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ABSTRACT The C36 CHARMM lipid force field has been extended to include sphingolipids, via a combination of high-level
quantum mechanical calculations on small molecule fragments, and validation by extensive molecular dynamics simulations
on N-palmitoyl and N-stearoyl sphingomyelin. NMR data on these two molecules from several studies in bilayers and micelles
played a strong role in the development and testing of the force field parameters. Most previous force fields for sphingomyelins
were developed before the availability of the detailed NMR data and relied on x-ray diffraction of bilayers alone for the validation;
these are shown to be too dense in the bilayer plane based on published chain order parameter data from simulations and
experiments. The present simulations reveal O-H:::O-P intralipid hydrogen bonding occurs 99% of the time, and interlipid
N-H:::O¼C (26-29%, depending on the lipid) and N-H:::O-H (17–19%). The interlipid hydrogen bonds are long lived, showing
decay times of 50 ns, and forming strings of lipids, and leading to reorientational correlation time of nearly 100 ns. The sponta-
neous radius of curvature for pure N-palmitoyl sphingomyelin bilayers is estimated to be 43–100 Å, depending on the assump-
tions made in assigning a bending constant; this unusual positive curvature for a two-tailed neutral lipid is likely associated with
hydrogen bond networks involving the NH of the sphingosine group.
INTRODUCTION
Biological membranes are complicated systems that are
made up of thousands of different lipid components (1).
These lipid components are classified into several different
types, with glycerophospholipids, sterols, and sphingolipids
the most important (1). Sphingolipids are a diverse class of
lipids, encapsulating numerous distinct structures that stem
from a sphingoid base (2). Structurally, sphingolipids share
many similarities with glycerophospholipids but contain
key differences at the interfacial region, i.e., the g-chain
(sn-1) carbonyl group that is found on glycerophospholipids
is replaced by a set of trans double bonded carbons, whereas
the ester group of the b-chain (sn-2) is replaced by an amide
bond (Fig. 1). Certain sphingolipids are thought to be sorted
along with sterols into microdomains known as lipid rafts,
and transported down the vesicular pathway toward the
plasma membrane where they are enriched in the noncyto-
solic (outer) leaflet (1). A variety of sphingolipids hold
important signaling roles within the cell. For example,
ceramides are inhibitors of cell proliferation and a pro-
moter of apoptosis, whereas sphingosine-1-phosphate has
the opposite affect (3). Lipid rafts may act as platforms
concentrating signaling molecules or proteins (3).
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Despite the widespread biological presence of these
lipids, there is far less structural information available for
pure bilayers of sphingolipids than their glycerolipid coun-
terparts. X-ray scattering was used to study the bilayer den-
sity profiles of N-acyl sphingomyelins (SM) with fully
saturated acyl chain lengths of 16, 18, 20, 22, and 24 at
50�C (4). The bilayer thickness (peak-to-peak distances,
dP-P) of the 16:0 and 18:0 chains were estimated to be
36.5 and 38.5 Å, respectively. A later x-ray study (5) by
the same group indicated that SM with a 16:0 chain has a
dP-P ¼ 40.0–44.5 Å at 55�C, in conflict with previous
measurements. The synthesis of SM results in a mix of
D-erythro-SM and L-threo isomers (5), which may be at
different concentrations for these two studies. Although sur-
face areas per lipid were reported in the x-ray studies, the
lipid volume assumptions are likely to introduce errors
that prevent an accurate estimate this parameter (6). In
more recent studies, deuterium NMR was used to study
chain order of fully deuterated b-chains of N-palmitoyl
sphingomyelin (PSM) bilayers at several temperatures
(7–9). The average deuterium order parameter (SCD) of
PSM (7) for carbons 4–6 was higher (0.25) than DPPC
(10) (0.21) indicating more chain order with PSM bilayers.

Molecular dynamics simulations of lipid membranes
require the use of force fields to describe interactions be-
tween particles, which can be represented as all-atom,
united-atom (hydrogens are implicitly included on the
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FIGURE 1 Structural differences between sphingolipids and glycero-

phospholipids.
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heavy atom), or coarse-grained (3–4 heavy atoms are group-
ed together). Although parameters for coarse-grained sphin-
golipids been limited (11), parameters have been developed
for united-atom and all-atom SM lipids by several groups
associated with GROMOS (12,13), OPLS (14), CHARMM
(15,16), and recently the Slipids (17) force fields, targeting
both PSM and N-stearoyl sphingomyelin (SSM). The pre-
ceding GROMOS, OPLS, and CHARMM force fields
were tested against only the x-ray data because this was
the only experimental data available. For PSM, the dP-P
values from simulations were all in the range of 42–44 Å
(Table 1). Although these appeared to be in good agreement
with the latter Maulik and Shipley x-ray experiments (5), the
area per lipid from molecular dynamics (MD) simulations
with the GROMOS and CHARMM force fields suggest
that these values may not be at equilibrium over the rela-
tively short (5–50 ns) simulations. The trend based on re-
ported time series is for a decrease in the area and thus an
increase in dP-P. The area per lipid for these previous PSM
simulations is similar (51–53 Å2) even though these were
run at different temperatures, whereas Slipids yields a value
of 54.1 Å2. Simulations using the second set of SM param-
TABLE 1 Comparison of PSM fluid phase properties at ~50�C
from experiment (x-ray and NMR) and fromMD simulations with

sphingomyelin force fields

Source dP-P, Å Area/lipid, Å2 jSCDj plateaua

CHARMM (15) 44.2 51.5 0.319

GROMOS (13,22) 43.8 53.3 0.301

GROMOS (12) 43.4 52.0 0.299

Slipids (17) 42.2 54.1 0.274

This work 40.7 55.4 0.257

X-ray (5) 42 47b –

NMR (7) – – 0.253

aThe plateau region was taken as the average over the range of C5 to C9

on b-chains.
bThis value is subject to a number of assumptions; see the text for details.
eters (16) developed in the context of CHARMM focused on
SSM/cholesterol mixtures, and did not report dP-P or area
data for the pure SSM bilayer. However, as shown in Table
1, more recent NMR SCD values for plateau carbons (0.25)
are lower than those obtained from GROMOS and
CHARMM (~0.30), indicating a significantly higher order
in those simulations compared to experiment (7). The Sli-
pids force field results in a better agreement with experiment
with an average SCD of ~0.27 (17). Because order is
inversely related to area (18), this implies that SM force
fields before Slipids produce SM bilayers that are laterally
too dense. MD studies with the GROMOS force fields
have used these parameters to investigate raft-forming lipid
mixtures, and, if the area per lipid is too small, may incor-
rectly describe the subtle lipid-lipid and lipid-water interac-
tions for SM bilayers. Thus, to date simulations do not
present a consistent picture of SM bilayer properties. This
is largely associated with issues regarding the lack of stereo-
chemically pure SM samples in the previous x-ray studies
(4,5), such that available x-ray scattering results do not
provide optimal primary target data for force field
parameterization.

This work presents a systematic development of an all-
atom additive SM bilayer force field (FF) that agrees with
NMR data for SM bilayers, including both the d-31 PSM
studies cited previously, as well as more recent studies on
SSM bilayers (19,20). It is developed in a manner consistent
with the additive CHARMM FF and extends the C36 lipid
FF (21) to include sphingomyelins. The following sections
describe the methods used to optimize the FF, including
the quantum mechanical (QM) calculations that form the
basis of this FF. Simulations of SSM and PSM bilayers
using the FF are then compared to experiment. The types
and lifetimes of hydrogen bonds for PSM are evaluated,
and the reorientational relaxation of PSM and DPPC are
compared. The last subsection of the Results considers
mechanical properties, including the spontaneous curvature.
The Discussion section first considers the impact of newer
experimental data and the area/lipid on the force field
development for sphingomyelin, and related simulation
issues. It then focuses on the relationship between the
long lived hydrogen bonding at the branch point of PSM
and its slow rotational relaxation and unusual positive spon-
taneous curvature.
METHODS

QM calculations

The Gaussian03 suite of programs (23) was used to perform all QM calcu-

lations. Because high-level QM calculations on the conformational space of

a full lipid are prohibitive, model compounds were used to represent regions

of the lipid that required development and adjustment of parameters from

C36 lipid (21) and protein (24) force fields. All QM calculations were per-

formed with MP2/cc-pVDZ model chemistry. Larger basis sets and higher

treatment of electron correlation with a hybrid method (25) had a minimal
Biophysical Journal 107(1) 134–145



FIGURE 2 Model compounds used in charge and dihedral optimization.

The dihedrals calculated with QM are shown in red and blue. To see this

figure in color, go online.

TABLE 2 Summary of simulation systems, and the observed

area/lipid, lateral compressibilities (KA), and the distance

across the bilayer between the planes of P atoms in each
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effect on conformational energies and thus the lower level calculations were

used to allow for more efficient computations on a wider range of confor-

mations. Conformations were optimized using the Opt ¼ Tight option in

Gaussian for all model compounds.

Various model compounds were used to calculate dihedral potential

energy scans (PES) for several torsion angles (Fig. 2). For these calcula-

tions, the torsion angle of interest was fixed to the desired value and other

degrees of freedom were allowed to relax. However, for CER4 the scans on

t1 and t2 were based on additional torsional constraints in the trans state for

the last two carbon dihedrals on the g-chain. Dihedral parameters were fit

to reproduce the MP2/cc-pVDZ PES with the Monte Carlo simulated

annealing approach (26) maintaining identical torsion constraints as applied

in the QM calculations.

Partial atomic charges were developed from CHelpG (27) based on the

MP2/cc-pVDZ density from various optimized conformations of a model

compound that contained the amide, phosphate, and alcohol moieties

(CER6 in Fig. 2).
leaflet (dP-P)

Lipid, T�C Program Nlipids

tRun,

ns

Area/lipid,

Å2 KA, dyn/cm dP-P, Å

PSM, 48 CHARMM 72 420 55.4 (0.2) 350 (50) 40.7 (0.1)

PSM, 48 Anton 288 1000 56.5 (0.1) 290 (40) 39.6 (0.2)

SSM, 45 CHARMM 72 520 54.5 (0.2) 290 (40) 43.0 (0.1)

SSM, 50 CHARMM 72 420 55.4 (0.2) 440 (60) 42.7 (0.1)

DPPC, 50 CHARMM 72 420 63.0 (0.1) 230 (20) 39.1 (0.1)

DOPE, 45 CHARMM 72 120 63.9 (0.2) 280 (30) 40.3 (0.1)

Standard errors are indicated in parentheses.
Model building and simulations with CHARMM

The C36b and C37b Fortran95 versions of CHARMM (28) were used for all

model building, MD simulations, and analyses. For optimum performance,

the MD simulations used the newly added (C37b) domain decomposition

(DOMDEC) code (29). Bilayer models were built de novo for PSM

(SM16:0), SSM (SM18:0), and DOPE, first generating a library of single

lipid conformations via restrained Langevin dynamics, and then packing

the lipids into a bilayer configuration via random conformation selection

and headgroup placement on a two-dimensional hexagonal lattice followed
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by hydration, with the cleavage plane at z ¼ 0 (21). After energy minimi-

zation and MD equilibration, the same coordinate set was used repeatedly

for evaluating parameter set variations. Minimization and dynamics of

solvated systems employed particle mesh Ewald (PME) for electrostatics

(30), and a force-switched Lennard-Jones (L-J) term to represent the van

der Waals contribution. A potential and force cutoff of 12 Å was used for

the L-J term, and for the boundary between real-space and k-space for

PME; the force switching function began at 10 Å for the L-J term. The

PME calculations used a k value of 0.32, a grid spacing of ~1 Å, and inter-

polation from a 5th order spline for the complementary error function. The

SHAKE constraint with a tolerance of 1 � 10�10 was applied to all bonds

involving a hydrogen atom. A simulation time step of 1.0 fs was used, and

the PME grid was updated on every integration step. A fully anisotropic

extended system NPT ensemble (31) was used for the MD simulations,

with a tetragonal lattice for the periodic boundary conditions. Pressure

was computed via the internal virial, coupled to frictionless pistons with

masses of 1000 amu. A Hoover thermostat was used to regulate tempera-

ture, with a coupling constant of 5000 kcal mol�1 ps�2, with the target tem-

peratures indicated in Table 2. Coordinate sets were stored at 1.0 ps

intervals for subsequent analysis. The DPPC simulation was a continuation

of the one used to validate the C36 lipid parameters (21).

Estimates for the free energy of solvation (DGsolv) for N-methyl-

acetamide (NMA) were obtained using the protocol employed by Harder

et al. (32).
Validation simulations with Anton

A PSM bilayer snapshot after 200 ns MD simulation with CHARMM with

three of its neighboring images centered at (45 Å, 0, 0), (0, 45 Å, 0), and

(45 Å, 45 Å, 0) was taken to initiate a 1-ms long simulation with Anton,

a special-purpose supercomputer designed for long timescale MD simula-

tions (33). This system had a total of 288 PSMmolecules and its dimension

in XYZwas 90� 90� 73 Å3. Because of the elongated shape of the original

system, it had to be expanded in the XY dimension to satisfy the simulation

criteria on Anton, which requires the simulated systems to be closer to cubic

than the 45 � 45 � 73 Å3 system used for the CHARMM simulations. The

new system was then equilibrated for 240 ps with CHARMM and simulated

for 1 ms with Anton. The simulation was performed with constant pressure

(1 atm along the membrane normal) and temperature (48�C). This was

made possible on Anton with the Multigrator scheme. TheMartyna-Tucker-

man-Klein (MTK) barostat (34) and the Nosé-Hoover thermostat (35) were

employed to hold the pressure and temperature at the desired levels. The

lengths of all bonds involving hydrogen atoms were constrained using

M-SHAKE (36). The van der Waals and short-range electrostatic interac-

tions were truncated after 9.13 Å, a value suggested by the Anton guesser

scripts based on the system chemistry. A separate 200-ns test run was per-

formed with a larger Rcutoff (10 Å) to investigate how the choice of cutoff

distance affects the simulation results. As the two simulations showed

very similar bilayer properties including the per lipid area (Fig. S1 in the
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Supporting Material), the 1-ms long simulation used the cutoff scheme

suggested by Anton. The long-range electrostatic interactions were treated

differently from the short-range interactions; they were evaluated with a

64 � 64 � 64 mesh using the k-space Gaussian split Ewald method (37).

The integration time step was 2 fs. The r-RESPA integration method (38)

was used and this allowed different updating schedules of the bonded,

short-range, and long-range interactions. In the simulation, the first two

types of interactions were evaluated per time step and the more time

consuming long-range electrostatic interactions were evaluated every three

time steps. The coordinates were saved every 10 ps for the subsequent

analyses.
Simulation data analysis

Area/lipid was computed as the planar projection, i.e., the unit cell a � b

cross section divided by the number of lipids per leaflet. Averages were

computed using data from every integration step for CHARMM, and

from periodic snapshot values for Anton. The area compressibility, KA,

was computed from

KA ¼ kbThAi
NhdA2i; (1)

where kb is the Boltzmann constant, T is the absolute temperature, N is the

number of lipids per leaflet, and hdA2i is the average of the squared fluctu-

ation of the area per lipid. Standard error estimates for hAiwere computed

using 20ns blocks, and 50ns blocks were used to compute the standard error

for KA.

The trans-bilayer distance dP-P was computed as a time series of hziupper –
hzilower for the P atoms in the indicated bilayer leaflet, and reported as the

average of the time series. Standard error estimates for dP-P were computed

using 20ns blocks.

Hydrogen bonding was evaluated with CHARMM (COOR HBOND),

and used the default distance cutoff of 2.4 Å between the donor H

atoms and the acceptor O atoms, with no angle cutoff. The results were

reported as the fraction of snapshots that had the particular H-bond pairings

being considered; standard errors were computed from 50ns blocks (125 ns

for Anton).

NMR order parameters, SCD, were computed as described previously

(21). Average interproton distances were computed for comparison to

nuclear Overhauser effect (NOE) measurements as hr�6i�1/6. hJ-couplingsi
for the H3-C3-C4-H4 dihedral involving the C4 ¼ C5 vinyl group of the

sphingosine molecule were calculated from the expression provided in

the Supplemental Material of (19).
Spontaneous curvature and bending constants

The spontaneous radius of curvature R0 was obtained for PSM from the first

moment of the symmetrized pressure profile:

F
0ð0Þ ¼ dFðR�1Þ

dR�1

����
R�1 ¼ 0

¼ �
Z Lz=2

0

z½pTðzÞ�pNðzÞ�dz

¼ �kmc R
�1
0 ;

(2)

where F
0ð0Þ is the derivative of the bending free energy per lipid at zero

curvature for the upper leaflet, pT(z) and pN(z) are the tangential and normal
components of the z-dependent pressure tensor, kmc is the monolayer

bending constant, and c0 ¼ R�1
0 is the spontaneous curvature; the limits

extend from the bilayer midplane (z ¼ 0) to the upper box length (Lz/2).

The constants kmc and c0 are the force constant and minimum, respectively,

of the Helfrich Hamiltonian, a second order expansion of the leaflet free

energy with respect to curvature (39). The computer code for calculating

pressure profile (40) has not yet been incorporated into the much faster
DOMDEC version of CHARMM because of incompatibility with the

PME evaluations. Consequently, the pressure profiles were calculated

here by generating 100ps trajectories from the restart files saved at 1 ns

intervals of the primary trajectory. Profiles calculated with this technique,

denoted resampling, are nearly equivalent to those calculated using all steps

(see Fig. S2). This is because the fast motions contributing to the pressure

average out on the 100ps timescale, and the slower ones are captured by

spacing the trajectories at ns intervals. Resampling can be used to generate

pressure profiles from previously run trajectories as long as the trajectories

are sufficiently long (at least 100 ns for pure bilayers is recommended) and

restart files are saved at ~1ns intervals.

It is evident from Eq. 2 that a value of kmc is required to extract R0, and this

is not experimentally available for PSM. The monolayer bending modulus

may reasonably be assumed to be half the bilayer bending modulus, kbc , but

this is also not available. Furthermore, there is currently considerable con-

troversy regarding bilayer bending constants, with values for the same lipid

differing by a factor of two depending on the experimental method, even

though there is relatively little variation among bilayers for a particular

method (41–43). For example, kbc for DPPC at 50�C is 33.7 kbT as measured

from shape fluctuations of vesicles (44) and 15 kbT from x-ray of multila-

mellar stacks (45); results for pipette aspiration (43,46) are not available for

DPPC, though are generally similar to those from x-ray for other lipids (42).

The monolayer bending constant of DOPE has been particularly well stud-

ied, as it is the primary matrix for determining the preferred curvature of

lipids using the inverse hexagonal phase. Its value has been reported to

be 11–12 kbT (47).

The preceding values of kbc provide a starting point for estimating a plau-

sible range of kmc of PSM. The estimate may be refined by invoking the

so-called polymer brush theory (46), which relates the bending constant,

compressibility, and hydrocarbon thickness of a bilayer using the following

logic: Bending a membrane produces a local lateral material deformation

proportional to the distance (i.e., h) from the neutral surface. The bending

energy depends on the square of the curvature, and thus the square of the

magnitude of the deformation. Meanwhile, KA and k
m
c are both proportional

to the same interfacial tension, leading to kbcfKAh
2 where h is the bilayer

thickness. Therefore, kmc for a particular lipid can be estimated by scaling by

the ratio of KA and squared lipid heights (both of which are easily calcu-

lated) of the target lipid and a lipid of known bending modulus. From the

computed values of dP-P – 10 Å (as a surrogate for h) and KA from simula-

tions of SM and DOPE (Table 2), kc (SM)/kc (DOPE)¼ 1.28. Assuming that

this ratio holds for the monolayer bending constants, then kmc ¼ 14–15 kbT

for PSM. Similarly, kc (SM)/kc (DPPC)¼1.69. From the low (x-ray) to high

(vesicle fluctuations) range of kbc for DPPC, one obtains 12–29 kbT for kmc
for PSM. The preceding brackets the range from DOPE, and is used to

subsequent estimates. These are listed in units of kcal/mol (see Table 5).
RESULTS

Developing force field parameters

The procedure used to develop CHARMM-compatible
force field parameters for sphingolipids was similar to that
adopted for the C36 FF (21). The approach for optimizing
charges in CHARMM (48) is that these should reproduce
QM-based interaction profiles of water with model com-
pounds, approximate solution-based dipole moments, and
free energies of solvation. Our past experience with the
development of the C36 lipid force field (21) required an
iterative and empirical approach for optimizing the charges.
The supramolecule method (QM calculations on model
molecule-water interactions) to optimize charges was not
used, and instead the solvation free energy of NMA was
Biophysical Journal 107(1) 134–145



FIGURE 3 Six torsional fits to MP2/cc-pVDZ scans for C36u and C36.

The model compounds for these torsion correspond to those labeled in

Fig. 2. To see this figure in color, go online.
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used as the main target for charge optimization. Because
fixed charges are an approximation to a polarizable lipid
that depends on its environment and conformation, several
sets of charges were validated on model compounds and
lipid bilayers to determine the optimal parameters.
Although many sets were tested, only two sets are to be
compared in this work: 1), an unoptimized (u) charge set
(C36u) based on the C36 lipid FF, but with missing charges
and L-J terms taken from the protein force field (C22) (49);
and 2), an optimal charge set (described below) that will be
referred to here as C36. The torsional terms for C36u and
C36 were both optimized to dihedral QM PES described
below.

The charge distribution on atoms was based on studies of
the CER6 model compound (Fig. 2), which contains the
amide, alcohol, and phosphate moieties. This large model
compound has at least six minima (Fig. S3) with largely
varying conformations. The CHelpG MP2/cc-pVDZ charge
distributions on the amide and alcohol region presented in
Table S1 indicate significant variations among these confor-
mations. For C36, the optimal parameters were those that
matched the lowest energy conformations C5 and C6
(Fig. S3). The carbonyl, as with C36u optimization, was
empirically adjusted to reduce the dipole and better match
with the solvation free energies of NMA. The charges for
C36u and C36 are also listed in Table S1.

The large differences between sphingo- and glycero-
phospholipids and the changes in charge distributions
required a detailed investigation of the torsion profiles of
several dihedral angles. Seven different torsion profiles
were calculated with model compounds at the MP2/cc-
pVDZ level. Fig. 2 shows the model compounds and their
associated torsions. These were optimized for C36u and
C36 and their fits are plotted in Fig. 3 and Fig. S4. The
torsional energies are comparable between C36u and
C36, suggesting any difference between bilayer properties
is not influenced by these torsional profiles. The hydroxyl
torsion (Fig. S4) was found to be important to include in
the optimization, as shown previously (50), and is impor-
tant in internal hydrogen bond formation. The values for
the bonded and nonbonded terms for the C36 force field
can be found in the Supporting Material and also down-
loaded (51).

Given the presence of amides in the sphingolipid head-
groups the free energy of aqueous solvation of NMA was
determined, as the solvation free energy of this model
compound is expected to be related to the headgroup solva-
tion. The experimental DGsolv at 298K is �10.15 0.2 kcal/
mol (52,53). For C36u and C36, DGsolv ¼ �7.9 5 0.1,
and �11.0 5 0.1kcal/mol, respectively. Although the
DGsolv of C36 is slightly more favorable than experiment,
other values with weaker DGsolv failed to reproduce SM
bilayer properties, indicating the significant role of solva-
tion. This approach is similar to that used for the optimiza-
tion of the ester moiety in the C36 phospholipids based on
Biophysical Journal 107(1) 134–145
the model compound methyl acetate (21). Hence, although
the combined nonbonded terms for the C36 SM model
reasonably model the condensed phase energetics in the
lipids, they may not represent the gas phase or other envi-
ronments and should only be used for ceramide lipids.
Validation of the force field: comparison of
simulated and experimental NMR J-coupling
constants and order parameters for
sphingomyelin bilayers

Table 2 lists the MD simulations used to validate the sphin-
gomyelin parameters, along with an extension of a DPPC
simulation originally used to validate the C36 lipid parame-
ters, and used here for comparison purposes. The equilib-
rium average area/lipid, area compressibility, and bilayer
thickness for each and the respective standard errors are
tabulated. As noted in the Introduction, the area/lipid values
are considerably larger than most previously published
simulation studies (12–16) and slightly larger than that
obtained with the newer Slipids (17) parameters. Time
series of the area/lipid are shown in Fig. S5; the smaller
apparent fluctuations for the Anton simulation (PSMA) are
consistent with the larger number of lipids in that simulation
(see Eq. 1). A clear difference in the timescale of area fluc-
tuations between SM lipids and DPPC is observed in the
central three panels. Molecular images of the PSM system
simulated with CHARMM are shown in Fig. S6; the
Anton system was four times larger, expanded twofold in
the lateral x and y dimensions. Pairwise comparisons of
the electron density z profiles from the SM simulations are
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FIGURE 5 SCD from NPT simulations (open squares) compared to NMR

(solid squares) of selectively labeled SSM vesicles at 45�C and at 50�C.

TABLE 3 Intra- and intermolecular H-bond probabilitiesa
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shown in Fig. S7, and are consistent with the data given in
Table 2. The x-ray form factors are plotted in Fig. S8.

Results from NMR measurements in unoriented bicelles
with SSM (19) and the simulated bilayers are in good agree-
ment. Specifically, all three NOEs observed to be strong in
the experiment are similarly classified in the simulation (i.e.,
interproton distances are <3 Å), and both simulation and
experiment indicate that the dihedrals associated with the
J-couplings from H2:H3, H2:HN are trans. Some disagree-
ment is evident for the dihedral associated with H3:H4; the
inferred value from experiment is trans, although the simu-
lation indicates approximately equal populations at þ30�

and 180�. Nevertheless, the experimental (7.7 Hz) and simu-
lated (7.3–7.4 Hz) J-couplings are reasonably close, so the
preceding discrepancy can be considered minor.

Fig. 4 compares measured and simulated SCD for the satu-
rated N-linked 16 carbon chain of PSM, for an experiment
(7) at 48�C and for both CHARMM and Anton simulations
at the same temperature. The slightly lower SCD values from
the Anton simulation are consistent with the slightly larger
area/lipid (Table 2) and slightly thinner bilayer (Table 2,
Fig. S7). Note that the horizontal axis in Fig. 4 is not the
chain position; the simulation data have been sorted by
value, identical to how the NMR data from fully labeled
chain experiments is treated. The top panel of Fig. S9 shows
the discrepancy between the simulation results based on
chain position and the NMR assignments based on the
assumption of monotonically decreasing SCD. The agree-
ment of the three different PSM-d31 (7–9) experiments at
40 and 48�C in the bottom panel of Fig. S9 is surprising
because 40�C is close to the NMR estimate of 38�C for
the melting temperature of the gel-to-liquid crystal transi-
tion of perdeuterated PSM (7).

More recently published NMR measurements (20)
on selectively deuterated SSM at both 45 and 50�C are
compared to SCD from the corresponding simulations in
Fig. 5. It should be noted that temperature-based differences
were observed in this case, unlike the PSM measurements;
the SSM experiments were from the same lab, whereas
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FIGURE 4 Value sorted C-D order parameters (SCD) from an NMR

experiment on PSM (solid squares) with a perdeuterated N-linked chain

(7) compared to those from CHARMM (open squares, PSMC) and Anton

(open diamonds, PSMA) simulations.
the PSM studies were from three different labs. Both chains
were selectively labeled, including C5 of the double bond in
the sphingosine chain, allowing direct comparisons as a
function of chain position. The apparent discrepancies in
several regions of the molecule will be discussed below.
Hydrogen bonding and dynamics

Table 3 lists the dominant H-bonds and their probabilities
observed in the simulations. There are two important motifs,
neither of which exists in glycerophospholipids. In the first,
the OH group at C3 is nearly always (99%) involved in an
intramolecular H-bond to a phosphate O atom, with the
dominant H-bond forming a stable six-membered ring.
Second, the amide NH forms intermolecular H-bonds to
H-bond PSM

CHARMM Anton

SSM 45� SSM 50� PSM

Intramolecular

O-H:::O-P 0.99 0.99 0.99 0.98

O-H:::O¼P 0.01 0.01 0.01 0.01

Lipid:lipid

N-H:::O¼P 0.02 (0.002) 0.03 (0.002) 0.02 (0.002) 0.02 (0.03)

N-H:::O¼C 0.28 (0.01) 0.29 (0.01) 0.27 (0.01) 0.26 (0.01)

N-H:::O-C 0.18 (0.004) 0.19 (0.007) 0.19 (0.01) 0.17 (0.01)

Lipid:water

N-H:::OH2 0.36 (0.01) 0.35 (0.01) 0.36 (0.01) 0.37 (0.002)

HOH:::O¼C 1.00 (0.02) 0.97 (0.02) 1.00 (0.01) 1.04 (0.007)

HOH:::O-C 0.65 (0.01) 0.65 (0.01) 0.66 (0.01) 0.69 (0.003)

aStandard errors from block averages are given in parentheses for the

intermolecular H-bonds; standard errors are <0.001 for the intramolecular

cases. Not all totals sum to 1 because of the distance cutoff in the assign-

ment in H-bonds. Conversely, others sum to >1 because an acceptor can

H-bond with more than one water molecule.
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FIGURE 6 Molecular image snapshot of the upper leaflet from two

viewpoints (top, middle) at ~200 ns showing intermolecular (orange) and

intramolecular (cyan) H-bonds, with a close-up view of typical PSM

H-bonds in the bottom panel. Atom colors: (CH3)3N, purple; PO4, green;

amide N, blue; amide O, orange; hydroxyl O, red; C¼C, brown; all other

C atoms, gray. To see this figure in color, go online.
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amide carbonyl or hydroxyl O atoms ~50% of the time.
Fig. 6 shows the H-bond patterns, with a close-up view of
an internal H-bond in the bottom panel. Strings of NH asso-
ciated interlipid hydrogen bonds are evident in this and the
top panel of Fig. 6. The pairs for the observed interlipid
H-bonds with an occupancy above 0.1% from the PSM
simulation are shown in Fig. S10, and a movie (Movie S1)
highlighting the strings is provided in the Supporting
Material. The amide and hydroxyl groups also interact
with water (bottom rows of Table 3), therefore are involved
in hydrogen bonds most of the time.

The remainder of this subsection concerns the dynamics
of hydrogen bonding and lipid reorientation, and a compar-
ison with DPPC. Estimating the lifetimes of H-bonds from
simulations is difficult because the distances or energies
used to specify the bond frequently flicker over the arguably
somewhat heuristic boundaries (or dividing surfaces). The
solution to the problem for two-state processes (e.g., isom-
erization between states A and B) is to evaluate the number
correlation function (54,55) CN(t) ¼ hNA(0)NA(t)i, where
NA ¼ if the system is in state A, and 0 otherwise. The decay
of CN (t) will contain a very short time component associ-
ated with flicker over the dividing surface that can be
ignored, and a longer decay, which can be simply related
to the forward and backward rate constants. Because there
are multiple rate constants associated with hydrogen bond
formation and breakage, the number correlation must be
used in a more qualitative manner. Fig. 7 (left) plots CN(t)
for the amide and hydroxyl oxygen hydrogen bonds. As
anticipated, they are not well described as single exponen-
tials, though a three exponential decay (Fig. S11) provides
an excellent fit; Table 4 lists fit coefficients for this and
most of the other correlation functions presented in this sub-
section. The longest decay times are 51 ns for H:::O¼C and
31 ns for H:::O-C. These long decay times are evident in
Movie S1. The number correlation functions for hydrogen
bonds to water for the preceding groups (Fig. S12) show
much faster decays; i.e., the slow relaxation times are in
the range of 200–400 ps (Table S2). The decay times for
the water-hydroxyl oxygen of PSM are very similar to those
of the water-ester oxygen of DPPC.

It might be anticipated that the long-lived interlipid
H-bonds in PSM would retard its rotational diffusion rela-
tive to DPPC, which has no analogous interactions. This
can be assessed by the second rank reorientational correla-
tion function C2ðtÞ ¼ hP2ðbmð0Þ,bmðtÞi, where bm is the unit
vector of a particular bond. Fig. 7 (right) plots the results
for a CH bond in comparable branch points in both lipids:
the central glycerol carbon in DPPC and the amide carbon
in PSM, here denoted C2-H. These correlation functions
and those of two other similar bond vectors are well fit by
three exponentials and a plateau (Fig. S13 and Table 4).
The 1.6 ns slow relaxation time (t3) for C2-H of DPPC is
the well-known decay associated with lipid wobble (56)
and leads to excellent agreement with frequency-dependent
Biophysical Journal 107(1) 134–145
NMR 13C T1 relaxation times (21). The slow decay time for
C2-H in PSM is 94 ns. Similar results are obtained for the
P-O vectors to the glycerol (P-Ogly in Table 4); t3 for the



FIGURE 7 Normalized number correlation functions CN(t) for interlipid

hydrogen bonds of PSM (left), and second rank reorientational correlation

functions C2(t) of C-H bond vectors of the central glycerol carbon in DPPC

and the amide carbon in PSM (right).
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FIGURE 8 Bilayer lateral pressure profiles for PSM (red), DPPC (green),

and DOPE (blue). Caution must be applied when trying to interpret the local

variation of the pressure tensors (see Discussion in text), the profiles are

plotted to highlight the differences for PSM and DOPE, and contrast

them with DPPC. To see this figure in color, go online.
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P-O vector to the choline (P-Oa) is approximately half that
of the preceding vectors, but the ratio of DPPC to PSM is
comparable.
Lateral pressure profiles and spontaneous
curvature

Fig. 8 plots the lateral pressure profiles for PSM, DPPC, and
DOPE. All three lipids show the characteristic positive pres-
sure peak in the bilayer center, but substantial differences
closer to the surface. Table 5 lists the ranges of kmc , the mono-
layer bending constant (see Methods), F

0ð0Þ, the derivative
of the deformation free energy (evaluated from the first
moment of the pressure profile), c0, the spontaneous curva-
ture (obtained from the preceding two quantities), and R0,
the radius of spontaneous curvature (the inverse of c0).
(See Fig. S14 and associated discussion for more details
on the evaluation of F

0ð0Þ.) The most striking result of this
calculation is that, with high statistical certainty, F

0ð0Þ is
negative for bilayers of pure PSM and therefore R0 is posi-
tive. As explained in the Methods, given the uncertainty in
experimental bending constants, a plausible range of kmc
was chosen for evaluation of spontaneous curvature. The
smaller bending constant for PSM yields R0 close to that
of the lysolipid O-lysoPC, where R0 ¼ 38 Å (57); the higher
bending constant yields R0 comparable in absolute value but
TABLE 4 Fit coefficients (ai) and relaxation times (ti, ns) from

three exponential fits to selected reorientational and number

correlation functions, including those plotted in Fig. 7

Decay a1 t1 a2 t2 a3 t3 plateaua

DPPC

C2(t)

P-Ogly 0.356 0.011 0.338 0.170 0.116 1.397 0.190

P-Oa 0.346 0.010 0.436 0.126 0.181 0.713 0.037

C2-H 0.237 0.016 0.379 0.289 0.344 1.557 0.039

PSM

C2(t)

P-Ogly 0.354 0.139 0.197 7.163 0.226 94.86 0.222

P-Oa 0.579 0.146 0.276 4.741 0.091 54.37 0.053

C2-H 0.276 0.559 0.384 20.41 0.219 93.62 0.120

PSM

CN(t)

N-H:::O¼C 0.384 0.212 0.336 5.816 0.270 51.44 0.010

N-H:::O-C 0.379 0.071 0.302 3.016 0.308 31.34 0.012

aFor C2(t), the plateaus were computed as (3z2-1)/2 from the unit vector

time series; plateaus for CN(t) were free parameters in the exponential fit.

For the fitting, the constraint a1 þ a2 þ a3 þ plateau ¼ 1.0 was enforced.
opposite in sign to DOPC, where R0¼�87.3 Å (47). F
0ð0Þ is

near zero for DPPC, indicating a very largeR0; i.e., almost no
curvature propensity. The values of R0 for DOPE bracket the
experimental value, �29 Å (47), and our previously pub-
lished simulation result, �32.35 1.4 Å (40), both of which
were obtained at room temperature.
DISCUSSION

As noted in the Introduction, the paucity of reliable target
data have limited previous efforts to develop parameters
for SM lipids. A number of recent NMR studies (7–9) on
PSM-d31 have provided SCD data that can be used to assess
the area/lipid; to the best of our knowledge, only the
recently published extension of the Slipids parameters
(17) used this PSM data as an optimization target. Very
recently, NMR studies of the SSM headgroup conformation
(19), and on selectively deuterated SSM (20) were published
and provided additional target data for the parameters
reported here, especially the SCD from the latter study.

Preliminary screening of candidate parameter sets used
SCD for the palmitate chain of PSM (7), in conjunction
with area/lipid from the simulations. Initial trials had a
TABLE 5 Monolayer bending constants km
c (kcal/mol),

derivative of the bending free energy F
0ð0Þ (kcal/mol/Å),

spontaneous curvature c0 (Å
�1), and radius of spontaneous

curvature R0 (Å) for PSM, DOPE, and DPPC

Lipid kmc F
0ð0Þ c0 R0

PSM (8.1,18) �0.186 (0.0100,0.0247) (43,100)

DOPE (6.5,7.1) 0.231 (�0.0336,�0.0300) (�33,�29)

DPPC (4.8,11) �0.0039 (0.0001,0.0004) >700

Values of the monolayer bending constant for DOPE are directly from

experiment (47); those for DPPC are from the experimental range of bilayer

bending constants divided by 2; those for PSM are from the range of DPPC,

scaled using the polymer brush theory (see Methods for details).

Standard errors for F
0ð0Þ are all 0.003; this error and the ranges of ranges

in kmc are factored into the ranges listed for c0 and R0.

Biophysical Journal 107(1) 134–145



142 Venable et al.
common failure mode: collapse of the area/lipid resulting in
more ordered chains, with SCD that were significantly higher
than experiment. Although this occurred fairly quickly in
some cases, within <30 ns, in other cases the collapse did
not occur until over 100 ns of MD simulation. To obtain
an estimate of the target area/lipid, a series of NPAT simu-
lations of PSM were performed with the area/lipid
constrained to 48, 52, 56, and 60 Å2; palmitate chain SCD
values were closest to NMR experiment for the 56 Å2 area
simulation. The estimate of area/lipid from the x-ray
study of Maulik and Shipley (5) is considerably smaller,
which has been attributed to assumptions made about the
molecular volume (6,13).

During this study the two NMR works from the Murata
research group were published (19,20). New simulations
of SSM at 45 and 50�C were added to the validation suite,
and led to adjustment of the dihedral centered about the
sphingosine C3-C4 bond (denoted as t2 in the QM CER4
model compound). The simulation properties were sensitive
to small adjustments of the minimum at ~90�; attempts to
improve agreement for the SCD at C5 and the J-coupling
for the H3-C3-C4-H4 torsion tended to raise the SCD values
in the plateau region (C6-C10) of both chains. In addition to
the vinyl C5, the most noticeable discrepancy between
simulation and the selective labeling experiment (20)
observed in Fig. 5 is the splitting for the two protons on
C2 of the N-linked chain. Presently, we do not have a readily
apparent cause or solution for this disagreement, although
sampling issues related to the dihedrals through the C2S-
NF bond (e.g., t4 in Figs. 2 and 3, q6 in Fig. S15 and
Fig. S16) will be investigated in future studies. The slightly
higher SCD for the middle and lower regions of the chains
are less of an issue; due to the large difference in timescale
between the experimental measurement and the simulation,
some additional relaxation is expected in the experiment,
leading to lower values.

The Anton simulations of PSM yielded comparable re-
sults to the CHARMM simulations but with a slightly larger
area/lipid, most likely due to small differences in the treat-
ments of the L-J truncation. Consistent with the larger area,
both dP-P and SCD were slightly smaller. Other metrics such
as dihedral probability profiles (see Fig. S15 and Fig. S16),
H-bonding, and headgroup interproton distances were
essentially identical for both CHARMM and Anton simu-
lations. There were, however, some temperature stability
issues when simulations of SSM were attempted with
Anton; in every instance, precipitous drops in both temper-
ature and were observed, which appeared to be correlated
(Fig. S17). The slightly higher gel-to-fluid phase transition
T for SSM, with the longer N-linked chain, and the molec-
ular thermostat algorithm used by Anton likely played a role
in this problem.

A major distinction between SM and most glycerol-based
lipids is the ability to form strong intra- and intermolecular
H-bonds, as noted by early NMR experiments (58). As
Biophysical Journal 107(1) 134–145
shown in Table 3 and illustrated in Fig. 6, a persistent
H-bond is observed in the sphingosine fragment between
the OH group at C3 and the O atom linking the PO4 group
to C1. The intermolecular hydrogen bonds are also long-
lived, with number correlation functions of N-H:::O¼C
and N-H:::O-C exhibiting slow decay times of 51 and
31 ns, respectively (Fig. 7 and Table 4). The observed intra-
molecular H-bond probabilities reported in Table 3 are
somewhat higher than those reported in PSM simulations
with the GROMOS (12,22) and SSM simulations with the
OPLS (14) force fields, which range from 0.6 to 0.9, and
are close to 0.5, respectively. However, the apparent head-
group rigidity implied by the J-coupling and NOE measure-
ments on SSM bicelles (19) is consistent with the higher
values reported here and the 0.9 value reported by Niemelä,
et al (12). The intermolecular H-bond probabilities are in
better agreement for the various SM force fields, with the
GROMOS results fairly comparable to those reported in
Table 3, and the OPLS results a bit lower; the latter was
run at a higher temperature.

The strong hydrogen bonding lends both internal rigidity
and intermolecular order to SM. Both of these features are
reflected in a 50- to 100-fold increase in the decay constants
of the reorientational correlation functions of selected bond
vectors compared to DPPC (Table 4). In further contrast to
DPPC, where modeling the reorientation as fast internal
motion and wobble in a cone with diffusion constants Dk
and Dt is readily accomplished (56,59), fits to the correla-
tion functions of PSM led to high residuals and were often
unstable. A more general model may be necessary to
describe reorientation for pure bilayers of this lipid. Never-
theless, the longer decay times should be evident experi-
mentally, in, for example 13C or 31P T1 measurements.

Turning to curvature, from the negative sign of F
0ð0Þ, the

simulations indicate that PSM prefers positively curved
surfaces. This is not the norm for neutral two-tailed lipids,
which show varying degrees of negative spontaneous curva-
ture. Positive curvature is observed both for lysolipids (57)
and for lipids with charged headgroups (60). The former is
an example of the large head/small tail mismatch that
intuitively implies positive curvature. Continuum elastic
modeling and MD simulation does in fact support this
notion (61); i.e., that the positive curvature of lysolipids is
reasonably described as arising from steric factors. In
contrast, positive curvature for charged lipids is not well
explained by steric factors. Rather, repulsive interactions
among headgroups lead to stresses above the pivotal plane
that can be reduced by forming a bulge, or positively curved
surface. Sphingomyelin generates positive curvature in a
third way. The pressure profile (Fig. 7) gives hints as to
what interactions are responsible for the value of F

0ð0Þ.
For example, the very strong negative pressure below the
headgroups acting to compress the leaflet laterally could
be due to strong hydrogen bonding between PSM lipids.
DOPE also has interlipid hydrogen bonding but prefers
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negative curvature; the fact that PSM-PSM hydrogen
bonding is closer to the bilayer midplane would tend to
favor positive curvature. That stated, the bilayer is a com-
plex balance of stresses; if one interaction is enhanced
(hydrogen bonding at the surface reducing the surface
area), the other interactions must respond to maintain zero
tension (headgroup-headgroup repulsion and confinement
of disordered acyl chains).

The general tendency of lipids to prefer negatively curved
surfaces at higher temperature has been explained in terms
of the increased positive pressure of the disordered acyl
chains with temperature (62). As suggested by the pressure
profile the tensions near the PSM headgroup region appear
to be much stronger, confining the chains (reflected in the
PSM order parameters and area per lipid) and perhaps
reducing the negative curvature inducing effect of disor-
dered tails. Increased order could lead to greatly increased
pressure peaks even without increased curvature stress or
a larger bending constant; disorder tends to smooth out rapid
oscillations in the profile. However, larger stresses would
also be consistent with a larger bending modulus, for
example, as seen in the pressure profile of lipid bilayer
gels (63).

The preceding analysis relies on a pointwise interpreta-
tion of the pressure profile that would only be rigorous if
the forces of the potential were contact forces, such that
energetics of a local deformation of a leaflet could in turn
be defined pointwise. Yet the forces of the CHARMM
potential can span nanometers. The value of F

0ð0Þ suffers
from no such ambiguity. The estimate of R�1

0 from F
0ð0Þ

of PSM in this work assumes a kmc that is similar to glycer-
ophospholipids; if the stiffness is larger than assumed, R0

will be scaled up accordingly. Nevertheless, the sign (posi-
tive) of the curvature is not affected by the value of kmc .
CONCLUSIONS

The SM parameters presented here are an extension of the
C36 lipid force field, and are thereby compatible with the
other additive C36 CHARMM force fields. Though validated
with palmitoyl and stearoyl N-linked chains, based on past
experience, SM with other N-linked fatty acids can be simu-
lated with minimal testing. Extensions to gangliosides (sub-
stitution of assorted sugar moieties for the phosphocholine)
and ceramides (removal of the phosphocholine) are expected
to be straightforward but would require further validation.

Strong and long-lived intra- and interlipid hydrogen
bonds confer rigidity to both the lipid and the bilayer.
Reorientational relaxation is qualitatively slower than eval-
uated for DPPC.

The positive radius of spontaneous curvature of 43–100 Å
calculated for pure PSM bilayers differs from the negative
curvature of other neutral two-tailed lipids. A more precise
estimate of the curvature awaits a more precise determina-
tion of the monolayer bending constant. This unusual posi-
tive curvature is likely associated with PSM-PSM hydrogen
bond networks involving the NH of the sphingosine group,
and would therefore not be anticipated when PSM is in
low concentration. Hydrogen bonding involving the NH
group and other membrane components including choles-
terol, proteins, and peptides is possible, highlighting the
versatility of this lipid and its potential ability to modulate
phase behavior of cell membranes.
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