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ABSTRACT: Biological membranes are versatile in composition and host intriguing molecular processes. In order to be able to
study these systems, an accurate model Hamiltonian or force ﬁeld (FF) is a necessity. Here, we report the results of our extension
of earlier developed all-atomistic FF parameters for fully saturated phospholipids that complements an earlier parameter set for
saturated phosphatidylcholine lipids (J. Phys. Chem. B, 2012, 116, 3164−3179). The FF, coined Slipids (Stockholm lipids), now
also includes parameters for unsaturated phosphatidylcholine and phosphatidylethanolamine lipids, e.g., POPC, DOPC, SOPC,
POPE, and DOPE. As the extended set of parameters is derived with the same philosophy as previously applied, the resulting FF
has been developed in a fully consistent manner. The capabilities of Slipids are demonstrated by performing long simulations
without applying any surface tension and using the correct isothermal−isobaric (NPT) ensemble for a range of temperatures and
carefully comparing a number of properties with experimental ﬁndings. Results show that several structural properties are very
well reproduced, such as scattering form factors, NMR order parameters, thicknesses, and area per lipid. Thermal dependencies
of diﬀerent thicknesses and area per lipid are reproduced as well. Lipid diﬀusion is systematically slightly underestimated, whereas
the normalized lipid diﬀusion follows the experimental trends. This is believed to be due to the lack of collective movement in
the relatively small bilayer patches used. Furthermore, the compatibility with amino acid FFs from the AMBER family is tested in
explicit transmembrane complexes of the WALP23 peptide with DLPC and DOPC bilayers, and this shows that Slipids can be
used to study more complex and biologically relevant systems.
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experiemental studies.9 Molecular dynamics (MD) simulations
are widely used to study lipid bilayers.7,10−17 Not only have
single component bilayers been simulated but also more
complex systems with cholesterol and diﬀerent lipids18−22 and
membrane-protein complexes.23−27 A large part of a lot studies
is performed on single or double component systems with the
aim to fully understand these systems before moving on to
more biologically relevant membranes.
In MD simulations, a model Hamiltonian is used, where the
potential energy function is usually referred to as a force ﬁeld
(FF). In order to perform simulations that lead to reliable
results, the FF must be able to accurately describe all the
interactions (inter and intramolecular) in the system. As lipid
molecules are of a amphiphilic nature, this has proven to be
diﬃcult when studying lipid bilayers in full atomistic
detail.15,28−30 Available FFs that include explicit hydrogens
are e.g. CHARMM,31,32 the general AMBER FF (GAFF),33 and
GLYCAM06.34 Earlier versions of CHARMM31 and the current
GAFF have had problems describing lipid bilayers in the
isothermal−isobaric ensemble (NPT),15,28−30,35,36 which is the
correct ensemble in which to perform simulations of lipid
bilayers.11,37,38 If no surface tension was applied or if the area
membrane plane was not kept constant, the lipid bilayers often
ended up in the gel phase (Lβ′ or Lβ) or the so-called rippled
phase (Pβ), instead of the expected ﬂuid phase (Lα). FFs with
nonpolar and nonaromatic hydrogens included in their heavier
atoms, united atom FFs, have not had these problems.11,16,39−41

INTRODUCTION
For biological systems, few components are as vital as the cell
membrane. The thin double layer keeps the cells intact and
controls the transport of matter to and from the cells. The cell
membrane is also involved in other important processes such as
protein anchoring and cell fusion and division. On a
microscopic level, the cell membrane is built up by lipids,
sterols, and proteins. Due to the hydrophobic eﬀect, the lipids
self-assemble in aqueous solution to form the characteristic
double layer structure, where the hydrophilic head groups are in
contact with the water and the aliphatic tails are excluded from
it. The lipid bilayer furthermore makes up the important matrix
in which the proteins reside, and the relationship between these
proteins and the surrounding lipids is believed to be of an
intimate nature. Cell membranes have very complex
compositions, and for mammalian cell membranes, phosphatidylcholines (PC) are most abundant. Other components are
phosphatidylethanolamines (PE), sphingomyelins, and cholesterol.1 The degree of unsaturation of the lipid tails can also
diﬀer. For example, 2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine (POPC) is the most common lipid in animal cells,2 and
lipids having more than one double bond are found in most
biological membranes.3 Model membranes are of interest in
experimental studies due to the overwhelming complexity of
biological membranes, and the applied techniques are often Xray and neutron scattering, IR/Raman, and NMR spectroscopy.4−6
Computer simulations are ideal for studying the mentioned
systems in detail7,8 due to the diﬃculties linked to obtaining
details of soft matter on an atomistic resolution from
© 2012 American Chemical Society
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We have previously derived an all-atomistic FF that is able to
describe fully saturated PC lipids without any of the recently
mentioned ad-hoc solutions.42 The properties of ﬂuid lipid
bilayers such as area per lipid, bilayer thickness, X-ray and
neutron scattering form factors, and NMR deuterium order
parameters were reproduced for a range of temperatures when
compared to experimental data. As the two former properties
are of importance, they do not bear the same signiﬁcance as the
two latter when it comes to verifying the model.43,44 The
importance of form factors and NMR order parameters can be
explained by the fact that they are experimental raw data, and
no simpliﬁcations nor models are needed in their interpretation. The dangers of only relying on, e.g., area per lipid when
verifying FFs have been pointed out earlier in the literature.45,46
In order to address the documented variety in biological
membranes,1 we have now expanded the previous FF to include
PC and PE lipids that have one double bond per chain. Studies
performed by Martinez-Seara et al.47 have shown that the
position of the double bond is critical for the bilayer structure;
however, the parametrization presented here was focused on
lipids with the double bond in the 9Z position, which is the
most relevant position for biological membranes. By removing
two or four hydrogens in the aliphatic tail, the properties of a
PC/PE lipid bilayer change drastically: the melting point is
lowered,48,49 the local order changes due to the cis-double
bonds,50−53 and the area per lipid is signiﬁcantly increased.43,54,55 We follow the same philosophy as in the ﬁrst
iteration of the FF,42 that is, to keep the empirical inputs to a
minimum and to rely as much as possible on high level ab initio
data. The reader is referred to our previous work42 for a more
in-depth description of our parametrization philosophy. The
parameter set presented here together with our previous FF
parameters is coined Stockholm lipids (Slipids). A number of
properties are compared to experimental data, and the
agreement is very good. As a result, the parameters for
unsaturated PC and PE lipids are very reliable and are able to
describe the correct physical nature of lipid bilayers for a range
of temperatures. Due to the problems with GAFF for lipids and
the fact that GLYCAM06 overestimates the area per lipid34 and
that the parameters were not extensively tested during the
parametrization process, lipid−protein complexes have been
diﬃcult to study with the AMBER FFs until now. Cordomi ́ et
al.56 studied the compatibility of the popular Berger lipids with
AMBER FFs and concluded that the combination AMBER99SB FF57 is a reliable combination. However, other
studies58 have shown ﬂaws in the soon 15 year old parameter
set proposed by Berger et al. when compared to experiments.59
Therefore, a more accurate description of the lipids is desirable
when studying systems where proteins and lipids are
interacting. The parametrization presented here and in our
previous work has been performed in a scheme faithful to the
one used for the AMBER FFs for biomolecules. The
compatibility with three FFs for proteins is investigated here
with explicit membrane−protein complex simulations on a
microsecond time-scale in order to complement our previous
free energy of transfer studies. Results show that Slipids is
compatible with these amino acid FFs, and therefore the
combinations used presented here are good candidates for
simulations of membrane−proteins in the native environment.
In the modeling community, these more complex simulations
will become more important since the interest in studies is
growing.23,24,60

Article

METHODS AND MODELS

Parameterization. In accordance with the previously
derived FF, we have focused on the hydrophobic tails of the
lipids. All parameters describing covalent bonds and angles are
taken from the C36 FF32 as well as torsional and Lennard-Jones
parameters for the headgroup and glycerol region. The head
group charges for the PC lipids were taken from our previous
parametrization of saturated PC lipids. cis-5-Decene was chosen
as a model compound for the cis double bond. The target
values for the parametrization were experimental density and
heat of vaporization. First, the partial atomic charges for the
double bond and its immediate neighbors were computed by
averaging the charges from 54 conformations of cis-5-decene
extracted from a MD simulation in the condensed phase. For
the PE headgroup, a similar procedure was applied, and the
charges were averaged over 40 conformations taken from a
POPE lipid bilayer. The charges for the phosphorus group were
constrained to the values obtained previously for the PC
headgroup42 in order to keep the number of parameters to a
minimum. The initial MD simulations were performed with
parameters from the FF for saturated lipids together with C36
parameters for the double bond and headgroup charges in the
case of POPE. New partial atomic charges were computed with
DFT using the B3LYP exchange-correlation functional61−64
together with the cc-pVTZ basis set.65 The molecules were
placed in a polarizable continuum with ε = 2.04 by employing
the IEFPCM continuum solvent model.66,67 Charges were
determined by minimizing the diﬀerence between the electrostatic potential determined from the wave function and the
classical point charges with the restrained electrostatic potential
approach (RESP).68 Once the new partial atomic charges were
determined, the values of σ and ε of the Lennard-Jones (LJ)
potential were optimized by empirically changing them until
the simulations were able to reproduce the experimental target
values in a reasonable manner. After partial atomic charges and
LJ parameters were altered, the torsional potential had to be
reﬁtted as well. Again, cis-5-decene was used as a model
compound. The CHCH−CH2−CH2 and CH−CH2−CH2−
CH2 torsion angles were therefore scanned at a CCSD(T)/ccpVQZ level of theory, achieved by using the HM-IE
extrapolation scheme.31 All geometries were ﬁrst optimized
using the second-order Møller−Plesset perturbation theory69
with the cc-pVDZ basis set where the torsion angle of interest
was ﬁxed. The ﬁtting procedure can be rationalized as follows:
the LJ parameters were adjusted in order to bring the
simulations closer to experimental data, and once good
agreement was met, the torsional potentials were ﬁtted. To
obtain self-consistency, this procedure was repeated for a
number of iterations. All quantum mechanical calculations were
performed with the Gaussian 09 program suite70 and the RESP
calculations with the Red software.71
Simulation Details. A time step of 2 fs was used for all
simulations together with the Leap-Frog integrator. The LINCS
algorithm72 was used to constrain all covalent bonds except for
the bonds in water where the analytical SETTLE method73 was
applied. As the NPT ensemble is recommended for lipid bilayer
simulations11,37,38 this was the ensemble of choice. The
pressure was kept constant at one atmosphere by a
Parrinello−Rahman barostat74 with a coupling constant of
10.0 ps and an isothermal compressibility of 4.5 × 10−5 bar−1.
The pressure was coupled with a semi-isotropic scheme for the
bilayer simulations where the pressure in the xy plane (bilayer
2939
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plane) is coupled separately from the z direction (bilayer
normal). The Nosé−Hoover thermostat75,76 was used to keep
the temperature constant with a coupling constant of 0.5 ps,
and the water and membrane were coupled to separate
thermostats. Long-range electrostatic interactions were treated
by a particle mesh Ewald scheme,77,78 and the real-space cutoﬀ
was 1.4 nm with a Fourier spacing of 0.12 nm and a forth-order
interpolation to the Ewald mesh. van der Waals interactions
were cut oﬀ at 1.5 nm with a switching function from 1.4, and
long-range corrections to the pressure and energy were added.
All lipid bilayer simulations were performed with a total
number of 128 lipids; 64 in each leaﬂet and 40 TIP3P water
molecules79 per lipid were used to hydrate the systems. The
newly derived parameters were systematically validated in
simulations of pure lipid bilayers of DOPC (PC18:1(9Z)/
18:1(9Z)), POPC (PC16:0/18:1(9Z)), SOPC (PC18:0/18:1(9Z)), DLPE (PE12:0/12:0), DPPE (PE16:0/16:0), DOPE
(PE18(9Z)/18(9Z)), and POPE (PE16:0/18:1(9Z)) at diﬀerent temperatures. Before production runs, 40 ns long
simulations were performed in order to equilibrate the systems.
Production runs were 0.5 μs long. In order to test the present
FFs' compatibility with the current amino acid FFs, simulations
of the WALP23 transmembrane helix were performed with
three FFs from the AMBER family: AMBER99SB (ﬀ99SB),57
AMBER99SB-ILDN (ﬀ99SB-ILDN), 80 and AMBER03
(ﬀ03).81 All simulations of the transmembrane and lipid
complex were performed with 128 lipids and 40 TIP3P water
molecules per lipid with the same methodology as described
above. The peptide was inserted into lipid bilayers consisting of
DLPC and DOPC, resulting in a total of six simulations. The
peptide was placed in the membrane manually using VMD82
followed by 10 000 steps of steepest descent energy
minimization where all atoms belonging to the peptide were
positionally restrained by a harmonic potential with a force
constant of 1000 kJ mol−1 nm−2. In a subsequent 5 ns long MD
simulation, the lipids were relaxed and the peptide was fully
restrained, followed by 2 and 5 ns MD runs with heavy and
backbone atoms of the peptide and restrained, respectively. To
keep the structure of the transmembrane peptide as intact as
possible, a last restrained MD simulation was performed for 5
ns with the Cα-carbons restrained. After the stepwise relaxation
of the peptide, a 150 ns long simulation was performed in order
to bring the system closer to equilibrium before the production
run (which was 1 μs long). The tilt between the helix axis and
the membrane normal was computed from the ﬁrst eigenvector
of the Cα-carbons’ inertia matrix. A summary of all simulations
performed in the present manuscript is presented in Table 1.
All MD simulations were performed with the GROMACS
software package83 (versions 4.5.3 and 4.5.4), and analyses were
performed with parts of the MDYNAMIX software package.84
Simulation snapshots were rendered with the VMD software
package.82 Neutron scattering factors were computed with the
SIMtoEXP software85 employing the scattering density proﬁle
proposed by Kučerka et al.55

Table 1. List of Production Simulations Performed in the
Present Studya
pure lipid bilayers
lipid
DOPC (PC18:1(9Z)/18:1(9Z))
POPC (PC16:0/18:1(9Z))
SOPC (PC18:0/18:1(9Z))
DLPE (PE12:0/12:0)
DPPE (PE16:0/16:0)
DOPE (PE18:1(9Z)/18:1(9Z))
POPE (PE16:0/18:1(9Z))
transmembrane

temperature (K)

time (μs)

293/303/323/333
293/303/323/333
293/303/323/333
308
343
272/298/323
303
complexes

0.5
0.5
0.5
0.5
0.5
0.5
0.5

lipid

amino acid force ﬁeld

time (μs)

DLPC (PC12:0/12:0)

AMBER03
AMBER99SB
AMBER99SB-ILDN
AMBER03
AMBER99SB
AMBER99SB-ILDN

1.0
1.0
1.0
1.0
1.0
1.0

DOPC

a

All simulations were performed with 128 lipids and 40 water
molecules per lipid if nothing else is stated.

C36 FF, but the dipole moment of the headgroup is slightly
smaller. A large part of the lipid’s constituting atoms bears a
charge of zero, which is interesting. As a consequence of this,
these interactions sites can be excluded from the construction
of neighbor lists and therefore save computational time and
decrease the gap in terms of computational cost between AA
and UA models of lipids.
After the parametrization for cis-5-decene was ﬁnished, the
computed density and heat of vaporization (ΔHvap) were
calculated, 742.2 ± 0.10 kg m−3 and 44.8 ± 0.11 kJ mol−1,
respectively. The experimental value86 for the density is 744.5
kg m−3, which means that the parameters obtained reproduce
this property very well. However, for ΔHvap the discrepancy
between simulation and experiment is larger, where the
experimental value is 42.9 kJ mol−1.87 It turned out to be
very diﬃcult to get ΔHvap closer to the experimental result by
varying LJ parameters, because electrostatic interaction from
the partial charges around the double bond give a signiﬁcant
contribution to the total interaction energy. Results presented
in the following sections show that this does not play a
signiﬁcant role in the lipid bilayer simulations. It is also possible
that the rather old value of ΔHvap is underestimated. Chiu et
al.39 also obtained a higher value of ΔHvap in the 43A1-S3 FF,
but our value is within better agreement with the experimental
data available. Since too strong vdW attractions would aﬀect the
lipid bilayer structure and lower the area per lipid,88 a too
attractive LJ potential would have shown this in any subsequent
lipid bilayer simulation. In Table 2, it is clear that no area per
lipid is underestimated, and therefore we can conclude that it is
not very likely that the LJ potential is too attractive (for
simulating lipid bilayers). The ﬁnal LJ, torsional parameters,
and torsional proﬁles are given in Tables S1 and S2 and Figure
S4, respectively, in the Supporting Information.
Area and Volume per Lipid and Isothermal Area
Compressibility Modulus. In Table 2, the area per lipid (AL)
for the investigated lipids are presented. AL has been considered
to be one of the most fundamental properties for lipid bilayers,
and many simulations have aimed at reproducing the area per
lipid, although it is known that AL alone is not suﬃcient to

■

RESULTS AND DISCUSSION
Derived Force Field Parameters. The results from the
Boltzmann averaging of the charges are presented in Figure 1.
Our calculations indicate that the electron density around the
double bond is higher than in saturated alkanes due to the net
charge of −0.09e for the CH group. The net negative charge is
then neutralized by the neighboring methylene group. The
charges for the PE headgroup are similar to the charges in the
2940
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Figure 1. Charges computed for (a) the headgroup of phosphatidylethanolamine lipids and (b) unsaturated phosphatidylcholine lipids. Charges
outside the parentheses are on the heavier atoms, and those within denote charges of hydrogens. All charges are given in units of the proton charge.

Table 2. Area per Lipid (AL), Volume per Lipid (VL), and Isothermal Area Compressibility Modulus (KA) from Simulations and
Experiments
AL nm2
lipid

temperature (K)

sim.

sim.

exptl.

sim.

DOPC

293
303

0.673 ± 0.004
0.680 ± 0.005

0.69154a
0.67455

1.260
1.262

1.28854a
1.30354,55

282 ± 34
256 ± 29

323
333
293
303

0.703
0.714
0.632
0.646

±
±
±
±

0.006
0.005
0.005
0.004

0.75554b

1.31854b

0.627 ± 0.01343
0.643 ± 0.01343

1.285
1.292
1.200
1.213

246
242
254
298

±
±
±
±

31
36
28
30

323
333
293
303

0.668
0.682
0.636
0.649

±
±
±
±

0.006
0.005
0.004
0.005

0.673
0.681
0.638
0.655

±
±
±
±

32
30
22
35

DLPE

323
333
308

DPPE
DOPE

POPC

SOPC

POPE
a

KA (mN m−1)

VL (nm3)

b

exptl.

±
±
±
±

1.22391
1.25693

exptl.

0.01343
0.01443
0.01343
0.01343

1.235
1.241
1.268
1.270

267
272
260
240

0.675 ± 0.006
0.687 ± 0.006
0.533 ± 0.003

0.681 ± 0.01443
0.694 ± 0.01443
0.512

1.294
1.301
0.899

258 ± 37
244 ± 35
273 ± 19

342

0.564 ± 0.005

1.141

271 ± 22

271
298
303

0.572 ± 0.006
0.604 ± 0.005
0.563 ± 0.004

0.60597
0.55498c
0.6099

1.157
1.196
1.153

431 ± 26
282 ± 23
282 ± 29

c

0.56695

0.94296
0.9074

26454a
18489
25454
26590
25254b

180−33092

29094a
20095
29094d

23395

d

288 K. 318 K. Experimental estimate. 306 K.

Table 3. Thermal Area Expansivity (αTA) and Thermal Contractivity (αTDB and αTDC) from Simulations Compared to Experiments43
(Reported Values Are Expressed in the Unit K−1)
αTA

αTDB

αTDC

lipid

temperature (K)

sim.

exptl.

sim.

exptl.

sim.

exptl.

POPC

293
303
323
333
293
303
323
333

0.0019
0.0019
0.0018
0.0018
0.0020
0.0020
0.0019
0.0019

0.0022
0.0022
0.0021
0.0021
0.0022
0.0021
0.0021
0.0020

0.0012
0.0012
0.0013
0.0013
0.0012
0.0012
0.0013
0.0013

0.0014
0.0014
0.0014
0.0013
0.0014
0.0014
0.0014
0.0015

0.0016
0.0016
0.0016
0.0017
0.0018
0.0018
0.0019
0.0019

0.0011
0.0011
0.0011
0.0011
0.0011
0.0011
0.0012
0.0012

SOPC

judge the quality of a FF.45,46 Due to the vast number of
published experimental values6 of the areas, which sometimes
diﬀer by a few Å2 for the same lipid under the same conditions,

an ensemble of properties from computer simulations should
be compared to experimental ﬁndings. However, AL remains an
important property to investigate since it gives an indication of
2941
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Table 4. Structural Properties of Lipid Bilayers from Simulations and Experiments: Distance between the the Head Groups
(DHH), Luzzati Thickness (DB), and the Hydrophobic Thickness (2DC; All Values Given in nm)
DHH
temperature (K)

sim.

exptl.

sim.

DOPC

293
303

3.67
3.66

3.83
3.72

323
333
293
303

3.55
3.54
3.68
3.65

3.7654a
3.5389
3.6755,54
3.694
3.71106
3.6154b

323
333
293
303
323
333
308

3.59
3.54
3.82
3.77
3.73
3.67
3.30

343
272
298
303

4.00
4.03
3.93
4.11

POPC

SOPC

DLPE
DPPE
DOPE
POPE
a

DB

lipid

3.7093

3.66
3.62
3.89
3.85
3.76
3.70
4.04
4.01
3.93
3.83
3.39

3.92107

3.30108
3.564

4.04
4.00
3.82
4.16

2DC
exptl.
3.594
3.6189,106
3.8755

3.9843
3.6893
3.9143
3.7943
3.7743
4.0843
4.0043
3.9043
3.8543
3.5496

sim.

exptl.

2.96
2.85

2.7754a
2.6854
2.8855

2.75
2.75
2.95
2.84

2.6254b

2.80
2.74
3.01
3.06
2.87
2.83
2.38

2.8143
2.8043
3.0443
2.9943
2.9343
2.9043
2.5896

3.02
3.39
3.23
3.26

3.0497

2.9243
2.8843

288 K. b318 K.

of AL. In Table 2, values of KA are presented, and they concord
nicely with experimental data. Since ﬂuctuations have to
proceed during a relatively long period of time in order to not
overestimate KA,45 the relatively long sampling time of 0.5 μs
was necessary in order to achieve good agreement between
simulations and experiments. The size dependency of KA was
not investigated, although there have been suggested methods
describing how to deal with these issues.100 Almost all
computed KA values are within the experimental values when
taking the standard deviation into account. As a result of this,
we can conclude that mechanical properties are in good
agreement with experiments. For DOPE, the isothermal area
compressibility modulus decreases signiﬁcantly when increasing
the temperature. As bilayers closer to the gel phase are expected
to have higher KA values, it is likely that the simulation at 271 K
was being performed close to a phase transition. This would
also explain the slightly too low AL.
Membrane Thickness. In Table 4, three kinds of
membrane thicknesses are presented: the head-to-head distance
obtained from electron density proﬁles (DHH), the Luzzati
thickness (DB), and the hydrophobic thickness (2DC). See the
work of Kučerka et al.101 for deﬁnitions of these thicknesses.
DHH can be obtained in a rather straightforward manner from
X-ray scattering experiments and by inspecting the values
obtained from the simulations, it is clear that DHH is
reproduced well. Since DB is deﬁned as the distance between
the points along the membrane normal where the water density
is half of its bulk value, it can be used as an indicator of the
delicate balance between hydrophilic and hydrophobic forces.
The fact that the agreement between simulations and
experiments for DB and 2DC is as good as presented in Table
4 shows that these forces are well-balanced. The hydrophobic
thickness of a membrane alters the orientation, dynamics, and
oligomerization of membrane proteins through so-called

whether or not the correct phase behavior has been obtained.
Further, it is a conceptually convenient property to relate
diﬀerent phenomena to. It is evident that the FF presented here
gives values of AL that are in very good agreement with
experiments over a range of temperatures for the PC lipids. For
the other headgroup, phosphatidylethanolamine, AL is within
good agreement with the exception of DOPE where AL is
underestimated by roughly 0.03 nm2. Upon observation, it is
clear that the DOPE bilayer does not form a Lβ phase although
AL is underestimated. For the rest of the lipids tested here, the
agreement with experiments is a very good indication that the
lipid bilayers are in the correct phase (Lα). The thermal
dependency is also reproduced extremely well. The thermal
area expansivity can be calculated from

αAT =

1 ∂AL
AL ∂T

(1)

Results shown in Table 3 are very close to experimental data
and show that Slipids can be used at diﬀerent temperatures.
The volume per lipid (VL) is a less ambiguous property from an
experimental point of view, and the values from the simulations
in Table 2 compare rather well with the experimental ﬁndings.
As in the case with saturated lipids, VL is slightly underestimated with the FF purposed here, which can be attributed
to the headgroup parameters.42
As simulations proceed, AL oscillates heavily around the
mean value, and from these ﬂuctuations the isothermal area
compressibility modulus (KA) can be computed according to

KA =

2kBTAL
nLσA2

(2)

where kB is the Boltzmann constant, T is the absolute
temperature, nL is the number of lipids, and σA2 is the variance
2942
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hydrophobic mismatch102−105 and also aﬀects the passive
diﬀusion of solutes across the membrane. Further on, the ability
of the current FF to accommodate a transmembrane helix is
investigated. Over a range of temperatures, the thicknesses are
reproduced showing that the present FF takes the thermal
dependency of the lipid tails and their trans/gauche isomerization into proper account. As the temperature is increased,
the disorder of the lipid tails is increased, which leads to an
expansion in the membrane plane, and the membrane thickness
is decreased. The thermal dependencies of the bilayer
thicknesses can be quantiﬁed by computing the thermal
contractivities αTDB and αTDC according to

α DTi = −

1 ∂Di
Di ∂T

(3)

Where Di is DB or DC. The data presented in Table 3 show that
the simulated bilayers have the correct response to a change in
temperature in terms of the Luzzati and hydrophobic thickness.
NMR Order Parameter Proﬁles and Scattering Form
Factors. The local order of a lipid bilayer is described by NMR
deuterium order parameters (SCD) according to
SCD =

1
⟨3 cos2 θ − 1⟩
2

(4)

where θ is the angle between the C−D (actually C−H in the
present simulations) vector and membrane normal and the
brackets indicate the average during the simulation. The major
beneﬁt by studying NMR order parameters for each carbon in
the chain of the lipid is that these properties are measured with
robust methods, meaning that the results are straightforward to
experimentally reproduce. This makes |SCD| a key property in
the validation of a FF. In Figure 2, data from simulations of
DOPC, POPC, and POPE are compared to experiments.50−53
It is clear that the three lipid bilayers are in the Lα phase at a
temperature of 303 K. In agreement with the ﬁndings of Siu et
al.,30 some values of |SCD| for DOPC are slightly overestimated.
The signiﬁcant decrease in chain order for carbons 9 and 10 is
due to the position of the cis double bond and illustrates the
diﬀerence between the orientation of the C−H vector of
saturated carbons and the C−H vector of unsaturated carbons.
The smallest |SCD| values are obtained for the carbons that are
located closest to the hydrophobic core of the membrane,
which is an important structural property of lipid bilayers, and
this has also been seen in previous computer simulations.30,32,46,109,110 When Siu et al.30 studied a DOPC bilayer
with the popular Berger FF,11 the sn-1 and sn-2 tails showed
more or less identical |SCD| values, which is in contrast to the
ﬁndings presented here. For the seven outermost carbons, the
order parameters are very similar but around the double bond
and at the carbons closest to the glycerol group they diﬀer,
which suggests that the two tails are similar but not identical. In
the presence of a double bond, the chains orient diﬀerently in
the lipid bilayer (this is, e.g., illustrated by the diﬀerences when
comparing |SCD| for the sn-1 and sn-2 tails for POPC and POPE
in Figure 2), and it is clear that the unsaturated sn-2 tail is less
ordered. The diﬀerence in AL and melting point between
saturated and unsaturated lipids can be explained by this, as the
latter has a more evident disorder of the lipid tails.
For all lipid types, the splitting of |SCD| for the second carbon
of the sn-2 tail is present, which is diﬃcult to reproduce with
UA FFs.16,39,40,46 In experiments, it has been observed that the
sn-1 tail lies in a more perpendicular position relative the bilayer

Figure 2. Deuterium order parameter for DOPC, POPC, and POPE
lipid bilayers from simulations and experiments.50−53

normal than the sn-2 tail,111,112 and as can be seen in Figure 2,
this structural feature is also present in the simulations. As a
result of this, the sn-2 carbonyl dipole interacts with the
penetrating water in a more pronounced fashion than the sn-1
carbonyl dipole. Observations like these have been made before
in both experimental113,114 and simulation studies.46
As described above the physical picture of the local
orientations of the constituting parts of a lipid can be obtained
by computing NMR order parameters. But this structural
property does not describe the overall structure of the
membranein order to do this in a proper manner, one has
to investigate scattering form factors, F(q). Since F(q) is
obtained directly from experiments, comparisons with simulations serve as an ultimate test of a FF.43 By computing
electron density proﬁles in the direction of the membrane
normal and performing Fourier transformations, F(q) can be
obtained from simulations. As can be seen in Figure 3, the
computed scattering form factors for DOPC, POPC, and
SOPC are in excellent agreement with experimental
data.43,54,55,106,115,116 In Figures S1−S3, the same property is
shown for diﬀerent temperatures, and again the diﬀerences
between experiments and simulations are negligible. The
minima of F(q) are perfectly reproduced in simulations
employing the FF presented here and shows that the correct
thickness is indeed obtained. The relative lobe heights show
that the structure is correct at longer reciprocal distance as well.
The agreement with experimental neutron scattering form
factors provides further evidence to the present FFs' capabilities
2943
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Figure 4. Normalized lateral diﬀusion coeﬃcients (Dlat) from
simulations compared to experimental ﬁndings.126,127

bilayer, which has been observed earlier in simulation119−121
and experimental studies.122 This is also similar to the issues
highlighted by Yeh and Hummer, who studied the size impact
on the diﬀusion of isotropic liquids.123 Roark and Feller120
estimated the correlation length to 2.5 nm, and Falck et al.119
saw concerted motions on even longer length scales, meaning
that larger systems than used in the present investigation (with
the typical xy dimensions of 6.4 nm × 6.4 nm) should be used
in order to study diﬀusion. Future work will address the system
size dependency of the diﬀusion coeﬃcients with the focus on
short-time local momentum conservation.
The low Dlat of DOPE (see Table S3) is related to the fact
that the obtained AL is underestimated. As the area is smaller
for the headgroup, it is more diﬃcult for the whole lipid to
diﬀuse since the long time scale diﬀusion is limited more or less
by the headgroup and the avalible 2D-space for it to move
within.124,125
Transmembrane Helix Tilt. In Table 5, the results of the
transmembrane simulations are summarized. Since the helix is
of a hydrophobic nature and the lipid bilayers’ hydrophobic
thicknesses are thinner than the peptide’s hydrophobic length,
the helix is tilted. When comparing the hydrophobic
thicknesses of DLPC and DOPC, 2.06 and 2.96 nm,
respectively, it is clear that the helix tilt should be larger in
the thinner bilayer in order for the membrane to encapsulate
the whole hydrophobic part of the peptide. This has also been
veriﬁed experimentally128,129 and in a number of simulation
studies.130−132 With the present FF, it is clear that the helix tilts
are close to the experimental values, although the interpretation
of these NMR experiments is far from being unambiguous.128,131,133
The values reported show that ﬀ99SB performs best together
with the lipid parameters; however, it is diﬃcult to rule out the
other two amino acid FFs due to the large standard deviations
and the relatively short sampling time. Due to the small

Figure 3. X-ray and neutron (insets) scattering form factors for
DOPC, POPC and SOPC from simulations compared to experimental
data.43,54,55,106,115,116 The experimental form factor for DOPC is an
averaged data set. Simulation and experimental data are shown as lines
and points, respectively.

to describe lipid bilayers. As the scattering form factors are
reproduced to such an extent, we can safely assume that all
structural data obtained from our simulations are correct.
Lateral Diﬀusion. The mean-squared displacement (MSD)
was used in order to determine the lateral diﬀusion coeﬃcients
Dlat according to the Einstein relation
D lat = lim

t →∞

1 d
1 d
⟨|Δrxy(t )|2 ⟩ = lim
MSD(t )
t →∞ 2n dt
2n dt

(5)

where n = 2. The MSD is computed from the center of mass
(COM) of the lipids. It has been shown in numerous
simulation studies45,117,118 that the artiﬁcial COM of each
monolayer results in overestimation of the diﬀusion, so this
contribution was removed before computing Dlat. The linear
ﬁtting was performed from 0.04 to 0.45 μs of the trajectories.
Actual values of Dlat are shown in Table S1, and as observed
earlier42 the lateral diﬀusion is systematically underestimated.
The disagreement is largest for the lower temperatures where
the diﬀusion is underestimated roughly by a factor of 2, whereas
for the higher temperatures they are underestimated roughly by
a factor of 1.5. Despite the disagreement between simulations
and experiments, Figure 4 shows that the normalized Dlat values
are in good agreement, which was also the case for fully
saturated lipids.42 The reason for this could be the lack of
collective movements due to thermal density ﬂuctuations in the
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Table 5. Average Tilt Angles of WALP23 Described by Three Diﬀerent Force Fields Embedded in DLPC and DOPC Lipid
Bilayers and Areas Per Lipid (AL)a
AL nm2

peptide tilt (deg)
DLPC

a

DOPC

DLPC

amino acid force ﬁeld

sim.

exptl.

sim.

exptl.

ﬀ99SB
ﬀ99SB-ILDN
ﬀ03
pure lipid bilayer

33.2 ± 8.2
40.0 ± 9.1
39.5 ± 9.4

35133

19.1 ± 7.7
20.1 ± 7.7
16.2 ± 7.0

21133

0.635
0.637
0.637
0.624

±
±
±
±

0.006
0.005
0.006
0.00442

DOPC
0.692
0.694
0.691
0.680

±
±
±
±

0.006
0.005
0.006
0.005

For the lipids, the present force ﬁeld was used in all cases.

diﬀerence between ﬀ99SB and ﬀ99SB-ILDN, it is likely that the
(lack of) sampling is the reason for the discrepancy between
these FFs. From a qualitative point of view, it is safe to say that
all of the AMBER FFs tested here are compatible with our lipid
parameters, for both unsaturated and saturated lipids. Values
reported by Sapay and Tieleman134 are close to the values
presented here, and Cordomi ́ et al.56 studied diﬀerent proteins
in lipid bilayers and concluded that ﬀ99SB together with the
Berger lipids are a suitable combination. However, the Berger
lipids have been found to have a too extended conformation of
the headgroup,58 making this combination less optimal as the
headgroup orientation and interactions with the peptide can be
very important. The inclusion of a transmembrane helix did not
induce any ordering of the lipid bilayers as indicated by the
reported AL in Table 5. This has previously been a problem
when mixing lipid and amino acid FFs.135 AL is slightly higher
than for the pure bilayers, which is to be expected due to the
slight expansion of the bilayer in order to facilitate the peptide.
The relatively short sampling time (1 μs) can aﬀect the results,
which means that the interpretation of the computed values
should not be taken too literally. Often simulations on the time
scale of ∼5 μs are required to ensure that all thermally relevant
points of phase space were visited during the simulations.131
Further, Neale et al.136 showed that a single set umbrella
sampling simulation lasting for 0.205 μs may not be long
enough in order to obtain proper convergence of the standard
binding free energy of an amino acid analogue in a DOPC
bilayer. We still performed the explicit peptide−membrane
simulations in order to obtain a qualitative picture of how the
FFs work together.
Another way to determine the compatibility of lipid and
amino acid FFs is to compute the free energy of transfer from
water to cyclohexane. Cyclohexane is then usually modeled
with the Lennard-Jones parameters obtained for the aliphatic
lipid tails. However, since it is impossible to capture the
collective behavior of the peptide by using merely single amino
acid analogues,137 we only performed simulations of explicit
peptides in bilayers.
In Figure 5, the distributions of the peptide tilt angle are
shown, and for WALP23 embedded in a DOCP bilayer the
distributions for ﬀ99SB and ﬀ99SB-ILDN are slightly wider
than for ﬀ03. It is evident that the distributions are not of a
Gaussian nature. For the peptide embedded in a thinner DLPC
bilayer, the distributions are more of a Gaussian type, although
not a strict Gaussian distribution. The nonsymmetric shape
obtained with ﬀ03 can probably be attributed to a too short
sampling time. The non-Gaussian line shapes obtained for the
DOPC bilayers and the Gaussian-like distributions for DLPC
have been documented earlier by Monticelli et al.131 and Wan
et al.132 Since the data presented here do not aim to solve the

Figure 5. Normalized probability distribution of the peptide tilt angle
of a WALP23 peptide embedded in a DOPC (top) and DLPC lipid
bilayer (bottom) with the three tested amino acid force ﬁelds. To the
right, simulation snapshots are shown.

issue of which model should be used when analyzing the
motion of peptides in lipid bilayers from experimental data but
rather to make qualitative assumptions of the compatibility of
the diﬀerent FFs, we can conclude that all amino acid FFs
tested here are compatible with the lipid parameters.

■

CONCLUSIONS
In order to understand the complex interplay of vital
biomolecules, the development of consistent and reliable FFs
is necessary. Here, we have taken a second step toward this goal
by extending our previous FF for saturated PC lipids42 by
including parameters for unsaturated and PE lipids. As the
parameter set is now larger, we referrer to it as Slipids
(Stockholm lipids).
The results and discussion presented above show that Slipids
is a FF able to describe lipid bilayers accurately under a range of
temperatures without an applied surface tension. Analysis of the
data presented here shows very good agreement with a number
of experimental studies in terms of area per lipid, thickness, and
NMR data. Perhaps most important is the scattering form
factors,43 which are perfectly reproduced. Accurate description
of structural data is important for future so-called multiscale
studies of biological systems,138 where it is possible to achieve
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greater length and time scales in simulations. For these kinds of
schemes, a reliable fully atomistic description is a necessity.
We have also presented a broad number of properties that
can be and should be used when verifying molecular
simulations of lipid bilayers on a atomistic resolution. Similar
schemes have been proposed earlier by, e.g., Poger and Mark,46
but no scattering form factors were discussed there. The
inclusion of form factors in the validation goes along with the
recommendations of experimental work as well.43
The compatibility with popular amino acid FFs makes Slipids
an ideal candidate for simulations of more biologically relevant
membranes with complex compositions. Current work aims to
further extend Slipids to include parameters for cholesterol,
anionic lipids, and sphingomyelin in order to make it possible
to simulate complex biomolecular systems on a microsecond
time scale.
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Marrink, S. J. J. Phys. Chem. B 2003, 107, 9424−9433.
(46) Poger, D.; Mark, A. E. J. Chem. Theory Comput. 2010, 6, 325−
336.
(47) Martinez-Seara, H.; Róg, T.; Pasenkiewicz-Gierula, M.;
Vattulainen, I.; Karttunen, M.; Reigada, R. J. Chem. Phys. B 2007,
111, 11162−11168.
(48) Lewis, R. N. A.; Sykes, B. D.; McElhaney, R. N. Biochemistry
1988, 27, 880−887.
(49) Huang, C. H.; Lapides, J. R.; Levin, I. W. J. Am. Chem. Soc. 1982,
104, 5926−5930.
(50) Warschawski, D. E.; Devaux, P. F. Eur. Biophys. J. 2005, 34,
987−996.
(51) Seelig, J.; Waespe-Sarcevic, N. Biochemistry 1978, 17, 3310−
3315.
(52) Perly, B.; Smith, I. C. P.; Jarrell, H. C. Biochemistry 1985, 24,
1055−1063.
(53) Raza Shaikh, S.; Brzustowicz, M. R.; Gustafson, N.; Stillwell, W.;
Wassall, S. R. Biochemistry 2002, 41, 10593−10602.
(54) Pan, J.; Tristam-Nagle, S.; Kučerka, N.; Nagle, J. F. Biophys. J.
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Marrink, S. J.; Katsaras, J. Biophys. J. 2009, 97, 1926−1932.
(102) Harroun, T. A.; Heller, W. T.; Wiess, T. M.; Yang, I.; Huang,
H. W. Biophys. J. 1999, 76, 937−945.
(103) Killian, J. A. Biochim. Biophys. Acta 1998, 1376, 401−415.
(104) Mouritsen, O. G.; Bloom, M. Biophys. J. 1984, 46, 141−153.
(105) Dumas, F.; Lebrun, M. C.; Tocanne, J. F. FEBS Lett. 2010, 99,
271−277.
(106) Liu, Y.; Nagle, J. F. Phys. Rev. E 2004, 69, 040901.
(107) Pan, J.; Tristam-Nagle, S.; Nagle, J. F. Phys. Rev. E 2008, 80,
021931.
(108) McIntosh, T. J.; Simon, S. A. Biochemistry 1986, 25, 4948−
4952.
(109) Taylor, J.; Whiteford, N. E.; Bradley, G.; Watson, G. W.
Biochim. Biophys. Acta 2009, 1788, 638−649.
(110) Hénin, J.; Shinoda, W.; Klein, M. L. J. Phys. Chem. B 2008, 112,
7008−7015.
(111) Hitchcook, P. B.; Mason, R.; Thomas, K. M.; Shipley, G. G.
Proc. Natl. Acad. Sci. U.S.A. 1974, 71, 3036−3040.
(112) Seelig, A.; Seelig, J. Biochim. Biophys. Acta 1975, 406, 1−5.
(113) Wong, P. T. T.; Mantsch, H. H. Chem. Phys. Lipids 1988, 46,
213−224.
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