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Molecular dynamics simulation of a phosphatidylglycerol membrane
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Abstract Although molecular dynamics simulations are an
important tool for studying membrane systems, relatively few
simulations have used anionic lipids. This paper reports the first
simulation of a pure phosphatidylglycerol (PG) bilayer. The
properties of this equilibrated palmitoyloleoylphosphatidylglyc-
erol membrane agree with experimental observations of PG
membranes and with previous simulations of monolayers and
mixed bilayers containing PG lipids. These simulations also pro-
vide interesting insights into hydrogen bonding interactions in
PG membranes. This equilibrated membrane will be a useful
starting point for simulations of membrane proteins interacting
with PG lipids.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Over the past decade, molecular dynamics (MD) simulations

have been increasingly used to investigate the molecular-level

interactions of lipid membranes and associated proteins [1–

3]. However, most MD simulations use membranes made of

zwitterionic lipids, such as phosphatidylcholine (PC) and phos-

phatidylethanolamine (PE). Recently, a few simulations have

been performed with membranes that include negatively

charged lipids. For example, Pandit et al. and Mukhopadhyay

et al. performed MD simulations of pure membranes of phos-

phatidylserine (PS), an anionic lipid that is commonly found in

eukaryotic membranes [4,5]. Subsequent simulations were per-

formed on mixed PC/PS membranes [6]. However, since many

MD simulations involve bacterial membrane proteins or anti-

microbial peptides that interact with bacterial membranes it is

also critical to have good computer models of phosphatidyl-

glycerol (PG), the anionic lipid most commonly found in pro-

karyotic membranes (Fig. 1A) [7]. A few papers have reported

simulations of PG lipids, including simulations of PG mono-

layers [8] and a membrane containing a mixture of galactosyl-

ceramide and PG [9]. As well, Murzyn et al. have reported a
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MD simulation of a mixed PE/PG membrane, which repre-

sents a potentially useful model of bacterial membranes [10].

However, it is difficult to verify the validity of the force field

parameters used for PG lipid in this situation since there is lit-

tle experimental data on the structural characteristics and

molecular interactions in mixed PE/PG membranes. Thus, a

MD simulation of a pure PG membrane would be useful in or-

der to validate the parameters used for PG lipids. Moreover,

simulations of proteins with pure PG membranes can provide

useful comparisons to experimental data on protein–lipid

interactions obtained with pure PG lipid vesicles.

This paper describes the creation and equilibration of a pure

palmitoyloleolyphosphatidylglycerol (POPG) lipid membrane

in a 50 ns MD simulation. The properties of this equilibrated

membrane are consistent with experimental observations on

pure PG membranes, and it provides a useful starting point

for future simulations of membrane proteins with PG mem-

branes.
2. Materials and methods

An initial POPG molecule (Fig. 1A) was created in MacSpartan 02
(Wavefunction, Inc.) and subjected to 750 steps of steepest descents
minimization using GROMACS. This lipid, and all others in the mem-
brane, were in their negatively charged state based on the experimen-
tally measured pKa of PG [11] and the pH dependence of PG
melting temperatures [12]. The minimized POPG was multiplied in
an 8 · 8 grid to produce the first leaflet of the membrane, and the sec-
ond leaflet was created by copying the first leaflet and rotating it
appropriately. This bilayer was solvated with SPC water using the
GROMACS genbox tool. All waters placed in the hydrophobic region
of the membrane during this procedure were removed manually. Water
molecules were replaced with 138 Na+ and 10 Cl� ions at the most
favorable electrostatic positions to neutralize the overall system charge
and provide an additional 100 mM salt concentration; after ions were
added 5443 waters remained in the system. This system was minimized
for 135 steps of steepest descents minimization, heated to 310 K over
20 ps and subjected to an additional 980 ps of MD. During this initial
1 ns simulation, reduced charges were used on the glycerol moiety of
the headgroups. Five water molecules that quickly entered the hydro-
phobic region of the membrane during this initial simulation were then
removed, and the simulation was continued for a 50 ns trajectory.
For comparison to the POPG membrane, a 10 ns simulation of a

POPC membrane with 128 lipids and 2460 SPC waters was also per-
formed using the same simulation parameters. This trajectory was
started from the final frame of an equilibrated POPC simulation per-
formed by Tieleman et al. and available at http://moose.bio.ucal-
gary.ca [13]. Since the POPC membrane had been previously
equilibrated, albeit under somewhat different simulation parameters,
its properties converged very quickly. Values reported for the POPC
system are averaged over the last 5 ns of the trajectory.
All MD simulations and analyses were performed with GROMACS

v3.2 [14]. Simulations utilized the NPT ensemble with anisotropic pres-
sure coupling (sp = 1.0 ps) to 1 bar in each direction and temperature
coupling (st = 0.1 ps) of lipid, water, Na+ and Cl� separately to
310 K. Berendsen coupling protocols were used for both pressure
blished by Elsevier B.V. All rights reserved.

https://core.ac.uk/display/81973147?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://moose.bio.ucalgary.ca
http://moose.bio.ucalgary.ca
mailto:delmore@wellesley.edu 


Fig. 1. (A) Molecular structure of POPG, with the groups used for analyses highlighted. (B) 50 ns frame of the POPG simulation. Lipid and water
are shown as gray and white line structures, respectively. Lipid phosphorous atoms, the oxygen atoms of lipid ester groups, and sodium ions are
shown in red, yellow, and blue spacefilling, respectively. Chloride ions are omitted from the figure for clarity. (C) Electron density profiles of the lipid
phosphorous (red), glycerol (black), and ester (yellow) groups and sodium cations (blue) along the membrane normal. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and temperature [15]. Long-range electrostatics were computed using
the particle mesh Ewald (PME) method [16] as recommended for
membrane simulations, especially those involving charged lipids
[17,18]. Lennard-Jones energies were cutoff at 1.0 nm. Bond lengths
were constrained with LINCS [19] and water geometries were con-
strained with SETTLE [20]. Parameters for the POPC membrane were
the same as those used previously [13], with lipid tail parameters taken
from Berger et al. [21]. POPG parameters were the same as those of
POPC for identical portions of the molecules with glycerol charges
based on the standard GROMACS force field and other glycerol
parameters assigned by the PRODRG server [22]. POPG parameters
and coordinates for the equilibrated POPG membrane can be down-
loaded from http://www.wellesley.edu/Chemistry/Don/home.html.
Analyses were primarily performed using tools available in the

GROMACS suite. Errors reported for averages are standard devia-
tions. Hydrogen bonds were determined geometrically with a donor–
acceptor distance cutoff of 3.5 Å and an angle cutoff of 30�, unless
otherwise noted. Deuterium order parameters (SCD) were calculated
as described elsewhere [4]. Molecular graphics were rendered using Py-
mol (http://www.pymol.org).
3. Results and discussion

3.1. Equilibration and structural properties of the POPG

membrane

The POPG membrane clearly equilibrates during the 50 ns

simulation based on both the energy of the system and the con-

vergence of lipid membrane structural properties (Fig. 2). In

general, these and other properties reached equilibration dur-

ing the first half of the trajectory, and average properties cal-

culated over the last 25 and 10 ns were essentially identical.

Throughout the rest of this paper all POPG properties re-

ported are averaged over the final 10 ns of the trajectory.

The 50 ns frame of the POPG simulation is shown in

Fig. 1B. In general, the POPG phosphate and glycerol groups

were at a similar depth in the membrane, with the ester groups

residing somewhat deeper in the membrane (Fig. 1B and C).

This is quite similar to PS membrane simulations, in which

the terminal carboxylate group resides at essentially the same

depth as the phosphate groups [4,5].

Differences in the area per lipid and thickness of the equili-

brated POPG and POPC membranes were consistent with past

experimental measurements. The average area per lipid in the

equilibrated POPG membrane was lower than that in POPC

(56.1 ± 0.7 Å2 versus 68.4 ± 0.5 Å2). Conversely, the POPG

membrane was thicker than the POPC membrane, as measured
by the distance between phosphorous atoms in the two mem-

brane leaflets (42.7 ± 0.6 Å versus 36.8 ± 0.6 Å). Although

there are no direct experimental measurements of POPG and

POPC membrane structures in the literature, our simulations

reflect general trends between PG and PC membranes. For

example, gel phase dipalmitoylphosphatidylglycerol (DPPG)

membranes had a smaller area per lipid and were thicker than

dipalmitoylphosphatidylcholine (DPPC) membranes; the same

is true for membranes made of egg PG and PC lipids [23–26].

The area per lipid in the POPG simulation was significantly

smaller than the area per POPG lipid in a mixed POPE/POPG

membrane simulation (62.8 Å2) [10]. This difference is not par-

ticularly surprising, since the mixed membrane is only 25%

POPG and the large amount of zwitterionic POPE present

likely affects POPG properties. As well, the mixed lipid envi-

ronment also may alter the area per POPE in that simulation,

which is rather similar to the area per lipid in pure POPC

membrane simulations using the same force field. Experimen-

tal measurements of pure lipid membranes show that the area

per PE lipid is �10% smaller than that of PC lipids [27].

POPG lipid tails were more ordered than those of POPC in

these simulations, as shown by their deuterium order parame-

ters (SCD) (Fig. 3A and B). Previous simulations of PG mon-

olayers and mixed PE/PG membranes also showed that PG

lipid tails appear to be more ordered than PC lipid tails

[8,10]. A similar ordering of anionic lipid tails relative to the

tails of zwitterionic lipids was also observed in simulations of

PS membranes [4,5].

On the average, the vector connecting P and O in PG head-

groups was slightly pointed into the membrane (average angle

�102�), although a broad distribution of angles was observed

in the equilibrated membrane (Fig. 3C). In contrast, the P–N

vector in PS simulations tended to point into the water [4,5].

This difference likely arises since the PS amine group is posi-

tively charged, whereas the PG glycerol is neutral.

3.2. Hydrogen bonding of POPG

In this simulation, the POPG phosphate groups had an

interesting balance between interactions with water and with

the glycerol moieties of adjacent lipids. In particular, the radial

distribution function (RDF) for phosphate groups shows that

while glycerol groups have the closest interactions with phos-

phates, hydration shells also form around the phosphate

http://www.wellesley.edu/Chemistry/Don/home.html
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Fig. 2. Properties of the POPG (black) and POPC (gray) membranes
during the course of MD simulations. (A) Potential energy of
simulation systems. For ease of presentation, �150000 kJ/mol was
subtracted from the POPC system potential energies on the graph. (B)
Area per lipid in the simulation systems, calculated by dividing the
lateral area of the simulation system by the total number of lipids in
each leaflet. (C) Thickness of the lipid membranes during the
simulations, measured as the distance along the membrane normal
between the center of mass of phosphate atoms in the two leaflets.
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Fig. 3. (A) and (B) Deuterium order parameters (SCD) for the
palmitoyl (A) and oleoyl (B) chains in the POPG (black) and POPC
(gray) simulations. (C) Distribution of POPG headgroup orientations
measured as the angle between the membrane normal and the vector
connecting P and the terminal O of POPG.
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groups (Fig. 4A). As well, phosphate appears to form its stron-

gest H-bonds with glycerol groups, although significant H-

bonding occurs with water. For example, 84% of very short

H-bonds (distance cutoff of 62.5 Å; total of 48 ± 6 H-bonds)

to phosphate involve glycerol moieties. However, if we include

all PG phosphate H-bonding interactions, 528 ± 11 H-bonds

involve water and only 111 ± 5 H-bonds involve glycerol.

These H-bonding results for PG lipids provide useful molec-

ular-level insights into experimental observations. Based on

spectral evidence, Zhang et al. observed that the phosphate

groups of PG lipids are more involved in H-bonding and polar

interactions than phosphate groups in other phospholipids

[28]. This is consistent with our simulations, in which PG phos-

phates were involved with more H-bonds than PC phosphates

(640 ± 11 versus 509 ± 11). Moreover, the discussion of PG li-

pid H-bonding in Zhang et al. largely focused on the potential
role of glycerol-phosphate H-bonds to ‘‘screen’’ charges bet-

ween PG molecules as anionic lipids come closer together to

form quasi-crystalline phases [28]. In order for the lipids to

pack together in these phases, water most likely would be ex-

pelled from the phosphate region, leading glycerol groups to

compensate for the lost interactions by forming more H-bonds

with phosphate groups and reducing charge–charge repulsion.

Similar glycerol–phosphate interactions have been proposed

for PG monolayers [29], and they appear in a crystal structure

of dimyristoylphosphatidylglycerol [30]. The formation of

apparently very strong glycerol–phosphate H-bonds in our sim-

ulations is consistent with the potential for the glycerol groups

to effectively replace water around phosphate groups. Future

simulations of PGmembranes under different temperature con-

ditions could further elucidate the role of glycerol–phosphate

H-bonding interactions in different membrane phases.

It is interesting to compare the H-bonding of POPG glycerol

and POPS amine groups, since both are the only H-bond
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Fig. 4. Radial distribution functions (RDFs) for equilibrated POPG
membranes. (A) RDFs of water (black) and glycerol H atoms (gray)
from lipid phosphate O atoms. (B) RDFs of sodium cations from the
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donating groups in those lipids. In the POPG simulation, each

glycerol forms an average of 1.63 ± 0.05 H-bonds to other lipid

groups, which is strikingly similar to the extent of amine H-

bonding in POPS simulations [4]. However, PS amines formed

few interactions with the ester carbonyls [4,5], while POPG

glycerol groups formed just under one half (�44%) of their

H-bonds with ester groups. Analogous to the differences in

headgroup orientation discussed above, this likely occurs be-

cause the glycerol is uncharged and more likely than the posi-

tively charged amine to interact with groups slightly deeper in

the membrane.

3.3. Ion–lipid interactions

Although sodium cations were originally placed throughout

the aqueous portion of the simulation system, during the equil-

ibration many cations rapidly approached the POPG mem-

brane, becoming significantly embedded in the headgroup

region of the bilayer (Fig. 1B and C). Interestingly, these ions

seem to interact most with the ester groups next to lipid tails,

not the phosphate groups (Fig. 4B). Thus, although the posi-

tively charged ions are attracted to the anionic membrane, they

mostly move beyond the negatively charged phosphate groups

and directly interact with polar, uncharged ester groups. Using

an interaction cutoff of 3.5 Å in a cumulative RDF, the aver-

age sodium cation is coordinated to 1.12 ester O atoms but

only 0.46 glycerol and 0.32 phosphate O atoms. A similar

trend has been noted in other simulations with anionic PG

and PS lipids [4,10].
3.4. Summary

The pure POPG membrane described in this paper appears

to be well-equilibrated, and its properties are consistent with

experimental data on PG membranes. Thus, this membrane

provides a useful starting point to consider the interactions

of membrane proteins and peptides with anionic PG mem-

branes and compare these interactions to those that occur with

zwitterionic lipids, such as PE and PC. Moreover, the similar-

ities between lipid properties in this simulation and other sim-

ulations including PG and PS lipids provides a reassuring self-

consistency between simulations of anionic lipids using differ-

ent force fields and parameters. Further simulations of PG

membranes, particularly in different thermal states, can give

additional insights into the intermolecular interactions that

underlie the properties of these membranes.
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