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ABSTRACT Molecular dynamics simulations of dipalmitoylphosphatidylcholine (DPPC) lipid bilayers using the CHARMM27
force ﬁeld in the tensionless isothermal-isobaric (NPT) ensemble give highly ordered, gel-like bilayers with an area per lipid of
;48 Å2. To obtain ﬂuid (La) phase properties of DPPC bilayers represented by the CHARMM energy function in this ensemble,
we reparameterized the atomic partial charges in the lipid headgroup and upper parts of the acyl chains. The new charges were
determined from the electron structure using both the Mulliken method and the restricted electrostatic potential ﬁtting method.
We tested the derived charges in molecular dynamics simulations of a fully hydrated DPPC bilayer. Only the simulation with the
new restricted electrostatic potential charges shows signiﬁcant improvements compared with simulations using the original
CHARMM27 force ﬁeld resulting in an area per lipid of 60.4 6 0.1 Å2. Compared to the 48 Å2, the new value of 60.4 Å2 is in fair
agreement with the experimental value of 64 Å2. In addition, the simulated order parameter proﬁle and electron density proﬁle
are in satisfactory agreement with experimental data. Thus, the biologically more interesting ﬂuid phase of DPPC bilayers can
now be simulated in all-atom simulations in the NPT ensemble by employing our modiﬁed CHARMM27 force ﬁeld.

INTRODUCTION
In molecular dynamics (MD) simulations of biological membranes, lipid bilayers are the most common model system,
and with the increase in computer power, simulations of
larger and more complex bilayer systems are becoming accessible (1–8). To represent bilayers accurately in MD simulations, it is important to have a well-parameterized force
ﬁeld in combination with appropriate macroscopic boundary
conditions (ensembles). Although these topics may seem
somewhat technical in a biological context, the functional
importance of cell membranes should not be overlooked.
For example, it has been shown that phospholipase activity
changes the mechanical properties of bilayers (9), which
could have therapeutic application in delivery of cytotoxic
anti-cancer drugs (10). Further, bilayer properties affect
mechanosensitive gating in McsL (11–13) and phospholipase C activity (14), and have been suggested to be related to
anesthesia (15,16). See Jensen and Mouritsen (17) for a recent review of bilayer inﬂuence on protein function.
Commonly used united-atom force ﬁelds produce ﬂuid
(La) phase bilayers in the isothermal-isobaric NPT ensemble,
provided that the correct electrostatic cutoff strategy is
used (18–21). In this study, the NPT-notation indicates that
the simulation box length in the direction normal to the
bilayer z is coupled to the barostat independently from the
lateral directions x and y and the pressure tensor holds, Px ¼
Py ¼ Pz. Therefore the surface tension g is zero (1). As
explained by Berger et al. (22), ﬂaccid bilayers in experi-
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ments are able to adjust their area per lipid A. Minimizing the
contact between the acyl chains and water and maximizing
the acyl-chain entropy creates a free energy minimum,
which together dictate the equilibrium area per lipid Aeq, i.e.,
ð@G=@AÞA¼Aeq ¼ g ¼ 0. Therefore, it has been argued that
the (tensionless) NPT ensemble is appropriate for simulating
lipid bilayers (22–24).
In contrast, bilayers simulated using the all-atom
CHARMM22 force ﬁeld (25,26) in the NPT ensemble
show a dramatic lateral contraction and overly ordered lipid
acyl chains (1). Despite optimizations in both the headgroup and the acyl chains in the subsequent CHARMM27
parameter set (27,28), the area per DPPC lipid molecule is
underestimated by at least 15 Å2 (2), compared to experimental data (29). In fact, the area per DPPC lipid in NPT
simulations (2) is close to that of the gel phase (4). Recently,
the CHARMM27 force ﬁeld was further optimized (30), but
the revised parameters for the acyl chains do not produce
ﬂuidlike bilayers in the NPT ensemble (31). Thus, to mimic
the biologically relevant ﬂuid phase, some bilayer simulations using CHARMM parameters apply a positive surface
tension (1,2,5,13,28,30,32). It has been suggested that the
gel-like properties in NPT simulations can be attributed to
ﬁnite size effects, and therefore, applying a positive surface
tension, which stretches the bilayer to the experimentally
determined area per lipid, is appropriate (1,28,33). However,
ﬁnite size effects seemingly account for an area contraction
of less than 1 Å2/lipid (19), yet, the area per lipid is underestimated by at least 15 Å2 compared to experimental data
for a DPPC bilayer (72 lipids) simulated in the NPT ensemble with CHARMM27 parameters (2). Thus, even though
MD simulations of bilayers are subject to ﬁnite size effects,
doi: 10.1529/biophysj.106.087130
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these can by no means account for the gel-like bilayer properties in NPT simulations using CHARMM27 parameters. It
appears that the gel-like properties are mostly a result of the
force ﬁeld not being optimized for lipid bilayer simulations
in the NPT ensemble, but for simulations with an applied
surface tension.
Although there is no agreement on whether application of
a surface tension is appropriate when simulating lipid bilayers, tensionless NPT simulations are appealing from a
practical point of view since the area per lipid need not be
known before simulation, if the parameters are optimized for
this ensemble. The advantage of having parameters that are
optimized for NPT simulations becomes more prominent
when, for example, studying lipid mixtures and bilayers with
embedded proteins where experimental data are scarce.
Therefore, realistic NPT bilayer simulations have been one
ultimate goal for MD force ﬁelds (30,34).
Along these lines, the purpose of this study is a reparameterization of the CHARMM phosphatidylcholine (PC)
lipid parameters, which permits simulations of ﬂuid phase
DPPC lipid bilayers in the NPT ensemble. The lipid headgroup charge is the target for our reparameterization. Our
article is structured as follows: In Methods, we describe the
parameterization strategy and in Simulation Details, we give
the technical details of our calculations and simulations. We
present and discuss our results in Results and Discussion,
respectively, and summarize our ﬁndings in Summary and
Conclusions. The partial charges resulting from our study are
provided in an Appendix.

METHODS
We start this section by outlining relevant aspects of the CHARMM optimization strategy before we describe the methods used in this study.

CHARMM27 parameterization strategy
In the CHARMM force ﬁeld, electrostatic interactions are accounted for
by partial point charges located at the atomic centers (26–28,35,36). Since
electrons are delocalized, this representation cannot be exact and there is no
rigorous way of determining such atomic charges. Nevertheless, ﬁnding
suitable partial charges that, with reasonable precision, account for molecular properties is one task in parameterizations of this force ﬁeld. Complying with the CHARMM strategy, Foloppe and Mackerell, Jr. (27)
optimized the CHARMM partial charges of dimethylphosphate to reproduce
quantum mechanical interaction energies with a strategically placed water
molecule using Mulliken population analysis to propose the initial partial
charges. The optimized charges are now used for the phosphate moiety in the
headgroup of phospholipids (28).
In the optimization of the CHARMM27 parameters, Foloppe and
MacKerell, Jr. (27) distinguish between macromolecular target data and
small molecule target data. The ability of the CHARMM27 force ﬁeld to
reproduce the former has the highest priority. In the case of lipid bilayers,
macromolecular target data would be bilayer properties such as lipid densities, electron densities, and order parameters, and small molecule target data
would be, e.g., torsional energy surfaces in the lipid headgroup and waterlipid interaction energies.
Biophysical Journal 92(12) 4157–4167
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Our parameterization strategy
Pressure proﬁle calculations for lipid bilayers suggest that the equilibrium
area per lipid is determined by a delicate balance between large and opposing
forces originating from bonded and nonbonded interactions (37,38). Therefore, reparameterization of any of the terms in the energy function could, in
principle, affect the area per lipid. NPT and NPz AT simulations of a crystalline
(all-trans) C36 alkane showed good agreement with experiments (39,40),
which indicates that the alkane-alkane interactions are well parameterized.
With the recent reﬁnement of the torsional potential for CHARMM27
alkanes, the parameters for the acyl chains of phospholipids also seem highly
optimized (30). Our attention therefore turns to the lipid headgroup region.
The inter-headgroup interactions are determined by the Lennard-Jones
parameters and the partial charges. We believe the latter to be a more promising optimization target, since numerous united-atom force-ﬁeld bilayer
simulations have shown that the bilayer properties are quite sensitive to
details in the treatment of the electrostatic headgroup interactions (18–20).
Moreover, pressure proﬁles derived from atomistic simulations indicate that
electrostatic attractions signiﬁcantly contribute to the positive surface tension
in the headgroup region. This indicates that the electrostatic forces in this
region are, on average, contractive (37,38). Therefore, the lipid headgroup
charges will be the target of our reparameterization.
We determine initial partial charges of the whole lipid headgroup
and upper acyl chain from ab initio data, using (I) Mulliken population
analysis and (II) a restricted electrostatic potential (RESP) ﬁtting approach
(3), i.e., we adjust the partial atomic charges to ﬁt the quantum mechanical
electrostatic potential (see Simulation Details for further details). The RESP
charges generate a realistic electrostatic potential around the molecule of
interest and the method is optimal for reproducing intermolecular interactions (3,41,42). However, determination of the Mulliken charges does not
add any signiﬁcant overhead to the calculation of the quantum mechanical
electrostatic potential and we therefore include both methods in this study.
In the RESP method, the derived charges are known to be strongly
dependent on the conformation of the molecule. Reynolds et al. (43) addressed this problem by deriving RESP charges from different conformers
and then estimated the ﬁnal set of partial charges as the Boltzmann-weighted
average of the charge sets found for the different conformers. We adopt a
similar approach by extracting 69 dipalmitoylphosphatidylcholine (DPPC)
conﬁgurations from a 15 ns MD simulation of a DPPC lipid bilayer, where
the area was ﬁxed at the experimental value of 62.9 Å2 per lipid (29). This
experimental estimate was later adjusted to 64 Å2 (4,44), but for extracting
lipid conformations, this adjustment should be of minor importance. These
69 DPPC molecules were capped to form dipentanoatephosphatidylcholine
(DPePC), shown schematically in Fig. 2. Since numerous studies have shown
that the CHARMM alkane parameters are highly optimized (28,30,39,40), we
did not include the complete acyl chains in our ab initio calculations. From the
69 DPePC conﬁgurations, we determined the Mulliken and RESP charges and
calculated the ﬁnal charges as a simple average over the conformers, which
are already Boltzmann-weighted from the MD simulation.
When changing the atomic partial charges, the remainder of the forceﬁeld parameters could be readjusted iteratively to ﬁx, e.g., ab initio potential
energy surfaces and vibrational data, i.e., small molecule target data (27).
However, our main motivation for assigning new partial charges to DPPC
lipids is to obtain ﬂuidlike properties of DPPC bilayers, i.e., to optimize the
macromolecular (bilayer) properties only. Therefore, testing whether our
new charges reproduce small molecule target data is beyond the scope of this
work. Our new DPePC partial charges were therefore transferred to DPPC
without modifying the force ﬁeld further. We used two schemes for this
transfer:
Scheme A. All charges from DPePC were used in DPPC except for the
terminal C26 methyl groups (see Fig. 2).
Scheme B. All charges from DPePC were used in DPPC except for the
terminal C24-C26 ethyl groups.
Excluding the methyl and ethyl groups in Scheme A and B, respectively,
leaves DPePC, and therefore also DPPC, with a nonzero net charge. To
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obtain a neutral DPPC molecule we compensated this net charge with small
and equal counter charges on each nonacyl atom in DPPC. We choose not to
cluster our charges in charge groups, with integral values for the group
charges, since most membrane simulations using the CHARMM force ﬁeld
evaluate electrostatic interactions by PME summation, rendering charge
clustering superﬂuous. The lack of charge groups abrogates transferability of
our charges to other phospholipids such as phosphatidylethanolamines.

Testing the new parameters
Combining the Mulliken population analysis (I) and RESP (II) with transfer
Scheme A and B yields four sets of partial charges, which we subsequently
tested in four MD simulations of a DPPC lipid bilayer. The simulation
results, referred to as I.A, I.B, II.A, and II.B, were compared with experimental data and with NPT and NPzgT simulations using the CHARMM27
parameters.
As benchmark properties for the comparison, we resorted to the volume
and area per lipid, the order parameter proﬁle, and the electron density
proﬁle. The volume per lipid is calculated by subtracting the water volume
nwVw from the box volume (45), where nw is the number of water molecules
and Vw is the average volume of one bulk water molecule in the simulation.
The area per lipid is obtained as the area of the simulation box xy-plane
divided by the number of lipids in one leaﬂet. The order parameter for the ith
acyl methyl(ene) group jSCD,ij is calculated as jSCD,ij ¼ jÆ3/2 cos2 ui  1/2æj,
where ui is the angle between a C-H bond vector in the ith methyl(ene) group
and the bilayer normal, i.e., the z-axis. The brackets denote averaging over
the C-H bonds in the ith methyl(ene) group, lipids, and time. The electron
density proﬁle was calculated by binning the difference Z – q for all atoms
along the z-axis, where Z is the atom number and q is the atomic partial
charge. Thus, we neglect bilayer undulations and assume that the electrons
are located at the atomic centers, thereby ignoring variations in the atomic
form factors. Both assumptions are reasonable when simulating a small ﬂuid
bilayer patch (32). To elucidate the changes in the lipid structure and in the
hydration caused by the reparameterization, we have calculated pair
distribution functions for selected atoms pairs.

Atomic partial charges
Without geometry optimization, the quantum mechanical electrostatic
potential around ;69 DPePC conformers was evaluated at the RHF/631G(d) level in ;100,000 grid points using Gaussian98 (46). In addition to
the electrostatic potential, we also calculated the atomic charges from a
Mulliken population analysis. From the quantum mechanical electrostatic
potential, atomic partial charges were determined by two successive
restricted electrostatic potential (RESP) ﬁts. In the ﬁrst ﬁt, we used the
CHARMM27 charges as the initial guess and used no symmetry constraints.
The charges were restrained by a hyperbolic penalty function with weight
0.0005 AU to avoid large charge separation. In the successive ﬁt, the output
charges from the ﬁrst ﬁt were used as input, and the hyperbolic penalty
weight was increased to 0.001 AU. In the second ﬁt we enforced symmetry
constraints for equivalent atoms (see Fig. 2). The same deﬁnition of
equivalent atoms was used to symmetrize the charges from the Mulliken
population analyses. Lastly, we averaged partial charges over the 69 DPePC
conﬁgurations to give the average partial charge distribution in the DPePC
molecule from the Mulliken and RESP procedures, respectively. The RESP
ﬁtting was performed using AMBER 4.1 with the Restrained ESP Fit
package 2.3 (47).
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around the bilayer using Solvate (48) and subsequently the water layer
surrounding the bilayer was cropped to a rectangular, periodic simulation
box. The water molecules were represented by the TIP3 water model (49).
The bilayer system was equilibrated in the CHARMM27 force ﬁeld for 15 ns
with the area ﬁxed at the experimental value, 62.9 Å2 (29). After this
equilibration, we changed the partial charges to sets I.A, I.B, II.A, and II.B
in four simulations, which were then continued. We also carried out two
reference simulations, referred to as III and IV, where the original
CHARMM charges were used. The simulation times and pressure coupling
schemes are summarized in Table 1. In all simulations, we used a time step
of 1.0 fs and the target temperature of the Langevin thermostat was 325 K
with a damping coefﬁcient of 5 ps1. The pressure was controlled by the
Nosé-Hoover Langevin barostat (50) with a piston oscillation time of 100 fs
and a damping time of 50 fs. Electrostatic interactions were evaluated using
the PME method (51,52) with a grid spacing below 1 Å. MD simulations
were carried out using NAMD (53).

RESULTS
Atomic partial charges
In Fig. 1, we present average charges and standard deviations
for Mulliken and RESP procedures. The charges are also
compiled in Table 2. To get a better overview of the charge
distribution, the obtained charges are mapped onto DPePC in
Fig. 2 with only two decimals, which leaves DPePC with a
nonzero net charge due to round-off errors. With six decimals
the new charges fulﬁll electroneutrality (see Table 2). Qualitatively, there is a good agreement between the CHARMM27
atomic charges and the charges obtained from the Mulliken
method. This agreement is expected since the initial CHARMM
partial charges were taken from a Mulliken population
analysis (25). In general, the same is true for the obtained
RESP charges; however, the RESP charges for N3, C6, and
C24 have the opposite sign compared to the corresponding
CHARMM27 charges. A similar sign inversion relative to
CHARMM27 is not observed for our Mulliken charges and
therefore this prediction appears to be speciﬁc for the RESP
method. Comparing the error bars on the charges from the
two methods, we see that the RESP charges exhibit a larger
conﬁgurational dependence than the Mulliken charges. This
is a commonly known difference between the two methods
TABLE 1 Overview of MD simulations
Sim. ID
I.A
I.B
II.A
II.B

Parameters

g (mN/m)

Length (ns)

New Mulliken charges assigned
down to the 4th acyl carbon
New Mulliken charges assigned
down to the 3rd acyl carbon
New RESP charges assigned down
to the 4th acyl carbon
New RESP charges assigned down
to the 3rd acyl carbon
CHARMM27
CHARMM27

0

2

0

5.5

0

17

0

6

0
61

15
10

MD simulations

III
IV

The DPPC lipid bilayer, from which we extracted the lipid conformations for
the atomic charge determination, consists of 72 lipids solvated with ;2000
water molecules resulting in a total of ;16,000 atoms. This corresponds to
;29 water molecules per lipid (29). The water molecules were placed

Simulations I.A, I.B, II.A, and II.B use new atomic partial charges, whereas
simulations III and IV use the CHARMM27 partial charges. The simulation
lengths are shown in the rightmost column. Simulations with g ¼ 0 mN/m
correspond to the NPT ensemble with Px ¼ Py ¼ Pz ¼ 1 bar.
Biophysical Journal 92(12) 4157–4167
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parameter proﬁle, and the electron density proﬁle for these
six simulations mutually and with experiments.
Area and volume per lipid

FIGURE 1 Overview of the obtained partial charges for dipentanoatephosphatidylcholine (DPePC). Average values and standard deviations for
the new RESP charges and new Mulliken charges are determined from
69 Boltzmann-weighted DPePC conformers. For comparison, we have included the charges from the CHARMM27 force ﬁeld. The atom IDs used on
the abscissa axis are deﬁned in Fig. 2.

(3) and was part of our rationale for using several DPePC
conﬁgurations.
Even though we do not make use of charge groups in our
simulations, we calculated the net charge of the CHARMM27
charge groups for the new charge sets. These are shown in
Fig. 2 by the shaded boxes and the corresponding group
charges are denoted qX (X is the group number I–VII). The
group charges for CHARMM27 are shown in parentheses.
Even though the RESP method predicts that N3 has a positive charge, the direction and magnitude of the NP-dipole
moment is similar to that predicted by the Mulliken method.
Comparison of qI and qII indicates that the new charges, both
Mulliken and RESP, give a smaller NP-dipole moment
compared to CHARMM27 charges. Interestingly, the methylene group charges (qV and qVI) are no longer neutral and
therefore do not have alkane properties as in the CHARMM27
parameter set.
Since there is no rigorous deﬁnition of atomic partial
charges, any of the three charge distributions in Fig. 1 can be
valid and we need to test their quality in lipid bilayer simulations. Table 2 and Fig. 7 provide an overview of our
charges after transfer to DPPC.
Testing new partial charges
We tested parameter sets I.A, I.B, II.A, and II.B in MD simulations of a DPPC lipid bilayer. For reference, we have also
included results from two simulations using the CHARMM27
force ﬁeld, one with no applied surface tension and one with
an applied surface tension of 61 mN/m (2). These reference
simulations are referred to as III and IV, respectively. All six
simulations are summarized in Table 1. In the following we
compare the area per lipid, the volume per lipid, the order
Biophysical Journal 92(12) 4157–4167

From Fig. 3 we see that the areas per lipid in simulations I.A,
I.B, and II.B monotonically decrease to ;55 Å2 within the
ﬁrst 2 ns of the simulations, resembling the behavior of the
ﬁrst 2 ns of simulation III. In simulation III, the area per lipid
reaches the experimental value for the gel phase (4) after 15
ns and is still decreasing moderately. Based on the immediate decrease in the area per lipid observed in simulations
I.A, I.B, and II.B we decided to end these three simulations
and to discard them from further analysis. In contrast, the
area per lipid found in simulation II.A is stable and the average value of 60.4 6 0.1 Å2 compares favorably to the
commonly accepted experimental value of 64 Å2 (4). As
previously reported, it is necessary to apply a surface tension
of 61 mN/m to obtain an area per lipid of 64.5 6 0.3 Å2 using
the CHARMM27 force ﬁeld (simulation IV) (2). The error
estimates for the area per lipid are obtained as the standard
error of the mean area calculated in 250 ps data blocks.
Simulations II.A, III, and IV give lipid volumes of (12.0 6
0.3) 3 102, (11.7 6 0.6) 3 102, and (12 6 1) 3 102 Å3/lipid.
The experimental estimate is ;12.30 3 102 Å3/lipid and
varies a few Å3/lipid depending on the technique used (4).
Thus, all the simulation results agree with the experimental
data within the statistical uncertainty in the simulations. In
the determination of the lipid volume, the water volume
was calculated from the water electron density in Fig. 5 A.
Simulation III is not completely equilibrated (see Fig. 3), and
therefore we used only the last 3 ns to estimate the lipid
volume in this simulation. In the following sections we also
use only the last 3 ns of this simulation for the data analysis.
Order parameters

In Fig. 4 we show the order parameter proﬁle for the sn2chain from simulations II.A, III, and IV as well as experimentally determined deuterium order parameters at 41C
and 50C (54,55). The experimental proﬁle measured at
50C is close to the simulation conditions. The proﬁle obtained at 41C is the upper limit for jSCDj in a ﬂuid phase
DPPC bilayer, since the main phase transition temperature is
41C (55). In the region from C7 to C16, the proﬁle from
simulation II.A resembles most closely the experimental
proﬁle for the ﬂuid phase found at 41C. In the region nearer
to the glycerol backbone (C3-C6), the order parameters in
simulation II.A are lower than the experimental values
at 50C. Such deviations are not found in simulation
IV (CHARMM27 parameters with g ¼ 61 mN/m), which
resembles the experimental proﬁles at 50C quite closely.
The order parameter proﬁle calculated from simulation III
(CHARMM27, g ¼ 0 mN/m) clearly indicates highly
ordered acyl chains characteristic for the gel phase. Overall,
the changes in the sn1 chain (not shown) are similar to the
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FIGURE 3 Area per lipid as function of time for six simulations using
different parameter sets and ensembles (see Table 1). The curves are 200
point-running averages of the area per lipid calculated every 0.5 ps. The
numbers on the right ordinate axis are experimental values for the area per
lipid (4).

changes presented for the sn2 chain. The order parameter for
the C2 carbon in the sn1 chain is 0.167 6 0.002 in simulation
II.A and 0.138 6 0.003 in simulation IV.
Electron density proﬁle

Fig. 5 A shows the average electron density proﬁle from
simulation II.A, III, and IV. The overall shapes of the three
proﬁles are similar and the characteristic methyl troughs in
the bilayer center and the headgroup peaks are apparent in all
three simulations. The proﬁle from simulation III has more
sharp features than the two other proﬁles, but the differences
between simulations II.A and IV are more subtle. To obtain
the bilayer form factors Fsim(q), we Fourier-transform the
real-space proﬁles in Fig. 5 A, which yields the Fsim(q) curves

FIGURE 2 Schematic structure of dipentanoatephosphatidylcholine (DPePC)
with indication of the average atomic charges determined by (A) Mulliken
population analysis and (B) the RESP procedure. Atoms in the lipid
backbone are black. The atoms in the three methyl groups on nitrogen (N3)
have identical charges, but for clarity only one methyl group is shown
explicitly. A bar indicates that the charge is negative. The atom labels also
indicate the symmetry constraints that were used. For example, the two
atoms labeled H5 have the same charge by deﬁnition. The CHARMM27
charge group deﬁnition is shown with shaded boxes and the total charge of
the groups are given by the qXs (X is the group number I–VII). The
CHARMM27 group charges are shown in parentheses. The two dashed lines
indicate transfer schemes A and B (see Our Parameterization Strategies for
details). Note that the precision of the charges leaves DPePC with an
apparent nonzero net charge due to round-offs. This is not the case when all
six decimals are included (see Table 2 and Appendix).

FIGURE 4 The order parameter proﬁles from experiments (Exp.) and
three simulations (II.A, III, and IV) for C2 to C16. Experimental data from
Douliez et al. (54). For C2 the data refer to the pro-R position. For simulation
III, the order parameters are calculated from the last 3 ns. The standard error
in the mean, estimated from the variations in the average order parameter
proﬁles calculated in 250 ps time blocks, is ,0.005 for all methylene groups
in all three simulations.
Biophysical Journal 92(12) 4157–4167
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the same lipid exhibits no qualitative differences when comparing simulations II.A and IV (data not shown). The only
exception is g(r) for the atom pair C24sn1–C20sn2 shown in
Fig. 6 A. In simulation II.A, this g(r) has a bimodal structure
with two peaks at 5.5 Å and 7.5 Å, respectively. In simulation IV there is only one peak in at 5.4 Å, i.e., close to the
position of one of the peaks in the II.A simulation. We have
also calculated the function gxy(r), which is a pair-distribution function based on the xy-projection of the distance
vector between the atoms. In Fig. 6 A, gxy(r) is shown for
simulations II.A and IV. We ﬁnd essentially no change in
gz(r), a pair distribution function based on the z-projection of
the distance vector between the atoms, when comparing
simulation II.A and IV (data not shown).

FIGURE 5 Electron density data. (A) Electron density proﬁles from
simulations II.A, III, and IV. (B) Absolute form factors obtained by Fourier
transform of panel a. We have included estimates of the absolute form
factors obtained from experiments (29). These were scaled such that
sim exp
(qh¼1 ) (open circles). In panel a, the standard error in the
Fexp(qexp
h¼1 ) ¼ F
mean, estimated from the variations in the average electron density proﬁles
calculated in 250 ps time blocks, is below 0.01 e/Å3 in all three simulations.

in Fig. 5 B (32). We have also included estimates of the
absolute bilayer form factors from x-ray scattering experiments (29) and ﬁtted these to our simulated F(q). For the
ﬁtting, we scaled the experimental ﬁrst order (h ¼ 1) form
sim exp
(qh¼1 )
factors Fexp(qexp
h¼1 ) to the simulated form factors F
and scaled the higher order form factors of the given
experimental sample by the same factor. For h $ 2, the
experimental F(q) is larger than observed in both simulations.
The root mean-square deviations of the ﬁtted experimental
data points from the corresponding simulated F(q) are 0.4,
1.1, and 0.2 e/Å2 for simulations II.A, III, and IV, respectively. Judged by the form factors, simulation IV therefore
exhibits the best agreement with the experimental data.
Pair distribution functions
In general, the pair distribution function g(r) from the fourth
acyl carbon (C24) to nonhydrogen headgroup atoms within
Biophysical Journal 92(12) 4157–4167

FIGURE 6 Pair distribution functions g(r). (A) Between the fourth acyl
carbon (C24sn1) and the second acyl carbon (C20sn2) in the same lipid. The
value g(r) is the ordinary pair distribution function with r equal to the
distance between the atoms and gxy(r) is the pair distribution function where
r is the projection of the distance between atoms on the xy-plane. (B)
Between C24 (fourth acyl carbon) and oxygen in water. The value g1(r) is
the pair distribution function averaged over the two chains. The value g2(r) is
the pair distribution function between the center of mass of the two C24s in
one lipid and oxygen in water. All g(r)s are averaged over lipids and time.
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The pair distribution function g1(r) from the fourth acyl
carbon (C24 in Fig. 2 and C4 in Fig. 7) to the water oxygen is
shown in Fig. 6 B. The value g1(r) for simulations II.A and
IV indicate that the hydration of the glycerol backbone
region is higher in simulation II.A. Fig. 6 B also shows the
pair distribution function g2(r) between the center of mass of
the two C24s (one in each acyl chain) and water. Consistent
with g1(r), g2(r) is higher in simulation II.A compared to
simulation IV. The standard error for g2(r), for distances
,2 Å, is of the same magnitude as g2(r) in simulation IV.
We ﬁnd only minor differences in the orientation of water
molecules within 6 Å of C24 when comparing simulations
II.A and IV (data not shown).
DISCUSSION
MD simulations of DPPC lipid bilayers using the all-atom
CHARMM27 parameter set yield highly ordered bilayers with
gel-like properties in the NPT ensemble (1,2). Since ﬁnite size
effects only account for a part of the bilayer ordering, it appears that the CHARMM27 lipid parameters need optimization provided that one resorts to NPT simulations.
In this study we determined four new sets of partial charges
for the DPPC lipid headgroup from Mulliken population
analysis and from the RESP ﬁtting procedure. These procedures do not comply with the traditional strategy used for
optimizing partial charges in the CHARMM force ﬁelds
(25–28,36). To this end we note that Foloppe and Mackerell,
Jr. (27) explain that the CHARMM27 parameters are
‘‘primarily optimized to reproduce macromolecular target
data while maximizing agreement with small molecule target
data’’. In our opinion, the macroscopic target data are the key
properties of the bilayer and consequently a correct representation of these must be the ultimate goal of any simulation
deploying CHARMM lipid parameters. Thus, even though
the methods we used to obtain the new atomic partial charges
deviate from the traditional CHARMM parameterization
strategy, this should be of minor importance if the new
parameters represent DPPC bilayers more accurately than the
conventional CHARMM27 parameters.
We tested the four new sets of partial charges in MD simulations using the charges presented in Table 2, i.e., with six
decimals. Using atomic partial charges with six decimals in
the MD simulations should not be crucial for the properties
of the bilayer. However, keeping this precision was convenient since the round-off errors introduced to fulﬁll electroneutrality were found smaller than the conﬁgurational
dependence of the atomic charges.
Which parameter set?
Fig. 3 shows that within 15 ns, the area per lipid in simulation
III decreases to ;48 Å2, which is close to the experimental
value for the DPPC gel phase (4). Based on the similarity of
the ﬁrst few nanoseconds, the same behavior is expected for
simulations I.A, I.B, and II.B. Thus, further equilibration of
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these simulations would most likely give bilayers with gellike properties. Since the goal of this study is to develop a
new parameter set that gives more ﬂuidlike bilayers in the
NPT ensemble, we stopped simulations I.A, I.B, and II.B.
The area per lipid in simulation II.A oscillates at an approximate average value of 60.4 Å2, and considering the variations
in the area per lipid as determined from different experiments
(4), this value is satisfactory. The area per lipid from simulation II.A is also in excellent agreement with the results of
MD simulations using other force ﬁelds (18,19,22). To obtain
an area per lipid that is close to the experimental value of
64 Å2 using the CHARMM27 parameters, it is necessary to
apply a surface tension of 61 mN/m (simulation IV) (2). The
volume per lipid is comparable to the experimental value of
1230 Å3 (4) for all three simulations.
The acyl chains in simulation III were found to be highly
ordered when compared to the experimental data for a ﬂuid
(La) phase bilayer, which is consistent with the underestimation of the area per lipid in this simulation. The chain order
data are similar to results from bilayer simulations using the
CHARMM22 parameter set with zero applied surface tension
(1). The order parameter proﬁles for simulations II.A and IV
indicate that these simulations are in the ﬂuid phase. In simulation II.A, the lower part of the acyl chains is slightly more
ordered than expected from experiments, but is still ﬂuidlike
when compared to simulation III. In the region C3-C5 the
chain order is somewhat underestimated. In the region C4 to
C6, where experiments cannot resolve the order parameter
proﬁle (54), the shape of the II.A proﬁle deviates from that
resulting from simulation IV and deviates from what seems to
be the generic shape of simulated order parameter proﬁles
(2,20,22,28). The proﬁle computed from simulation IV
resembles the experimental proﬁles at 50C and reproduces
the plateau from C4 to C6, which indicates that the atypical
shape of the II.A order parameter proﬁle from C4 to C6 is an
effect of the II.A parameters rather than a consequence of
melting of the acyl chains.
Compared to simulations II.A and IV, the electron density
proﬁle from simulation III shows sharp headgroup peaks, a
deep narrow methyl trough in the bilayer center and plateau
regions in between. These well-deﬁned features indicate that
the positions of the headgroup phosphate moiety and the
terminal methyl groups are relatively well deﬁned, which is
consistent with the overall picture of a very ordered bilayer
structure in this simulation. The sharp features in the electron
density proﬁle of simulation III are also reﬂected in the form
factor FIII(q), which is nonzero for q . 1 Å1 and resembles
the experimental gel phase F(q) (4). However, the bilayer in
simulation III is not in a fully developed gel (Lb9) phase since
the acyl chains are not tilted relative to the bilayer normal. The
difference between the electron density proﬁles from simulations II.A and IV are subtle and therefore the electron density
proﬁles are compared with experimental data in Fourier space.
Fitting the experimental estimate for the absolute form factors
to the simulated factors, we ﬁnd that the experimental data
Biophysical Journal 92(12) 4157–4167
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points consistently lie slightly higher than predicted by both
simulations II.A and IV which, except for the third-order data,
is consistent with the ﬁndings of Sachs et al. (56). Overall, the
comparison of absolute form factors indicates that simulation
IV conforms more closely to x-ray scattering experiments (29)
than the results from simulation II.A. For this comparison,
we used the currently available experimental data. However,
new and improved x-ray results for DPPC show much better
agreement with both simulations II.A and IV than the data used
for comparison here (44). For example, it appears that the
experimental form factors we have used for the ﬁtting in Fig. 5
B are overestimated by ;0.3 e/Å2 and ;0.5 e/Å2 for h ¼ 3 and
h ¼ 4, respectively. Until the new DPPC x-ray data is released
for general use, we cannot carry out a more thorough comparison to determine which one of simulations II.A or IV reproduces the new experimental data the best.
The II.A parameters were previously used in a pressure
proﬁle study (38). The pressure proﬁles reported in that study
qualitatively resemble pressure proﬁles calculated from other
atomistic force ﬁelds (13,37). Since pressure proﬁles cannot
be measured experimentally, we will settle with this qualitative agreement.
The origin of the ﬂuid phase
For future optimizations studies of the CHARMM lipid
parameters, it is useful to pin down why the II.A parameters
improve the bilayer properties. It is likely that simulations
I.A, I.B, and II.B would eventually attain gel-like properties
as does simulation III, which indicates that area per lipid is
relatively insensitive to most of the changes that we have
made in the headgroup, such as the inversion of the sign on
the N3 and C6 charges in parameter set II.B. Apparently, the
reduction of the group charge of the choline and phosphate
moieties (i.e., reduction of the NP-dipole moment) in
simulations I.A, I.B, and II.B does not affect the area per
lipid either. As seen in Fig. 7, the only difference between
simulations II.A and II.B is essentially the partial charge of
the C24 methylene group (see Fig. 2). Since only simulation
II.A is able to maintain ﬂuid phase properties of the bilayer,
the fourth methylene group seems to be responsible for the
ﬂuid phase properties of the DPPC bilayer in that simulation.
Changes in the lipid conﬁgurations were analyzed
through pair distribution functions g(r) calculated between
the seemingly important fourth acyl carbon (C24) and other
nonhydrogen headgroup and upper acyl-chain atoms in the
same lipid. We only compare simulations II.A and IV since
the lateral density (area per lipid) is approximately the same
and therefore any differences in g(r) can be attributed to the
new partial charges rather than differences in g(r) between
ﬂuid and gel-like bilayers, which are less important here. The
pair distribution functions in general reveal no qualitative
structural changes in the lipid conﬁgurations when comparing
simulations II.A and IV. The only exception is the C24sn1–
C20sn2 g(r), where it appears that one effect of introducing the
Biophysical Journal 92(12) 4157–4167

FIGURE 7 Overview of the new partial charges for the DPPC lipids
as obtained from the RESP method. (A) Transfer scheme A where the
atomic charges of C1 to C4 in the acyl chain were modiﬁed compared to
CHARMM27. (B) Transfer scheme B where the atomic charges of C1 to C3
in the acyl chains were modiﬁed compared to CHARMM27. In both panels
the atoms in the lipid backbone are shaded. The atoms in the three methyl
groups on nitrogen have identical charges and for clarity, only one methyl
group is shown explicitly. The solid zigzag line in the sn2 chain indicates
that these atoms have been assigned new charges, which are equal to the
corresponding charges in the sn1 chain. For clarity, the atoms are only
shown explicitly in the sn1 chain. The dashed lines in the sn1 and sn2 chains
symbolize the rest of the acyl chain where the CHARMM27 charges were
used. A bar indicates that the charge is negative. Note that rounding of the
charges in the ﬁgure leave DPPC with a nonzero net charge, which is not the
case when all six decimals are included (see Table 2).

II.A parameters is to stabilize a new lipid conﬁguration at r ;
7.5 Å in addition to the state that dominates simulation IV at
r ; 5.5 Å. The lateral pair distribution functions indicate that
in simulation II.A, the lateral distance between the upper parts
of the sn1 and sn2 chains has increased, which supposedly
contributes to the increased ﬂuidity of the resulting state of
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the bilayer. It is also interesting to note that the hydration of
the glycerol backbone is higher in simulation II.A compared
to simulation IV even though the area per lipid is slightly
higher in the latter. Further, since the center of mass of the two
C24s in one lipid should, on average, lie between the two acyl
chains, the nonzero value of g2(r) for distances below 3 Å in
simulation II.A indicates that water is occasionally found
between the two acyl chains. This is essentially never the case
in simulation IV. This result conforms well to the increased
separation between the upper acyl chains as indicated by the
two intralipid g(r)s. The increased hydration of the glycerol
backbone region in simulation IIA may also be important for
the ﬂuidity of the bilayer.
Thus, we have identiﬁed several structural differences
between simulations II.A and IV relating both to the lipid
structure and the level of hydration. However, the analysis
does not allow us to decide whether these structural changes
alone are responsible for the enhanced ﬂuidlike properties of
the bilayer in simulation II.A.
Future optimization
In summary, our investigations of the area and volume per
lipid, the order parameter proﬁle and the electron density

proﬁle for DPPC clearly indicate that, in the NPT ensemble,
the II.A parameters reproduce ﬂuid phase bilayer properties
better than the CHARMM27 parameters. The volume per
lipid compares favorably with experiments for simulations
II.A, III, and IV. Further, we ﬁnd that for a pure DPPC lipid
bilayer simulated with CHARMM27 charges, ﬂuidlike properties can also be obtained by applying an appropriate positive
surface tension which, however, requires that the area per
lipid has been predetermined experimentally.
Still, in simulation II.A the area per lipid is slightly underestimated and the order parameter is slightly overestimated in
the lower acyl chain region compared to experimental data.
This could be due to ﬁnite size effects in the simulation (19),
but it could also indicate that further ﬁne-tuning of the lipid
parameters in the glycerol backbone region is needed to approach the experimental data even further. Indeed, the extreme
and unexpected sensitivity to the charges in the fourth methylene group stresses the importance of obtaining good lipid
parameters in the glycerol backbone region. In, e.g., the
GROMOS96 45A3 force ﬁeld, the area per lipid is also
sensitive to the charges in this region (57). Since the glycerol
backbone is a common motif in all glycerophospholipids,
ﬁne-tuning the CHARMM parameters in this region could be
useful also for other lipid systems. Adjusting, for example, the

TABLE 2 Partial charges for DPePC and DPPC in different parameter sets
Mulliken

H1
C2
N3
C4
H5
C6
H7
O8
P9
O10
C11
H12
C13
H14
C15
H16
O17
C18
O19
C20
H21
C22
H23
C24
H25
C26
H27
O28

RESP

DPPC, 

DPPC, I.A

DPPC, I.B

0.245051
0.369004
0.568717
0.198324
0.244430
0.002913
0.201919
0.750061
1.616817
0.831387
0.003425
0.187542
0.108801
0.232980
0.025576
0.214057
0.656842
0.839348
0.597498
0.433166
0.203865
0.314846
0.177125
0.316755
0.161482
0.486578
0.160867
0.663024

0.244909
0.369146
0.568859
0.198466
0.244288
0.002771
0.201777
0.750203
1.616675
0.831529
0.003283
0.187400
0.108659
0.232838
0.025718
0.213915
0.656984
0.839206
0.597640
0.433308
0.203723
0.314989
0.176983
0.316897
0.161340
0.180000
0.090000
0.663166

0.245140
0.368915
0.568627
0.198235
0.244519
0.003002
0.202008
0.749972
1.616906
0.831298
0.003514
0.187631
0.108891
0.233069
0.025487
0.214147
0.656753
0.839437
0.597408
0.433076
0.203955
0.314758
0.177215
0.180000
0.090000
0.180000
0.090000
0.662935

DPPC, 
Partial charge (e)
0.153367
0.309918
0.246550
0.188332
0.129583
0.241392
0.041252
0.482624
1.303270
0.810549
0.066394
0.100650
0.378280
0.062906
0.060502
0.085715
0.472576
0.832059
0.598219
0.285440
0.089737
0.012362
0.026467
0.118557
0.007909
0.267435
0.063956
0.535437

CHARMM27

DPPC, II.A

DPPC, II.B

III and IV

0.150668
0.312617
0.243851
0.191031
0.126884
0.238693
0.038553
0.485323
1.300571
0.813248
0.069093
0.097951
0.375581
0.060207
0.057803
0.083016
0.475275
0.829360
0.600918
0.288139
0.087038
0.015061
0.023769
0.115859
0.010607
0.180000
0.090000
0.538136

0.154454
0.308831
0.247637
0.187245
0.130670
0.242479
0.042339
0.481537
1.304356
0.809462
0.065307
0.101737
0.379367
0.063992
0.061589
0.086801
0.471489
0.833146
0.597132
0.284353
0.090824
0.011276
0.027554
0.180000
0.090000
0.180000
0.090000
0.534350

0.25
0.35
0.60
0.10
0.25
0.08
0.09
0.57
1.50
0.78
0.08
0.09
0.04
0.09
0.05
0.09
0.34
0.63
0.52
0.08
0.09
0.18
0.09
0.18
0.09
0.18
0.09
0.34

See Table 1 for more details.
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acyl-chain Lennard-Jones parameters could also prove fruitful
(22), but then the acyl-chain parameters would depart from
the highly optimized CHARMM27 alkane parameters.

3. Bayly, C. I., P. Cieplak, W. D. Cornell, and P. A. Kollman. 1993. A
well-behaved electrostatic potential based method using charge restraints for deriving atomic charges: the RESP model. J. Phys. Chem.
97:10269–10280.
4. Nagle, J. F., and S. Tristram-Nagle. 2000. Structure of lipid bilayers.
Biochim. Biophys. Acta. 1469:159–195.

SUMMARY AND CONCLUSION

5. Carrillo-Tripp, M., and S. E. Feller. 2005. Evidence for a mechanism
by which v-3 polyunsaturated lipids may affect membrane protein
function. Biochemistry. 44:10164–10169.

As previously described in the literature, we conﬁrm that dipalmitoylphosphatidylcholine (DPPC) lipid bilayer simulated
in the NPT ensemble using the CHARMM27 force ﬁeld have
gel-like properties while ﬂuid (La) phase properties can be
obtained by applying an appropriate positive surface tension
(1,2,28,30). Since the applied surface tension has to be
adjusted based on experimental data (1,2), we believe that this
approach makes it difﬁcult to take full advantage of the
predictive power of MD simulations. In an attempt to obtain
ﬂuid phase properties of DPPC bilayers simulated in the NPT
ensemble using the CHARMM energy function, we assigned
new partial charges to the headgroup and upper acyl chains of
DPPC using Mulliken population analysis and a RESP ﬁtting
procedure. The new Mulliken partial charges do not have an
immediate effect on the bilayer properties, but the RESP
charges do. Using the new RESP charges, we ﬁnd a dramatic
improvement of the bilayer properties compared to simulations using the CHARMM27 charges with zero applied
surface tension. Thus, the new RESP partial charges presented
in this study allow for simulating a DPPC lipid bilayer in the
ﬂuid phase at constant pressure and zero applied surface tension using the CHARMM energy function.

APPENDIX: NEW PARTIAL CHARGES
Table 2 shows the average Mulliken and RESP charges obtained for dipentanoatephosphatidylcholine (DPePC). The Mulliken and RESP methods are
denoted I and II, respectively. Also shown are the dipalmitoylphosphatidylcholine (DPPC) charges transferred from DPePC using transfer schemes
A and B described in Our Parameterization Strategy. The CHARMM27
partial charges are shown for reference. Fig. 7 gives an overview of the new
RESP charges listed in Table 2 after the transfer to DPPC. To increase clarity
in the ﬁgure, the charges are shown with two decimals only. Due to roundoffs, the molecules have a nonzero net charge, which is not the case when all
six decimals are used (see Table 2).
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