectively, and can be directly cal-

culated from MD simulations78. The X-ray scattering form factors and C-H bond order

parameters in the headgroup and glycerol backbone region of a POPS lipid bilayer are al-

ready available in the literature24,34. Here, we measure also the C�H bond order parameters

of the acyl chain region from multi-lamellar POPS vesicles using 1H�13C dipolar recoupling

2D NMR experiment. As described in the Methods section, we performed R-PDLF 2D

spectroscopy54 to obtain a spectra correlating chemical shifts (direct dimension) and C�H
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A

B

C

Figure 1: (A) X-ray scattering form factors and area per phospholipid of a POPS bilayer
from simulations with Lipid17/Dang50,69 and ECC-POPS/ECC-ions41,83 compared with ex-
periments24 at 298 K. (B) Order parameters of POPS headgroup, glycerol backbone and
acyl chains from the same simulations compared with experiments at 298 K.34 Open/closed
symbols are used for palmitoyl/oleoyl chains of POPS. (C) Chemical structure of POPS and
labeling of carbon segments.

bond dipolar couplings (indirect dimension) from which the C�H bond order parameters

de�ned in eq. 1 can be determined. The assignment of the peaks in the 13C chemical shift

dimension to acyl chain carbon sites was done based on previous work59 and is shown in

Figs. S1 and S2. The dipolar splittings for the assigned carbons that were used to calculate

their C�H bond order parameter magnitudes are shown in Fig. S3. Because the complete

assignment of the peaks in the crowded spectral region between 29-31 ppm was not possible

due to the chemical shift overlap of di�erent carbons (Fig. S2), we partially assigned the acyl

chain order parameters of this region to mimic the pro�le predicted by the MD simulations

(Fig. 1).

The Lipid17/Dang simulation gives discrepancies with the experimental X-ray form fac-
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tor, larger acyl chain order parameters, and smaller area per molecule than the experimental

values (Fig. 1), indicating that this simulation predicts a too compact POPS lipid bilayer.

The ECC-POPS simulation gives better agreement with experiments for the X-ray scattering

form factors and acyl chain order parameters (Fig. 1), indicating that the bilayer dimensions

and acyl chain conformations are well described by the force �eld. The area per lipid from

ECC-POPS simulation is slightly smaller than the value reported from SDP model24 (Fig. 1),

but the values agree within their error estimates. The larger area in ECC-POPS compared

to Lipid17/Dang simulation can be explained by increased headgroup repulsion due to lower

counterion binding a�nity (Fig. 2). This explains also the larger area per molecule (57 Å2)

reported for Lipid17 POPS simulations with Åqvist ions34. However, the Dang ions are used

here to analyze the e�ect of ECC to the properties of a POPS lipid bilayer because Åqvist ions

produce known artifacts, like arti�cial aggregation of ions at larger salt concentrations34,52,84.

Despite the success in simulating bilayer dimensions and acyl chain conformations, lipid

force �elds have typically problems in capturing the correct glycerol backbone and head-

group order parameters and conformations34,70,78. This is the case also for Lipid17 POPS

simulations, where the headgroup and glycerol backbone order parameters are quite far from

experimental values with Dang (Fig. 1), Åqvist and Joung-Cheatham ions34. The values

from ECC-POPS simulation are closer, but not in full agreement with experiments (Fig. 1).

In conclusion, the stuctural quality of ECC-POPS is similar to the other currently avail-

able lipid force �elds33,34,70,83, giving good agreement with experiments for acyl chain con-

formations and bilayer dimensions, while there is a room for improvement in the glycerol

backbone and headgroup region conformations.

Binding of counterions to POPS and POPC and interactions between

their headgroups

Binding a�nity of monovalent ions to lipid bilayers depends strongly on force �eld param-

eters in simulations33,34. The cation binding a�nities to lipid bilayers in simulations have

11



0

1

2

no
rm

al
iz

ed
 n

um
be

r 
de

ns
ity

 / 
nm

3  
   

   
   

   
   

   
  

sodium
potassium

phosphate
water

0 1 2 3 4
membrane normal / nm

0

1

2

Figure 2: Number density pro�les of K+ and Na+ counterions along the membrane normal
axis in ECC-lipids (solid lines) and Lipid17/Dang (dashed lines) simulations of pure POPS
bilayers. The density pro�les of phosphate groups and water are divided by 4 and 100,
respectively.
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been previously evaluated against experiments using the order parameters of α and β carbons

in the phosphatidylcholine (PC) lipid headgroup (see Fig. 3 for the labeling)33,34,38, which

decrease proportionally to the bound charge according to the �electrometer concept� 37. Al-

though the response of PS lipid headgroup order parameters to the bound charge is also

systematic, it is less well undestood and the addition of cations may cause phase transitions

in negatively charged bilayers17�20. Therefore, the cation binding a�nity to bilayers with

PS lipids has been evaluated by measuring the decrease of PC headgroup order parameters

from POPC:POPS (5:1) mixtures upon addition of salt concentration, which correlate with

the amount of bound cations to lipid bilayer according to the electrometer concept19,33�37.

Because the evaluation of monovalent ion binding a�nity to bilayers with PS lipids is com-

plicated by the lack of ion-free state (counterions are always present with negatively charged

lipids), we evaluate the counterion binding a�nity to POPC:POPS mixtures also by moni-

toring the response of POPC headgroup order parameters to the increasing molar fraction

of PS lipids34 (Fig. 4).

In experiments, the addition of K+ ions led to a very modest decrease of POPC headgroup

order parameters in POPC:POPS (5:1) mixture, while the decrease was more pronounced

with Li+ ions and was strongest with divalent Mg2+ and Ca2+ ions19, suggesting that the

binding a�nity increases in order K+ < Li+ < Mg2+ < Ca2+. The small changes of POPC

headgroup order parameters with increasing amount of KCl are close to experiments in both

force �elds (Fig. 3 A). The slightly overestimated change of the α-carbon order parameter in

the Lipid17/Dang simulations may be due to the deeper penetration of K+ into the bilayer

(Fig. 4 A). Experimental data with the additional amount of Na+ in POPC:POPS (5:1)

mixture is not available, but Li+ and K+ results give the lower and the upper bounds, re-

spectively, to the sodium binding a�nity (Fig. 3 B). In ECC-lipids simulations, the response

of POPC headgroup order parameters to the additional sodium is close to the experimen-

tal results for lithium, while in Lipid17/Dang simulations the response is larger. Overall,

the results suggest that the Na+ binding a�nity is clearly overestimated in Lipid17/Dang
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A

POPC POPS

B C D

Figure 3: Changes of the headgroup order parameters, and the angles of P�N and Cβ −Cγ

(stars) vectors with respect to the membrane normal of POPC (A, B) and POPS (C, D) in a
POPC:POPS (5:1) bilayer as a function of KCl and NaCl concentration from ECC-lipids and
Lipid17/Dang simulations compared with experimental values from Ref. 19 (signs from Refs.
85 and 34) at 298 K. Because experimental data with NaCl is not available for POPC, the
data for KCl and LiCl (B, dashed lines) are shown as lower and upper bounds, respectively,
for the response to NaCl. The y-axis for the α-carbon results of POPS (C and D, middle) is
shifted with the same value for both order parameters such that the lower order parameter
value from pure POPS is at zero to correctly illustrate the signi�cant forking. Error bars are
not visible for ECC-lipids simulations because they are smaller than the point size. Inset in
A shows the labeling of carbon segments in a POPC headgroup. For the ion density pro�les,
see Fig. S5 in supplementary information.
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B CA

Figure 4: (A) Number density pro�les of K+ and Na+ counterions along the membrane
normal axis in ECC-lipids (solid lines) and Lipid17/Dang (dashed lines) simulations of
POPC:POPS (5:1) bilayers. The density pro�les of phosphate groups and water are di-
vided by 4 and 100, respectively. (B, C) The POPC headgroup order parameters and the
P�N vector angle with respect to the membrane normal as a function of POPS content in
a bilayer from ECC-lipids and Lipid17/Dang simulations with K+ (B) and Na+ (C) counte-
rions. Experimental order parameter values with Na+ are from Ref. 86 and the signs from
Ref. 85. Because experimental values with K+ are not available, the data with Na+ is shown
with dashed lines in (B). Error bars are not visible for most of the simulation points because
they are smaller than the point size. Chemical structure and labelling of carbon segments
of POPC is shown in Fig. 3.

simulations and slightly overestimated in ECC-lipids simulations, while the binding a�nity

of potassium is better described by both force �elds. This conclusion is also supported by

the POPC headgroup responses to the increasing amount of POPS in di�erent simulations

(Fig 4). In experiments, the headgroup order parameters of PC lipids increase upon addition

of negatively charged PS lipids, as predicted by the electrometer concept37,86. This is the

case also in simulations with the exception of Lipid17/Dang with Na+ counterions, where

the stronger counterion binding a�nity cancels the in�uence of negatively charged lipids and

the increase in PC headgroup order parameters is not observed.

The behaviour of POPS headgroup can be further characterized by monitoring its order
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parameters in di�erent lipid mixtures and ionic conditions (Figs. 3 and S4)19,34. In exper-

iments, the headgroup order parameters of POPS are almost unchanged upon increasing

the POPC content or monovalent ion concentration, while in Lipid17/Dang simulations the

changes of POPS headgroup order parameters with increasing amount of both POPC or

monovalent salts (KCl and NaCl) are overestimated (Figs. 3 and S4). Similar results also

for other force �elds are reported elsewhere34. In ECC-lipids simulations, the response of

POPS headgroup order parameters to both POPC and monovalent salt concentration (KCl

and NaCl) are more modest and closer to experiments. The changes in order parameters

can be related to the orientations of the P�N and Cβ�Cγ vectors in POPC and POPS, which

change much less and more systematically in ECC-lipids than in Lipid17/Dang simulations

(Figs. 3 and S4).

We quantify the in�uence of negatively charged POPS on the counterion binding a�nity

by comparing the relative surface excesses with respect to water, Γwion, between POPC:POPS

(5:1) mixture and pure POPC in ECC-lipids simulations with the most realistic cation bind-

ing a�nities38. The value of ΓwNa = −0.11± 0.01nm−2 for 1 M sodium in pure ECC-POPC

simulation was reported in the previous work38. The presence of ∼17% POPS in a POPC

bilayer increases the value to ΓwNa = 0.092 ± 0.005nm−2 for 0.621 M sodium, while value

for potassium remains negative, ΓwK = −0.123 ± 0.005nm−2 in POPC:POPS (5:1) mixture

(Fig. S5). The increase in sodium binding a�nity upon addition of anionic POPS is not

expected to depend on the slightly overestimated Na+ binding in ECC-lipid simulations,

because the inaccuracy is similar for pure POPC (Fig 3 in Ref. 38) and POPC:POPS (5:1)

mixture (Fig. 3).

Molecular interaction and binding a�nity of Ca2+ cations to mixed

POPC:POPS (5:1) membrane

Our recent work demonstrates that the POPC headgroup order parameters measured from

POPC:POPS (5:1) mixture as a function of CaCl2 concentration can be used to evaluate the
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calcium binding a�nity to lipid bilayers containing PS lipids19,34. The decrease of the PC

headgroup order parameters in this mixture upon addition of CaCl2 were overestimated by

the Lipid17/Dang simulations (Fig. 5) and all other tested force �elds except CHARMM36

with the recently introduced NB�x for calcium30, which underestimated the headgroup or-

der parameter response. In ECC-lipids simulations, the headgroup responses are in better

agreement with experiments, indicating that the lower binding a�nity than in Lipid17/Dang

simulations is more realistic (Fig. 5). Therefore, we use ECC-lipids simulations to quantify

the in�uence of negative charged POPS on calcium binding a�nity to lipid bilayers. The rela-

tive surface excess of calcium with respect to water ΓwCa = 0.09nm−2 (∼ 5.4 phospholipids per

bound Ca2+) for pure POPC bilayer with 467 mM CaCl2 74 is increased to ΓwCa = 0.24nm−2

(∼ 4.8 phospholipids per bound Ca2+) for the POPC:POPS (5:1) bilayer with 409 mM

CaCl2. Interestingly, the calcium residence times are 3-4 times longer in POPC:POPS (5:1)

mixture (Fig. S6) than in pure POPC38. Besides lower binding a�nity, ECC-lipids simu-

lations yield smaller error bars for order parameters and shorter residence times (Fig. S6)

than those typically observed in simulations with other force �elds34,38,87, suggesting that

the ECC accelerates the equilibration of ions at lipid bilayer interface. Therefore, our 1 µs

simulations are su�ciently long for the ECC-lipids simulations, because 90% of the calcium

residence times are shorter than 60 ns for pure POPC bilayer and shorter than 200 ns for

POPC:POPS (5:1) mixture, while the longest observed residence times are 141 ns and 485 ns,

respectively (Fig. S6).

Interactions between Ca2+ ions and PS lipids can be further characterized by monitor-

ing the POPS headgroup order parameters from POPC:POPS (5:1) mixture with increasing

CaCl2 concentration19. In experiments, the headgroup order parameters of POPS exhibit

a strong dependence on low CaCl2 concentrations with a rapid saturation below 100 mM

(Fig. 5)19. These changes are overestimated in simulations with Lipid17/Dang (Fig. 5) and

other tested force �elds in our recent work34, including CHARMM36 with the NB�x correc-

tion for calcium which underestimated the binding a�nity. In ECC-lipids simulations, the
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B CA POPC POPS

Figure 5: (A) Number density pro�les of Ca2+ and Cl� ions and Na+ counterions along
the normal of POPC:POPS (5:1) bilayer with 80 mM (A, top) and 200 mM (A, bottom) of
CaCl2 from simulations with ECC-lipids (solid) and Lipid17 (dashed). The Ca2+, phosphate
and water densities are divided by 2, 4 and 100, respectively. (B, C) Changes of the
headgroup order parameters, and the angles of P�N (circles) and Cβ�Cγ (stars) vectors
with respect to the membrane normal of POPC (B) and POPS (C) in a POPC:POPS (5:1)
bilayer as a function of CaCl2 from ECC-lipids and Lipid17/Dang simulations compared with
experimental values from Ref. 19 (signs from Refs. 85 and 34) at 298 K. The y-axis for the
α-carbon results of POPS (C, right) is shifted with the same value for both order parameters
such that the lower order parameter value from pure POPS is at zero to correctly illustrate
the signi�cant forking. Error bars are not visible for ECC-lipids simulations because they
are smaller than the point size.

18



BA

Figure 6: (A) Percentages of the bound Ca2+ in exclusive contact with the given oxy-
gen moiety when bound to PC only, PS only or simultaneously to both calculated from
ECC-lipids simulation of POPC:POPS (5:1) bilayer with 409 mM CaCl2. In the case of
simultaneous binding to both PC and PS, the percentages refer to the moieties in PS. For
numerical values, see table S2. (B) Relative probabilities of Ca2+ ions to coordinate with
a certain number of lipids in pure POPC bilayer with 350 mM CaCl2 and in POPC:POPS
(5:1) mixture with 400 mM CaCl2. Analysis was done for both systems by considering all
lipids (blue and violet) and for POPC:POPS (5:1) mixture also by considering only POPC
and POPS lipids separately (green and orange). Clusters of four or more lipids were not
observed in either membrane. The threshold for counting coordinated lipids in a complex
with Ca2+ was set to 0.3 nm, for the distance between the cation and the oxygen atoms of the
lipids. Previously published simulation data38 for pure POPC bilayers were taken directly
from Ref. 74.
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changes of the PS headgroup order parameters are not overestimated, but the strong depen-

dence on low concentrations of CaCl2 is not fully reproduced (Fig. 5). In addition to possibly

suboptimal interactions between calcium ions and PS headgroup, the potential sources of

this discrepancy include the above observed slight overestimation of Na+ counterions and

imperfect structures of the lipid headgroup (Fig. 1).

Recent analyzes of interaction sites between calcium and PS lipids combining MD sim-

ulations with various experimental techniques have been controversial because the results

strongly depend on force �elds parameters25�27. Here, we analyze the calcium binding de-

tails from ECC-lipids simulation of POPC:POPS (5:1) mixture with 409 mM CaCl2, because

it surpasses the quality of other force �elds in direct comparison with experimental order

parameter data. In the ECC-lipid simulation, calcium ions binds approximately twice more

likely to the carboxylate than to the phosphate moiety of POPS headgroup, while binding to

acyl chain carbonyls is almost negligible (Fig. 6 and Table S2). The result is consistent with

CHARMM36 simulations without the NB�x correction26, but CHARMM36 simulations with

the NB�x correction30 predict almost exclusive binding to carboxylate group27 and Berger

simulations show signi�ncant binding a�nity also to acyl chain carbonyls25. On the other

hand, calcium ions bind too strongly on bilayers simulated using CHARMM36 without the

NB�x correction or Berger models, and too weakly on CHARMM36 bilayers with the NB�x

correction33,34. Furthermore, in CHARMM36 simulations without the NB�x, calcium ions

coordinate with even four distinct PS lipids26, while coordination with more than two PS

lipids is very rare in our ECC-lipids simulations (Fig. 6).

The improved accuracy in ECC-lipids simulations motivates also the more detailed anal-

ysis of POPS headgroup response to the bound calcium ions, which is potentially impor-

tant in calcium regulated lipid-protein interactions2. Upon addition of 620 mM CaCl2 to

POPC:POPS (5:1) mixture, the average orientation of P�N vectors in both POPC and POPS

headgroups tilts more perpendicular to the membrane surface by 11◦ and 3◦, respectively, in

ECC-lipids simulations (Fig. 5), suggesting that the PS headgroup orientation is less sensi-
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tive to the bound calcium than PC. On the other hand, the average orientation of the Cβ�Cγ

vector in PS headgroup tilts to the opposite direction by 11◦ in the same system, probably

due to the attraction between COO� groups and cations adsorbed at the phosphate region.

Conclusions

We have applied ECC to implicitly include electronic polarization to the Amber Lipid17

force �eld parameters of negatively charged POPS lipid. Because PS headgroup bears a unit

negative charge, we apply the scaling factor of 0.75, derived for monovalent ions39, to the

partial charges in the headgroup, glycerol backbone and carbonyl regions of POPS. Following

our previous work for zwitterionic POPC lipids, the Lennard-Jones σ parameters of the same

POPS segments were scaled by a factor of 0.89 to optimize the hydration properties of the

bilayer38. Similarly to other state of the art lipid models, the created ECC-POPS parameters

give lipid bilayer dimensions and acyl chain structures in agreement with experiments, but

leaves room for improvement for the headgroup structure when validated against NMR and

scattering experiments70,78. Nevertheless, ECC-lipid parameters describe cation (Na+ and

Ca2+) binding a�nities and their interactions with PS headgroups better than other available

lipid force �elds, when validated using the headgroup order parameters and �electrometer

concept� 34. There is, however, room for improvement in capturing the sensitive headgroup

responses to the small concentrations of CaCl2.

In our ECC-lipids simulation, Ca2+ ions bind twice more likely to carboxylate groups of

PS headgroups than to phosphate groups, while binding to carbonyls is almost negligible.

Binding of Ca2+ ions to more than two POPS lipids simultaneously is very rare in ECC-lipids

simulations. Because ECC-lipids parameters give the best results in direct comparison with

NMR order parameters, we believe that our results help in resolving controversial inter-

pretations of more indirect experiments using di�erent force �elds25�27. Furthermore, our

results pave the way for more realistic MD simulations of anionic biological membranes, and
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demonstrate the usefulness of ECC also for charged lipids. The general philosophy behind

our approach is to build upon existing non-polarizable force �elds making the minimum of

necessary changes by scaling only groups bearing a sizeable (partial) charge, followed by

slight readjustments of van der Waals radii and possibly also other parameters such as those

concerning dihedral angle terms. The present work thus represents another piece in the

mosaic that leads to development of an accurate empirical force �eld for biomolecular simu-

lations involving aqueous salt solutions, proteins, peptides, lipid membranes, and/or nucleic

acids, which include electronic polarization e�ects in a mean �eld way via charge scaling

without extra computational costs compared to standard non-polarizable simulations.

ToDo

P.

1. The given range is not correct, e.g. scaling of POPC (0.89), Mg2+ (0.72 and 0.82).

Extending the lower bound to 0.8 �ts the cases I know of with the exception of the

small-Mg2+. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2. We need sample preparation, temperature and other potentially missing details. . . 7
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