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Abstract. We present the results of molecular dynamics 
(MD) simulations of a phospholipid membrane in water, 
including full atomic detail. The goal of the simulations 
was twofold: first we wanted to set up a simulation sys- 
tem which is able to reproduce experimental results and 
can serve as a model membrane in future simulations. 
This goal being reached it is then further possible to gain 
insight in to those properties that are experimen- 
tally more difficult to access. The system studied is di- 
palmitoylphosphatidylcholine/water, consisting of 5408 
atoms. Using original force field parameters the mem- 
brane turned out to approach a gel-like state. With slight 
changes of the parameters, the system adopted a liquid- 
crystalline state. Separate 80 ps runs were performed on 
both the gel and liquid-crystalline systems. Comparison 
of MD results with reliable experimental data (bilayer 
repeat distance, surface area per lipid, tail order parame- 
ters, atom distributions) showed that our simulations, 
especially the one in the liquid-crystalline phase, can 
serve as a realistic model for a phospholipid membrane. 
Further analysis of the trajectories revealed valuable in- 
formation on various properties. In the liquid-crystalline 
phase, the interface turns out to be quite diffuse, with 
water molecules penetrating into the bilayer to the posi- 
tion of the carbonyl groups. The 10-90% width of the 
interface turns out to be 1.3 nm and the width of the 
hydrocarbon interior 3.0 nm. The headgroup dipoles are 
oriented at a small angle with respect to the bilayer plane. 
The resulting charge distribution is almost completely 
cancelled by the water molecules. The electron density 
distribution shows a large dip in the middle of the mem- 
brane. In this part the tails are more flexible. The mean 
life time between dihedral transitions is 20 ps. The aver- 
age number of gauche angles per tail is 3.5. The occur- 
rence of kinks is not a significant feature. 
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Introduction 

We have previously reported molecular dynamics (MD) 
simulations of simple bilayer membrane models without 
solvent (van der Ploeg and Berendsen 1982, 1983) and of 
a smectic liquid crystal, consisting of a ternary system of 
water and simple alcoholic and fatty acid components 
(Egberts 1988; Egberts and Berendsen 1988). These sys- 
tems served as relatively primitive and purely artificial 
models of a biological membrane. 

Increasing computer power allowed us to replace the 
simple model by a more sophisticated one. We chose the 
binary system dipalmitoylphosphatidylcholine (DPPC)/ 
water as representative for a biological membrane, which 
consists mainly of phospholipids. The structural formula 
is given in Fig. 1. The parafinic chains are fully saturated 
and of equal length (16 carbon atoms). The lecithin head- 
group is a zwitterion, overall neutral, with a charge + e 
distributed over the choline group and a charge - e  on 
the phosphate group. We simulated the biologically rele- 
vant L-enantiomer. 

There is an overwhelming amount of experimental 
data on lecithin/water systems. These comprise data on 
lecithin-containing natural membranes and on mem- 
branes formed by lecithins extracted from egg-yolk or 
synthetic lecithins. The experiments cover the entire 
phase diagram of lecithin/water systems and give infor- 
mation on molecular conformations, order parameters, 
diffusion, hydration and so forth. Experimental techni- 
ques employed range from differential scanning calorime- 
try and thermal analysis, X-ray and neutron scattering to 
spectroscopic methods (NMR, ESR, infrared and Raman 
spectroscopy). We shall compare MD results with experi- 
mental data whenever possible. 

Theoretical treatments of lipid/water systems will suf- 
fer from a lack of rigor or a lack of realism as the complex- 
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ity of the system makes more or less crude assumptions 
necessary. This oversimplification makes it difficult to 
compare these treatments with our approach, the accura- 
cy of which at the atomic level is restricted only by the 
accuracy of the forcefield used. Sometimes, however, the- 
oretical calculations give additional insight and will be 
used to interpret the MD results. 

We will also compare the results of our new simula- 
tions with our previous simulations as well as some other 
recent simulations of lipid systems. In general, the MD 
technique is a highly valuable instrument for obtaining 
structural and dynamical information on systems as 
complicated as lipid/water dispersions. Whereas theoreti- 
cal approaches lose their power owing to oversimplifying 
assumptions, and experimental results may scatter widely 
and are often difficult to interpret on an atomic level, 
the MD method yields trajectories, the interpretation of 
which is straightforward. Moreover, MD can address rel- 
evant details which are experimentally inaccessible. 

In the next section the technical details of the simula- 
tion method as well as the composition and parametriza- 
tion of the lecithin/water system will be given, followed by 
a description of the set up of the system and the extensive 
equilibration procedure. Then the description and discus- 
sion of the results of two separate 80 picosecond MD runs 
are presented, one with the membrane approaching the 
gel phase and the other with the membrane in the liquid- 
crystalline phase. Finally, some conclusions are drawn. 
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Fig. 1. Structural formula of dipalmitoylphosphatidylcholine (DPPC), 
with numbering of atoms and atom groups and indication of dihe- 
dral angles. GROMOS symbols are used for atoms: NL = Nitrogen, 
OS = Ester Oxygen, OM = Phosphate Oxygen, O = Carbonyl Oxy- 
gen 

Method and model 

Simulation method 

The computational unit cell contained a bilayer of 64 
DPPC molecules and a water layer of 736 molecules, 
which amounts to 5408 atoms. Periodic boundary condi- 
tions were applied in all three dimensions, so that the 
simulation is actually that of a multilamellar system. In 
the molecular dynamics simulation method atomic tra- 
jectories are calculated through numerical integration of 
Newton's equations of motion. We applied a leap-frog 
algorithm (Hockney and Eastwood 1981) to solve the 
equations. The integration time step was set to 2 fs. 
Bond lengths were constrained by the SHAKE method 
(Ryckaert etal. 1977; van Gunsteren and Berendsen 
1977). A cut-off radius for Lennard-Jones interactions of 
0.75 nm was used. For Coulomb interactions an extra 
long-range term was calculated over a cylindrical volume 
with a cut-offradius of 1.7 nm every tenth time step. The 
types of intra- and intermolecular interactions used in the 
algorithm are described below. 

The system was weakly coupled to a temperature bath 
(Berendsen et al. 1984). Independent scaling of the veloc- 
ities of solute and solvent molecules was performed, both 
with a coupling time constant of 0.1 ps. The system was 
kept at an isotropic pressure of 1 atmosphere by a weak 
coupling to a pressure bath (Berendsen et al. 1984). The 
three unit cell dimensions were scaled independently, 
with a coupling time constant of 0.5 ps. 

The simulation program that was used is based on 
GROMOS (van Gunsteren and Berendsen 1987). The 
program was adapted for more efficient use in the simula- 
tion of a lecithin membrane, resulting in a performance of 
1 ps simulation (500 steps) per 2.5 h CPU time on a Cyber 
170/760. It was not feasible to perform more than a small 
part of the runs (taking typically 200 ps, including equili- 
bration) on the multi-user system. Therefore, the pro- 
gram was extensively vectorized for use on a Cyber 205 
computer. A speed of 3.5 ps simulation per hour CPU 
time on a one-pipe Cyber 205 machine could be realized. 

Model parameters 

The lecithin molecules are treated in full atomic detail 
with the exception of CH, CH 2 and CH 3 groups that are 
treated as single Lennard-Jones centers (united atoms). 
The water molecules were modelled as simple point 
charges (SPC) (Berendsen et al. 1981). For Lennard- 
Jones interactions the HzO molecule is treated as a united 
atom centered on the oxygen atom. 

The parameters ultimately used in the simulations are 
listed in Tables 1 to 5. 

Setup and equilibration 

Setup of the starting configuration 

The contents of the simulation unit cell corresponds to 
exactly 11.5 water molecules per lecithin molecule or 
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Table 1. Lennard-Jones parameters ~ij (kJ/mol, upper values) and % (nm, lower values) a 

NL O OM OS P C CH 1 CH 2 CH 3 OW 

A) Normal interactionsb: 
OW 0.320 0,811 0,495 0.743 1.261 0.968 1.121 0.997 1.201 0.650 

0.354 0.301 0.327 0,306 0.327 0.294 0.329 0.310 0.310 0.317 

CH 3 0.741 1.038 1.038 1,038 1.237 0.504 0.583 0.519 0.625 
0.333 0.313 0.313 0,313 0.356 0.355 0.398 0.374 0.374 

CH 2 0.620 0.862 0.862 0,862 1.026 0.418 0.477 0.430 
0.333 0.313 0.313 0,313 0.356 0.355 0.399 0,374 

CH1 0,691 0.969 0.969 0,969 1.154 0.470 0.544 
0.355 0.333 0.333 0,333 0.378 0.377 0.423 

C 0.597 0.837 0.837 0.837 0.997 0.406 
0.316 0.297 0.297 0.297 0.337 0.336 

P 1.464 1.527 0.577 1,441 2.446 
0.317 0,312 0.368 0.316 0,399 

OS 0.366 1.725 1,725 1.725 
0.342 0.263 0.263 0,263 

OM 0.146 1.725 1.725 
0.399 0.263 0.263 

O 0.399 1.725 
0.337 0,263 

NL 0.877 
0.298 

B) 1-4 interactionsb: 
OW 1.423 1.996 1.996 1.996 2.376 0.968 1.144 1.345 1.498 2,310 

0.276 0.259 0.259 0.259 0.295 0.294 0.291 0.295 0,298 0.256 

CH 3 0.924 1.295 1.295 1.295 1.543 0.628 0,743 0.874 0.973 
0.322 0.302 0.302 0.302 0.343 0.342 0.338 0.343 0.347 

CH z 0,829 1.163 1.163 1.163 1.385 0.564 0.667 0.784 
0.317 0.298 0.298 0.298 0.339 0.337 0.334 0.339 

CH 1 0.705 0.989 0,989 0,989 1.179 0.480 0.567 
0.313 0.294 0.294 0.294 0,334 0.333 0.323 

C 0.597 0.837 0,837 0.837 0.997 0.406 
0.316 0.297 0.297 0.297 0.337 0.336 

P 1.464 2.055 2.054 2,054 2.446 
0.3 l 7 0.298 0.298 0.298 0,399 

OS 1.229 1.725 1.725 1.725 
0.280 0.263 0.263 0.263 

OM 1.229 1.725 1.725 
0.280 0.263 0.263 

O 1.229 1.725 
0.280 0.263 

NL 0.877 
0.298 

" Lennard-Jones potential: V (ri~) = 4 eij ((aij/ri~)12 _ (%/ri j  )6) 
b Lennard-Jones 1-4 interactions have different values of e~ and aij- Lennard-Jones interactions are excluded for nearest and next-nearest 
neighbours, as well as for 1-4 interactions of groups that are treated by the Ryckaert-Bellemans potential 

Table 2. Equilibrium bond lengths (nm) a 

NL--CH,  0 . 1 4 7  C H , - O S  0 . 1 4 3  C - C H  z 0.153 
P - O M  0 . 1 4 8  C - O S  0.136 C H , - C H ,  0.153 
P - O S  0.161 C = O  0,123 O W - H W  0.100 

a Bond lengths are constrained by the SHAKE method (van Gun- 
steren and Berendsen 1977; Ryckaert et al. 1977) 

22% water  by weight.  F r o m  the phase d iag ram o f  the 
D P P C / w a t e r  system, which is by now well established 
(e.g. C h a p m a n  et al. 1967; Tardieu  et al. 1973; Jan iak  
et al. 1976, 1979; U lmius  et al. 1977) we infer that  this 
compos i t i on  should be in the biological ly  interest ing 
l iquid-crystal l ine phase  (L~) for  t empera tures  above  the 
main  phase t ransi t ion at 315 K. 
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Table 3. Equilibrium bond angles and force constants" 

]ge ~0 
(kJ mol - 1 rad - 2) (degrees) 

C H , - N L -  CH, 460 
N L -  CH 2 -  C H  2 460 
C H  2 - C H , -  OS 460 
P -  O S -  C H  2 397 
O S - P - O M  397 
O S -  P -  OS 397 
O M -  P -  OM 585 
ON - -  CH 2 -- CH 1 460 
C H 2 -  CH 2 -  CH, 460 
CH 2 - C H  1 - C H  z 460 
C H , - O S - C  418 
O S - C = O  502 
OS - C - CH 2 502 
O = C -  CH 2 502 
C - C H 2 - C H  2 585 

109.5 
109.5 
109.5 
120.0 
109.6 
103.0 
120.0 
111.0 
111.0 
109.5 
120.0 
124.0 
115.0 
121.0 
120.0 

" Angle potential: V(c 0 = 1/2 k, (e-~0) 2 

Table 4. Parameters for dihedral interactions a 

C n 6 
(kJ/mol) (degrees) 

A) Proper dihedrals b 

CH 3 - N L -  CH z - CH 2 3.76 3 0.0 
N L - C H  z -  C H 2 -  OS 5.85 3 0.0 
CH z -  CH 2 -  O S -  P 3.76 3 0.0 
CH 2 - O S - P - O S  1.05 3 0.0 
C H 2 - O S - P - O S  3.14 2 0.0 
CH 1 - C H  2 -  O N -  P 3.76 3 0.0 
O S - C H I - C H 2 - C H  1 5.85 3 0.0 
OS - CH 1 - CH 2 - CH 1 0.42 2 0.0 
O S -  CH 1 - C H  2 - O S  2.09 2 0.0 
CH 2 - C H  1 -ON - C  3.77 3 0.0 
O S - C - C H  2 - C H  2 0.42 6 0.0 
CH 1 - C H  2 - O S - C  3.76 3 0.0 
C -  CH 2 -  CH 2 - C H  2 5.86 3 0.0 
C H , - O S - C - C H 2  16.74 2 180.0 

C ~o 
(k J/tool) (degrees) 

B )  Improper dihedrals ° 

CH1 - O S -  C H 2 -  CH2 335.0 35.264 
C - O S - C H  2 - O  167.0 0.0 

a For the tail group dihedrals C H  2 - C H  2 - C H  2 -CHn we used the 
Ryckaert-Bellemans potential (Ryckaert and Bellemans 1975, 1978) 
b Normal dihedral potential: V(cp)= C (1 +cos(n q~-b)) 
c Improper dihedral potential: V(a) = 1/2 C (a_%)z 

Table 5. Partial charges of atoms" 

Choline Phosphate Glycerol Water 
group group linkage 

C H a ( 3  ) 0.248 OS(2) -0.36 C H 1 / C H  2 0.2 OW-0.820 
C H  2 0.248 OM(2) --0.635 OS -0.36 HW 0.410 
NL 0.008 P 0.99 C 0.54 

O --0.38 

a Charges were derived from the quantum mechanical charge distri- 
bution. In the run with the reduced charges all the above partial 
atomic charges, except for the water, were reduced by a factor of 2 

In  order  to set up an initial conf igura t ion  for  the sys- 
tem it is imperative to know bo th  the surface area per 
headgroup  of  a lecithin (S) and the bilayer repeat  distance 
(d) at the simulat ion temperature,  which was set to 335 K. 
Various experiments ( C h a p m a n  et al. 1967; Reiss-Hus- 
son 1967; Phillips et al. 1968; Levine and Wilkins 1971; 
Janiak et al. 1976, 1979; Biildt et al. 1979) on lecithin 
systems under  similar condi t ions  provide a substantial  
range o f  values. Taking average values, we conclude that  
S =  0.59 nm 2 and d =  5.35 nm are safe initial values, tha t  
give unit  cell dimensions o f  4.345 nm (x, y) and  5.35 nm 
(z). N o t e  however  that,  simulating at cons tant  pressure, 
the choice o f  initial values is no t  too  critical. The volume 
of  the box can adjust  itself during the simulation. 

R a n d o m  configurat ions  o f  D P P C  molecules were 
generated with the help o f  p rog ram P R O G C A  in the 
G R O M O S  package.  A bilayer o f  lecithins was fo rmed 
f rom these conformat ions ,  al lowing restricted rotat ions 
and out  o f  plane displacements. A n  energy minimizat ion 
o f  the single bilayer was performed.  Water  was added  
f rom a liquid SPC water configurat ion,  followed by an  
energy minimizat ion o f  the resulting D P P C / H 2 0  system, 
confined to a unit  cell with the a forement ioned dimen- 
sions. 

Equilibration procedure 

An equil ibrat ion run was started, with weak coupl ing of  
the system to a temperature  ba th  of  335 K and to a pres- 
sure bath  of  1 atmosphere.  Increasing the masses of  the 
SPC hydrogen  a toms to 16 a. m. u. allowed a time step of  
8 fs that  coincides with the upper  b o u n d  set by the dy- 
namics of  the h y d r o c a r b o n  chains. After 120 ps another  
40 ps run was performed with normal  SPC water  and a 
time step of 2 fs. 

The x, y, and z unit cell dimensions stabilized at 3.975, 
3.985, and 6.35 nm. T h o u g h  these values imply a near 
perfect ma tch  with the experimental  density, the bilayer 
repeat is 17% higher and the surface area per lecithin 
(0.495 nm 2) 17% lower than experimentally determined. 
These values are close to those obtained for lecithin/water 
systems in the tilted gel phase (Lp,) (Tardieu et al. 1973; 
Nagle  and Wiener  1988). Therefore, we anticipated that  
the simulated system was in the gel phase at the present 
choice of interaction parameters  and temperature.  Cu- 
riosity led us to perform an 80 ps run on this system. 
Dur ing  this run the lamellar repeat distance increased by 
another  2% to 6.50 nm. The x and y cell dimensions 
decreased to 3.96 nm and 3.92 nm, implying a surface 
area per lecithin molecule of  0.485 nm 2. The large value of 
the bilayer repeat distance makes the Lp phase a possible 
candidate.  This phase is similar to the Lp, phase except 
for the h y d r o c a r b o n  chains which are perpendicular  with 
respect to the bilayer plane instead of tilted over _+ 30 °, so 
the bilayer repeat distance will be larger. Assuming that  
the tilt in the L~, phase refers to the first ten methyl  groups  
of a h y d r o c a r b o n  chain, with a length of 1.25 nm in an 
all-trans conformat ion,  the bilayer thickness would  in- 
crease by 0.35 nm on going f rom a tilted configurat ion to 
one with zero tilt. This would  result in a value of  d close 
to 6.5 nm. 
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Further analysis (see results and discussion) revealed 
that the system indeed shows the characteristics of this 
untilted gel phase. However, normal DPPC/water sys- 
tems do not adopt a gel phase at all at the simulation 
temperature (335 K), let alone an untilted gel phase since 
the packing of the large headgroups results in too much 
free space between the hydrocarbon chains. To maximize 
the Vanderwaals attraction between the tails, they would 
adopt a tilted conformation. Therefore we assume that 
with the present choice of interaction parameters the 
attraction between the zwitterionic headgroups is over- 
estimated, resulting in a stabilization of the gel phase 
above the liquid-crystalline phase and prohibiting the tilt- 
ing of the chains. This is exactly the way in which DPPE, 
the ethanolamine analog of DPPC, behaves. Lacking the 
bulky methyl groups at the headgroups it is able to pack 
the headgroups closer together. As a result, an untilted gel 
phase is formed which remains stable until approximately 
337 K (Cevc 1987). Another explanation for the lack of 
tilt is the absence of explicit hydrogen atoms in the meth- 
ylene groups. Increasing evidence shows that the use of 
united atoms may influence the amount of tilt in lamellar 
systems (Moller et al. 1991; Bareman and Klein 1990; 
Chandrasekhar 1992). 

Our goal, however, is the performance of a simulation 
of the system in the L~ phase. Short equilibration runs 
of the system with the same potential functions, but at 
elevated temperatures (375 K and 425 K) show an even 
faster increase of the bilayer repeat, and did not bring the 
system into the L~ phase. This may be explained by the 
fact that these temperatures are already close to and well 
above, respectively, the hexagonal phase transition tem- 
perature of the DPPE/water system at 392 K (Lewis et al. 
1989). The range of temperatures over which the liquid- 
crystalline phase is stable for this system is quite narrow 
and therefore we tried another approach in order to reach 
the required phase. As in our previous simulation of a 
soap/alcohol/water system (Egberts 1988) and in the mi- 
celle simulation by J6nsson et al. (1986), we reduced the 
atomic charges on the lecithin molecule by a factor of two. 
The physical justification for this reparametrization is, in 
short, that the Coulomb interactions in the system are 
exaggerated owing to an insufficient screening perfor- 
mance of the SPC water molecules. In the simulation a 
dielectric constant of 1 is used while electronic polariza- 
tion is neglected. We also changed the parameters for 
methyl and methylene groups and included the Ryckaert- 
Bellemans potential (Ryckaert and BeUemans 1975, 1978), 
which favors the appearance of gauche angles with re- 
spect to the GROMOS dihedral potential. The Ryckaert- 
Bellemans potential has proved to be more realistic for 
liquid alkanes. We expect that now the headgroup-head- 
group attractions as well as the tail-tail interactions will 
be lower, allowing a lateral expansion and therefore de- 
stabilisation of the gel phase. 

The equilibration run of the system with the revised 
forcefield at 350 K did stabilize after 80 ps, using in- 
creased hydrogen masses and a timestep of 8 fs. This equi- 
libration was continued for another 40 ps, followed by 
30 ps equilibration with normal SPC water and a time 
step of 2 fs. The unit cell dimensions along x, y, and z 

stabilized on 4.29, 4.29, and 5.61 rim. This implies a sur- 
face area per lecithin of 0.575 nm 2, which is very close to 
the expected experimental value (0.59 rim2). The bilayer 
repeat is 5% higher than the experimental one. This is 
very reasonable, considering the spread in experimental 
data. An 80 ps run was consequently performed during 
which the unit cell dimensions showed only a minor drift 
to eventually attain values of 4.33, 4.35, and 5.64 nm 
along x, y, and z, respectively. 

We thus have two 80 ps trajectories of the multitamel- 
lar DPPC/H20  system, one in the L, phase and one in the 
L~ phase. Although the L, is of greater biological interest, 
most of the analyses have been performed on both of 
these trajectories. 

Recent simulations of DPPC molecules (de Loof et al. 
1991), using a combined approach of molecular and 
stochastic dynamics and a mean field, showed that only 
after several nanoseconds individual lipids had sampled 
their conformational space representatively. Therefore 
they expect that very long simulations are needed in order 
to reach full equilibrium. We do not expect that the mo- 
tion of lipids on longer time scales (wobbling, rotation) 
will have a large effect on atom distributions, order 
parameters or dihedral transition rates. The random na- 
ture of the starting configuration used for the MD simula- 
tion assures largely independent statistics for the 64 lipid 
molecules during the simulation. This means that the 
statistics in one 80 ps run is equivalent to a 5 ns stochastic 
dynamics run on a single lipid molecule. 

Results and discussion 

Investigation of phase 

In the previous section we claimed (based on cell dimen- 
sions) the system resulting from the simulation with full 
charges and GROMOS force field to be in the gel phase. 
This can be verified through the evaluation of the radial 
distribution function of the hydrocarbon tails of the 
lecithin molecules. It is well established that in the gel 
phase the chains pack in a (distorted) hexagonal lattice 
(Tardieu et al. 1973). 

Tail vectors for palmitoyl chains were defined as the 
vectors connecting the middle of the C 2 - C  3 bond with 
the middle of the Ca~-Ca2 bond in a chain, where Ca is 
the carbonyl carbon. The intersections of these vectors 
with a plane z = c were calculated, where c is the average 
z-coordinate of the bonds involved in the definition of the 
tail vectors. These intersection points, averaged over a 
few ps, are shown in Fig. 2 a for the gel phase and in 
Fig. 2 b for the liquid-crystalline phase. It is clear that in 
the gel phase domains exist where the packing of the 
chains is very close to hexagonal. These domains are sep- 
arated by regions with a more random distribution of the 
chains and a lower chain density, which resembles the 
distribution in the liquid-crystalline phase. The formation 
of a complete hexagonal lattice will be very slow and is 
apparently not completed yet in the simulation. 

The two-dimensional radial distribution function of 
the intersection points was calculated for both phases. 
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Fig. 3. Radial distribution function (two-dimensional) of the inter- 
section points in Fig. 2, in the Lp (solid line) and in the L, (dashed 
line) phase 

This function is displayed in Fig. 3. In the L~ phase it is 
highly structured, with correlations extending over the 
unit cell, which is typical for a crystal. The counterpart for 
the L~ phase has a much broader and lower first order 
maximum, and no structure beyond the second order 
maximum. 

From Fig. 3 the positions of the maxima for the L~ 
phase are found to be: 0.485, 0.915, 1.325, and 1.76 nm. In 
a purely hexagonal lattice with a separation of nearest 
neighbours of 0.485 nm, one expects resolved higher 
order maxima at 0.84/0.97, 1.28/1.45, and 1.69/1.75/1.94. 
The present distribution is not very sharp, and reflects 
features from both a hexagonal phase and a normal liquid 
phase. For the hexagonal region the surface area per 
tail is 0.204 nm 2, implying a surface area per lecithin of 
0.408 nm 2. This value is very close to the reported value 
of 0.397 nm z for a (metastable) La phase of DPPC (Ten- 
chov et al. 1987). 

From the above arguments we conclude that the sys- 
tem simulated with full charges is partly in the gel phase. 
The formation of a complete gel phase will take much 
longer. The liquid-like regions can also be artifacts of the 
rectangular unit cell or result from a realistic phase sepa- 
ration when the system is just in the small two-phase 
region between the gel and liquid crystalline phase. 

We verified that we have the untilted La phase instead 
of the tilted Lp, phase. This can be shown by calculating 
the mean tilt angle of the tail vector which turns out to be 
close to 0 °, whereas more than 30 ° is observed experimen- 
tally in the Lp, phase (Tardieu et al. 1973; Nagle and 
Wiener 1988). 

Distributions of atom types 

Typical snapshots of the simulated system in the L~ phase 
are shown in Fig. 4. The time-averaged distributions of 
water molecules, nitrogen atoms, and phosphorous 
atoms are plotted in Fig. 5. From these figures it is clear 
that a diffuse interface exists, with water penetrating into 
the bilayer to a depth that corresponds to the position of 
the carbonyl group at the beginning of the palmitoyl tails. 
This is confirmed by neutron diffraction experiments 
(Biildt et al. 1979; Zaccai et al. 1980) which show that 
water penetrates up to 1.5 nm from the middle of the bi- 
layer, near the acylester groups. The hydrocarbon interi- 
or of the membrane is devoid of water. Defining the inter- 
face as the region where the water concentration is be- 
tween 10% and 90% of its maximum value, the width of 
the interface turns out to be 1.3 nm. From X-ray measure- 
ments (Inoko and Mitsui 1978; Lis et al. 1982; Ruocco 
and Shipley 1982) a similar value can be calculated (Nagle 
and Wiener 1988). Taking twice this value (both inter- 
faces) this means that more than 40% of the total mem- 
brane belongs to the interfacial region. The width of the 
hydrocarbon interior of the membrane is then calculated 
to be 3.0 rim, which also agrees well with the X-ray results. 
A definition of the bilayer thickness as the P - P or N--  N 
distance gives 4.0 and 4.4 nm, respectively. Neutron dif- 
fraction experiments (Bfildt et al. 1978, 1979) give a dis- 
tance of +4.35 nm between choline CH 3 groups and of 
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Fig. 4 A - C .  Snapshots of the membrane in the L= phase. Bold lines 
are used for choline groups A, phosphate groups B and carbonyl 
groups C. Dashed lines are used for the water molecules, solid lines 
for the other bonds 

+ 4.2 nm between choline CH2 groups linked to the phos- 
phate moiety. The value of 4.0 nm for the P - P  distance 
obtained by X-ray experiments (Lewis and Engelman 
1983) exactly matches our value. The broader distribu- 
tion of the nitrogen atoms with respect to the phospho- 
rous atoms can be explained by a greater mobility of 
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Fig. 5. Distributions along bilayer normal of water (solid line), 
nitrogen (dashed line), and phosphorus (dotted line) in the L, phase. 
The middle of the bilayer corresponds with z = 0, the middle of the 
water layer with z=2.8 nm 

the choline group or by rotations of the headgroup as a 
whole around the glycerol backbone. Combined X-ray 
and neutron diffraction experiments (Wiener and White 
1992b) on dioleoylphosphatidylcholine were interpreted 
as Gaussian distributions for groups of atoms: the phos- 
phate width (full width at half height) was 0.51 nm and the 
choline width was 0.58 nm. Our L~ simulation gives 
values of 0.53 and 0.66 nm, respectively. 

Figure 6 gives the distributions of water, nitrogen and 
phosphorous in the Lp phase. The interface is markedly 
more diffuse in this case. A more pronounced penetration 
of water occurs although the percentage of water mol- 
ecules that penetrate into the region of the palmitoyl tails 
is actually very small. The broad distributions of the 
water molecules and headgroup atoms might be due to 
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Fig. 6. Distributions along bilayer normal of water (solid line), 
nitrogen (dashed line), and phosphorus (dotted line) in the La phase. 
The middle of the bilayer corresponds with z = 0, the middle of the 
water layer with z = 3.2 nm 

perimental data. Obviously, in the MD gel phase the 
molecules as a whole have large mutual displacements 
along the bilayer normal which is, among other reasons, 
caused by the inhomogeneity of the MD system. The MD 
results for methylene groups in the palmitoyl tails indi- 
cate that C2 (below the carbonyl C) in tail I is more deeply 
buried in the hydrocarbon region than C2 in tail 2. The 
difference is 0.1 nm in the L~ phase and 0.1 to 0.2 nm in 
the La phase. DMR (Seelig and Seelig 1975, 1980) and 
neutron diffraction values (Zaccai et al. 1979) confirm this 
shift. It is explained by the observation that tail 1 starts 
from the glycerol backbone parallel with the bilayer nor- 
mal whereas tail 2 is initially kinked away from this orien- 
tation. 

Charge d&tributions 

Table 6. Mean positions (nm) and half widths of tail carbon atoms a 

MD, L, EXP, L~ MD, Lo EXP, Lp 

C4 1.33±0.39 1.22+0.27 1.59+0.66 1.54__.0.25 
C 5 1.24+0.38 1.05___0.27 1.47_+0.65 1.37+_0.27 
C 9 0.84+0.40 0.81 +__0.31 1.00+0.58 0.98+__0.27 
C12 0.56+0.41 0.57-1- 0.34 0.69___0.56 --+ 
C14 0.41___0.44 0.36+- 0.47+0.56 0.41_+0.28 
Cl5 0.31___0.60 0.19+- 0.37+0.50 0.25+__0.29 

All values are averaged over both tails. Some experimental half 
widths are extrapolations from other phases. The carbon atom C 4 
corresponds with the carbon atoms 19 and 38 of Fig. 1 

the presence of liquid-like regions. Packing defects on the 
boundary of the gel and liquid-like region allow a larger 
penetration of the water molecules and headgroup atoms. 
The bilayer width of 4.8 nm compares well with the values 
of 4.5 nm (Braganza and Worcester 1986) and 4.8 nm 
(Bfildt et al. 1978, 1979) from neutron diffraction and with 
the values of 4.6 nm (Chapman et al. 1967) and 4.85 nm 
(Tardieu et al. 1973) from X-ray diffraction. 

The mean z-positions and half widths of the distribu- 
tions of several tail carbon atoms in both phases are given 
in Table 6 together with data from neutron diffraction 
experiments (Zaccai et al. 1979). The positions are aver- 
aged over both tails in order to compare with the experi- 
mental data. Taking into account the experimental error, 
the mean positions in both phases compare well with 
experiment. The deviation in the C15 positions is substan- 
tial, but the experimental data for this position are not 
realistic as C14 and C15 positions differ by more than a 
bond length. In the theoretical model of Meraldi and 
Schlitter (1981), neutron diffraction data can be repro- 
duced except for the Cls position, just as in our simula- 
tions. The agreement with Wiener and White (1992 a) is 
much better: these authors find a width of 0.5 nm for the 
terminal methyl. MD and experimental distribution half 
widths in the L~ phase are of the same order of magnitude 
and increase both towards the middle of the bilayer. In 
the Lp phase the MD distribution half widths show the 
opposite tendency, and are also twice as large as the ex- 

We calculated time-averaged charge distributions along 
the bilayer normal for choline, phosphate, and carboxy 
ester groups, and for water molecules. The distributions 
were obtained by subdividing the unit cell into slices 
along the bilayer normal, and assigning for each coordi- 
nate frame every (partial) atomic charge to the slice it 
resides in. Integration of these distributions to reduce the 
noise resulted in cumulative charge distributions which 
are given in Figs. 7 and 8 for the L~ and Lp phases, respec- 
tively. Since the choline and phosphate atom distribu- 
tions overlap to a large extent, their charge group distri- 
butions largely cancel. For dipole orientations perpendic- 
ular to the bilayer normal and for very diffuse interfaces 
the headgroup charge distribution would vanish com- 
pletely. This is indeed the case in the L~ phase where the 
charge accumulation is less than in the L~ phase in spite 
of the full physical charges in this phase. The remaining 
cumulative charge is almost completely neutralized in 
both phases by the distribution of the water molecules, 
just as in our previous simulations (Egberts 1988; Egberts 
and Berendsen 1988). This is exactly what we expect from 
a medium with a high dielectric constant. As is shown in 
subsequent work (Marrink et al. 1993), the charge com- 
pensation due to the ordering of the water dipole is of 
direct importance to the decay of the hydration force 
between lipid bilayers. 

Density profile 

From X-ray experiments it is in principle possible to eval- 
uate the electron density profile in a membrane. We calcu- 
lated the time-averaged z-distributions of electrons in 
both simulations, which can be evaluated with good accu- 
racy, as all atomic positions are known. In Fig. 9 a com- 
parison is presented for the L~ phase between MD and 
experimental electrondensity with conditions close to the 
MD run (Levine and Wilkins 1971). The only reported 
profile for the L~ phase does not permit a meaningful 
comparison as it applies to mitochondria lipids. The two 
profiles have the same shape: a minimum in the middle of 
the bilayer (near the CH 3 groups), a maximum at the 
position of the headgrouPs, and a local minimum in the 
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water layer. Obviously, the headgroups are closely 
packed owing to the favorable dipole-dipole interactions 
between them. Towards the middle of the bilayer the 
number of gauche angles increases since the gauche angle 
is stabilized in the neighbourhood of end groups. In addi- 
tion, methyl groups pack with a lower density than meth- 
ylene groups do. An increase in free volume results, as is 
also shown by the statistical mechanical calculations of 
Gruen (1981). 

We also calculated the mass density distribution 
across the membrane which shows the same shape as the 
electron density distribution, as expected. It turns out 
that the mass density at the beginning of the lipid tails is 
1.10 g/cm 3. This density resembles the mass density of 
several soft polymers (0.9-1.3 g/cm3). At carbon posi- 
tion 9 the density has dropped to the density of liquid 
hexadecane (0.753 g/cm3). In the middle of the bilayer the 
density is significantly lower, dropping to 0.60 g/cm 3. 
From this it can be concluded that the hydrocarbon inte- 
rior of the membrane in the liquid crystalline phase is far 
from homogeneous. 
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Hydrocarbon chain conformations and flexibili ty 

The fractions of trans angles per tail in the L, phase are 
0.73 and 0.74 in tail 1 and tail 2, respectively. In the L~ 
phase these values are 0.88 and 0.89. The difference be- 
tween the tails is statistically insignificant. The number of 
gauche angles per tail (no) is 3.5 in the L~ and 1.5 in the L~ 
phase. Experimental results for the L~ phase are: 3.6-4.2 
from IR spectroscopy (Mendelsohn et al. 1989), 4.3 from 
DMR (Seelig and Seelig 1974, 1980), and 5.2 from Raman 
measurements (Pink et al. 1980). For the Lp phase ng-- 1.2 
has been derived (Pink et al. 1980). Theoretical predic- 
tions for n o in the L~ phase are: 4.0 (Meraldi and Schlitter 
1981), 3.9 (Gruen 1981), and 3.1 (Marsh 1974). The L~ 
simulation compares well with theoretical predictions, 
but experimental values are somewhat higher. 

The fraction of trans dihedral angles does not vary 
significantly along the palmitoyl chains. Only the dihe- 
drals at the tail ends have a larger fraction gauche angles, 
since the rotation barrier is lower near the end of the tails. 
This was also observed experimentally (Mendelsohn et al. 
1989). In both phases a single gauche rotation or two 
gauche rotations of like sign for 71 -'/5 (glycerol linkage to 
tail 1) are frequently observed. This can be interpreted as 
an attempt to line up the tails with the bilayer normal. 
Initially they run in the direction dictated by the glycerol 
backbone, which is at an angle of + 45 ° with the bilayer 
normal. The beginning of tail 2 (/~1 @/3) is characterized 
by a frequently observed kink (g + tg -  or 9 -  t9 + configu- 
ration) in order to achieve a lateral separation between 
the two tails. 

The distribution of kinks over the other dihedral an- 
gles does not vary along the chains either. We calculated 
0.58 kinks per chain in the L, phase and 0.14 in the Lp 
phase. Dilatometric measurements (Tr/iuble and Haynes 
1974) have been interpreted to give 0.6 and 0.1, respec-, 
tively. Theoretical predictions for the L, phase are: 0.6 
(Schindler and Seelig 1975), 0.5 (Meraldi and Schlitter 
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1981) and 0.2 (Marsh 1974). From a random distribution 
of gauche angles, excluding 9 + g-  and 9-  9 +, and using 
the fraction trans angles in the simulation, we obtain for 
the number of kinks per chain: 0.26 in the L~ phase and 
0.06 in the Lp phase. The actual number of kinks is at least 
twice as large, and the distribution of gauche angles over 
the chains is therefore non random. In the lipids in the 
previous simulation (Egberts 1988; Egberts and Berend- 
sen 1988) with Czo chain length this effect was not ob- 
served. This is in good agreement with the tendency ob- 
served in simulations by Edholm (private communica- 
tions), that longer chains show an increase in the fraction 
of kinks. In addition, we now deal with two hydrocarbon 
chains per lipid. Steric repulsion and hydrophobic aggre- 
gation of the two tails require lateral displacements of the 
chains, and these are most easily accommodated by 
means of kinks. Dihedral transitions in the tails were 
monitored during the simulation. In both simulations 
and for both tails they occur two to three times as fre- 
quently near the tail ends as near the glycerol backbone. 
In the L~ phase the time between two transitions of the 
same dihedral angle is on average 19.8 ps for tail 1, and 
20.3 ps for tail 2. In the La phase the values are 29.5 and 
31.0 ps, respectively. The two tails thus behave equiva- 
lently in both phases, being more flexible in the liquid- 
crystalline phase. No experimental results are known for 
the dihedral transition rates. 

Life times of kinks were calculated from a fit of the 
kink autocorrelation function to a single exponential 
decay. In the L,  phase the mean kink life time is 7.3 ps, in 
the Lp phase 3.4 ps. The disturbance caused by a kink, the 
parallel displacement of a chain, it more easily accomo- 
dated in the L~ phase, with its higher surface area per tail. 

Figure 10, finally, gives projected structures of repre- 
sentative conformations of DPPC molecules in the L,  
and L~ phase, obtained from snapshots in both runs. 

Hydrocarbon chain order parameters 

A useful way to compare the chain configurations found 
by MD with experiments is by means of their order 
parameters. The formal definition of the order parameter 
tensor S is: 

Sij = ) ( 3  cos Oi cos Oj-61j}  (1) 

in which Oi represents the angle between the ith molecular 
axis and the bilayer normal (z-axis). The brackets denote 
an ensemble average. Molecular axes are defined per CH2 
unit. For the n th CH 2 unit these are: 

z: vector from C,-1 to C,+1, 
y: vector _L to z and in the plane through C,-1,  C,,  

and C,+1, 
x: vector A_ to z and y. 

An Sz, that equals 1 indicates full order along the bilayer 
normal, - 1/2 full order perpendicular to the normal, and 
0 an isotropic distribution. 

A frequently used and non-perturbing method to de- 
termine the order in acyl chains of lecithin molecules is 
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deuterium NMR on selectively deuterated compounds. 
This method yields an order parameter SCD that is defined 
for the direction along the C - D bond and can be directly 
related to the MD order parameters through the expres- 
sion: SCD = 2/3 Sxx+ 1/3 Syy. 

In Fig. 11 we give MD order parameters --ScD for 
both phases and order parameters from DMR in the L, 
phase at 50 °C (Seelig and Seelig 1974, 1980). Agreement 
in the L~ phase is excellent. Spin label data (Horvath et al. 
1980), as well as DMR data for D M P C  (Meier et al. 1986) 
suggest order parameters that almost double on going 
from the L~ to the gel phase, in qualitative agreement 
with our findings. In both phases a plateau is observed 
extending approximately over the first 10 carbons. The 
larger fraction of gauche angles at the tail ends results in 
a more isotropic distribution of the last carbon atoms, 
reflected in order parameters approaching 0. The DMR 
results on DPPC specifically deuterated at the C2 posi- 
tion show that the two carbon atoms are physically in- 
equivalent. For tail 2 two values of -SCD are observed. 
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These have been assigned to slightly different average 
orientations of the two C -  D vectors. Our value for tail 2 
is an average value which coincides with the highest ex- 
perimental value. 

Headgroup orientation 

In order to reveal the orientation of the headgroups, we 
calculated the angular distributions around the bilayer 
normal of the lecithin dipole vectors in both phases. In 
Fig. 12 the distributions f (0) sin O are displayed, where 
O is the angle between the dipole vector and the bilayer 
normal. The dipole vectors tend to be inclined relative to 
the bilayer plane, this tendency being more pronounced 
in the Lp phase. The average angle of the dipole vector 
with the bilayer normal is 59 ° in the L, phase, and 70 ° in 
the Lp phase. From the atom distributions we calculated 
the average z-component of the P - N  distance, i.e. its 
projection onto the bilayer normal, to be 0.2 nm in the L, 
phase and 0.11 nm in the La phase. These values already 
point to an inclination of the dipoles towards the bilayer 
plane and support the present calculation. 

Experimental evidence (Seelig 1978) suggests dipole 
orientations almost perpendicular to the bilayer normal 
in both the liquid-crystalline and the gel phase. This is a 
preferable conformation from an electrostatic point of 
view. However, the MD results show a preference for a 
small angular deviation from the bilayer plane. We pre- 
sume that a more coplanar arrangement of the dipoles is 
disfavored by the steric hindrance of the bulky head- 
groups, and by the tendency of the choline group to dis- 
solve into the water layer. A larger surface area per lipid 
headgroup is disfavoured by the attraction between the 
tails. In the MD Lp phase a more coplanar arrangement 
can be realized because of the larger spread of the 
molecules along the bilayer normal, despite the higher 
surface density. 

Headgroup conformations and flexibility 

We will discuss headgroup conformations in terms of the 
state of the dihedral angles. The fraction trans and gauche 
angles of the headgroup dihedrals in the two phases are 
presented in Table 7. 

MD results for ~5 show a large fraction of gauche 
dihedral angles: 57% in the L, phase and 75% in the L# 
phase. This ties in neatly with various experimental (X-ray 
(Sundaralingam 1972; Hauser et al. 1981), DMR (Seelig 
1978), Raman and PMR (Akutsu 1981) results for ~5 
which all point to a predominant fraction of gauche an- 
gles. The ~4 dihedral is preferentially trans, both in the L~ 
phase (72%) and in the Lp phase (84%), in good agree- 
ment with X-ray results (Sundaralingam 1972; Hauser 
et al. 1981) and Raman measurements (Akutsu 1981). A 
quantitative analysis of NMR results (London et al. 1979) 
yields a fraction trans in the L, phase between 65 and 
75%. Quantum chemical and statistical calculations 
(Frischleder 1980; Frischleder and Peinel 1982) on phos- 
pholipids also point to an ~3-~5 t 9 -+ conformation. 
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Fig. 12. Angular distributions with respect to the bilayer normal of 
lecithin dipole vectors in the L~ phase (dashed) and L# phase (solid 
line) 

Table 7. Fraction of trans and gauche angles of headgroup dihe- 
drals 

L~ L# 

g- t g+ g- t g+ 

O x 0.175 0.455 0.370 0.345 0.320 0.335 
~1 0.155 0.700 0.145 0.070 0.845 0.085 
~2 0.345 0.255 0.400 0.325 0.300 0.375 
~3 0.305 0.270 0.425 0.325 0.335 0.340 
~4 0.140 0.720 0.140 0.105 0.835 0.060 
~5 0.255 0.430 0.315 0.400 0.255 0.345 

The ez and ~3 dihedrals are primarily found in the 
9 + 9 + or 9 g sequence, in full accord with what is gen- 
erally assumed. The al dihedral is 70% trans in the L, 
phase and 85% trans in the Lp phase. From X-ray diffrac- 
tion (Seelig and Gally 1976; Hauser et al. 1981) el is trans. 
Theoretical models (London etal. 1979; Frisehleder 
1980) also predict a large fraction of trans dihedral angles 
for ~1. 

The rotation around glycerol C 2 -  C3 (O1) is not re- 
stricted very much. Trans and gauche states are equally 
populated in the Lp phase, the trans state is slightly pre- 
ferred in the L~ phase. NMR results (Akutsu and Kyo- 
goku 1977; Seelig 1977) indicate a rotation of the lecithin 
group as a whole around the C 2 - C  3 bond of the glycerol 
backbone. X-ray measurements (Hauser et al. 1981 ; Sun- 
daralingam 1972) as well as theoretical calculations 
(Frischleder 1980; Frischleder and Peinel 1982) also re- 
veal both trans and gauche torsion angles 01 . 

So far, only the isomerism of single dihedrals has been 
examined. The spectrum of dihedral combinations of O1, 
~1-~5 in the simulations is very broad. In contrast, the 
dihedral angles of the glycerol backbone have a few pre- 
ferred conformations. The four most stable conforma- 
tions for angles O1-O 4 are t g+ t g-,  g+ g- t g-,  g- t t g- ,  
and t g+ g- 9 + in both phases. They cover 88.5% in the L, 
phase and 93% in the L# phase of the total spectrum. It 
is apparent that the glycerol backbone is more rigid than 
the headgroup. Especially the t g-  sequence for O3-04 
forms a major stabilizing factor. From an analysis of dihe- 
dral transitions it is found that the transition rate of these 
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two angles is also lower than that of the other dihedrals. 
The t 9-  sequence implies that palmitoyl tail 1 runs off in 
the direction of the glycerol backbone, whereas tail 2 is 
initially parallel to the bilayer plane. Separation of the 
two tails to avoid steric hindrance therefore accounts for 
the observed stability of the t 9-  sequence for O 3 -  0 4. 

The only data available for dihedral sequences come 
from X-ray data. Crystal data, however, can only partly 
account for conformations in the gel and liquid-crys- 
talline phases. In general the sequences found in the crys- 
talline phase are 'carried' over to the L~ and La phase, but 
also some other conformations show up with high proba- 
bility. 

In order to investigate the flexibility of the choline 
group we calculated the order parameters Sct ~ of its CHz 
segments and the order parameter S~z of the C H 2 - N  
vector. Values in the L, phases are: -0.03 and -0.01 for 
Sco and 0.05 for S~z. The MD values in the L~ phase are 
not qualitatively different from these values. This demon- 
strates that there is no significant restriction on the move- 
ment of the N(CH3)3 group and the choline methyl seg- 
ments in both phases. The C H z - N  vector has no fixed 
orientation with respect to the bilayer and undergoes 
rapid oscillations of large amplitude. Experiments (Gally 
et al. 1975; Tamm and Seelig 1983) show the same trend. 
Values are reported for ScD of the choline methyl groups 
of approximately -0.04, and for S~z of the C H z - N  vec- 
tor between 0.07 and 0.17. 

The order parameter Sz~ of the glycerol C 2 -  C3 vector 
is 0.31 in the L, phase and 0.48 in the Lp phase. Seelig and 
Gally (1976) derived a value of 0.66 from the experimental 
value (Seelig et al. 1977; Brown et al. 1979; Seelig 1978) of 
Sco ( -0 .22)  for glycerol C3, assuming isotropic rotation 
around the C 2 - C a  bond, leading to Szz = - 3  SoD. We 
calculate values for ScD of glycerol C3 of -0.15 (L, phase) 
and -0.25 (L~ phase), implying S~ = - 2  Sco. We there- 
fore conclude that it is not likely that isotropic rotation 
around the C2-C3  bond exists. 

Diffusion constants 

Lateral diffusion constants D of lecithin molecules were 
calculated from mean squared displacements r in two 
dimensions (x, y) of the centers of mass of the molecules, 
using the formula: 

lim (r  z (t)) = 4 D t (2) 
t - ~  o0 

In Table 8 we give the values of the lateral diffusion con- 
stants of lecithin, together with the range of experimental 
values as determined by Pulsed NMR (Rubinstein et al. 
1979; Lindblom and Wennerstr6m 1977), Fluorescence 
Recovery After Photobleaching (Smith and McConnell 
1978; Wu et al. 1977; Vaz et al. 1987; Fahey and Webb 
1978; Sheats and McConnell 1978) and spin-label experi- 
ments (McConnell et al. 1971). Since experiments on dif- 
fusion are often determined at temperatures close to the 
phase transition temperature, 315 K, we also included the 
reduced values of the MD diffusion constants at 325 K for 
the L~ phase and at 310 K for the L~ phase. Experimental 

Table 8. Lateral diffusion constants (cm2/s) of lipids 

MD, MDRED, EXP, MD, MDRE D, EXP, 
L, L~ L, L~ L~ LO 

5.1-0 -6 2.5.10 .6 10 -7 10-8  7.1.10 -7 3.6.10 -7 10-1o 

results (Vaz et al. 1987) indicate that in this region the 
diffusion constant approximately doubles every 25 K. 

Though it is clear from the experimental values that 
the determination of D is not unambiguous, most of the 
reported experimental values are smaller than the MD 
values by at least one order of magnitude in the L, phase 
and three orders of magnitude in the Lp phase. However, 
since the diffusion of lipids is such a slow process, it might 
well be that the total simulation time is insufficient to 
determine the long time diffusion constant. In that case 
the calculated diffusion constants represent the diffusion 
of the lipids in the potential well of their neighbours, 
which is much faster. Evaluation of the mean displace- 
ment of the lipid molecules, which turned out to be one 
neighbour distance, indicated that this is indeed the case. 
The discrepancy with the Lp phase is also related to the 
incomplete gel state attained in the simulation, leaving 
liquid-crystalline patches with fast diffusion. 

Diffusion constants of water molecules and their de- 
pendence on position along the bilayer normal will be 
described elsewhere (Marrink and Berendsen, to be pub- 
lished). 

Conclusions 

Our simulations of a phospholipid bilayer in the liquid- 
crystalline state yield a very detailed picture on a micro- 
scopic level of static arrangement and dynamic properties 
of the constituent molecules. This picture is in good 
agreement with experimental results obtained on equiva- 
lent natural and synthetic membranes. The system that 
we defined can serve as a starting point for extended 
simulations incorporating other molecules (peptides, 
proteins or lipid mixtures) or to study phase transitions 
and transport phenomena. The simulations have already 
been extended to study the permeation of water through 
the membrane. (Marink and Berendsen, to be published) 
and to study hydration force between membranes (Mar- 
rink et al. 1993). 

The MD results for the gel phase of this membrane 
must be interpreted with due caution, because the full 
hexagonal order expected for the gel phase could not 
develop in the simulation. However, the simulations do 
give insight in the changes that occur at the main phase 
transition. 

Finally we would like to stress that the textbook 
picture of statically, homogeneously aggregated lipids, 
serving merely as an operation field for the proteins, 
should be replaced by a more dynamical, inhomogeneous 
one in which the membrane has a role of its own. Not only 
our work, but also other simulations and various experi- 
ments over the last few years have shown that a biological 
membrane is more complex than usually assumed. 
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