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Abstract A method for constructing the suitable initial
con®guration of the membrane-protein system for mo-
lecular dynamics (MD) simulations is presented. This
method could provide some hydrated initial con®gura-
tions and help us to determine the best surface area of
the system by contracting the surface area and com-
paring the optimized lowest energy of the system by
energy minimization. The gramicidin A (GA) channel
in the fully hydrated dimyristoylphosphatidylcholine
(DMPC) bilayer was used as our model. Three con®g-
urations with di�erent surface areas were selected and
applied for one 400 ps and two 300 ps MD simulations
at constant pressure and temperature. All simulations
were fairly stable without any constraints. Through
analysis of the MD trajectories we found that the system
with the best surface area was more stable than the other
two systems, whose sizes were changed in the simula-
tions. Further analysis of the bilayer normal length and
the order parameters of the lipid alkyl tails indicates that
the system with the best surface area shows some char-
acteristics of the La phase, while both the smaller and the
larger size systems have distinct deviations from the La

phase that we expect. This illustrates that the correct
surface area and the suitable initial con®guration have

an important in¯uence on the phase of the membrane in
the MD simulation. In addition, by comparing the root
mean square di�erences of GA relative to the initial
structure and interaction energy between di�erent
components of the system for all three systems, we ®nd
that the state of the DMPC bilayer has exerted a signi-
®cant in¯uence on the structure of GA. All these results
demonstrate the validity of our method for constructing
the initial con®guration of the membrane-protein system
for MD simulations.
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Introduction

In recent years, molecular dynamics (MD) simulation
has developed rapidly and is used widely as a powerful
tool for study of the structure and dynamics of macro-
molecules (van Gunsteren 1988; Karplus and Petsko
1990). Many studies of soluble proteins in vacuum and
in solution have demonstrated its validity in the ®elds of
structure re®nement, free energy calculation, and others
(Karplus and Petsko 1990). However, in the case of
membrane systems such as lipid bilayers and membranes
with proteins embedded, the application of MD simu-
lations only appeared at the end of 1980s owing to the
large size of the systems and the long time scales of the
motions (Egberts et al. 1994). In the following 10 years,
numerous workers have been involved in this rapidly
developing research ®eld with studies on the properties
of pure bilayers and on the interactions between small
molecules and lipid bilayers, as well as on the interac-
tions between transmembrane helices and lipid bilayers
(Pastor et al. 1991; Bassolino et al. 1993; Venable et al.
1993; Marrink and Berendsen 1994; Pastor 1994; Woolf
and Roux 1994; Chiu et al. 1995; Damodaran et al.
1995; Edholm et al. 1995; Woolf and Roux 1996; Merz
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1997; Shen et al. 1997). However, in spite of this rapid
progress, two problems prevent further applications of
MD simulations in this ®eld (Pastor 1994; Woolf and
Roux 1996; Merz 1997). First, the extension of the force
®eld, which was originally used in the simulations of
soluble proteins in solution or vacuum, to membrane
systems still needs more examination and careful con-
sideration. Particularly in the past two years the correct
treatment of long-range electrostatic interactions for
lipid bilayers is of particular concern since the head
groups of many lipids are highly charged (Feller et al.
1996; Merz 1997). Second, the construction of a suitable
initial con®guration for the membrane system is critical
to the success of the MD simulation (Heller et al. 1993;
Pastor 1994; Woolf and Roux 1994, 1996). The mem-
brane system is a very large and ¯exible system in which
all components are tightly packed together and the bi-
layer structure is maintained only by the non-bonded
interactions. Therefore, an incorrect initial con®guration
may result in an unstable or disordered state of the bi-
layer and a�ect the structural and dynamic properties of
the lipids and proteins in MD simulations (Heller et al.
1993; Pastor 1994).

There are two methods commonly used to construct
an initial con®guration for a membrane system with a
protein embedded (Woolf andRoux 1996). The ®rst is the
standard overlay method used for constructing the initial
con®guration for proteins in solution, which inserts a
protein into the bulk solvent and removes the overlap-
ping solvent. The second is to pack the protein and lipids
together and assemble the lipid bilayer around the pro-
tein. No matter which method is used, how to choose the
surface area (also called the cross-sectional area) of the
model system is a serious problem. Prior studies for a
pure dimyristoylphosphatidylcholine (DMPC) bilayer
have illustrated the important e�ect of the surface area on
the state of the membrane system (Heller et al. 1993;
Damodaran and Merz 1994; Pastor 1994). Both overes-
timation and underestimation of the surface area will
cause phase deviation of the lipid bilayer. This point is
also demonstrated in the present study. However, in spite
of extensive investigations by experimental and theoret-
ical studies, the correct value of the surface area per lipid
in a pure bilayer is still unclear (Woolf and Roux 1996;
Shen et al. 1997). A range from 0.52 to 0.74 nm2 for the
surface area of a dipalmitoylphosphatidylcholine
(DPPC) lipid is obtained by di�erent methods (Pastor
et al. 1991; Nagle 1993; Chiu et al. 1995; Feller and
Pastor 1996; Nagle et al. 1996; Tieleman and Berendsen
1996; Tu et al. 1996; Woolf and Roux 1996). As for the
surface area of a protein in a bilayer, the value is even
more confusing. For instance, the surface area of gram-
icidin A (GA) has a range of 1.1±3.05 nm2 (Urry 1971;
Mau et al. 1987; He et al. 1993; Woolf and Roux 1996).
Therefore, for our model system (GA dimer with 16
DMPC lipids), the possible value of the total surface area
could be between 5.26 and 8.97 nm2. Obviously, this
range is too wide for us to directly generate a starting
con®guration with the correct surface area.

The goal of this work is to present a method for
constructing a suitable initial con®guration for the
membrane-protein system. The initial con®guration can
be obtained, and a reasonable value for the total surface
area of the model system can be selected, by using a
special contraction process. Although the problem con-
sidered here is somewhat similar to one studied by
Woolf and Roux (1996), the method used in the present
work is di�erent. Woolf and Roux used the global sys-
tem search method and the CHARMM force ®eld
(Mackerell et al. 1992) plus the TIP3P water potential
(Jorgensen et al. 1983) to select the initial system and
perform MD simulations. In the present study, we have
used the method of combining the con®guration con-
struction with contraction of the surface area to choose
the best surface area of the system. The GROMOS 96
force ®eld (van Gunsteren et al. 1996) and SPC/E water
model (Berendsen et al. 1987) were used in our work.
Even though both approaches and procedures are quite
di�erent, our results are very consistent with those ob-
tained by Woolf and Roux.

The GA protein and DMPC lipids were used as a
model system. GA is a linear antibiotic pentadecapep-
tide (Wallace 1990) and can form the voltage-gated ion
channel in a membrane with a head-to-head dimer
conformation by two single-stranded right-handed
helices (Wallace 1990; Roux and Karplus 1994). The
high-resolution structure of the GA channel has been
determined by NMR experiments (Arseniev et al. 1985;
Chiu et al. 1991; Ketchem et al. 1993; Cross and Opella
1994; Hu et al. 1995). Because of its small size and ex-
ceptionally well de®ned structure and function, GA has
been studied widely as a model for ion channels and
lipid-protein interactions in both experimental and the-
oretical work in the past 20 years (Andersen 1984;
Wallace 1990; Xing and Scott 1992; Roux and Karplus
1994; Koeppe and Andersen 1996).

The following is the outline of this paper. The method
for building up the model system and the computational
details, especially the details of the generating process
and the contraction process, are presented in the next
section. Then, the results of the construction procedure
and the MD simulation are reported and discussed.
Finally, some important points are summarized in the
conclusions.

Methodology

Generation of the starting con®guration

The simulation system consisted of one GA dimer
channel and 16 DMPC lipid molecules plus bulk water
molecules. This model has been also used in NMR ex-
periments and other MD simulation work (Ketchem
et al. 1993; Woolf and Roux 1994; Hu et al. 1995; Woolf
and Roux 1996). The initial coordinates of the GA
channel used in this study were obtained from the entry
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1MAG of the Protein Data Bank (Ketchem et al. 1993).
The initial coordinates of DMPC were taken from the
equilibrium structure of the previous MD simulation for
the DPPC bilayer in the La phase (Egberts et al. 1994).
The only di�erence between the DPPC and DMPC lip-
ids is that there are two more CH2 groups at the end of
each DPPC alkyl chain, so we deleted these groups from
DPPC to form the DMPC con®gurations. The DMPC
lipid is often used as a model for a lipid bilayer. Its
lecithin head-group is a zwitterion but it is overall neu-
tral, with a positive choline group and a negative
phosphate group. The two alkyl tails of the DMPC
molecule, which had 12 CH2 groups each, are designated
as Sn-1 and Sn-2 in this paper.

The method used to construct the initial con®gura-
tion of the model system for the MD simulation con-
sisted of two processes: a generation process and a
contraction process. The generation process was used to
generate the starting con®guration for the contraction
process, which is similar to the method proposed by
Venable et al. (1993) for constructing a pure lipid bilayer
and developed by Woolf and Roux (1994, 1996) for
constructing the GA-DMPC starting con®guration.
Figure 1 shows the schematic view of the generation
process. A rectangular box was equally divided into nine
blocks in its X-Y plane (see step 1 of Fig. 1). The initial
con®guration of the GA dimer was placed in the central
block of the box with its channel axis parallel to the
Z-axis. Then, 16 pre-equilibrated DMPC lipid con®gu-
rations, which were randomly selected from the library
of lipid con®gurations, were placed in eight peripheral
blocks in a bilayer form with their normal direction
along the Z-axis (see step 2 of Fig. 1). Although it is
more natural to use a hexagonal box for this channel-
membrane system rather than a rectangular box (Woolf

and Roux 1996), the periodic boundary condition and
completely free MD simulation make it also reasonable
to use a rectangular box in our simulations. In step 3,
two layers of bulk water were added on both sides of the
bilayer. Since there were no water molecules in the hy-
drophobic region of the membrane, the water molecules
which entered into the region between Z = �1.4 nm
were all removed.

Since the DMPC and GA molecules are packed to-
gether arti®cially, a number of bad contacts between
molecules are formed and should be taken into account.
In the present study, two ways were used to reduce these
bad contacts. One way was to take a large total surface
area (12 nm2 in our work), because a large surface area
was demonstrated to be very e�ective in decreasing bad
contacts (Woolf and Roux 1996). The later contraction
process also required a large surface area (see below).
The other way was to let DMPC and GA have a random
rotation around their axis (parallel to the Z-axis) and
make a random position for the phosphorus atoms (P
atoms) of DMPC in the X-Y plane of each block. The
experimental data indicated that the bilayer normal
length of DMPC (the distance between P atoms of two
layers) is about 3.6 nm in the La phase (Engelman and
Lewis 1983; Watnick et al. 1990). In addition, recent
MD simulation work illustrates that the membrane-
solvent interface is as broad as 1.5 nm (Woolf and Roux
1996). Therefore, the Z-coordinates of the P atoms of
DMPC were set at �1.8 nm with a random shift within
�0.2 nm from this value in this work.

For each starting con®guration of the GA-DMPC
system in water, which was built with the method
mentioned above, 20 steps of steepest descent energy
minimization (EM) were performed for this system and
the ®nal energy was recorded. At last, 10 con®gurations
with the lowest energies were selected from hundreds of
starting con®gurations and subjected to further exten-
sive EM (200 steps with the steepest descent method and
600 steps with the conjugate gradient method). All of
these con®gurations reached minimal energy within 800
steps. Throughout all of these EM procedures the har-
monic position restraints were applied for all the GA

Fig. 1 Schematic view of the generation process. The normal axis
of the bilayer and GA channel axis are in the Z-axis direction. The
X-Y plane of the box is considered as the total surface area and is
divided equally into nine blocks. GA is in the central block and
eight DMPC lipid molecules are in the surrounding eight blocks.
The gray regions in step 3 are bulk water layers
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atoms and for the P atoms of the DMPC lipids to
maintain a reasonable conformation of the GA and the
normal length of the bilayer membrane. These optimal
con®gurations were then used in the contraction proce-
dure.

The contraction process for selecting
the best surface area

The right choice of surface area for the membrane sys-
tem is a very important factor in a successful MD sim-
ulation (Heller et al. 1993; Pastor 1994). In order to
solve this problem, a special contraction procedure is
proposed in our method. The main idea of this proce-
dure is to decrease the total surface area of the system
step by step and obtain the minimal energy of the system
at every step by the extensive EM. Thus, comparing the
minimal energies, we could decide which was the best
surface area for a given model system. The contraction
process can be represented in detail as follows. First, the
X- and Y-coordinates of the DMPC lipid were con-
tracted by multiplying by a factor of 0.99 while the
Z-coordinates were retained. However, all the atom
coordinates of GA were ®xed since its structure was
taken from experimental data and could represent the
right con®guration for GA in the La phase DMPC bi-
layer. Second, in order to retain the density of water, we
removed those water molecules which were located
outside the new boundary of the contracted system.
Then, a 600 step EM with the conjugate gradient
method was performed for the new con®guration, in
which all the atoms of GA and the P atoms of DMPC
were still constrained. Such a contraction step was re-
peated 38 times and the total surface area was reduced to
5.47 nm2 from 12.00 nm2. Comparing the ®nal energies
with di�erent surface areas of the system, we could
choose the best surface area associated with the lowest
energy. Thus, we not only obtained a series of optimal
initial con®gurations for the model system with di�erent
surface areas, but also determined which was the suit-
able initial con®guration with the best surface area for
our model in MD simulations.

Computational details of the MD simulations

The GROMOS 96 force parameters were used for all
calculations of the EM and MD simulations. Since there
was no parameter set for DMPC in the GROMOS 96
force ®eld, we referred to the data reported by Egberts
et al. (1994) and updated them to the GROMOS 96
force ®eld. The ultimate parameters used in this work for
DMPC are listed in the Appendix. Non-polar hydrogen
atoms were included in the carbon atoms (united atom)
while polar hydrogen atoms were treated explicitly. The
Ryckaert-Bellemans potential (Ryckaert and Bellemans
1975; see Appendix) was used in this work for the di-
hedral angles of the alkyl chains of DMPC, such as the

CH2ACH2ACH2ACH2 and CH2ACH2ACH2ACH3 di-
hedral angles. This potential was demonstrated to be
very suitable for MD simulations of lipid bilayers in the
La phase (Egberts and Berendsen 1988; Pastor et al.
1991). The SPC/E model was used for water molecules
(Berendsen et al. 1987). In all the EM and MD proce-
dures the bond lengths were constrained with the
SHAKE algorithm (Ryckaert et al. 1977; van Gunsteren
and Berendsen 1977). The cut-o� radius was 0.8 nm for
the short-range interactions and 1.3±1.4 nm for the
long-range interactions. Because the model systems in
the present study contained strongly polar groups
(the headgroups of the DMPC lipid), careful handling of
the electrostatic interaction is very important. Therefore,
we incorporated the reaction-®eld calculation in all the
simulations since it has been showed that the inclusion
of the reaction ®eld had a signi®cant improvement on
the correction of the long-range calculation of the elec-
trostatic interaction (Hunenberger and van Gunsteren
1998). The periodic boundary conditions were applied
along all three dimensions. All MD simulations were
performed with constant temperature and constant
pressure (Berendsen et al. 1984). By being weakly cou-
pled to a temperature bath and a pressure bath, the
system was kept at 340 K, which was above the transi-
tion temperature of the gel-liquid crystal phase, and in a
pressure of 1 atm. We have noticed that in the past two
years there has been a considerable debate about the
proper choice of the normal pressure (NTP ensemble) or
the surface tension (NPncT ensemble) as the boundary
condition for the bilayer system (Jakobsson 1997; Merz
1997). Since the recent studies demonstrated that the use
of a NTP or NPncT ensemble made little practical dif-
ference in the simulation (Tieleman and Berendsen
1996), we chose the NTP ensemble in our simulation
work. The MD time step was set to 2 fs, and trajectories
were stored every 50 steps (0.1 ps). The starting 60 ps
simulation was carried out for the equilibrium process
with harmonic restraints to all atoms of GA and P at-
oms of DMPC. These restraints were gradually reduced
by decreasing the parameters of the harmonic restraints
potential step by step. Therefore, the DMPC and GA
were completely free after 40 and 60 ps MD simulations,
respectively. No restraints were included in the systems
in the following simulations.

In this work, three initial con®gurations were selected
for the MD simulations. The main di�erence of these
con®gurations was in their initial surface areas: one
system with 7.84 nm2 (medium size system), one with
6.55 nm2 (small size system), and another one with
9.41 nm2 (large size system). Since the 7.84 nm2 was the
best surface area obtained by our method, the 400 ps
MD simulation was performed for this system. The
other two 300 ps MD simulations were performed for
the large and the small size systems, and the corre-
sponding results were used to compare with those ob-
tained from the medium size system and to examine the
validity of our method for constructing the suitable
initial con®guration of the membrane-protein system.
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Results and discussion

Selection of the suitable surface area

As stated above, the choice of the surface area of the
membrane system has an important in¯uence on the
structural and dynamic properties of a lipid bilayer and
the nature of the membrane-protein system in the MD
simulation (Heller et al. 1993; Pastor 1994). Further-
more, the arti®cial estimate of this area for the mem-
brane-protein system is very di�cult owing to the wide
range of possible values (Woolf and Roux 1996; Shen
et al. 1997). Therefore, the contraction process men-
tioned above has been used to help us to choose the best
surface area. The Lennard-Jones (L-J) interaction ener-
gy between solute molecules of the system was chosen as
the criterion to select the best surface area since the L-J
interaction has more sensitivity to the change of surface
area owing to its short-range behavior.

To choose the best surface area, 10 starting con®gu-
rations of the GA-DMPC system obtained from the
generating process were contracted from 12.00 to
5.47 nm2. Figure 2 shows the relation of the L-J inter-
action energy between solute molecules to the surface
area for three con®gurations. For the other seven con-
®gurations there exists a similar trend to that shown in
Fig. 2 except that the quantities of the L-J energy are
somewhat di�erent. It is clear from Fig. 2 that the sur-
face areas corresponding to the lowest energy are all
located in the region from 7.69 to 8.13 nm2. Therefore,
these surface areas are the best surface areas obtained
with our method and the values are similar to those
obtained by Woolf and Roux (1994, 1996). These results
support the idea that taking the L-J interaction as a
criterion for selecting the best surface area is reasonable.
The fact that all pro®les have the similar best surface
area indicates that this result is independent of the spe-
ci®c starting con®guration and displays the intrinsic
property of the system. However, we must emphasize
that the best areas correspond to the normal length of a
certain bilayer, which is used as an index for the bilayer
phase. As stated above, we set the normal length of the

bilayer to 3.6 nm since we want the bilayer to be in the
La phase. This normal length was retained by position
restraints of the P atoms of DMPC in the contraction
process so that the structure with the best area obtained
here is only suitable for the MD simulation of GA in the
La phase of DMPC.

At last, a model system with an area of 7.84 nm2 was
selected as the best model system and simulated for
400 ps. For comparison, two other systems with areas of
6.55 nm2 and 9.41 nm2 were also used to perform 300 ps
MD simulations.

Changes of system size in MD simulations

Since the goal of our construction method is to provide
an optimal initial con®guration with the best surface
area, the results obtained from the MD simulations can
be used to examine the validity of our method.

Prior to any other analysis, the convergence behavior
of all MD simulations is veri®ed. The root mean square
di�erences (RMSD) of the atomic position with respect
to a reference structure is a useful value to examine the
intermolecular conformational variation of a protein.
The RMSD of Ca and all atoms of GA with respect to its
initial structure are plotted as a function of simulation
time in Fig. 3. Since the atoms of GA and the P atoms of
DMPC are restrained during the initial 40 ps simulation
and the Ca atoms of GA are restrained until 60 ps, the
RMSD values are very small during this simulation
period. When the restraints are removed, the RMSD
values increase quickly and reach a relatively stable
plateau after 150 ps MD simulation. It is clear that the
RMSD values for both Ca and all the atoms of GA in
the medium size system are less than that in the other
two systems. In addition, the convergence behavior of
the medium size system is better than that of the other
two systems. This result indicates that an inappropriate
surface area may cause the deviation of the GA channel
from its correct conformation in the DMPC bilayer.

Since MD simulations are performed in the constant
pressure regime, changes of the system size with simu-
lation time should be a useful value to appraise the re-
liability of the method. Figure 4 shows changes of the
surface area of all three systems with simulation time. It
is clear that after 100 ps the surface area of the medium
size system recovers to its initial value and equilibrates at
7.87 nm2. However, for the large size system (9.41 nm2)
it deceases and equilibrates at 8.88 nm2, and for the
small size system (6.55 nm2) it increases and equilibrates
at 6.94 nm2. In addition, the changes of the Z-axis
length for all three systems with simulation time are
presented in Fig. 5. The situation is similar to that pre-
sented in Fig. 4. After 100 ps, the medium size system
remains at its Z-axis length of 7.61 nm, while for the
small size system it increases to 7.82 nm, and for the
large size system it decreases to 7.38 nm. These results
suggest that the con®guration of the medium size system
is more stable than the other two systems used in our

Fig. 2 The total L-J interaction energies between solute molecules
of the GA-DMPC system are plotted as a function of the total
surface area of the system in the contraction processes for three
di�erent starting con®gurations
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simulations and demonstrates again that the initial sur-
face area has the dominant in¯uence on the ®nal state of
the system. On the other hand, the fact that all simula-
tions are equilibrated well in our work indicates that the
GROMOS 96 force ®eld is suitable for molecular mod-
eling of lipid bilayer and protein-membrane systems.

However, what factor causes the changes of the small
and large size systems? It is worth noticing that both the
surface area and the length of the Z-axis for the small
size system increase, while those for the large system
decrease. Since the density of bulk water is constant and
the conformation of GA is maintained well during the
simulations, we may conclude that the changes of the
surface area and the length of the Z-axis are mainly
contributed from the DMPC molecules. Figure 6 shows
the average density distributions of the P atoms of
DMPC along the Z-axis for the three systems. As shown
in this ®gure, the distributions of the P atoms for the
three systems are very broad and display a distinct shift
in their peaks, but only the distribution of the medium
size system has a maximal value at Z = �1.75 nm,
which is in good accord with the experimental data
(1.8 nm) (Engelman and Lewis 1983). We could point
out that only the medium size system is more likely in
the La phase, while the ®nal state of the small size system
tends to the gel-like phase and that of the large size

Fig. 3 The RMSD of Ca and all atoms of GA relative to the initial
structure versus the MD simulation time: a for 400 ps MD
simulation of the medium size system; b for 300 ps MD simulation
of the small size system; c for 300 ps MD simulation of the large
size system

Fig. 4 The changes of the GA-DMPC system surface area with
simulation time for the three systems: the large size sys-
tem (9.41 nm2) for 300 ps MD simulation (A); the medium size
system (7.84 nm2) for 400 ps MD simulation (B); and the small size
system (6.55 nm2) for 300 ps MD simulation (C). The initial
surface areas of the systems are drawn with dashed lines as a
reference

Fig. 5 The changes of Z-axis length with simulation time for the
three systems: the large size system (A); the medium size system (B);
and the small size system (C). The initial Z-axis length of the
systems (7.60 nm) is drawn with the dashed line as a reference

Fig. 6 The average distribution density of P atoms along the
Z-axis for the three systems with di�erent surface areas: the large
size system (A); the medium size system (B); the small size system
(C)
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system tends to a liquid-like disorder phase in our sim-
ulations. According to these results, we suggest that
7.84 nm2 is the best surface area of our model system.
Also based on these results, we should emphasize again
that the incorrect surface area would lead the protein-
membrane system to an incorrect state in the MD sim-
ulations.

Average structural properties

In this section we focus on the detailed analysis of the
medium system since it is the best system in our simu-
lations. As shown in Fig. 7, the average distributions
along the bilayer normal direction (Z-axis) for the dif-
ferent components of the system are plotted from MD
trajectories of the medium size system. The values of
those average distributions could help us obtain insight
on information about the organization of our model
system (Egberts et al. 1994; Damodaran et al. 1995).
The resulting pro®les are consistent with those deter-
mined by an X-ray experiment (Engelman and Lewis
1983), a neutron scatting experiment for an oriented
multibilayer system (Tournois et al. 1989), and MD
simulations (Woolf and Roux 1996; Shen et al. 1997).
The pro®les in Fig. 7 indicate the following features:

(1) The atoms of the GA channel are mainly located
within a region of 2.6 nm in the bilayer interior, and
the distribution is very symmetrical to the bilayer
center. This illustrates again that the channel con-
formation is very stable even though the channel is
entirely free in our MD simulation.

(2) The distributions of the alkyl chains of DMPC are
reduced near the center of the bilayer, which are in
agreement with the previous simulation studies
(Damodaran et al. 1995; Woolf and Roux 1996).

(3) The water distribution falls rapidly in the interface
of the hydrophilic and the hydrophobic regions,
which spans about 1.3 nm. In the region from
)0.9 nm to 0.9 nm the water distribution is very
small since it is mainly contributed by the single ®le
of hydrogen-bonded waters inside the GA channel.

(4) The distribution of nitrogen atoms (N atoms) of
DMPC is similar to that of the P atoms but even
more broad.

All above features indicate that the structure of the
lipid bilayer and GA channel in the medium size system
in our MD simulations is very stable and fairly consis-
tent with the experimental or previous simulation data.

Order parameter

Beside the bilayer normal length, the order parameter is
another important criterion for lipid conformation and
dynamics (Loof et al. 1991; Egberts et al. 1994). The
formal de®nition of the order parameter tensor S is
given by

Sij � 1
2 h3 cos hi cos hj ÿ diji �1�

where hi represents the angle between the ith molecular
axis and the bilayer normal (Z-axis in this paper), dij is
the delta function, and the brackets denote an ensemble
average (Egberts et al. 1994). In order to compare with
experimental data, the deuterium quadrupolar splittings
(DQS) order parameter (Si

CD) has been calculated from
the MD trajectories. As shown in Fig. 8, the order pa-
rameters for the three systems have a variation in
quantity. It seems that the larger is the surface area of
the system, the smaller will be the order parameter. This

Fig. 7 The average distribution density pro®les for various
components of the simulation system along the Z-axis (the bilayer
normal). The pro®les are plotted with the time-averaged data from
400 ps MD trajectories for the medium size system

Fig. 8 Order parameters as a function of the carbon atom number
for two alkyl tails of DMPC: a for the Sn-1 tail; b for the Sn-2 tail.
The values of the order parameters for all three systems are plotted:
the large size system (A); the medium size system (B); and the small
size system (C). The experimental data for a pure DMPC bilayer in
the La phase is plotted with the dashed line as a reference
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is consistent with the experimental data in which large
order parameters were found for the gel phase and a
small one for the La phase (Horvath et al. 1980; Meier
et al. 1986). Compared with experimental order pa-
rameters for a pure DMPC lipid bilayer in the La phase
(Seelig and Seelig 1974, 1980), we ®nd that the DMPC
lipid of the medium size system seems to be more likely
in the La phase than the other two systems. However,
the di�erence between our simulation and the experi-
mental data in some carbon segments of DMPC (see
Fig. 8) indicates that the ®nal state of the medium size
system deviates somewhat from the purely La phase.
Those deviations could be produced by the high con-
centration of the GA channel in the lipid bilayer.
Therefore, it should be noted that both the protein and
the lipid in the protein-membrane system have e�ects on
the ®nal state of the system so that more attention
should be paid in computer simulations to the protein-
membrane system.

Interaction energies between main components
of the system

Table 1 lists the average L-J and electrostatic (E-S) in-
teraction energies among the three main components of
our system (GA, DMPC, and water). The values in
Table 1 may help us to understand the characteristics of
the interactions between membrane-protein and between
membrane-water. The following features can be ex-
tracted from Table 1. The total non-bonded interaction
energy between GA and DMPC for the medium size
system ()548.6 kJ/mol) is lower than that for the other
two systems ()468.4 kJ/mol and )454.2 kJ/mol). This
means that the DMPC molecules are in a good match
with the GA protein in the medium size system during
the MD simulation, as mentioned above in the analysis
of the RMSD of GA. The E-S interaction energy be-
tween GA and DMPC is mainly contributed from both
the head group of DMPC and the polar aromatic side
chains on the two mouths of the GA channel, where
these groups are quite ¯exible. Therefore, the E-S in-
teraction energy of GA-DMPC is smaller than the L-J
energy for the three simulation systems and the corre-

sponding standard deviation is very large compared with
its average value. This view has also appeared in pre-
vious work (Woolf and Roux 1996). The total L-J in-
teraction energy between the solute molecules for the
medium size system is lower than those obtained from
the other two systems, which is consistent with their
energy order in the contraction process. Thus, this
demonstrates again that it is reasonable for us to choose
this value as the criterion for determining the best sur-
face area of the system in the contraction process.
The total interaction energies between GA and water for
the three systems are similar in quantity. This means that
the GA channels in the three systems have been com-
pletely hydrated in our MD simulations.

Conclusions

In this paper, we have proposed a method to construct
the suitable initial con®guration of the membrane-pro-
tein system for the MD simulation. This method can
provide us with a series of optimal initial con®gurations
with di�erent surface areas and help us to choose the
best surface area for the model system simulated in a
certain bilayer phase. The surface area has a very im-
portant in¯uence on the results of the MD simulation
for the protein-membrane system, but it is very di�cult
to select this value from the experimental data that are
within a broad range. The contraction process presented
in this paper can be used to overcome this problem and
change the surface area from a very large value to a
small one. The best surface area can be determined by
comparing the ®nal EM energy of the systems associated
with di�erent areas.

To examine the validity of this method, the GA-
DMPC system has been used as a model owing to its
simplicity and an abundance of experimental data. The
10 con®gurations were chosen from hundreds of starting
con®gurations and then used for the contraction pro-
cess. During contraction, we have found that energy
pro®les of all 10 con®gurations versus the surface area
show a similar shape and their surface areas with the
lowest energy are located in the same region. This result

Table 1 Interaction energies between the main components of the three systems with di�erent surface areas in the MD simulationsa

Interaction type Interaction pairs Simulation systems

Large size (9.41 nm2) Medium size (7.84 nm2) Small size (6.55 nm2)

L-J interactions GA-DMPC )423.9 � 21.9 )484.5 � 26.7 )429.7 � 27.7
GA-Water )713.0 � 33.0 )734.3 � 39.3 )687.3 � 30.9
DMPC-DMPC )1212.1 � 64.8 )1298.1 � 48.7 )1201.4 � 58.7
DMPC-Water )992.4 � 58.4 )892.7 � 55.4 )909.9 � 48.7

E-S interactions GA-DMPC )44.5 � 31.8 )64.1 � 28.0 )24.5 � 24.6
GA-Water )459.2 � 51.6 )386.0 � 39.4 )430.7 � 44.3
DMPC-DMPC )3128.6 � 154.3 )2920.3 � 79.5 )3048.9 � 69.3
DMPC-Water )2631.2 � 297.5 )3027.0 � 181.0 )2927.9 � 169.4

aHere the unit of interaction energies is kJ/mol. The standard deviations are also displayed. The initial surface areas of the simulation
systems are reported in parentheses
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implies that the best surface area decided by the con-
traction process is independent of the speci®c con®gu-
ration and the L-J interaction energy may play a key role
in determining the phase of the lipid. This view, how-
ever, still needs more examination in pure lipid bilayer
systems and other membrane-protein systems.

From our MD simulations, we have found that both
the surface area and the Z-axis length for the medium
size system are not changed, while they are decreased for
the large size system and increased for the small size
system. Furthermore, the bilayer normal length of the
medium size system is most consistent with the experi-
mental data of the DMPC bilayer in the La phase, as we
expect. Besides, the average distributions of di�erent
system components along the Z-axis for the medium size
system show a stable bilayer structure for the mem-
brane-protein system and have similar results with those
obtained from previous work. These results also dem-
onstrate that the right choice of surface area plays an
important role in the ®nal state of the lipid bilayer in
MD simulations. On the other hand, the RMSD values
of GA illustrate that GA matches better with the DMPC
bilayer in the medium size system than in the other two
systems. This point is also consistent with the analysis of
the interaction energies between the main system com-
ponents.

In addition, according to the analysis of the order
parameters of the DMPC, it is found that the trans-
membrane protein also a�ects the structure of the DMPC
alkyl tails, especially those near the head group. We
should point out that both the lipid bilayer and the pro-
tein have a signi®cant in¯uence on the conformation and
dynamics of each other in our MD simulations. There-
fore, more attention should be paid to this point in fur-
ther MD simulations for the membrane-protein system.

In summary, based on the results of our simulations
for the GA-DMPC systems, we believe that our con-
struction method used in this work is of the necessary
validity and quality. This method is fairly generic and
not limited to the generation of the initial con®guration
for simple systems like GA-DMPC. With only a few
modi®cations, it can be used for pure lipid bilayers with
large amount of lipids and for systems with multiple
transmembrane helices in a certain phase lipid bilayer.

Appendix

The potential parameter set for DMPC is reported here.
Table 2 lists the values of the force constants and equi-
librium bond angles for DMPC. Table 3 lists the po-
tential parameters for the dihedral angles of DMPC. The
L-J parameters for DMPC are taken from the GRO-
MOS 96 force ®eld, and the partial atom charges and
bond lengths of DMPC are the same as the data re-
ported by Egberts and co-workers (1994).

The Ryckaert-Bellemans potential for the dihedral
angles of alkyl chains of DMPC is given by

V �a��9:2789�12:1554cosaÿ13:1202cos2a

ÿ3:0597cos3a�26:24cos4a�31:4946cos5a �2�
where a is the dihedral angle of the alkyl chains and the
unit of V(a) is kJ/mol.
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