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Abstract The performance of the GROMOS96 param-
eter set 45A3 developed for aliphatic alkanes is tested on
a bilayer of dipalmitoylphosphatidylcholine (DPPC) in
water in the liquid-crystalline L, phase. Variants of the
force-field parameter set as well as different sets of
simulation conditions or simulation parameter sets are
evaluated. In the case of the force-field parameters, the
van der Waals constants for the non-bonded interaction
of the ester carbonyl carbon and the partial charges and
charge group definition of the phosphatidylcholine head
group are examined. On the methodological side, dif-
ferent cut-off distances for the non-bonded interactions,
use of a reaction-field force due to long-range electro-
static interactions, the frequency of removal of the
centre of mass motion and the strength of the coupling
of the pressure of the system to the pressure bath are
tested. The area per lipid, as a measure of structure, the
order parameters of the chain carbons, as a measure of
membrane fluidity, and the translational diffusion of the
lipids in the plane of the bilayer are calculated and
compared with experimental values. An optimal set of
simulation parameters for which the GROMOS96 pa-
rameter set 45A3 yields a head group area, chain order
parameters and a lateral diffusion coefficient in accor-
dance with the experimental data is listed.
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Introduction

Molecular dynamics (MD) simulation is a powerful
means of evaluating interactions between molecules at
the atomic level and interpreting the dynamic behaviour
of a biomolecular system. The data obtained from the
simulation depend critically on the force field used to
calculate the potential energy of the inter-particle
interactions and on the simulation parameters. The po-
tential-energy or force-field parameters used in simu-
lating biomolecular systems are generally obtained by a
process of refinement against experimental or ab initio
quantum-mechanical data (see, for example, van
Gunsteren and Berendsen 1990). The GROMOS force
field has developed (Hermans et al. 1984; van Gunsteren
and Berendsen 1987; Egberts et al. 1994; van Gunsteren
et al. 1996; Daura et al. 1998; van Gunsteren et al. 1998;
Schuler and van Gunsteren 2000; Schuler et al. 2001)
alongside the growth of computational techniques that
allow larger systems to be simulated for longer times,
allowing us to address increasingly more subtle and
complex problems. The latest effort at parametrization
was prompted by the observation that although the
established force-field parameter set, 43A2, was
extremely successful for a variety of biomolecular sys-
tems, it yielded incorrect densities when simulating
simple aliphatic chains that contained more than six
CH, groups. This feature of the force field did not pose a
problem for proteins, sugars or nucleotides as these
molecules do not contain long aliphatic carbon chains.
However, in order to obtain a force-field parameter set
that is also applicable to lipids, the aliphatic alkane
parameters were refined in an exhaustive effort, resulting
in a new GROMOS96 force-field parameter set termed
45A3 (Schuler et al. 2001). In the current paper the 45A3
parameter set is tested on lipids using bilayers of the
model lipid dipalmitoylphosphatidylcholine (DPPC).
The structural as well as the dynamic efficacy of this
parameter set is established by examining the head
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group area per lipid, the diffusion of the glycerol back-
bone in the plane of the lipid bilayer and the order pa-
rameters of the aliphatic chains. An optimal set of
simulation parameters for membranes that is compatible
with the GROMOS96 force-field parameters is derived,
stressing the interdependence of different simulation
parameters and the need for a consistent approach in
order to reproduce observable data. The relevance of the
current force field is that, unlike many other force fields
for lipid simulation, it is consistent with the parameters
used for simulating other biomolecules such as peptides
and nucleotides, allowing for easy application to simu-
lations of the types of complex membrane systems dis-
cussed in the following references (Tieleman et al. 1997;

Fig. 1a, b The molecular topology of the DPPC molecule. a Atom
names taken from Chandrasekhar and Sasisekharan (1989),
covalent bond type codes and bond-angle type codes from the
GROMOS96 force field (van Gunsteren et al. 1996). Names: X;
numbering: "X; bond type codes: thin; bond-angle type codes:
italics. b Atom types and van der Waals integer atom codes from
the GROMOS96 force field. Atom types: X; numbering: "X; integer

Feller 2000; Forrest and Sansom 2000; Tieleman et al.
2002).

Potential-energy or force-field parameters

The semi-empirical potential-energy terms used in clas-
sical molecular mechanics and MD calculations have
been extensively described (for example, Ramachandran
and Sasisekharan 1969; van Gunsteren et al. 1996). We
make use of the standard GROMOS96 interaction
function (van Gunsteren et al. 1996, 1998; Scott et al.
1999) and the aliphatic alkane parameters from the
45A3 parameter set (Schuler et al. 2001). The covalent
interaction parameters (Fig. 1, Tables 1, 2, 3, 4) and the
partial charges and charge group definitions (Fig. 2) of
the glycerophosphatidyl head group and the van der
Waals parameters for the alphatic alkanes and the ester
carbon (Table 5) are detailed below. The bond, bond-
angle and torsional parameters for the ester group have
been discussed elsewhere (Chandrasekhar and van

atom codes: X" Gunsteren 2002). In the present simulations the
a 2c34 b 2013
12|2 3 12
1033—=2— 4N'1220 (1220 30 1CH3™4— 4. 3cH3™
12 |20 12
14 5C32 5CH213
26
14 6C31 SCH2™3
17
25 71032 T0A?
1328 27 13
9033—2— 8P"’ 42 1053, SOMZ——8p27—100 2
3 27 13
251031 110A3
12 14 (17
3201 26 1302 26 12C3 3ZCH213 13CH1 12. 1ZCH213
12|12
21 3011 21 4021 30oA3 14oa3
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35012——34C11 15 15 15C21_—"%022 3501 34011 150 11——16(y1
34 |2 22 34
14 36C12 14 17C22 36CH213 17CH2™3
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14 37C43 14 18C23 37CH213 1BCH21
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Table 1 The force-field parameters for the bond terms in DPPC
(taken from van Gunsteren et al. 1996)

Bond type Relevant bond Force constant, Ideal bond length,

code in terms of Ky, (107 kJ bo, P0n (nm)
atom types® mol-! nm™) !
4 C=0 16.60 0.123
9 C-OA 11.80 0.133
17 CHn-OA 8.18 0.143
22 C-CHn 7.64 0.148
23 P-OM 8.60 0.148
26 CHn-CHn 7.15 0.153
27 P-OA 4.84 0.161

% The appended letter n is equal to 1, 2 or 3 and identifies whether
the atom is a GROMOS96 united atom type CH1, CH2 or CH3
(Fig. 1b)

Table 2 The force-field parameters for the bond angle terms in
DPPC (taken from van Gunsteren et al. 1996)

Relevant bond
angle in terms
of atom types®

Force constant, Ideal bond
Ky, (kJ mol™!) angle,
0o, (degree)

Bond-angle
type code

4 OA-P-OA 420 103.0
12 CHn-N, CHn-CHn 520 109.5
13 OM-P-OA 450 109.6
14 CHn-CHn-CHn, OA 530 111.0
15 OA-C-CHn 545 113.0
21 CHn-OA-C 635 117.0
25 CHn-OA-P 530 120.0
28 OM-P-OM 780 120.0
30 O0=C-0A 700 122.0
34 O=C-CHn 750 125.0

? The appended letter n is equal to 1, 2 or 3 and identifies whether
the atom is a GROMOS96 united atom type CH1, CH2 or CH3
(Fig. 1b)

parameters for the CHn-OA bond are represented by the
GROMOS96 bond type code 17 with a bond length of
0.143 nm (Table 1) rather than bond type code 20 as
used previously (Chandrasekhar and van Gunsteren
2002). The effect on the area per lipid when tested over
300 ps of simulation is not significant (data not shown).
The water molecules are modelled using the SPC model
(Berendsen et al. 1981).

Alkane van der Waals parameters

In the parameter set 45A3 the van der Waals parameters
for the aliphatic united atoms, CH;, CH, and CH3, have
been refined. Further, two new atom types, type CH2r
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for CH, groups in cyclic structures and type CHO for
tetrahedral sp3 carbons bound to four non-hydrogen
atoms, have been introduced. The parameters relevant to
DPPC are listed in Table 5. Variants of the 45A3 pa-
rameter set that were tested on the DPPC bilayer differ in
the van der Waals parameters for the planar ester carbon,
indicated by C, which is known to have a significant ef-
fect on the cross-sectional area per lipid (Schuler 2000;
Chandrasekhar and van Gunsteren 2001, 2002). Initial
tests of the simulation parameters (discussed below)
make use of the parameter set 45A3-45, where the
number after the hyphen refers to the type number of the
atom from the GROMOSY96 set whose parameters are
used to represent the planar ester carbon. Thus, in 45A3-
45, instead of the standard GROMOS96 van der Waals
parameter for sp2 carbons in planar groups (type number
11), the type CHO parameters for the tetrahedral sp3
atom (type number 45) are used to represent the planar
ester carbons. Other variants include 45A3-45x11 and
45A3-45x12. Here, the geometric mean of the bare tet-
rahedral carbon CHO (type number 45) and, respectively,
the planar carbon type C (type number 11) and the united
tetrahedral carbon type CHI1 (type number 12) are used.
The van der Waals parameters used for the planar ester
carbon C are listed in Table 5.

Partial charges and charge group definitions

Two sets of partial charges and three different charge
group definitions for the phosphatidylcholine (PC) head
group have been evaluated for their effect on the area
per lipid in the plane of the bilayer. Shown in Fig. 2 are
(a) the charges from GROMOS96 with the head group
divided into three charge groups, a charge group con-
vention consistent with GROMOS96 (van Gunsteren
et al. 1996), (b) the partial charges due to Chiu et al.
(1995) that are significantly larger than the GROMOS96
charges, with the charge group convention followed
during the equilibration of the system (Tieleman and
Berendsen 1996) where the entire head group is treated
as one charge group, and (c) the partial charges due to
Chiu et al. (1995) with a third charge group definition
consistent with the GROMOS96 standards, where the
head group is divided into two charge groups. Note that
option (b) requires the use of larger cut-off radii for
calculation of the non-bonded interactions than is con-
sistent with GROMOS96 parameter sets (Daura et al.
1998; Schuler et al. 2001).

Table 3 The force-field parameters for the improper dihedral angle terms in DPPC (taken from van Gunsteren et al. 1996)

Improper dihedral-angle
type code

Relevant improper
dihedral angle in terms
of atom names

Force constant,

Ideal improper dihedral
K¢, (k] mol™" degree™?)

angle, ¢, (degree)

Cnl1-Onl1-Cn2-On2
C2-C1-C3-021

1 (planar group)
2 (tetrahedral centre)

0.0510 0
0.102 35.26439

# The appended letter n refers to the sn chain number and is either 1 or 2 (Fig. 1a)
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Table 4 The force-field parameter terms and assignment of torsional dihedral angles in DPPC (taken from van Gunsteren et al. 1996)

Torsional angle

Relevant torsional angle

Force constant,

Phase shift, cosd,,

Multiplicity, m,,

type code in terms of atom names™ K%qu (kJ mol™)
14 C33-N-C32-C31 3.77 +1 3
17 N-C32-C31-032 5.86 +1 3
14 C32-C31-032-P 3.77 +1 3
11 C31-032-P-031 1.05 +1 3
9 C31-032-P-031 3.14 +1 2
11 032-P-031-C3 1.05 +1 3
9 032-P-031-C3 3.14 +1 2
14 P-O31-C3-C2 3.77 +1 3
17 031-C3-C2-C1 5.92 +1 3
14 C3-C2-021-C21 3.77 +1 3
17 C3-C2-C1-011 5.92 +1 3
14 C2-C1-011-Cl11 3.77 +1 3
3 Cn-On1-Cnl-Cn2 16.7 -1 2
20 Onl-Cnl-Cn2-Cn3 1.0 +1 6
17 Cnm-Cn(m+ 1)-Cn(m+2)-Cn(m+3) 5.92 +1 3

% The appended letter n refers to the sn chain number and is either 1 or 2 (Fig. 1a)
® The appended letter m refers to the sequence number of the methylene or methyl carbon along the chain and varies between land 13 for

DPPC (Fig. 1a)

Methods

Simulation parameters

An equilibrated and well-characterized DPPC bilayer in the liquid-
crystalline L, phase, consisting of two layers of 64 lipids each,
separated in the z-direction by a layer of 3655 water molecules, was
used as a test system (Tieleman and Berendsen 1996). The system
was first minimized using the force-field parameter set 45A3-45
(Table 5) and simulation parameter set A (Table 6) with the
steepest descent minimization method in GROMOS96. This was
followed by 3 ns of MD simulation using the simulation parame-
ters indicated in column A of Table 6, which resulted in a shrinking

Fig. 2a—c The partial charges (in units of the electron charge) and
different charge group definitions (dashed lines) for the glycerol
ester and phosphatidylcholine (PC) groups. a GROMOS96 charges
with the PC head group split into three charge groups. b Charges
due to Chiu et al. (1995), where the entire PC group is treated as
one charge group. ¢ Charges due to Chiu et al. (1995), with the PC
head group split into two charge groups

of the bilayer in the lateral directions from 0.65 nm? which is
within the experimental range for the L, phase, to 0.49 nm?, which
is well below it (Nagle and Tristram-Nagle 2000). Consequently, a
series of different simulation parameter sets, B to G, listed in
Table 6, were tested using short simulations of up to 3 ns. The test
conditions involve either the charges and charge group definitions
of the DPPC head groups (Fig. 2) or the simulation procedure and
parameters (Table 6). The latter include the two radii used in the
triple-range method to evaluate interactions used in GROMOS96
(van Gunsteren et al. 1996), the permittivity value of the reaction-
field approximation to the third range, the strength of the coupling
to the pressure bath (Berendsen et al. 1984) and the frequency of
removal of the centre of mass motion. The standard conditions
used in GROMOS96 were used as one point of reference (column
A, Table 6), while the conditions used in the initial set-up of the
DPPC bilayer chosen for simulation by Tieleman and Berendsen
(1996) (column E, Table 6) were used as the other.

Simulation conditions

Initial velocities were taken from a Maxwellian distribution at
325 K, 10 K above the gel to liquid-crystalline transition temper-

2 CHg 025 b CHg 04 ¢ CHg o4
0.0 l @ 05| ® 05| @
025 HyC—N——CHj 025 04 H3C—N——CHgj 04 04 H3C—N——CHj 04
0.25 HZC— ~ICH2 0.0 0.3 HZC—Cl:H2 0.4 0.3 HZC_ —CH2 0.4
(|) -0.36 Q-08 O -08
0.99 le 1.7 I © 1.7 | ©
O—P—0O0 O—P—oO0 O—P—0O
0635 | -0.635 08 | 0.8 08 | -0.8
-0.36 O—CH,—i~CH—i-CH,~i—O -0.36 07 O—CH,— -CH—CH,~i—0O 0.7 0.7 O—CH,—i-CH—CH,-i—-0 -07
0.16 | oJt6 ¢ 0.0 0.5 0{3 04° % — 0.5 ols 0.4
OFeg 1 QG0 | 10F=g | O GE=0r | 1 OF=g s | O Ge=0 0
0.0 éHz c';H2 0.0 0.0 ('3H2 CI3H2 0.0 0.0 éHz Ci:Hz 0.0
X X 0.0 CH X 0.0
0.0 (I)H2 , ]CH2 00/, I 2/, CI;HZ 00/, C:)Hz ; ?Hz 0.0
] I i
0.0 CH3 CH3 0.0 0.0 CH3 CH3 0.0 : 0.0 CH3 CH3 0.0




Table 5 The van der Waals parameters for the aliphatic alkane
carbons in the united atom parameter set45A3 and the parameters
used to represent the planar ester carbon®

Atom type Type number or e (kJ mol™") o (nm)
integer atom code
CH3 14 0.8672 0.3748
CH2 13 0.4105 0.4070
CHI1 12 0.09489 0.5019
CHO 45 0.006995 0.6639
C 11 0.4059 0.3361
C 45 0.006995 0.6639
C 45x11° 0.05328 0.4724
C 45x12° 0.02577 0.5773

 The van der Waals interaction is defined as 4¢[ (¢/r)'*~(a/r)®]. The
parameters of the first five rows are fromparameter set 45A3 (taken
from Schuler et al. 2001), the first four representing the aliphatic
alkane carbons and the fifth theplanar ester carbon. The parame-
ters of the last three rows are variants of theplanar ester carbon
parameters

b The geometric mean of type number 45 and type number 11

¢ The geometric mean of type number 45 and type number 12

ature for DPPC (Small 1986). The temperature of the lipids and the
water molecules were separately coupled to a temperature bath
with coupling time 0.1 ps (Berendsen et al. 1984). Rectangular
periodic boundary conditions were applied. In all cases, anisotropic
pressure coupling was used (Berendsen et al. 1984). The isothermal
compressibility, xr, was 0.46x107 (k] mol 'nm™)~!. Bond
lengths were constrained to ideal values using the SHAKE algo-
rithm (Ryckaert et al. 1977) with a geometric tolerance of 107, The
time step for the leap-frog integration scheme was set to 2 fs.

In the standard GROMOS96 set-up, the non-bonded interac-
tions are treated using a triple-range cut-off scheme (van Gunsteren
and Berendsen 1990; Daura et al. 1998). The force-field parameters
have been developed with a short-range cut-off radius of 0.8 nm,
within which interactions are determined every time step with the
long-range interactions updated every five time steps with a cut-off
radius of 1.4 nm. Beyond this long-range cut-off radius, a reaction-
field approximation with different values for the permittivity egp is
applied (Tironi et al. 1995).

Analysis
Evaluation of chain order parameters

The deuterium order parameters for acyl chains in lipids may be
evaluated in simulation from the long-time average of the second-
order Legendre polynomial that expresses the reorientation corre-
lation function of the C-D vector (for example, Pastor and Venable
1993). Thus the order parameter tensor may be defined as

Table 6 Different simulation set-ups for the DPPC bilayer®
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Sj;=1/2<3cos 0; cost); 1>, where 0; is the angle between the ith
molecular axis and the bilayer normal (in this case the z-axis)
(Egberts and Berendsen 1988). The average is taken over time and
over the 128 DPPC molecules. The molecular axes for the nth
carbon atom, C,, along the chain, is defined as follows: z-axis: from
C,_ to C, 1 ; y-axis: perpendicular to the molecular z-axis and in
the plane through C,_;, C, and C, .+, pointing from the line con-
necting the C,_; and C,;; atoms towards the C, atom; x-axis:
perpendicular to the molecular y- and z-axes according to a right-
handed coordinate system. The molecular axes must be defined
independently of the bond lengths and bond angles. If not, varia-
tion of the geometry of the chain results in increased mobility
(Schuler 2000) due to intramolecular fluctuations.

Diffusion coefficients

The lateral self-diffusion coefficient of the DPPC molecules, D, is
calculated from the Einstein relation, valid at long times ¢
2NtD = <|r(t+1)r(1)|*>, where the right-hand side of the equation
refers to the mean square displacement of the chosen atom [the
glycerol atom C2 (Fig. 1a)], and N is the number of translational
degrees of freedom. As we are concerned solely with lateral dis-
placement in the plane of the bilayer (in our case the x-y plane),
N=2. Note that 7 is the initial time and r(¢) refers to the position of
the chosen atom at time ¢. The average is taken over time 7, and
over 128 DPPC molecules.

Note that in the calculation of the order parameters and dif-
fusion coeflicients we have confined ourselves to short time scales of
the order of 300 ps. It is generally believed that although lipid
systems are known to undergo long-time relaxations (Pastor et al.
2002), the time scale of reorganization and re-ordering is relatively
short. This supposition is supported, in our case, by the fact that
the system responds quickly to variation in simulation parameters,
as well as to changes in the force field parameters (see Figs. 3 and 4
below). While we are aware that order of magnitude increments
have been achieved both in system size and simulation time length
(Lindahl and Edholm 2000), we see that for the assessment and
evaluation of parameters a standard system size of an 8x8 bilayer
of DPPC and the relatively short time length of 300 ps are
revealing.

Results and discussion
Partial charges and simulation conditions

The simulated area per lipid for each of the models listed
in Table 6 is shown in Fig. 3. The GROMOS96 charges
(Fig. 2c) result in a reduction in the area per lipid
(models A to D) below the lowest reported experimental
value of 0.57 nm? (Nagle and Tristram-Nagle 2000),

A B C D E F G
Charges and charge groups for glycerophosphatidylcholine
Charges G G G G C C C
Number of charge groups 3 1 1 1 1 1 2
Simulation parameters
Cut-off radii 0.8/1.4 0.8/1.4 1.0/2.0 1.0/2.0 1.0/2.0 1.0/2.0 0.8/1.4
Reaction field, erg 54 54 54 1 1 54 54
pressure coupling, 1, 0.5 0.5 0.5 0.5 1.0 1.0 0.5
COM motion removal 50,000 50,000 50,000 500 1 1 50,000

“GROMOSY6 charges (Fig. 2a) are indicated by G and thecharges from Chiu et al. (1995) (Figs. 2b and 2c) by C. The number of charge
groups into which the phosphatidylcholine head group is split is listed. Cut-off radii are given in nm, the pressure coupling constant in ps,

the frequency of removal of centre of mass motion insteps of 2 fs
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Fig. 3 The area per DPPC molecule as a function of time for the
simulation parameter sets A to G listed in Table 6. A: open circles;
B: squares; C: diamonds; D: triangles; E: plus signs; F: stars; G: filled
circles. The force-field parameter set 45A3-45 (Table 5) is used. The
horizontal dashed line indicates the lower limit of the range of
experimental values (Nagle and Tristram-Nagle 2000), the hori-
zontal dotted line the area per PC lipid extrapolated to infinite chain
length (Petrache et al. 2000) and the horizontal dot-dash line is the
best estimate of the area per DPPC molecule in the liquid-
crystalline phase (Nagle and Tristram-Nagle 2000)

while the larger partial charges (Fig. 2c) maintain a
larger head group area per lipid (models E to G). This is
in contrast to simulations of non-polar lipids, where the
use of the larger partial charges at the ester group (the
charges ascribed to the sn-1 chain in Fig. 2c were used in
the case of triglycerides) has little effect on the area per
molecule (Chandrasekhar and van Gunsteren 2001). The
inclusion of a reaction-field force tends to enlarge the
area per lipid, as seen by comparing simulations C (di-
amonds) and D (triangles) or simulations F (stars) and E
(plus signs) in Fig. 3. Extending the cut-off radius for
non-bonded interactions lowers the area per lipid, as is
observed when comparing simulations C (diamonds)
and B (squares) or simulations F (stars) and G (filled
circles). The use of larger charge groups implies fewer
non-bonded interactions for a given cut-off radius,
which results in an increase of the area per lipid as il-
lustrated by comparing simulations B (squares) and A
(circles) of Fig. 3. Hence the definition of a larger charge
group would require a larger cut-off radius for the non-
bonded interactions, increasing the computational ex-
pense. The simulation parameter set G (Table 6) shows
that the larger charges and the smaller charge group
definition (Fig. 2c) are consistent with the triple-range
cut-off radii of 0.8/1.4 nm (Fig. 3). The charge group
convention shown in Fig. 2c, where the larger partial
charges are used to maintain head group separation,
along with the standard GROMOS96 simulation pa-
rameters, namely the use of the reaction-field forces with
a permittivity of 54.0, a pressure coupling parameter of
0.5 ps, a frequency of centre of mass removal of once per
50,000 steps and, as discussed above, cut-off radii of 0.8/
1.4 nm for the triple-range cut-offs, is used in the con-
tinuing investigations.
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Fig. 4 The area per DPPC molecule as a function of time for
variants of the force-field parameter set 45A3. The nomenclature
for the parameter sets is given in Table 5. The simulation
parameter set G (Table 6) is used. Partial charges are due to Chiu
et al. (1995) (Fig. 2c) unless otherwise indicated. The van der Waals
radii of the planar ester carbons are changed at the time points
indicated by the vertical dotted lines. The mean area per lipid
averaged over 300 ps of stable trajectory for the simulations carried
out using the force-field parameter set 45A3, not including the
phosphodiester torsional terms under simulation conditions G
(Table 6), is shown on the ordinate as a bold circle; the value for the
43A2 parameter set under the conditions of simulation indicated by
column G of Table 6 as a bold cross, and that using the
GROMOS96 partial charges (Fig. 2a) under simulation conditions
A (Table 6) and the 45A3 parameter set supplemented with
torsional energy parameters obtained by fitting (not shown in
Fig. 6) the molecular mechanics profiles of the model fragments
discussed in the text and the caption to Fig. 6 to the ab initio profile
(Fig. 6, thick lines with circles), as a bold asterisk. The horizontal
dashed line indicates the lower limit of the range of experimental
values (Nagle and Tristram-Nagle 2000), the horizontal dotted line
the area per PC lipid extrapolated to infinite chain length (Petrache
et al. 2000) and the horizontal dot-dash line is the best estimate of
the area per DPPC molecule in the liquid-crystalline phase (Nagle
and Tristram-Nagle 2000)

Planar carbon parameters

The effect of varying the planar carbon van der Waals
parameters on the area per lipid, the calculated chain
order parameters and the extent of lateral diffusion is
shown in Figs. 4 and 5 and Table 7, respectively. The
area per lipid is acutely sensitive to the change in size of
the ester carbon (Fig. 4), as has also been observed in
the case of triglycerides in the gel phase (Chandrasekhar
and van Gunsteren 2001, 2002), though it must be noted
that all variants of the force-field parameter set 45A3
result in an area per lipid within an acceptable range of
the idealized experimental value for DPPC of 0.64 nm?
(Nagle and Tristram-Nagle 2000) and the value of
0.613+0.08 nm? for phosphatidylcholine lipids extrap-
olated from experiment to infinite chain length (Petrache
et al. 2000). However, the chain mobility or, in other
words, the chain order parameter, while it responds to
variations in the ester carbon size, is relatively insensitive
to them (Fig. 5). This has been seen in the case of the
non-polar triglycerides as well, where gauche-trans iso-
merization was found to show no significant differences
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Table 7 The lateral self-diffusioncoefficient for the DPPC molecules
simulated using the force-field parameterset 43A2 and variants of
parameter set45A3%

Parameter set Diffusion coefficient (1077 cm? s™)

43A2 4.1
45A3 1.8
45A3-45 32
45A3-45x11 4.5
45A3-45x12 1.9

“The codes for the parameter sets are given in Table 5. Simulation
parameter set G (Table 6) was used. The values were evaluated as
averages over 128 DPPC molecules from300 ps of stable trajectory.
Experimental values are of the order of magnitude 107® to 1077 cm?
s~ (Blume 1993; Lipowsky and Sackman 1995; Kusba et al. 2002)

between models simulated using different variants of the
force-field parameter set 45A3 (Chandrasekhar and
van Gunsteren 2002). As expected, the parameter set

Carbon number along the chain

45A3-45, with a large ester carbon radius of 0.66 nm,
results in the most mobile chains (Fig. 5), whereas the
parameter sets 45A3, 45A3-45x11 and 45A3-45x12 with
intermediate radii have similar Scp values that cluster
around the experimental figures (Seelig and Niederber-
ger 1974; Douliez et al. 1995). The Ryckaert-Bellemans
torsional potential (Ryckaert and Bellemans 1975) was
also tested for comparison, in conjunction with the 45A3
parameter set. It shows a small reduction in mobility
relative to the GROMOS96 torsional form (van
Gunsteren et al. 1996). Although the force-field param-
eter set 43A2 is notoriously inadequate in reproducing
the density of long-chain liquid alkanes (Schuler et al.
2001), and the area per lipid in lamellar non-polar tri-
glycerides in the gel phase (Chandrasekhar and van
Gunsteren 2001, 2002) and in DPPC bilayers in the
liquid-crystalline phase (Fig. 4), it reproduces the ex-
perimental chain order parameters for DPPC. This may
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Fig. 6 Energy as a function of dihedral angle (dihedral angle
specified below) for (a) the choline fragment of the PC head group,
(b) the dimethyl phosphate (DMP) and (c) the glycerol ester
fragment. The energies obtained from MP2/6 31-G** ab initio
calculations are shown by thick solid lines with circles, the thin solid
lines indicate the GROMOS96 molecular-mechanics energy calcu-
lated excluding the torsional dihedral energy term, and the dashed
lines indicate the GROMOS96 molecular-mechanics energy includ-
ing the torsional dihedral energy term in the GROMOS96
parameter set 45A3. The squares imply the use of the larger
charges due to Chiu et al. (1995) (Fig. 2¢) and the crosses the
smaller GROMOS96 charges (Fig. 2a). The relevant molecular
fragments using the nomenclature indicated in Fig. la and the
dihedral angle that is varied in steps of 30° are (a) for the choline
molecule: C33-(C34/C35)-N-C32-C31-032-H, with the torsion
angle of interest being N-C32-C31-032; the dihedral angles about
the bonds N-C32 and C31-0O32 are allowed to relax; (b) for DMP:
C31-032-P(033/034)-031-C3, where the terminal carbons are
treated as methyl groups, with the relevant dihedral angle being
C31-032-P-031; the symmetrical dihedral angle O32-P-O31-C3 is
kept at the ideal trans value; and (c) for the glycerol-ester fragment:
C2-021-C21(022)-C22 with energy as a function of the ester
dihedral angle C2-O21-C21-C22 being evaluated

be due to the fact that although the lateral molecular
separation is considerably reduced in the simulation
using parameter set 43A2 (Fig. 4), it is maintained above
the gel phase value (Nagle and Tristram-Nagle 2000) by
the use of the larger partial charges described in Fig. 2¢
(simulation conditions G in Table 6). In all cases, the
order parameters of the C2 atom of both the sn-1 (atom
C12, Fig. 1a) and the sn-2 (atom C22, Fig. 1a) chains do
not reproduce experimental values. This is generally the
case in shorter MD simulations of lipid bilayers (e.g.
Tieleman and Berendsen 1996), probably reflecting the
short time length of the simulations relative to the slow
relaxation times that contribute to NMR spin-lattice
relaxation (for a discussion, see Pastor and Venable
1993; Pastor et al. 2002).

Although the test simulations are not of sufficient
length to generate good statistics, the values of the dif-
fusion coefficients for the 45A3 parameters, in combi-

180
Torsion angle (degrees)

nation with the larger charges shown in Fig. 2¢c
evaluated over 300 ps of stable trajectory, are of the
right order of magnitude compared to experiment
(Blume 1993; Lipowsky and Sackman 1995; Kusba et al.
2002) (Table 7).

The glycerophosphatidylcholine group

To understand the ability of the larger partial charges
due to Chiu et al. (1995) (Fig. 2¢) to maintain the sim-
ulated area per lipid within the experimental range under
GROMOS96 simulation conditions [Fig. 3, simulation
parameter set G (closed circles)], we examine the dif-
ferent fragments of the glycerophosphatidylcholine head
group individually, first the choline group, second the
phosphodiester moiety and third the glycerol ester
group. For each fragment, we generate an ab initio
quantum-mechanical torsional profile of a suitable
model molecule (individual models discussed below)
with the Gaussian 98 program (Frisch et al. 1998) using
second-order Moller-Plesset perturbation theory (MP2)
and the 6-31G** basis set, as a function of the corre-
sponding dihedral angle at 30° intervals (thick lines with
circles, Fig. 6). The corresponding molecular-mechanics
energy profiles (Fig. 6) are obtained by minimizing the
model molecules using the conjugate gradient minimizer
in GROMOS96 (van Gunsteren et al. 1996), while re-
straining the relevant torsional dihedral angles at the
indicated values, for the two sets of partial charges
shown in Figs. 2a and 2c. The calculations are carried
out using the simulation conditions used in simulation
parameter set G (Table 6).

The torsional profiles for the N-C31-C32-O32 torsion
in the choline group [C33(C34/C35)-N-C32-C31-032-H]
(see Fig. 1a for nomenclature) are shown in Fig. 6a. The
molecular-mechanics energy profiles that do not include
a torsional contribution (only bond, bond-angle, im-



proper dihedral-angle and the non-bonded van der
Waals and electrostatic energy contributions) indicated
by the solid lines in Fig. 6a reveal that the larger partial
charges (squared solid line) shown in Fig. 2c overesti-
mate the energy of the frans conformer but do not
contribute to the cis energy barrier. Even after inclusion
of the GROMOS96 torsional dihedral term listed in
Table 4, the cis energy value continues to be lower than
10 kJ mol™!, significantly lower than the 24 kJ mol™
value of the ab initio energy profile (Fig. 6a, squared
dashed lines). The use of the smaller GROMOS96
charges (Fig. 2a) underestimates the gauche-gauche bar-
rier and the frans energy value, although the cis barrier
is fairly well reproduced (Fig. 6a, crossed dashed lines).

A model system for the phosphodiester group is
dimethyl phosphate (DMP) [C31-032-P(033/034)-031-
C3] (see Fig. la for nomenclature), where a methyl
group is attached to each of the ester oxygens of the
phosphodiester group. The energy profile of DMP as a
function of the torsion angles around the two P-O single
bonds is a complex one, with minimum energy structures
at the gauche-gauche (75°, 75°), trans-gauche (—170°,
74°) and trans-trans (156°, 156°) conformations (Florian
et al. 1998; Alber et al. 1999; Leulliot et al. 1999;
Banavali and MacKerell 2001; and this work, data not
shown). To simplify the problem, we generate an ab
initio quantum-mechanical torsional profile of DMP,
keeping one P-O torsion fixed at the ideal trans con-
formation of 180° and varying the other in steps of 30°
(Fig. 6b). The molecular-mechanics energy profiles in-
dicate that the larger partial charges (Fig. 2c) match the
ab initio profile even without the inclusion of the tor-
sional contribution to the energy (Fig. 6b, squared thin
solid lines). The mean area per lipid averaged over
300 ps simulation under simulation conditions G
(Table 6) in the absence of the GROMOS96 phospho-
diester torsions (Table 4) is shown in Fig. 4 as a circle,
showing that the removal of the torsional term in this
case has little effect on the area per head group. The
inclusion of the torsional energy term for the phospho-
diester bond from the parameter set 45A3 does not
sufficiently raise either the cis or trans barriers in the case
of the GROMOS96 (Fig. 2a) charges (Fig. 6b, crossed
dashed lines) and overestimates them when the larger
partial charges (Fig. 2¢) are used (Fig. 6b, squared
dashed lines).

Finally, the energy profiles for the ester torsion
Cn-Onl-Cnl-Cn2, where n=1 or 2 refers to the sn chain
number (see Fig. la for nomenclature), show that
inclusion of the GROMOS96 two-fold torsional term,
while it does neither sufficiently raise the cis-trans barrier
nor reproduce the cis-trans energy difference in the case
of the GROMOS96 (Fig. 2a) charges (Fig. 6c, crossed
dashed line), results in a trans-cis barrier of over 30 kJ
mol ™', suggesting that the trans to cis transition will be
rare. Indeed, in the simulations of lamellar triglycerides
in the gel phase using the 45A3 parameter set, no tran-
sitions of the ester torsion have been observed
(Chandrasekhar and van Gunsteren 2002). The use of the
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larger partial charges (Fig. 2¢) results in a cis-trans energy
difference that is closer to the current ab initio value
(Fig. 6¢, squared dashed line), although it has been sug-
gested that this energy difference would in fact be lowered
in the presence of solvent (Wiberg and Wong 1993).

The energy profiles about the individual dihedral an-
gles of the polar head group clearly reveal that significant
differences result from the use of different partial charges.
However, the cause for the ability of the larger charges to
maintain a larger area per lipid is not immediately evi-
dent. Attention is drawn to significant differences in the
torsional energy profiles generated using different partial
charges. The use of the larger partial charges (Fig. 2c)
underestimates the cis barrier for the choline torsion
(Fig. 6a, squared dashed line), allowing for mobility of
the large choline moiety between the gauche conforma-
tions even while overestimating the frans barrier. The use
of the dihedral torsional terms in conjunction with the
larger partial charges (Fig. 2c) overestimates the trans
barrier for the phosphodiester torsion and holds the
phosphate group more rigid. Further, the difference in the
magnitude of the negative charges at the ester oxygens has
an effect on the area per lipid of the DPPC bilayer
(Chandrasekhar and van Gunsteren manuscript in prep-
aration). Analysis of lipid crystal structures shows that
lipid phosphodiester torsions sample not only the two
gauche but also the trans conformations (Hauser et al.
1981), unlike nucleotides and nucleic acids that experi-
ence considerable conformational restriction due to the
presence of the sugar moieties as well as to helical con-
straints (Gupta et al. 1982). This emphasizes the impor-
tance of proper sampling of the allowed conformations.
The torsional dihedral force constants of the dihedral
angles discussed above are fitted to reproduce the ab initio
profiles in conjunction with the smaller GROMOS96
partial charges (Fig. 2a). The area per lipid at the end of
500 ps of simulation using the GROMOS96 charges
(Fig. 2a), simulation parameter set A (Table 6) and the
45A3 force-field parameter set supplemented by the fitted
torsional dihedral terms for the dihedral angles discussed
above, is shown in Fig. 4 (asterisk). It has a value of
0.51 nm?, well below the lowest experimental value de-
termined. Reproducing the ab initio torsional profiles
alone is not sufficient to maintain the simulated area per
lipid close to the experimental value, indicating that a
correct representation of the intramolecular interactions
alone does not maintain the lipid bilayer in the correct
phase. This deterred more detailed analysis of the differ-
ences in the conformational behaviour of the lipids
resulting from the differences in the torsional energy
profiles generated using the different sets of partial
charges.

Conclusion

The well-known challenge of parameterizing lipids for
molecular dynamics simulation has been discussed in
detail elsewhere (Egberts and Berendsen 1988; Stouch
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et al. 1991; Chandrasekhar 1992; Schlenkrich et al. 1996;
Berger et al. 1997; Feller et al. 1997; Tieleman et al.
1997; Tobias et al. 1997; Chiu et al. 1999; Smondyrev
and Berkowitz 1999; Feller and MacKerell 2000; Schuler
2000; Chandrasekhar and van Gunsteren 2002). The
need for an improved GROMOS96 parameter set for
lamellar and micellar lipid systems has been well rec-
ognized (Chiu et al. 1999; Schuler 2000; Schuler et al.
2001). Our intention has been to develop a parameter set
where not only the potential energy parameters but also
the simulation parameters are transferable to a wide
range of biomolecular systems that include not only
lipids but also peptides and nucleotides. The advantage
of a consistent parameter set is of particular importance
when simulating complex membrane systems containing
peptides and proteins (Tieleman et al. 1997; Feller 2000;
Forrest and Sansom 2000; Tieleman et al. 2002). In this
paper we establish the efficacy of the newly refined
GROMOS96 aliphatic alkane parameter set 45A3 for
lipids in combination with the partial charges for the
glycerophosphatidylcholine head group as proposed by
Chiu et al. (1995) on both structural and dynamic
grounds using a DPPC model bilayer in the L, phase
and present an optimal set of simulation conditions that
is compatible with the GROMOS96 force field. Initial
tests indicate that the current force field, like other lipid
force fields (Berger et al 1997; Feller and MacKerell
2000; Forrest and Sansom 2000; Tieleman et al. 2002), is
robust as regards transferability to lipids with different
chain lengths (dimyristoylphosphatidylcholine), chain
unsaturation (palmitoyloleoylphosphatidylcholine) and
head group composition (dipalmitolylphosphatidyleth-
anolamine) (data not shown). Further investigations to
evaluate the effect of the use of lateral pressure, the in-
teractions between the polar head-group and water, and
the use of infinite lattice sum methods to treat long-
range electrostatic interactions such as particle mesh or
Ewald methods, are in progress.
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