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ABSTRACT The extent to which current force fields faithfully reproduce conformational properties of lipids in bilayer
membranes, and whether these reflect the structural principles established for phospholipids in bilayer crystals, are central to
biomembrane simulations. We determine the distribution of dihedral angles in palmitoyl-oleoyl phosphatidylcholine from molecular dynamics simulations of hydrated fluid bilayer membranes. We compare results from the widely used lipid force field of
Berger et al. with those from the most recent C36 release of the CHARMM force field for lipids. Only the CHARMM force field
produces the chain inequivalence with sn-1 as leading chain that is characteristic of glycerolipid packing in fluid bilayers. The
exposure and high partial charge of the backbone carbonyls in Berger lipids leads to artifactual binding of Naþ ions reported
in the literature. Both force fields predict coupled, near-symmetrical distributions of headgroup dihedral angles, which is
compatible with models of interconverting mirror-image conformations used originally to interpret NMR order parameters.
The Berger force field produces rotamer populations that correspond to the headgroup conformation found in a phosphatidylcholine lipid bilayer crystal, whereas CHARMM36 rotamer populations are closer to the more relaxed crystal conformations
of phosphatidylethanolamine and glycerophosphocholine. CHARMM36 alone predicts the correct relative signs of the timeaverage headgroup order parameters, and reasonably reproduces the full range of NMR data from the phosphate diester to
the choline methyls. There is strong motivation to seek further experimental criteria for verifying predicted conformational
distributions in the choline headgroup, including the 31P chemical shift anisotropy and 14N and CD3 NMR quadrupole splittings.

INTRODUCTION
General principles governing lipid conformations in
bilayer membranes have been established from x-ray
crystal structures for a range of different phospholipids,
glycolipids, diglycerides, and ceramides (1–4). The bilayer
crystal structure of glycerolipids is characterized by the
backbone dihedrals, and by which of the sn-1 and sn-2
chains is the leading one, i.e., the one which proceeds
directly into the bilayer from attachment to the glycerol.
To achieve parallel chain packing, the other chain is then
bent by 90 . The polar headgroup structure is bent down,
parallel to the bilayer plane, and is characterized by a
limited number of conformations in the case of phosphatidylcholine, or, for phosphatidylethanolamine, by just two
mirror-image conformers.
In contrast, some of the crystal structures of lipids
associated with both soluble and membrane proteins that
are deposited in the Protein Data Bank (PDB) violate several
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of the conformational principles derived from smallmolecule x-ray methods (5–7). This includes incorrect
stereochemistry. Much of the chain configurational disorder
arises from energetically disallowed skew conformations.
Eclipsed conformations occur in some glycerol backbone
torsion angles and in CC torsion angles of the lipid headgroups. A high proportion of the carboxyl ester groups are in
nonplanar configurations, and certain of the carboxyls are in
the disallowed cis configuration. Some structures have the
incorrect enantiomeric configuration of the glycerol backbone, and many branched methyl groups in the phytanyl
chains of archaeal lipids are in the incorrect S-configuration.
Whatever the dynamic state of the lipids, these incorrect
structures cannot describe lipid-protein interactions in
biological membranes.
Experimental data on the dynamic lipid structures that
occur in fluid bilayer membranes come mostly from
magnetic resonance studies. Universally, the sn-1 and sn-2
acyl chains are inequivalent in fluid bilayers, with sn-1 as
the leading chain (8–10). In particular, 2H-NMR studies
suggest that the headgroup structures can be explained
minimally by exchange between two mirror conformations
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(11,12). Correspondingly, liquid-state NMR of phospholipid
micelles is interpreted in terms of exchange between stable
conformers of the glycerol backbone (1). A single consensus
structure was proposed that is consistent with a considerable
range of different solid-state NMR couplings for phosphatidylcholine bilayers (13). However, this incorporates a
conformationally forbidden nonplanar ester carboxyl and a
relatively high-energy glycerol backbone configuration.
This, therefore, also suggests the presence of a limited
number of interconverting conformers.
Molecular dynamics (MD) simulations, in principle, are
capable of yielding the dynamic configurations of lipid
molecules assembled in bilayer membranes, and at a level
of atomic detail that is not available directly from spectroscopic studies. However, we can expect these time-averaged
configurations to depend more or less sensitively on the force
fields chosen for the simulations (14–16). In general, force
fields are optimized to reproduce a range of experimental
parameters that characterize the ensemble bilayer structure
(17,18). It is therefore of direct relevance to inquire how
this impacts the molecular configurations of the constituent
lipids. Specifically, correct conformational structures are
needed for a realistic and effective description of intermolecular interactions, for example, in lipid-protein interactions,
and in lipid-cholesterol interactions that give rise to formation of liquid-ordered membrane domains (i.e., rafts).
Here, we determine dihedral-angle distributions for a
representative membrane phospholipid, 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC), in fully
hydrated bilayers. These are equilibrated in MD simulations
under the action of two different widely used phospholipid
force fields. We compare the earlier united-atom model of
Berger et al. (19,20) with the most recent version of the
CHARMM 36 all-atom force field for lipids (21). The natural equilibrium state of a flat bilayer membrane is one that is
essentially free of tension, even when undulations are taken
into account (22,23). Although the force field of Berger
et al., with Lennard-Jones potential adjusted to experimental
results for pentadecane and headgroup partial charges of
Chiu et al. (24), produces fluid-phase packing for tensionfree bilayers above the chain-melting temperature, this
was not the case until the C36 release of the CHARMM
force field, for NPT ensembles (17). A significant feature
of the nonbonded interactions is the partial charge on the
carboxyl ester groups (18), which, besides affecting lipid
packing, can exaggerate the degree of monovalent cation
binding (25–27). Thus, we might expect this also to
affect the configuration of the glycerolipid backbone and
attached chains.
The motivation behind this study is twofold: to assess the
extent to which the MD structures from the different force
fields conform to the configurational principles established
from crystal structures and time-average NMR order parameters, and to identify structural features that might be used
for future validation. Force field development is a continual
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process (17), and there is a constant need for further targets
with which to test them (28). A previous survey of lipid
force fields concludes the need for improved agreement
with NMR data on the glycerol backbone and choline
headgroup (29). We strengthen this here with consideration
of 31P-NMR chemical shift anisotropy and 14N-NMR
quadrupole splittings. Furthermore, we find that headgroup
orientations (i.e., order parameters) may be interpreted realistically in terms of rapid exchange between the principal
crystalline conformers. This analytic strategy has been challenged as oversimplifying but never specifically tested.
The possibility to describe the dynamic structure of fluid
lipid bilayers in terms of a limited number of molecular
configurations then gives us a conceptual framework for
understanding and interpreting the properties of biological
membranes, which are at the same time both highly
dynamic and highly ordered.
These results should be of wide interest to workers in the
field of lipid membranes (i.e., all biological membranes), as
well as to all those wishing to appreciate both the implications and limitations of MD simulations in biological
systems. Ever since the first crystal structure of a phospholipid was determined, conformational principles have
inspired our thinking about the molecular role of the lipid
bilayer in biological membranes. At the same time, NMR
spectroscopy, and also spin-label electron paramagnetic
resonance spectroscopy, has led our ideas about the
dynamic features of the ordered membrane environment,
as characterized by molecular order parameters. The representation of these features by MD calculations therefore
extends our conceptual frame to wholescale membrane
simulations.
To appreciate the power and potential problems of this
latter approach, we should look back to the historical development as well as forward to future improvements (17).
Early all-atom lipid force fields produced gel-like membranes above the chain-melting temperature, but this could
be discovered only after sufficiently long simulations were
possible (30). Up to that point, the area per lipid was
severely underestimated in tension-free ensembles, and simulations were made at constant area instead of at constant
pressure, thus limiting predictive ability and interpretative
value in combination with diffraction techniques (31). Similarly, there have been continuous developments in nucleicacid force fields, and good agreement (rmsd < 0.1 nm)
with high-resolution DNA structure is obtained only with
the most recent modifications (32). For folded proteins,
different force fields reproduce similar structural ensembles
(33–35), but further development was needed to treat intrinsically disordered proteins successfully (36).
It is clear that, although possibly subtle, adjustments in
force fields are necessary to reproduce correct structural
ensembles and conformer distributions for all biomolecular
types. Modern experimental biophysics often relies on
accurate and sufficiently long simulations to aid in the
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interpretation of a variety of biophysical data, such as
that from spin-label electron paramagnetic resonance
(37–39), NMR (40–42), and Förster resonance energy
transfer (43–45). It is therefore important to address the
impact of force fields on the configurations of biomolecules,
including lipid assemblies.
METHODS
Definition of dihedral angles and conformations
Fig. 1 a shows the notation used for the dihedral angles in sn-3 phosphatidylcholine, with explicit angles as listed in Table 1 (46). Dihedral angles are
defined as in (47), which also is the current convention for protein structures
(48). Fig. 1 b gives the classification of the staggered and eclipsed rotamers
used for conformational description of lipids according to the range of
dihedral angle (49). Equivalent conformational designations frequently
used are as follows: trans, t (ap); gauche, g (sc); skew, s (ac); and cis, c (sp).
In the Pascher notation (2), the chain-backbone configuration is specified as q4/leadingchain/q2, where the leading chain is the one which proceeds directly into the bilayer from the attachment at the glycerol
backbone.

MD simulations
We performed all-atom MD simulations of POPC bilayers using GROMACS
v 5.1 (50–52) with the CHARMM36 (charmm36-jul2017.ff.tgz) (21) or
BERGER (20) force field. The duration of the simulation trajectories used
was 500 ns. The CHARMM bilayer contained 96 lipids. Trial simulations
with 120 lipids did not result in any change in order parameters and dihedral
distributions (data not shown). The Berger bilayer contained 120 lipids. The

TABLE 1

Definition of Dihedral Angles

q1
q2
q3
q4

O31C3C2C1
O31C3C2O21
C3C2C1O11
O21C2C1O11

b1
b2
b3
b4

C3C2O21C21
C2O21C21C22
O21C21C22C23
C21C22C23C24

a1
a2
a3
a4
a5

C2C3O31P
C3O31PO32
O31PO32C31
PO32C31C32
O32C31C32N

g1
g2
g3
g4
–

C2C1O11C11
C1O11C11C12
O11C11C12C13
C11C12C13C14
–

Atom numbering is taken from Fig. 1.

water models used were the CHARMM version of TIP3P (53) and SPC (54),
for CHARMM and Berger force fields, respectively. The LINCS algorithm
(55) was used to constrain all bonds in the Berger simulations, and bonds
containing hydrogen in the CHARMM simulations. The leapfrog integrator
was used with a time step of 2 fs.
For the Berger force field, simulations were carried out with standard
parameters as described in (56). A neighbor list with a 1.0 nm cutoff
was used for nonbonded interactions and was updated every 10 steps.
van der Waals interactions were truncated with a cutoff of 1.0 nm. The
particle mesh Ewald method with a 0.12-nm Fourier spacing and
1.0-nm short-range cutoff was used for electrostatic interactions
(57,58). Temperature and semiisotropic pressure coupling was performed
using the Berendsen thermostat and barostat (59). Trajectories were
sampled every 10 ps.
For CHARMM simulations, particle mesh Ewald had a short-range
cutoff of 1.2 nm, and van der Waals interactions were switched off
over the range from 1.0 to 1.2 nm. The Nose-Hoover thermostat was
used (60). Parrinello-Rahman (61) pressure coupling was used for
production runs after equilibrating the systems with Berendsen pressure
coupling.

a

Order parameters
The 2H-quadrupole splitting of the perpendicular peaks in a Pake doublet is
as follows:

DnQ ¼

b

(1)

where e2 qQ=h ¼ 163 kHz for an aliphatic CD bond (62) and SCD is the
order parameter of the CD bond referred to the membrane normal.
Because rotation is rapid about the NC bond of choline methyls, their
CD or (CH) order parameter is SCD3 ¼ ð1=3ÞSNC where SNC is the
order parameter of the three equivalent NC33, NC34, and NC35
bonds. The effective quadrupole coupling for rapidly rotating CD3
methyls is 13e2 qQ=h ¼ 46 kHz (62); both this and the CD2 value are
from the crystalline lamellar phase (Lc) of a phospholipid with
perdeuterated chains (10).
The order parameter SCN of the C32N bond measured by 14N-NMR is
related directly to the choline methyl CD3 order parameter (63):

SCN ¼

FIGURE 1 (a) Notation for dihedral angles in sn-3 diacyl phosphatidylcholine (46). (b) Designation of dihedral-angle ranges for staggered and
eclipsed rotamers (49).
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ð3
cos
CNC  1Þ
2

(2)

where qCNC ¼ 111:3o (4,64) is the mean C32-N-C33, -C34, and -C35
choline bond angle. Using the value of SCD3 for dipalmitoyl phosphatidylcholine (PC) at 317 K from Ref. (63) with the corresponding value of
SCN from 14N-NMR (65), we deduce a 14N-quadrupole coupling of
e2 qQ=h ¼ 119 kHz from Eqs. 1 and 2.
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The 31P chemical shift anisotropy (csa) with axial averaging is (66):

Dscsa ¼ ðs11  s22 ÞS11 þ ðs33  s22 ÞS33 ;

(3)

where ðs11  s22 Þ ¼ 62 ppm and ðs33  s22 Þ ¼ 134 ppm for hydrated
dimyristoyl PC at 248 K (67); S11 and S33 are the order parameters of the
csa-principal axes, which lie close to the O31O32 and O33O34
vectors, respectively, of the phosphate diester. An approximate model
relates the chemical shift anisotropy to the value DsR obtained simply by
uniaxial rotation about the principal molecular axis (68):

Dscsa ¼ DsR SPO4 ;

(4)

where SPO4 is the order parameter of this principal axis relative to the
membrane normal. A reasonable estimate for rotational averaging is
DsR ¼ 74 ppm, which we get by using the value of Dscsa from the
gel phase (62, and see also 69). Typical errors in Dscsa are 51 ppm or
better (70).
Motionally averaged 1H-13C dipolar couplings are determined by

hbCH i ¼ 

 m  Zg g
o
C H
SCH ;
3
4p
rCH

(5)

3
where the rigid-limit dipolar coupling is ðmo =4pÞðZgC gH =rCH
Þ ¼ 20:2 kHz
(71) and SCH is the order parameter of the CH bond. Typical errors in recoupled dipolar frequencies are 50.4 kHz (71) or larger (72), whereas
those from direct measurement of 31P-csa or quadrupole splittings are typically 5(0.10.2) kHz, including those for 14N (65,70).

RESULTS
Headgroup conformation
Fig. 2 shows the distributions of dihedral angles in the
polar headgroups for the Berger et al. (dotted line) and
CHARMM36 (solid line) force fields. Results for a5 are
similar to those reported previously by Botan et al. (29).
There are clear differences between simulation results
from the two force fields, particularly as regards the a1
and a4 dihedrals. Significantly, the distributions for both
are identical for the Berger force field, whereas they
differ considerably from one another for the CHARMM36
force field. On the other hand, the distributions of a2
and a3 dihedrals are more similar both to each other and
between the two force fields. Differences within the
a1/a4 and a2/a3 pairs must reflect differences in nonbonded
interactions beyond those between immediate pendant
groups.
Table 2 lists the distribution of headgroup dihedrals
binned into 530 ranges about the staggered and eclipsed
positions for sp3-bonds, as in Fig. 1 b. These are compared
with distributions found from crystal structures available for
glycerophospholipids, namely phosphatidylcholine, phosphatidylethanolamine, mono- and dimethylphosphatidylethanolamine, phosphatidic acid, and phosphatidylglycerol.
We see that the headgroup conformation for the Berger
force field is predominantly a1 ¼ ap, a2 ¼ 5sc,
a3 ¼ 5sc, a4 ¼ ap, and a5 ¼ H sc but with a comparable
contribution from ap. This is close to that found in bilayer
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FIGURE 2 Distribution of dihedral angles in the polar headgroup of
POPC. From bottom to top: a1 about the C3O31 bond, a2 about the
O31P bond, a3 about the PO32 bond, a4 about the O32C31 bond,
and a5 about the C31C32 bond. CHARMM force field (solid line) and
that of Berger et al. (dotted line).

crystals, except for the ap component of a5, which occurs
in crystals only for phosphatidylglycerol. Berger et al. retain
the original GROMOS force field for the headgroup bonded
interactions, and use OPLS for nonbonded Lennard-Jones
interactions. In earlier simulations of fluid dipalmitoyl PC
bilayers using the GROMOS force field, but with reduced
atomic charges, Egberts et al. (19) also find choline headgroup rotamers similar to those in lipid crystals. For
CHARMM36, the headgroup conformation is less like
that of phosphatidylcholine bilayer crystals, predominantly
a1 ¼ ap and ac, a2 ¼ 5sc, a3 ¼ 5sc, a4 ¼ 5sc,
and a5 ¼ 5sc. These conformational deviations exhibited
by the MD simulations may diminish the internal electrostatic attraction that directs the positively charged nitrogen
to the phosphate oxygens in the crystal structures. Also,
we must remember that the phosphocholine headgroup occupies a larger cross-sectional area than the crystalline
chains. This is accommodated by tilting the chains in the
crystal, as in phosphatidylcholine gel phases. Note that a
correlated a2/a3 ¼ 5sc/5sc conformation is expected
on energetic grounds for a phosphate diester (73). As seen
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the doublet distribution a3/a5 (data not shown) to bridge
the ap conformation of a4.

TABLE 2 Conformation of Polar Headgroup in MD
Simulations of POPC
Dihedral
a1
a2
a3
a4
a5

Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal

ap

sc

sc

ac

ac

sp

0.865
0.359
0.79
0.079
0.120
0
0.188
0.099
0
0.833
0.152
0.21
0.286
0.062
0.14

0.010
0.028
0
0.307
0.274
0.60
0.285
0.303
0.64
0.003
0.252
0
0.306
0.461
0.50

0.001
0.130
0
0.300
0.270
0.40
0.272
0.302
0.36
0.004
0.257
0
0.330
0.462
0.29

0.103
0.190
0.10
0.159
0.110
0
0.132
0.093
0
0.078
0.172
0.57
0.036
0.007
0

0.041
0.294
0.10
0.151
0.118
0
0.122
0.091
0
0.082
0.166
0.21
0.037
0.006
0.07

0
0
0
0.002
0.107
0
0.001
0.112
0
0
0.000
0
0.003
0.001
0

Top row for each dihedral angle a is with force field of Berger et al. (20),
middle row is with CHARMM C36 force field (21), and bottom row is the
average population in crystal structures of glycerophospholipids (4).

in Fig. 2 and Table 2, the relative populations of a2 and
a3 are consistent with this pairing, for both force
fields. Raman spectroscopy shows that torsion angle a5
is predominantly Hsc in hydrated phosphatidylcholine
bilayers (74), as predicted with both force fields.
Correlations between adjacent dihedral angles ai/aiþ1 in
the headgroup are shown by the doublet distributions that
are given in Fig. 3. In the second column, we see very
clearly that a2/a3 ¼ 5sc/5sc as expected, for both force
fields. For the CHARMM36 force field, we get the correlated sequence a2/a3/a4/a5 ¼ 5sc/5sc/5sc/5sc, without
sign reversal for a5. For the force field of Berger et al.,
the correlated sequence is predominantly a2/a3/a4/a5 ¼
5sc/5sc/ap/Hsc, with sign reversal for a5, where we use

Glycerol backbone
The q4 dihedral angle, about the glycerol C1C2 bond,
specifies the relative orientation of the sn-1 and sn-2
chains. Correspondingly, the q2-dihedral, about C2C3,
defines the orientation of the headgroup relative to the
sn-2 chain. The q3/q1 combination of complementary
dihedral angles specifies the glycerol configuration. For
tetrahedral bond angles, the complementary dihedral angles
of sn-3 glycerol are related by q1 ¼ q2  120o and q3 ¼
q4 þ 120o .
Fig. 4 compares distributions of the q2 and q4 dihedrals
(solid lines) with their complements q1 þ 120o and
q3  120o (dotted lines). Results for q3 are similar to those
reported previously by Botan et al. (29). Displacements of
the solid and dotted lines by z58 , respectively, with the
Berger force field indicate departures from strictly tetrahedral geometry, or an insufficient constraint on the improper
dihedrals that maintain the enantiomeric configuration of
the backbone. For the CHARMM force field, however, the
complementary pairs of dihedrals coincide as expected.
The major peaks in population differ considerably between
the two force fields. For the Berger force field they occur
close to q2 ¼ 180o (trans, ap), q2 ¼ 60o (gaucheþ, sc),
and to q4 ¼ 560o (gauche5, 5sc), but with significant deviations (5–10 ) from the canonical staggered positions
for sp3-bond dihedrals of glycerol. In addition, the q4 -distribution has a further peak at 158 . On the other hand, the
CHARMM force field produces two major peaks in population at q2 and q4 ¼ 560o , with only a minor contribution in
the trans region.

FIGURE 3 Doublet distributions for pairs of adjacent headgroup dihedrals ai/aiþ1, from simulations with the CHARMM force field (upper row) and that
of Berger et al. (lower row).
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FIGURE 4 Distribution of dihedral angles in the
glycerol backbone of POPC. Top: the C2C3 bond
q2 (solid line) and q1þ120 (dotted line). Bottom:
the C1C2 bond q4 (solid line) and q3120
(dotted line). CHARMM force field (right) and
that of Berger et al. (left).

Table 3 lists the distribution of backbone dihedrals
grouped in 530 ranges about the staggered and eclipsed
positions for CC bonds (see Fig. 1 b). Again, comparison is made with distributions from the available range
of crystal structures (4). The q4 -dihedral is 50% sc,
29% sc, and 9% ap (12% eclipsed) for the Berger force
field, and 16% sc, 78% sc, and 4% ap (2% eclipsed)
for CHARMM36. Only backbones with q4 ¼ þsc or sc
allow parallel chain stacking characteristic of a membrane
bilayer arrangement. The q2 -dihedral is 66% ap, 19% sc,
and 1% sc (14% eclipsed) for the Berger force field,
and 14% ap, 32% sc, and 48% sc (6% eclipsed) for
CHARMM36. Backbones with 5sc conformations for q4
and q2 are favored by the ‘‘gauche effect’’ found in polyoxyethylene (75). However, combinations of q4/q2 dihedral
angles sc/sc, and sc/sc with sn-2 as the leading chain,
are excluded because each would rotate the headgroup
back into the bilayer, and the former also exhibits a sterically forbidden q3/q1 ¼ gþg glycerol configuration (2).
For a similar reason, the q4/q2 ¼ ap/ap configuration
(with q3/q1 ¼ ggþ) is also strongly disfavored on intramolecular grounds. The values in Table 3 allow the favorable
combinations q4/q2 ¼ sc/ap, sc/sc, and sc/ap with diminishing frequency for the Berger force field, and predominantly sc/sc and sc/sc for CHARMM36. Of these, the
sc/sc and sc/sc combinations are strongly represented in
the available crystal structures, and those involving ap
conformers considerably less so. Correspondingly, the
potential energy wells in CHARMM36 are deepest for
q4/q2 ¼ sc/sc and sc/sc, and are less deep for sc/ap, ap/
sc, sc/sc, and sc/ap (21).
Fig. 5 shows the doublet distribution q2/q4 that confirms
the above correlations, which were based on relative populations. For CHARMM36, we get q4/q2 ¼ þsc/5sc with
small contributions from sc/ap and sc/sc. For the Berger
force field, we find predominantly q4/q2 ¼ sc/ap, with
smaller contributions from sc/sc, sc/ap, and ap/sc.
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Chain attachment
Fig. 6 shows the distributions of dihedral angles about the
first four bonds in the attachment of the sn-1 and sn-2 acyl
chains. For b1, g1 and b3, g3, there are considerable differences between the dihedral distributions produced by the
two force fields. Steric interactions arising from torsion
about the CO bond restricts b1 and g1 less than for CC
bonds (76). This makes differences between the two force
fields difficult to interpret unambiguously for the first dihedral. The unique ap conformation for b2 and g2 that is found
with both force fields reflects the planar nature of the
carboxyl ester, and is a feature common to all known bilayer
phospholipid crystal structures (see Table 3). The subsequent
b3 and g3 CC dihedrals specify which of the acyl chains, if
any, is the leading chain. For g3 ¼ ap, sn-1 is the leading
chain, and correspondingly for b3 ¼ ap, sn-2 is the leading
chain. Although either g3 or b3 is in the ap conformation
in phospholipid crystals, this is certainly not the case for simulations with the Berger force field (see Fig. 6; Table 3).
Compared with bilayer crystal structures, the wide dihedral
distribution for g3 and b3 with maxima at approximately
590 for the Berger force field is highly unusual. Moreover,
the reflection symmetry of the two distributions indicates
equivalence of the two chains. For the CHARMM36 force
field, on the other hand, g3 is mostly ap, which indicates
that sn-1 is the leading chain, and b3 has a considerable
–sc population, which favors a bent sn-2 chain.
The ap (trans) and mostly less populated 5sc (gauche)
conformations for b4 and g4 are characteristic of fluid lipid
hydrocarbon chains, and persist throughout the remainder of
the two chains except in the region of the 9,10-cis double
bond of the sn-2 chain. This applies for both force fields.
Acyl chains
Fig. 7 shows the profile of rotamer populations in the sn-1
and sn-2 acyl chains. After the bonds that characterize the
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DISCUSSION

TABLE 3 Conformations of Glycerol Backbone and Chain
Carboxyl Links in MD Simulations of POPC
ap

sc

sc

ac

ac

sp

Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal

0.009
0.484
0.45
0.657
0.138
0.15
0.285
0.783
0.76
0.091
0.040
0

0.695
0.133
0.14
0.194
0.323
0.45
0.514
0.158
0.24
0.293
0.778
0.74

0.233
0.319
0.36
0.010
0.476
0.40
0.116
0.038
0
0.498
0.163
0.26

0.025
0.025
0
0.068
0.020
0
0.003
0.008
0
0.089
0.009
0

0.000
0.019
0
0.071
0.023
0
0.078
0.013
0
0.025
0.000
0

0.037
0.018
0.05
0
0.019
0
0.004
0.000
0
0.004
0.008
0

Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal
Berger
CHARMM
crystal

0.192
0.271
0.33
0.970
0.992
1.0
0.100
0.374
0.46
0.760
0.422
0.73
0.749
0.171
0.54
0.979
0.995
1.0
0.119
0.417
0.73
0.755
0.646
0.86

0.472
0.362
0.25
0
0
0
0.105
0.015
0
0.089
0.314
0.27
0.046
0.313
0.05
0
0
0
0.209
0.103
0.09
0.087
0.141
0.09

0.022
0.005
0
0
0
0
0.308
0.214
0.36
0.083
0.173
0
0.014
0.065
0
0
0
0
0.167
0.113
0.04
0.091
0.133
0.04

0.312
0.362
0.42
0.022
0.005
0
0.110
0.037
0
0.034
0.059
0
0.091
0.219
0.32
0.006
0.002
0
0.260
0.153
0.09
0.032
0.041
0

0.001
0
0
0.003
0.003
0
0.303
0.334
0.18
0.032
0.031
0
0.099
0.232
0.09
0.014
0.003
0
0.184
0.166
0.04
0.034
0.038
0

0.000
0.000
0
0.004
0
0
0.077
0.024
0
0.000
0.000
0
0.000
0
0
0
0
0
0.061
0.048
0
0.000
0
0

Dihedral
Backbone
q1
q2
q3
q4

Chains
b1
b2
b3
b4
g1
g2
g3
g4

Top row for each dihedral angle q, b, g is with force field of Berger et al.
(20), middle row is with CHARMM C36 force field (21), and bottom
row is population in crystal structures of glycerophospholipids (4).

chain attachment, the populations of trans and gauche
rotamers remain approximately constant throughout the
length of the sn-1 chain. We see a similar pattern in the
sn-2 chain except for bonds that immediately surround
the 9,10-cis double bond, which are in skew (s) conformations. Quasi straight-chain packing about the double bond
(D) arises with rotamer sequences such as gþsþDsþ (77).
Beyond the fourth bond, the chain profiles are similar
for both force fields, with only slight quantitative differences in conformational populations. The dips in population profiles where gauche or trans conformations are
replaced by skew conformations are directly reflected
in the order profiles for the sn-2 chain that are presented
in Fig. S1.

The conformational populations given here represent
the combined effects of both nonbonded interactions and
torsional potentials in the corresponding force field. In addition, harmonic constraints maintain the cis configuration of
the oleoyl chain and planarity of the carboxyl groups. The
glycerol backbone is similarly restrained in the Berger force
field to give the correct enantiomer. Correct stereochemistry
is thereby achieved with both force fields, but considerable
differences are found in the conformational distributions.
The results raise two important general issues. Can the
two force fields describe the universal sn-1/sn-2 chain
inequivalence that characterizes molecular packing in
tension-free fluid bilayers of sn-3 glycerophospholipids?
Furthermore, to what extent do the MD conformations agree
with the combined data from crystal structures of glycerophospholipids and spectroscopic (NMR and infrared)
studies of their fluid-bilayer phases?

Headgroup conformation
Comparison of the headgroup conformation from MD
simulations with those found in bilayer crystals is significant.
This is because deuterium and phosphorus NMR anisotropies
(or order parameters) can be explained by rapid interconversion between two mirror-image configurations that are
related to those observed in glycerophosphocholine crystals
(11,12,78). The two-enantiomer interpretation has been
questioned as being oversimplified (79), but until now this
has not been tested. Therefore, a detailed examination of
headgroup configurations is warranted here. The polar-group
structure produced by simulations with the Berger force field
is that of the crystal conformation DMPC B (dimyristoyl
phosphatidylcholine B) of the complete phosphatidylcholine
molecule, whereas that from the CHARMM36 force field is
closer to glycerophosphocholine alone.
A direct experimental check on whether conformations
predicted by simulation are appropriate to fluid hydrated
bilayers comes from calculating explicitly the order parameters that we measure from NMR. The right panel of Fig. 8
gives the CH (or CD) order parameters for the C31 and
C32 atoms, and the three equivalent C33C35 methyl
atoms. Experimental data for POPC are given by open symbols, with that from egg PC by the right-pointing triangle.
The diastereotopic H-atoms of prochiral C31 and C32
methylenes (47) are dynamically near equivalent. Acceptable dynamic structures should therefore predict these
experimentally observed equivalences. The order parameters predicted by CHARMM36 simulations (solid lines)
describe the experimental measurements quite well. In
contrast to the Berger force field (dashed lines), they predict
the correct sign for the C32H order parameter and for that
of C33H to C35H. Otherwise, the Berger force field reproduces the measured C31H order parameter reasonably
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FIGURE 5 Doublet distributions for the pair of
backbone dihedrals q2/q4 from simulations with
the CHARMM force field (left) and that of Berger
et al. (right).

well. Because the Berger force field uses united atoms, we
introduced CH vectors for these calculations at the tetrahedral angles specified by the positions of the united (i.e.,
heavy) atoms.
The order parameter SCN of the C32N bond that is
measured by 14N-NMR is related directly to the choline
methyl CD3 order parameter (as explained in Methods) but
is much larger in size. The right panel of Fig. 8 compares
MD predictions with the experimental values for POPC.
CHARMM36 produces much better agreement than does
the Berger force field, as in the case of the C32H and CD3
order parameters. Uncertainties in order parameters from
these measurements are no larger than the open symbols.
The prediction from CHARMM36 is close to the experimental
values, but still lies outside the estimated error range.
The order parameters for the principal axes of the
31
P-phosphate diester chemical shift anisotropy are
S11 ¼ 0:165, 0.058 (O31O32) and S33 ¼ 0:227,
0.105 (O33O34) from CHARMM36 and the
Berger force field, respectively. From Eq. 3 we then predict
measured chemical shift anisotropies: Dscsa ¼ 41 ppm,
and 18 ppm for CHARMM36 and Berger, respectively.
These are smaller (in absolute terms) than the experimental values for POPC of 47 5 0.5 ppm at 298 and
303 K (80,81) and 49.4 ppm at 288 K (82). However,
the prediction from CHARMM36 is much closer than
that from the force field of Berger et al. These calculations
depend somewhat on the principal values chosen for the
csa tensor. Values of the SPO4 order parameter derived
from Eq. 4 are included in the comparison of simulation
with experiment that we show in Fig. 8; the uncertainty
is less than the size of the symbols, and the CHARMM
prediction lies well outside this.
An extensive survey of different force fields shows that
CHARMM36 is best at predicting C31H and C32H
order parameters of the choline headgroup and the only
one to give the correct sign for C32H (29). In this work
and a later review (83), it was concluded that one must
improve existing force fields for the choline headgroup
and also the glycerol backbone. However, the two choline
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SCH order parameters considered by no means sample all
dihedral angles of the phosphocholine headgroup, e.g., the
relative sign of a5. Comparison with the phosphatidylcholine crystal conformation (see above) shows that
CHARMM36 predictions for fluid membranes differ in the
a4 dihedral and in the sense of a5. Interpretation of CD
order parameters from fluid-phase dipalmitoyl PC bilayers
suggests that a4 is in a 5 ac conformation and that a5 might
assume either relative sign (78). On the other hand, CD
order parameters from POPC bicelles at 35 C are well fitted
by a single a3/a4/a5 ¼ sc/ap/þsc conformation, coupled
to rapid axial rotation (84). Further force field development
clearly should include the entire phosphocholine headgroup,
making use of 31P-csa and quadrupole splittings of 14N and
choline CD3 groups, as is done here.
Glycerol backbone and chain attachment
The conformations of the glycerol backbone produced by
the CHARMM36 force field are closer to those of the majority species in crystal structures than are those produced by
the force field of Berger et al. This consensus configuration
also corresponds to one of the conformers sc/sn-1/sc found
in bilayer crystals of dimyristoyl sn-3 phosphatidylcholine
(viz., DMPC B) (64). The other is sc/sn-1/ap (viz., DMPC
A), which appears weakly with the Berger force field.
The sn-1 and sn-2 chains are equivalent with the Berger
force field, which therefore produces no leading chain.
In contrast, CHARMM36 simulations produce chain inequivalence with sn-1 as the leading chain, as established
experimentally from measurement of deuterium-NMR order
parameters SCD (8,9). This is not entirely surprising, because
the b1, q4, and q2 potential surfaces in CHARMM36 are optimized empirically to fit the anomalous SCD for C-2 of the
sn-2 chain (i.e., C22), which is the hallmark of fluid-phase
chain inequivalence (21). Indeed, CHARMM36 is the only
force field so far to produce inequivalent order parameters
for the two C-2 deuterons. Chain order-parameter profiles
from both force fields are shown in Fig. S1. These confirm
the above remarks. In particular, sn-1 is the leading chain

Lipid Conformations from MD

FIGURE 6 Distribution of dihedral angles at the
carboxyl end of the POPC chains. Left sn-2 chain:
b1 about the C2O21 bond, b2 about the
O21C21 bond, b3 about the C21C22 bond,
and b4 about the C22C23 bond. Right sn-1 chain:
g1 about the C1O11 bond, g2 about the
O11C11 bond, g3 about the C11C12 bond,
and g4 about the C12C13 bond. CHARMM force
field (solid line) and that of Berger et al. (dotted
line).

in the CHARMM36 simulation, and SCD for the C-2 methylene of the sn-2 chain is much smaller than for sn-1,
although the inequivalence between the two CD bonds is
less than that found experimentally. It is no larger than
predicted by CHARMM36 for C-2 at sn-1; after adding Hatoms, the Berger et al. force field predicts negligible inequivalence. Also, order profiles down the chain differ in detail
between the CHARMM36 and Berger force fields. Comparison of MD-simulated profiles with experimental chain order
parameters of POPC are shown already in (21,85).
The unusual symmetrical chain packing configuration of
the Berger lipids may be responsible for overbinding of Naþ
ions. Fluid-bilayer simulations with the Berger et al. force
field predict Naþ binding to the carboxyl ester groups of
phosphatidylcholine (see 25,27,86; and references therein).
Experimental studies, however, exclude the possibility that
Naþ binds significantly to phosphatidylcholine bilayers
(4). The electrophoretic mobility of pure phosphatidylcholine vesicles is very low, independent of NaCl concentration
(87,88). Experimental estimates for the Naþ association
constant are 0.15 M1 (89,90), which puts the dissociation
constant at a concentration above the maximal solubility
of NaCl in water. Comparing the partial atomic charges of
the Berger et al. force field with those of CHARMM36
(see Table S1) reveals a considerably higher negative charge
on the ester oxygens for the Berger force field, in addition to
the difference in chain accessibility. Note, however, that a
small increase in radius for the Lennard-Jones ONaþ
interaction in CHARMM36 is still needed to reduce residual
binding to POPC (26; see also Ref. 27 in the Supporting
Material).
The left panel of Fig. 8 gives the CH order parameters for
the C1C3 atoms of the glycerol backbone. Experimental
values are shown as open symbols. The pro-R and pro-S
H-atoms attached at C1, and to a lesser extent those at C3,
are inequivalent (47). Predictions from CHARMM36 simu-

lations (solid line) agree rather well with the experimental
order parameters, particularly the difference between the diastereomers for C1H. We expect this from the good agreement with the backbone conformation in bilayer crystals and
the fact that CHARMM36 is specifically tailored to reproduce the sn-1/sn-2 chain inequivalence (see above). There
is little agreement between experiment and predictions for
the glycerol backbone from the Berger force field (dashed
line), as we anticipate from the very different conformation
produced by using this approach (see above). These differences between predictions for the glycerol-backbone order
parameters are indeed found for a much wider range of lipid
force fields (29,83). As already mentioned, the latter authors
conclude that further improvements in force fields could help
to match the backbone order parameters better.
Chain conformation
Both force fields agree in predicting a relatively constant rotamer population throughout the length of the hydrocarbon
chain, except close to the cis double bond of the sn-2 oleoyl
chain. The well-known chain-order-parameter profile (see
Fig. S1) is the cumulative effect of these gauche rotamers
down the chain. In total, the sn-1 chain (g4g15) contains
approximately 3.1 gauche rotamers using CHARMM36
(2.6 from Berger), with a roughly equal distribution between
gþ and g: pg5 z0:1350:004 (0.11 for Berger). Outside the
region of the double bond, the gauche probability in the sn-2
chain (b4b8, b14b17) is similar to that in the sn-1 chain:
pg5 z0:130:1550:02 (0.11 for Berger). These values
are in the region of earlier statistical mechanical estimates
using the isomeric state model (91,92) and more recent
spectroscopic measurements (reviewed in 93; see also
94–96). The differences in gauche probability between
CHARMM36 and Berger are reflected in the different
chain-order profiles for these two force fields that are shown
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FIGURE 7 Chain profiles of trans (ap, squares) and gauche5
(þsc, circles; sc, triangles) conformational populations of POPC.
CHARMM force field (right) and that of Berger et al. (left). Top: sn-1 chain
(gn-dihedrals); bottom: sn-2 chain (bn-dihedrals).

in Fig. S1. Although the probability of an individual
gauche conformation does not vary greatly along the chain,
the cumulative effect at a given chain segment depends on
the absolute value of pg. Also, the probability of higherorder combinations of neighboring gauche conformations
increases on proceeding down the chain.
Unlike the lipid structures in the PDB to which we
referred in the Introduction, none of the chains from MD
simulations are in high-energy eclipsed conformations,
even for the united-atom force field.
CONCLUSION
The ultimate aim of atomistic MD is to describe the properties of membranes by the behavior of real lipid molecules.
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Only then can we access all properties down to the shortest
scales. To do this, the constituent lipids must have realistic
molecular structures that conform to the configurational and
packing principles established in lipid crystals. This a
fundamental question of wide and general interest that lies
at the heart of molecular approaches to biophysics.
The dynamic lipid structures produced by MD simulations display none of the conformational irregularities that
are a frequent feature of lipid structures deposited in the
PDB (5–7). Nevertheless, the two popular force fields
used here differ in the structures predicted, particularly for
the phosphatidylcholine polar headgroup and the glycerol
backbone. Not surprisingly, CHARMM36 performs
extremely well for the backbone, for which it specifically
is optimized. The situation for the polar group is more interesting. The SCH order parameters and the SCN order parameter, and the 31P-csa, are all reproduced quite well by
CHARMM36; most importantly, this includes the signs
(see Fig. 8). The predicted a4 dihedral is not that found in
the favored phosphatidylcholine crystal structure (DMPC
B), nor that used in one case to describe order parameters
of the POPC headgroup (84). However, a4 ¼ 5ac is the
dihedral used originally for interpreting the order parameters, which were based on the crystal structure of glycerophosphocholine, not that of phosphatidylcholine (11,78).
Note that the set of a-dihedral values used originally (11)
predicted the negative sign of SCH for C32 correctly, before
this was established experimentally. The relative sign
predicted for a5 by CHARMM36 is that found in the phosphatidylethanolamine headgroup, not that in the crystal
structure of phosphatidylcholine (see, e.g., 4,6), nor that
used originally for the phosphatidylcholine order parameters (11). This is probably related to difficulties in packing
choline headgroups in bilayer crystals, which are alleviated
in fluid bilayers.
The success of CHARMM36 in accounting for the whole
range of experimentally available headgroup order parameters in Fig. 8 suggests that the original interpretation of the
2
H-NMR results in terms of exchange between two mirrorimage headgroup conformations could be substantially correct. This is because the dihedral distributions in Figs. 2 and
3 are predominantly symmetrical, and hence approximately
consistent with interconverting enantiomers. The detailed
conformational populations differ, and more work would
be useful to test the predictions of headgroup conformation
from MD simulations with different force fields. It would
help to concentrate further on the extended range of headgroup order parameters, i.e., including 31P-csa and SCN (or
SCD3 ) as experimental targets for validation in force field
development. The phosphate group, in particular, is central
to the dynamic behavior of the entire lipid molecule because
it is located directly at the interface between polar and
hydrophobic regions, and reflects the angular fluctuations
of the whole molecule (68). Because of the close link
between molecular conformation and bilayer dimensions,

Lipid Conformations from MD
FIGURE 8 Order parameter of the CH (or
CD) bond in the headgroup (right panel) and glycerol backbone (left panel). Values for the C32N
bond and the phosphate group (0.1) are also
included. The C3 and C1 methylenes are prochiral
with dynamically distinguishable pro-R and pro-S
H-atoms (47); experimental assignments (1R, 1S)
are from Ref. (97). The two H-atoms on C31 and
C32 are dynamically equivalent. Open symbols
are experimental values for POPC (circles: Ref.
(85), at 300 K; triangles: Ref. (98), at 296 K; inverted triangles: Ref. (82), at 288 K; square: Ref.
(70) at 308 K; diamond: Refs. (80,81), at 299,
303 K), except the right triangle is for egg PC
(Ref. (99), at 303 K). Signs are taken from (71,72)
for PC. Error bars are no greater than the size of
the symbols, except for open circles. Solid lines
connect values simulated with CHARMM36 (solid
squares), and dashed lines those with the force field
of Berger et al. (solid circles), but have no other significance. All samples are in water without ions,
except for SPO4 where 50 mM Tris, 1 mM EDTA
pH 7.4 (82), or 20 mM NaCl, 30 mM HEPES,
5 mM EDTA pH 7.0 (80,81) buffers are used.

improvements in agreement with NMR order parameters
are unlikely to compromise agreement with area/molecule
and molecular thicknesses. But whether this extends from
dimensional properties to the elastic and thermodynamic
properties of lipid bilayers is less certain.
SUPPORTING MATERIAL
One figure and one table are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(18)30246-7.

AUTHOR CONTRIBUTIONS
D.M. and H.K. designed research. W.P. performed research. D.M. wrote
paper together with the other authors.
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Fig. S.1 C−D order parameters of the sn-1 (squares) and sn-2 (circles) chains of POPC. MD
simulations using the CHARMM36 (top panel) and Berger et al. (bottom panel) force fields.
Prochirality (R,S) of the H-atoms on C2 is indicated.

Table S.1 Comparison of partial atomic charges for united atoms of the Berger et al. force
field.
atom
N
C33,C34,C35
C32
C31
P
O33,O34
O32
O31
C3
a

CHARMMa
-0.60
0.40
0.40
0.10
1.50
-0.78
-0.57
-0.57
0.10

Berger et al.b
-0.50
0.40
0.30
0.40
1.70
-0.80
-0.80
-0.70
0.40

atom
C2
O21
C21
O22
C22
C3
O31
C31
O32
C32

CHARMMa
0.26
-0.49
0.90
-0.63
-0.04
0.26
-0.49
0.90
-0.63
-0.04

Berger et al.b
0.30
-0.70
0.70
-0.70
0.00
0.50
-0.70
0.80
-0.60
0.00

Net atomic charge in CHARMM36 (21) corresponding to the united atoms used for the
force field of Berger et al. (20).
b
Taken from quantum chemical calculations of Chiu et al. (24).

