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Extension of the GLYCAM06 biomolecular force field to lipids, lipid bilayers and glycolipids

M.B. Tessier, M.L. DeMarco, A.B. Yongye and R.J. Woods*

Complex Carbohydrate Research Center, University of Georgia, Athens, GA, USA

(Received 29 July 2007; final version received 27 September 2007 )

GLYCAM06 is a generalisable biomolecular force field that is extendible to diverse molecular classes in the spirit of a
small-molecule force field. Here we report parameters for lipids, lipid bilayers and glycolipids for use with GLYCAM06.
Only three lipid-specific atom types have been introduced, in keeping with the general philosophy of transferable parameter
development. Bond stretching, angle bending, and torsional force constants were derived by fitting to quantum mechanical
data for a collection of minimal molecular fragments and related small molecules. Partial atomic charges were computed by
fitting to ensemble-averaged quantum-computed molecular electrostatic potentials.
In addition to reproducing quantum mechanical internal rotational energies and experimental valence geometries for an

array of small molecules, condensed-phase simulations employing the new parameters are shown to reproduce the bulk
physical properties of a DMPC lipid bilayer. The new parameters allow for molecular dynamics simulations of complex
systems containing lipids, lipid bilayers, glycolipids, and carbohydrates, using an internally consistent force field. By
combining the AMBER parameters for proteins with the GLYCAM06 parameters, it is also possible to simulate protein–
lipid complexes and proteins in biologically relevant membrane-like environments.
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1. Introduction

Proteins and carbohydrates often exist as components of

membranes [1,2] and their functions depend in part on

their orientation (presentation) relative to the membrane

surface [3]. In the case of glycolipids, the lipid tail embeds

in the membrane bilayer exposing the carbohydrate head

group to the surrounding aqueous environment. Although

the physical and bulk structural properties of lipid bilayers,

such as the compressibility modulus, bilayer thickness, or

lipid head group density, are available for a wide variety of

lipids [4], detailed 3D structural characterisation of

embedded molecules remains challenging [3].

In the case of glycolipids, NMR spectroscopy has been

used to examine the presentation of the carbohydrate head

group [5], and data suggest that the glycan adopts distinct

conformations. However, experimental data may be

insufficient to uniquely characterise the conformations

and orientations populated by the carbohydrate head group

relative to the membrane surface [6]. Therefore, there is a

potential for computational methods to augment and

complement the sparse experimental data for membrane-

associated biomolecules. This potential has been demon-

strated in the case of lipid bilayers (reviewed in [7]) and

protein/lipid bilayer systems [8–12], wherein MD

simulations have enhanced our understanding of the

structural, functional and dynamic properties of these

systems.

Here we extend the GLYCAM biomolecular force

field for carbohydrates to lipids, phospholipids and

glycolipids. Phospholipids are the primary component of

cell membranes and their hydrophobic tails are composed

of aliphatic carbon chains that may be saturated,

monounsaturated, or polyunsaturated. The hydrophilic

head groups are often charged, containing phosphatidyl-

choline, phosphatidylethanolamine, phosphatidylserine, or

may be linked to other types of biomolecules. Lipid

classes, such as sphingolipids, phospholipids and glyco-

lipids, combine to yield the heterogeneous and multi-

functional eukaryotic plasma membrane [1]. The lipid

composition of a biological membrane is non-uniform and

creates functionally specific regions of the membrane,

such as lipid rafts [13], that can impact the activity of

associated proteins [1]. Lipid rafts are often associated

with the presence of cholesterol in the membrane [13].

The similarities in atomic composition and connectiv-

ities between carbohydrates and lipids facilitated the

extension of the recently reported GLYCAM06 (glycans

and glycoconjugates in AMBER) biomolecular force field

[14] to lipids and glycolipids. To remain consistent with

the GLYCAM06 formalism, the following criteria were

used to guide its extension: (1) the new parameters should

be transferable to the most common and biologically

relevant lipids, lipid bilayers, and glycolipids, (2) they

should be self-contained and therefore readily transferable
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Table 1. Atom types, bonds, angles and torsion parameters in GLYCAM06 (lipid extension).

Atom Name
vdW

radius (Å)
1

(kcal/mol) Type

CK

1.908
(PARM
94)

0.086
(PARM 94) sp2 carbon for alkenes

CJ

1.908
(PARM
94)

0.086
(PARM 94)

sp2 alkene carbon single-bonded to an
sp2 alkene carbon

CP

1.908
(PARM
94)

0.109
(PARM 94)

sp3 aliphatic carbon adjacent to phos-
phate

HP

1.100
(PARM
94)

0.016
(PARM 94)

H bonded to C adjacent to a positively
charged group

N3

1.824
(PARM
94)

0.170
(PARM 94)

Positively charged amino group nitro-
gen (Lys, phospholipids, etc.)

P

2.100
(PARM
94)

0.200
(PARM 94) Phosphorous in phosphates

Bond terms

k
Equilibrium
value Training molecule or data source

N3ZCG 355.0 1.490 Methyl ammonium
PZOS 230.0 1.610 PARM 94
PZO2 525.0 1.480 PARM 94
CPZOS 285.0 1.460 CGZOS (GLYCAM06)
CGZCP 310.0 1.520 CGZCG (GLYCAM06)
CKZCK, CJZCJ 629.0 1.337 Ethene
OSZCK, OSZCJ 350.9 1.359 Methoxyethene
CGZCK, CGZCJ 324.0 1.514 Propene
CJZCK 350.9 1.467 Butadiene
N3ZH 434.0 1.010 PARM94
CGZHP 360.0 1.095 CGZHC (GLYCAM06)
CKZHA, CJZHA 360.0 1.095 CGZHC (GLYCAM06)
CPZH1 340.0 1.095 CGZH1 (GLYCAM06)

Angle terms

Term k
Equilibrium
value Training molecule or data source

N3ZCGZCG, N3ZCGZCP 67.0 111.6 Ethyl ammonium
CGZN3ZCG 54.0 111.1 GLYCAM06
OSZPZOS 45.0 109.6 PARM94
PZOSZCG, PZOSZCP 50.0 119.0 Dimethyl phosphate
O2ZPZOS 100.0 108.2 PARM94
O2ZP ZO2 140.0 119.9 PARM94
CGZCPZOS, CPZCGZOS 70.0 108.5 CG-CG-OS (GLYCAM06)
CGZOSZCJ, CGZOSZCK 38.0 107.0 Methoxyethene
OSZCJZCJ, OSZCKZCK 59.5 119.0 Methoxyethene
PZOSZP 12.8 150.0 Dimethyl diphosphate
CJZCGZCK, CKZCGZCK,
CJZCGZCJ 46.7 111.5 1,4-Pentadiene
CGZCJZCG, CGZCKZCG 46.1 115.6 2-Methylpropene
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CKCKZCJZCJ, CKZCKZCJ 49.4 127.7 Butadiene
CGZCJZCJ, CGZCKZCK 47.9 122.5 Propene
CGZCGZCJ, CGZCGZCK 43.0 112.0 1-Butene
OHZCGZCJ, OHZCGZCK 70.0 107.5 OHZCGZCG (GLYCAM06)
CPZCGZCG 45.0 113.5 CGZCGZCG (GLYCAM06)
N3ZCGZHP 57.0 109.6 Methyl ammonium
HPZCGZHP 40.0 109.5 HCZCGZHC (GLYCAM06)
HPZCGZCG, HPZCGZCP 45.0 112.6 HCZCGZCG (GLYCAM06)
CKZCJZHA, CJZCKZHA 32.7 126.4 Butadiene
HZN3ZCG 45.5 109.2 Methyl ammonium
HAZCJZHA, HAZCKZHA 31.3 117.4 Ethylene
HAZCJZCJ, HAZCKZCK 38.2 121.3 Ethylene
H1ZCGZCJ, H1ZCGZCK 41.4 114.0 Propene
HCZCGZCJ, HCZCGZCK 41.4 114.0 Propene
HAZCJZCG, HAZCKZCG 50.0 114.0 Propene
H1ZCPZCG, H1ZCGZCP 45.0 111.0 H1-CG-CG (GLYCAM06)
H1ZCPZOS 60.0 110.0 H1-CG-OS (GLYCAM06)
HZN3ZH 35.0 109.5 PARM94
H1ZCPZH1 45.0 109.5 H1-CG-H1 (GLYCAM06)
OSZCJZHA, OSZCKZHA 65.1 107.5 Methoxyethene

Torsion Terms

Term V1 V2 V3 Training molecule

Average
training
error Test molecule

Average test
error

CGZN3ZCGZCG, CGZN3ZCGZCP 0.10 20.20 0.10 Ethylmethylamine 0.363
N3ZCGZCGZCG 0.10 20.10 0.30 N-Propylamine 0.210 Propyl ammonium 0.344

N3ZCGZCGZOS, N3ZCGZCPZOS 20.50 0.50 1.50
N-(2-Methoxyethyl)
amine 0.437

2-methoxyethyl
ammonium 0.789

N3ZCGZCGZOH 21.00 0.50 0.60
N-(2-Hydroxyethyl)
amine 0.180

N3ZCGZCGZHC, N3ZCGZCGZH1,
N3ZCGZCPZH1 0.0 0.0 0.10 Ethyl amine 0.164 Ethyl Ammonium 0.013
HPZCGZN3ZCG 0.0 0.0 0.25 Dimethyl Ammonium 0.223
HZN3ZCGZHP 0.0 0.0 0.13 Methyl ammonium 0.013
HZN3ZCGZCG, HZN3ZCGZCP 0.0 0.0 0.13 Ethyl ammonium 0.013
OSZPZOSZCG, OSZPZOSZCP 0.0 0.70 0.50 Dimethyl phosphate 0.084
O2ZPZOSZCG, O2ZP ZOSZCP 0.10 20.50 0.10 Dimethyl phosphate 0.140
CGZCGZOSZP, CGZCPZOSZP 21.20 0.05 0.10 Ethylmethylphosphate 0.348
H1ZCGZOSZP, H1ZCPZOSZP 0.07 Dimethylphosphate 0.114

CKZCGZCGZN, CJZCGZCGZN 20.22 0.03 0.18
N-but-3-en-1-yl aceta-
mide 0.153

CZCGZCGZCK, CZCGZCGZCJ 0.40 0.33 20.42 Methyl pent-4-enoate 0.177
OHZCGZCGZCK, OHZCGZCGZCJ 21.06 20.16 20.11 3-Butenol 0.161 Pent-4-en-2-ol 0.512

CGZOSZCKZCK, CGZOSZCJZCJ 20.25 23.99 20.87 Methoxyethene 0.089
(E)-1-sec-butoxy-2-
methyl but-1-ene 0.604

CGZCGZOSZCK, CGZCGZOSZCJ 0.22 20.42 20.01 Ethoxyethene 0.289
(E)-1-sec-butoxy-2-
methyl but-1-ene 0.489

CKZCGZCKZCK, CJZCGZCKZCK,

CKZCGZCJZCJ, CJZCGZCJZCJ 20.21 20.68 20.04 1,4-Pentadiene 0.069
3-Methyl-1,4-hepta-
diene 0.145

CGZCGZCJZCG, CGZCGZCKZCG 0.29 20.34 20.01 2-Methyl-1-butene 0.230
2,5-Dimethyl-2,4-
heptadiene 0.640

OHZCGZCKZCK, OHZCGZCJZCJ 20.50 21.00 20.50 Prop-2-en-1-ol 0.250

CJZCJZCKZCK 0.92 21.75 0.69 Butadiene 0.132
2,5-Dimethyl-2,4-
heptadiene 0.652
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Table 1 – continued

Atom Name
vdW

radius (Å)
1

(kcal/mol) Type

CGZCGZCGZCK, CGZCGZCGZCJ 0.0 0.0 0.0 1-Pentene 0.252
CGZCGZCKZCK, CGZCGZCJZCJ 0.0 20.40 20.50 1-Butene 0.093

OSZCZCGZCG 0.0 0.0 0.20 Methyl propanoate 0.057
Methyl 2-methylpro-
panoate 0.140

H1ZCGZCGZCK, H1ZCGZCGZCJ,
HCZCGZCGZCK, HCZCGZCGZCJ 0.0 0.0 0.10 1-Butene 0.036
CGZOSZCJZHA, CGZOSZCKZHA 0.40 0.22 0.08 Methoxyethenea 0.154
H1ZCGZOSZCJ, H1ZCGZOSZCK 0.0 0.0 0.10 Methoxyethene 0.402
CKZCGZCKZHA, CJZCGZCKZHA,
CKZCGZCJZHA, CJZCGZCJZHA 0.05 0.03 0.31 1,4-Pentadieneb 0.500
HCZCGZCJZCG, HCZCGZCKZCG 0.0 0.0 0.10 2-Methyl-1-propene 0.302
HAZCJZCKZCK, HAZCKZCJZCJ 0.69 0.40 0.17 Butadiene 0.183
HAZCKZCJZHA 0.92 21.75 0.69 Butadienec 0.127
HOZOHZCGZCK, HOZOHZCGZCJ 0.38 0.58 0.20 2-Propenol 0.120
H1ZCGZCKZCK, H1ZCGZCJZCJ,
HCZCGZCKZCK, HCZCGZCJZCJ 0.10 20.10 20.34 Propene 0.032
HCZCGZCKZHA, HCZCGZCJZHA,
H1ZCGZCKZHA, H1ZCGZCJZHA 0.0 0.0 0.0 Propene 0.054
OHZCGZCKZHA, OHZCGZCJZHA 0.0 0.0 0.0 Prop-2-en-1-ol 0.198
CGZCGZCKZHA, CGZCGZCJZHA 0.0 0.0 0.0 1-Butene 0.200

OSZCJZCJZCG, OSZCKZCKZCG 0.0 213.00 0.0
1-Propenylmethy-
lether

CKZCJZCJZHA, CJZCKZCKZHA 0.0 215.00 0.0 Butadiene
OSZCJZCJZHA, OSZCKZCKZHA 0.0 220.00 0.0 Methoxyethene
CJZCKZCKZCG, CKZCJZCJZCG 0.0 23.50 0.0 1,3-Pentadiene
CJZCKZCKZCJ, CKZCJZCJZCK 0.0 22.00 0.0 Hexatriene
CGZCKZCKZCG, CGZCJZCJZCG 0.50 215.00 0.0 2-Butene
HAZCKZCKZCG, HAZCJZCJZCG 0.0 221.00 0.0 Propene
HAZCKZCKZHA, HAZCJZCJZHA 0.0 28.50 0.0 Propene
HPZCGZCGZOS, HPZCGZCPZOS,
H1HH1ZCGZCPZOS, H1ZCPZCGZOS 0.0 0.0 0.05 HCZCGZCGZOS (GLYCAM06)
OSZCPZCGZOS 0.0 0.82 0.0 OSZCGZCGZOS (GLYCAM06)
CPZCGZOSZC 0.47 0.0 20.04 CGZCGZOSZC (GLYCAM06)
OSZCPZCGZCG, OSZCGZCGZCP 20.27 0.0 0.0 OSZCGZCGZCG (GLYCAM06)
CPZCGZOSZCG 0.0 0.0 0.16 CGZOSZCGZCG (GLYCAM06)
H1ZCGZCPZH1 0.0 0.0 0.17 H1ZCGZCGZH1 (GLYCAM06)
H1ZCGZCGZCP, H1ZCPZCGZCG 0.0 0.0 0.15 H1ZCGZCGZCG (GLYCAM06)
HPZCGZCGZH1, HPZCGZCPZH1,
HPZCGZCGZHC 0.0 0.0 0.13 HCZCGZCGZHC (GLYCAM06)
HPZCGZCGZCG 0.0 0.0 0.10 HCZCGZCGZCG (GLYCAM06)

a Coupled to CGZOSZCKZCK/CGZOSZCJZCJ. b Coupled to CKZCGZCKZCK/CKZCGZCJZCJ/CJZCGZCKZCK/CJZCGZCJZCJ. c Coupled to HAZCKZCJZHA.
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to many quadratic force fields, (3) as few new atom types

as possible should be introduced, (4) the new parameters

should be compatible with all existing parameters and

molecular classes in GLYCAM06, (5) the accuracy of the

parameters should be rigorously assessed by application to

developmental and test molecules through comparison

with theoretical and experimental data, and (6) the use of

1–4 non-bonded electrostatic or van der Waals (vdW)

scale factors should be avoided [15].

To illustrate the performance of the resultant

parameters in a bilayer simulation, a 15 ns MD simulation

of a 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine

(DMPC) bilayer in explicit TIP3P water was performed.

The physical properties of DMPC are well established,

thus facilitating critical comparison between the MD and

experimental data.

2. Methods

2.1 Parameter development

Quantum mechanical (QM) geometry optimisations were

performed using the GAUSSIAN98 software package

[16] at the HF/6-31G* level of theory unless otherwise

noted, while single point energies were calculated at the

B3LYP/6-31 þ þ G(2d,2p) level, in accordance with the

parameterisation methods outlined in GLYCAM06 [14].

The AMBER 8 software package [17] was employed

for all molecular mechanical (MM) and MD calculations.

As recommended for carbohydrates [18] 1–4 non-bonded

and electrostatic scale factors were set to unity

(SCEE ¼ 1 and SCNB ¼ 1, respectively). Atomic vdW

parameters were taken from the GLYCAM/AMBER

parameter set [14], which originated from AMBER [19].

Consistent with GLYCAM06, torsion rotation terms and

valence harmonic force constants were generated by fitting

to QM data computed for representative molecules at the

B3LYP/6-31 þ þ G(2d,2p)//HF/6-31G* level, for rota-

mers sampled at 30 degree increments. Torsion coeffi-

cients (V1, V2, and V3) for the classical bond rotation terms

were fitted to the quantum data without using phase shifts,

employing a multi-variable least squares algorithm.

Torsion contributions were explicitly defined for all

constituent linkages employing representative molecular

fragments. Equilibrium bond lengths and angles were

selected from the best available experimental data for each

representative molecule, or from closely related mol-

ecules, with preference being given to gas-phase structural

data; sources and structures are listed in Table 1. The

Cambridge Structural Database [20] was accessed through

the ConQuest software package [21] to identify pertinent

experimental structures.

Partial charges for use in the gas-phase minimisations

of the small molecule parameterisation sets were

computed by fitting to the molecular electrostatic potential

(ESP) computed on a CHELPG [22] grid of points at the

B3LYP/cc-pVTZ level, with an ESP restraint (RESP)

weight of 0.0005 [23]. Consistent with AMBER [24] and

GLYCAM [25], partial charges for the intact biomolecules

(lipids), to be employed in condensed-phase simulations,

were subsequently derived by ESP-fitting at the HF/6-

31G* level. As earlier proposed for use with GLYCAM

[26] a RESP weight of 0.01 was employed for the

biomolecular charge derivation. In order to address the

issue of conformational charge dependence [27], confor-

mationally-averaged RESP charges were computed for

each lipid from sixty-three unique lipid conformations

extracted from an existing equilibrated DMPC bilayer,

freely available from the website of Professor D. P.

Tieleman at http://moose.bio.ucalgary.ca/.

Two other MD-equilibrated homogeneous lipid

membranes composed of 1-stearoyl-2-docosahexaenoyl-

sn-glyerco-3-phosphocholine (SDPC) [28] and palmitoyl

oleoyl phosphatidylethanolamine (POPE) [29] were used,

along with the DMPC bilayer, to determine the average

ensemble charge distribution for functional regions of the

lipids. The lipids were divided into a head group region,

which was composed of phosphatidycholine or ethanola-

mine groups and the glycerol sub-unit, and two

hydrocarbon tail groups, sn1 and sn2.

2.2 Phospholipid bilayer equilibration and simulation

A lipid bilayer containing 48 DMPC molecules was

constructed based on a POPC bilayer model [30], with the

bilayer normal aligned along the z-axis. The starting

structure had a surface area per DMPC molecule of

78.4 Å2 and a bilayer thickness of 41.9 Å. Using the

PTRAJ program in AMBER, a 24 Å layer of TIP3P water

molecules (with a 1.4 Å crystal spacing) was added to the

upper and lower surfaces of the bilayer, resulting in the

addition of 1847 waters (Figure 1). All bilayer

equilibration and simulation steps were performed using

AMBER 9 [19]. An iterative approach was adopted to

equilibrate the bilayer system and achieve properties

consistent with the La-phase of DMPC. Initially, with the

lipids restrained, the water molecules were energy

minimised (500 steps of steepest decent, 1500 steps of

conjugate gradient) and then subjected to 10 ps of

molecular dynamics in the NPT ensemble at 1 atm with

anisotropic pressure scaling. The entire system was

subsequently energy minimised (500 steps of steepest

decent, 500 steps of conjugate gradient). Using the NVT

ensemble while restraining the waters, the DMPC

molecules were subjected to 5 ps of molecular dynamics

at 300 K. The entire system was then minimised again for

1000 steps (500 steps of steepest decent, 500 steps of

conjugate gradient). In the NPT ensemble at 1 atm with

anisotropic pressure scaling, the bilayer was then
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restrained and only waters were equilibrated with 10 ps

MD at 300 K. Finally, in the NVT ensemble, the entire

system was brought to the desired temperature of 300 K

over 50 ps. A production MD simulation of the bilayer-

water system was then performed for 15 ns at 300 K in the

NVT ensemble. A 2 fs time-step was employed throughout

for integrating the equations of motion. Hydrogen-

containing bonds were constrained with the SHAKE

algorithm [31], and long range electrostatics were treated

using the Particle Mesh Ewald method [32]. Snapshots

were collected at 1 ps intervals for subsequent analysis.

Average bilayer thickness was computed from the

distance along the z-axis (bilayer normal) between the

centres of mass of the desired atoms in each leaflet, using

structures taken at 100 ps intervals. The bilayer thickness

(dl) was calculated using the centre of mass of the N(CH3)3

moiety in the head group; the hydrophobic thickness (dhc)

was calculated using the carbon situated at the branch

point of the hydrocarbon tails. To calculate the absolute

distance between the termini of the hydrophobic groups

(dCH3
), the average position of the CH3 groups from both

sn1 and sn2 hydrocarbon tails was used.

Molecular graphics images of the bilayer were

produced using the UCSF Chimera package from the

Resource for Biocomputing, Visualization, and Infor-

matics at the University of California, San Francisco

(supported by NIH P41 RR-01081) [33].

3. Results and discussion

3.1 New atom types

The extension of GLYCAM06 to lipids and glycolipids

required the introduction of only three lipid-specific

carbon atom types. Two of the new atom types (CJ and

CK) were introduced to accommodate unsaturated and

polyunsaturated hydrocarbon chains and their vdW terms

were transferred directly from the unsaturated carbon, CA,

atom type in AMBER. Although atom types exist in

AMBER to model sp2 carbon atoms, some lipids have

alternating single and double bonds, which results in

ambiguity regarding the placement of the double bond. To

relieve the ambiguity, new atom types, CK and CJ, were

added. These atom types allow the definition of a CZC

single bond between two adjacent double bonded carbons

(CKvCKZCJvCJ) as in the molecule butadiene, which

is a common motif in lipid tails. Notably, by dividing the

rotational contribution among the constituent linkages

associated with the CKZCJ bond the planarity of the sp2

centre was maintained without the need to introduce out-

of-plane or improper torsion terms.

The third atom type, CP, was created to describe sp3

carbon atoms attached to the oxygen atom of a phosphate

group and its vdW terms were transferred directly from the

saturated tetrahedral carbon, CT, atom type in AMBER.

The AMBER force field (PARM94–PARM99) contains

parameters for this linkage [34], employing the sp3 carbon

atom type CT, however, the performance of those

parameters in our test cases was not optimal. The current

AMBER parameters significantly overestimated the

methyl rotational barrier in methylphosphates (see

Figure 2(m), (p)). While this rotation has little significance

for the overall 3D structure directly, it was important to

ensure that the HZCH2ZOZP rotational contribution was

correctly reproduced in order to employ this term in larger

structures. It should be noted that unlike AMBER, or

earlier versions of GLYCAM, all of the constituent torsion

terms are explicitly defined in GLYCAM06. Thus, an error

in the HZCH2ZOZP contribution would propagate

throughout the subsequent lipid components (RZCH2-

ZOZP, etc.). The vdW terms for the new atom types, as

well as for all other atom types employed in this extension

of GLYCAM06, were transferred from the standard

AMBER values and are presented in Table 1 together with

the valence bond lengths, angles, and associated quantum-

derived force constants.

Figure 1. The DMPC bilayer system pre- and post-equilibration. (a and c) Initial model of the bilayer (pre-equilibration) and (b and d)
after the minimisation and heating steps (the starting structure for the 15 ns simulation). To help visualise the bilayer and size of the
periodic box the nitrogen (blue spheres) and phosphorous atoms (cyan spheres), and waters (small red spheres) are emphasised. Hydrogen
atoms were removed for clarity.
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Figure 2. Torsion rotation curves for phosphate and nitrogen (amine and cation) containing species. Those used in the developmental
training set are indicated with a “D”, otherwise they represent test cases. Legend: QM B3LYP/6-31 þ þ G(2d,2p) data (O), GLYCAM06
(lipid extension) (X), AMBER PARM94 (W).

Molecular Simulation 355

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
3
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



3.1.1 Valence properties

To assess the effect of zwitterionic head group moieties,

such as phosphoethanolamine, on bond lengths and angles,

a truncated phospholipid was built and energy minimised.

This model was selected because of its similarity to phos-

phatidylcholine, for which experimental crystallographic

values [35] were available for comparison (Figure 3).

Included in Figure 3 are the pertinent valence geometries

for a truncatedmodel of the sphingolipid glucosylceramide,

which has also been compared to experimental crystal-

lographic data [36] for the intact glycolipid. The atom types

employed in lipids and glycolipids are indicated in Figure 3.

The average error in the bond lengths was 0.01 ^ 0.01 Å

and in the bond angles 1.3 ^ 1.18. It may be observed that

the values for the CGZCP and CPZOS bond lengths and

CGZOSZCJ and PZOSZCP valence angles deviate

somewhat from the experimental data. Alteration of

equilibrium bond lengths and angles containing CP terms

may be considered after a more thorough survey of relevant

structures has been performed.

Although the CGZOSZCJ angle was correctly

reproduced in the training structure methoxyethene

(experimental value: 118.38, GLYCAM06 value: mini-

mised value 118.38) [38], it was overestimated by 3.78 in

the experimental structure of 1,3-bis(vinyloxy)-2,2-bis

(vinyloxymethyl)propane (experimental value: 115.88)

[37]. This discrepancy is notable and may reflect the

complex hyperconjugation present in 1,3-bis(vinyloxy)-

2,2-bis(vinyloxymethyl)propane.

Several x-ray structures of proteins containing lipids

were considered for test structures, including PDB

IDs:1LN1 [39], 1T27 [40], 2A1L [41], 2HG9 [42],

1BP1[43], and 1POB [44]. However, the B-factors for the

ligands in these structures were often large (greater than

50 Å2) and direct comparisons with theoretical values may

suffer accordingly. For example, several ligands displayed

unrealistically large CZOS bond lengths averaging

1.494 Å in all but 2HG9 (1.374 Å in 2HG9 and 1.360 Å

in methoxyethene [38]). The best resolved values for the

glyceryl and carbonyl portions of the head group are

shown in bold and italics in Figure 3 from PDB id 2HG9.

B-factors in ligand PC7 ranged from 24.61 to 69.48 Å2.

Figure 3 indicates poor agreement with 2HG9 for the

angles CGZOSZC and OSZCZCG, however, the

average GLYCAM06 values where found to be within

the range (112.6–128.18 and 112.6–121.08, respectively)

provided by the collection of experimental structures. It

should be noted that no hydrogen containing valence terms

were tested due to the lack of experimental structures with

well-resolved hydrogens.

The torsion terms and partial charges are of profound

significance to the 3D geometry and dynamics of

biomolecules. The polar character of lipid head groups

presents a potential for tight coupling between bond

rotational properties and 1–4 electrostatic interactions.

This might be expected to be a significant complication,

since GLYCAM06 does not employ any 1–4 scaling to

dampen such interactions. However, the quality of the fits

to the QM torsion data suggests that internal electrostatic

scaling is not required. It is noteworthy that a common set

of torsion terms could be employed for both neutral and

protonated amino groups. For example, when torsion terms

were derived for neutral amine functionalities and

subsequently applied with protonated ammonium species,

the resulting agreement with the QM rotational energy data

was reasonable (Figure 2(a)–(l)). The average error in the

neutral amino training set was 0.20 kcal/mol, while that for

the charged ammonium test set was only 0.57 kcal/mol.

Errors in the training set were not specifically localised,

but were generally distributed over the entire curve.

Figure 3. GLYCAM06 energy minimised and related crystallographic values for bond lengths and angles in: (a) glucosylceramide,
experimental data from [36]; (b) a representative phospholipid head group, experimental data from [35]. Experimentally determined
values are shown in parentheses where available. Bold and italic values come from PDB id 2HG9 [42].
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In contrast, a large portion of the test set error was evident

primarily at rotational energy barriers. Four phosphate-

containing torsion terms were examined, with an average

error in the training set of 0.17 kcal/mol (Figure 2(m)–(p)).

In order to accommodate a variety of lipid tail groups,

the torsion parameterisation focused on combinations of

double-bonded carbon terms with adjacent double bonds,

ether, alcohol, or amide functionalities. The average error

in the fit to the QM torsion curves for the tail group

training set was 0.18 kcal/mol (Table 1). Rotational energy

curves for GLYCAM06 and QM data are presented in

Figure 4. While the overall agreement was generally good

(the average error in the test set was 0.51 kcal/mol),

modeling rotational energies associated with C(sp2) atoms

proved challenging. When both a hydrogen atom and an

sp3 carbon atom are attached to an sp2 carbon, the

individual contribution from the hydrogen to the rotational

energy profile for the C(sp2)–C(sp3) bond is difficult to

isolate. For such sequences, both the carbon

(CKZCGZCKZCK) and hydrogen (HAZCKZCGZCK)

torsion terms were fit concurrently, giving equal priority to

adequately reproduce the C(sp2)–C(sp3) rotational energy

profile, while maintaining the planarity of sp2 centre. This

approach resulted in good agreement with the QM data, as

seen in the test structure, 3-methyl-1,4-heptadiene, which

displayed an average error of only 0.14 kcal/mol
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(Figure 4(h)). The CZC single bond rotation in butadiene

(CKZCJ) was similarly parameterised using a simul-

taneous and equally weighted division between the sp2

substituents (coupled fitting), and resulted in good

agreement with the QM data. While some deviation was

seen between the QM and GLYCAM06 rotational energies

for the test structure, 2,5-dimethyl-2,4-heptadiene, the

errors were primarily in the high energy eclipsed rotamers.

To maintain sp2 planarity and methyl rotamer preferences,

parameterisation of the CGZCGZCKZCG sequence

present in 2-methylbut-1-ene (Figure 4U) also required

coupled fitting with HCZCGZCKZCG term. CyC bonds

are common in lipid tails and apolar molecules, such as

cholesterol, which is an important component of

eukaryotic cell membranes. The CyC torsion parameters

for substituted double bonds were all derived using

Figure 4. Torsion rotation curves for lipid tail groups. Those used in the developmental training set are indicated with a “D”, otherwise
they represent test cases. Legend: QM B3LYP/6-31 þ þ G(2d,2p) data (O), GLYCAM06 (lipid extension) (X).
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coupled fitting to ensure both reasonable barrier heights

and planarity of the sp2 atoms, without the need for

improper torsion terms. Torsion parameters for the double

bonds are presented in Table 1, while the rotational energy

curves are provided in Figure 5.

Additional errors in the torsions were related to the

priority given to accurately fitting dependent torsion terms.

For example, in the case of 3-butenol (Figure 4L,X), there

are two related torsion terms: H1ZCGZCGZCK and

OHZCGZCGZCK. Correcting the H-containing torsion

term (H1ZCGZCGZCK) negatively impacted the

accuracy of the heavy-atom torsion term (OHZCGZ

CGZCK); increasing the MMH-containing torsion barrier

increased the heavy-atom torsion barrier above the QM

barrier. Since accuracy of these related torsion terms was

inversely related, the accuracy of the heavy-atom torsion

was prioritised.

3.1.2 Partial atomic charges

Charge standardisation among similar classes of lipids, i.e.

phospholipids, has been examined using the ensemble

average charge method [27]. The three lipid systems

examined, DMPC, SDPC, and POPE all contain similar

phosphate groups and glycerol linkages to the fatty acid tails.

The key differences between their head groups are in the

presence of positively charged choline, inDMPCand SDPC,

or of the ethanolamine found in POPE. The three structures

also have different degrees of unsaturation in one of each

of their tails, as seen in Figure 6. Charges for thesemolecules

(Figure 6) were divided into the head and tail regions to

determine if there was sufficient similarity to facilitate

charge standardisation among different functional regions of

the phospholipids. The average head and tail group charges

were similar, within a standard deviation, for each lipid type.

The average charge on the phosphate head group was

0.668 a.u., while the charges for the sn1 and sn2 tail groups

averaged 20.314 and 20.353 a.u., respectively. Subdivid-

ing phospholipids into functional regions and developing

independent charge sets for these regions, allowed for the

development of lipid bilayers from constitutive fragments

with defined charges based on attachment. A similar trend

was also observed for the atomic charges of the phosphate,

choline, and carbonyl groups.

Two main atomic charge differences emerged from

this study related to the head group. The difference in the

choline (Figure 6(a)–(b)) and ethanolamine (Figure 6(c))

head group charges is apparent as the nitrogen has a

moderate negative charge on the ethanolamine while the

choline nitrogen has a slight positive charge. This

difference was a result of the positive charges fit to the

hydrogens in the ethanolamine model, while the same

positive charge was distributed over the carbon atoms in

the choline models. The standard deviation on the

ethanolamine nitrogen, 0.36 a.u., indicates a large degree

of charge variability in contrast the nitrogen on the choline

models indicates relatively consistent charges with a

standard deviation of 0.05 a.u. The other significant atomic

Figure 5. Torsion rotation curves for CvC double bonds. Those used in the developmental training set are indicated with a “D”,
otherwise they represent test cases. Legend: QM B3LYP/6-31 þ þ G(2d,2p) data (O), GLYCAM06 (lipid extension) (X).
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charge difference can be seen on the glyceryl carbon

connecting to the oxygen atom in the phosphate (Figure 6).

The average charge of this carbon atom (over the three

molecules) was 0.288 ^ 0.06. All other corresponding

atoms within the head group were within a standard

deviation of each other.

As for the lipid tails, future development will focus on

the addition of fatty acid tails with alkyne, aldehyde and

ketone functional groups.

3.2 Bilayer simulation

In the initial bilayer configuration the DMPC and water

molecules were highly ordered requiring several equili-

Figure 6. Ensemble average RESP charges for (a) DMPC, (b) SDPC, and (c) POPE. Aliphatic protons carry zero net charge in
GLYCAM06 [14]. Average charges for the head (PC and PE) and tail (sn1 and sn2) groups are presented with standard deviations.

Figure 7. Bilayer thickness parameters calculated from MD
simulations compared to experimental spacings. dl MD (2 ), dl

exp. (2), dhc MD (2 ), dhc exp. (2), dCH3 MD (2 ).
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bration stages, consisting of alternating rounds of energy

minimisation and MD (described in 2.2). The iterative

combination of NPT and NVT ensembles employed

during the equilibration steps led to a decrease in the area

per DMPCmolecule and in the thickness of the membrane,

from 78.4 Å2 and 41.9 Å in the initial structure to 67.1 Å2

and 36.4 Å in the post-equilibration structure (the 0 ns

production MD structure). Experimental values for the

area per DMPC molecule and the thickness of the

membrane, measured for lamellar lattices of DMPC in

excess water at 300K, are 61.7 Å2 and 35.7 Å, respectively

[45]. The iterative approach maintained system integrity

while facilitating the equilibration of both lipid and water

molecules and permitted the related adjustment in the

periodic box size (Figure 1).

A 15 ns NVT simulation of the bilayer was then

performed, using the 0 ns equilibrated configuration as a

starting structure. The overall bilayer thickness (dl), the

hydrophobic thickness (dhc) and the distance between

the tail methyl groups from the hydrocarbon tails of the

opposing leaflets (dCH3) were monitored over time to

assess the stability of the membrane (Figure 7). The

extensive pre-equilibration procedure notwithstanding,

over the first 1 ns of the 15 ns trajectory further

equilibration occurred, indicated by a slight compression

of dl and expansion of dCH3. Over the 1–15 ns period, the

DMPC molecules formed a fluid, but stable bilayer

(Figure 8). The average thickness values over the last 14 ns

of simulation were dl ¼ 33.1 ^ 0.5 Å, dhc ¼ 23.9 ^ 0.2 Å

and dCH3 ¼ 19.1 ^ 0.2 Å. These values are in good

agreement with experimental parameters from lamellar

DMPC lattices in excess water which give dl ¼ 35.7 Å and

dhc ¼ 22.3 Å (error values were not reported) [45].

Although there is no experimental value for dCH3, it was

calculated from the MD simulation in order to monitor

fluctuations throughout the membrane. As with the

measurements of dl and dhc, there was a short equilibration

period during first ns of the simulation, during which dCH3

expanded slightly (Figure 7). Similar to a native state

simulation of a protein [46], a portion of the initial

production run is considered part of the equilibration

phase. When comparing the head group atoms of the 0 ns

structure to the other structures in Figure 8, the need for a

longer (,1 ns) equilibration period is apparent as the

head group atoms are more ordered in the 0 ns structure

than the other structures. Once fully equilibrated, the

membrane preserved its overall shape and structural

characteristics.

To demonstrate the overall structural properties of the

membrane an atom density profile of the bilayer systemwas

calculated from the 15 ns structure (Figure 9). From the

density profile, waters can be seen to penetrate the DMPC

head group region (PO4 and N(CH3)3 groups), but not the

hydrophobic tail region (CH2 andCH3 groups). To conform

to the experimentally determined membrane thickness, the

long hydrocarbon tails from opposing leaflets overlapped,

yielding a high atomic density in the central region of the

bilayer. In addition to the centre of the membrane, the head

group region displayed a high atomic density, as it was

occupied by both lipid and water molecules; a trend

observed in other membrane simulations [47–49].

4. Conclusions

A new parameter set for lipid simulations has been

developed for use with the GLYCAM06 biomolecular

force field. The parameters were designed to reproduce

gas-phase QM bond rotational energies and employ ESP

partial charges that are consistent with the AMBER

protein parameters. The development of standardised

charges for phospholipid fragments (polar head groups,

and sn1 and sn2 tail groups) will allow for faster charge

assignment and the potential for interchanging fatty acid

tails. GLYCAM06 parameters were developed to facilitate

the combination of a broad range of lipid head and tail

moieties, including carbohydrate head groups and

saturated or unsaturated hydrocarbon tails. The parameters

described above expand GLYCAM06 to include a large

Figure 8. Snapshots from DMPC bilayer simulation. Coloured as in Figure 1.

Figure 9. Atom density profiles for selected groups from the
15 ns snapshot of the DMPC bilayer simulation. Values are
averaged over both leaflets.
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variety of lipids including triacylglycerols; sphingolipids

including cerebrosides, gangliosides, and sphingomyelin;

some steroids including cholesterol; and most glyceropho-

spholipids including those incorporating cholines, etha-

nolamines, glycerols, inositols, and phosphatidylglycerol

(Figure 10). With these parameters it is now possible to

simulate heterogeneous lipid bilayers, as well as to

examine the properties of glycolipids embedded in

membranes. When augmented by the AMBER parameters

for proteins, it is also possible, in principle, to study

protein-membrane complexes. A preliminary 15 ns NVT

MD simulation of a DMPC bilayer, using the presented

GLYCAM06 parameters, was in good agreement with

experimental data. While achieving equilibration of lipid

bilayers for MD simulations can be challenging,

modification of the pressure scaling options in AMBER

would facilitate this process. However, the GLYCAM06

parameters are self-contained and may be employed in a

variety of software packages. The parameters and relevant

structure files are available from the GLYCAM website

(www.glycam.com).
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