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ABSTRACT: Computer simulations of phospholipid membranes have been carried out by using a combined 
approach of molecular and stochastic dynamics and a mean field based on the Marcelja model. First, the 
single-chain mean field simulations of Pastor et al. [( 1988) J .  Chem. Phys. 89, 11 12-1 1271 were extended 
to a complete dipalmitoylphosphatidylcholine molecule; a 1024s  Langevin dynamics simulation is presented 
and compared with experiment. Subsequently, a hexagonally packed seven-lipid array was simulated with 
Langevin dynamics and a mean field a t  the boundary and with molecular dynamics (and no mean field) 
in the center. This hybrid method, mean field stochastic boundary molecular dynamics, reduces bias 
introduced ,by the mean field and eliminates the need for periodic boundary conditions. As a result, simulations 
extending to tens of nanoseconds may be carried out by using a relatively small number of molecules to 
model the membrane environment. Preliminary results of a 20-ns simulation are reported here. A wide 
range of motions, including overall reorientation with a nanosecond decay time, is observed in both simulations, 
and good agreement with N M R ,  IR, and neutron diffraction data is found. 

A complete understanding of relationships between structure 
and function of biological molecules, including membranes, 
requires a description of numerous interatomic interactions. 
As demonstrated by the success in the modeling of proteins 
and nucleic acids (McCammon & Harvey, 1987; Brooks et 
al., 1988), molecular dynamics (MD)' simulations are well 
suited to handle such a level of complexity. Nevertheless 
phospholipid bilayers forming membranes, or phospholipid 
monolayers found in plasma lipoproteins, have only begun to 
receive attention (van der Ploeg & Berendsen, 1982, 1983; 
Northrup, 1984; Northrup & Cuvin, 1985; Egberts, 1988; 
Egberts & Berendsen, 1988; Edholm & Johansson, 1987; 
Watanabe et al., 1988; Harris & Rice, 1988; Wendoloski et 
al., 1989). 

The paucity of membrane MD studies is due to a number 
of inherent difficulties caused by (i) the dynamic nature of 
the liquid-crystalline state, requiring the calculation of mul- 
tinanosecond trajectories; (ii) the large dimensions and het- 
erogeneous composition of membranes; (iii) and the complex, 
often curved or highly charged, interface, requiring a so- 
phisticated treatment of boundary conditions and electpat ics  
(Gennis, 1989; Jain, 1988; Cevc & Marsh, 1987). Since MD 
simulations of large systems, such as the periodic boundary 
membrane models (Egberts & Berendsen, 1988), are restricted 
to several hundred picoseconds even on a supercomputer, 
progress has been understandably slow. In addition, because 
the biologically active membrane exists above the gel to liquid 
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crystal phase transition (Gennis, 1989), structural methods 
such as X-ray and neutron diffraction do not provide atomic 
resolution data or adequate starting structures for the mo- 
lecular dynamics simulations. 

The difficulties associated with MD of bilayers prompted 
us to pursue the simulation strategy outlined in Figure 1. The 
first step, described by Pastor et al. (1988a), consisted of a 
200-11s Brownian (or diffusive) dynamics simulation of a single 
chain. The effect of the surrounding bilayer on the equilibrium 
properties was parameterized by an averaged interaction de- 
termined by the strength of a Marcelja-type mean field 
(Marcelja, 1973; Schindler & Seelig, 1975; Pastor et al., 
1988a). The dynamical or collisional effects of the surrounding 
medium were simulated by replacing deterministic equations 
(classical MD) with stochastic equations; in Brownian dy- 
namics (BD) the trajectory is modulated by random dis- 
placements whose magnitudes are related to the effective 
viscosity of the solvent. Because the first three atoms of the 
chain were anchored, overall rotation was neglected; i.e., only 
internal motions such as gauche-trans isomerization and 
torsional libration were explicitly simulated. The effects of 
axial rotation and wobble were then calculated analytically 
(Pastor et al., 1988b), assuming uncoupling of internal and 
overall motion; it was, in fact, necessary to include these ad- 
ditional degrees of freedom to obtain a good fit between sim- 
ulation and experiment. 

This paper presents the second and third steps shown in 
Figure 1. First, the simulation of a single chain is extended 
to a complete DPPC molecule, with two important modifi- 
cations: (i) the lipid is only anchored at the phosphorous atom, 
thereby allowing overall rotational degrees of freedom; (ii) the 
trajectory is generated by Langevin dynamics (LD) (rather 
than BD), so that inertial terms are included. The second part 
of this paper introduces a hybrid simulation method, mean 

I Abbreviations: MD, molecular dynamics; DPPC, dipalmitoyl- 
phosphatidylcholine; LD, Langevin dynamics; BD, Brownian dynamics. 
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FIGURE 1: Strategy used in the present study for the stochastic simulation of a membrane. The filled circles indicate which atoms are anchored 
to the laboratory frame. (a) The single-chain model previously described by Pastor et al. (1988a,b, 1990a,b). (b) Single-molecule simulations 
of a complcte DPPC molecule. The standard IUPAC nomenclature is used; the sn-1 chain is on the right; the sn-2 chain is on the left. Within 
each chain, carbons are numbered sequentially; CI is the carbonyl carbon and C16 is the last carbon in the chain. (c) Hexagonally packed 
monolayer containing seven molecules. In the latter system conventional MD is used on those molecules that are surrounded by other explicitly 
treated molecules: molecules in the boundary layer are treated by Langevin dynamics plus a mean field, to mimic volume exclusion and collision 
effects from molecules beyond the boundary layer. 

field stochastic boundary dynamics, and reports our prelim- 
inary results on a hexagonal array of seven lipids. As shown 
schematically in Figure IC,  the mean field potential is applied 
only to a boundary layer of lipids, which is simulated by using 
Langevin dynamics; the center of the system (reaction region) 
is simulated by using classical molecular dynamics with no 
explicit mean field. The method is designed to address the 
deficiencies of both the single-chain mean field simulations 
and periodic boundary MD: the bias introduced by the mean 
field is reduced, while the number of explicit atoms in the 
system is still small enough to permit multinanosecond sim- 
ulations. This approach is based on the stochastic boundary 
dynamics technique already applied to proteins (Berkowitz & 
McCammon, 1982; Brooks et al., 1985) but differs in that a 
mean field tailored to liquid crystal systems is utilized. 

During these different steps, the objective remains to obtain 
close agreement between the properties of the simulated system 
and the experimentally determined values and to maintain 
self-consistency of the boundary and reaction region. This is 
primarily done by tuning the strength of the mean field com- 
ponents. The most important experimental data to compare 
with are the observations made by NMR techniques: the 
deuterium NMR order parameters determined by Seelig et 
al. ( 1  974, 1980) and the T I  spin-lattice relaxation times, 
determined at different field strengths, by Brown and co- 
workers (1983). In addition, we compare the simulated di- 
mensions with those obtained by neutron diffraction techniques 
(Zaccai et al., 1979) and the fraction of gauche isomers with 
IR spectroscopic observations (Mendelsohn et al., 1989). 

METHODS 
Dynamics Algorithm. While molecular dynamics simula- 

tions of single molecules in vacuo often yield useful results for 
proteins and nucleic acids, neighboring acyl chains significantly 
affect the dynamics of a lipid in a membrane. The explicit 
incorporation of these molecules is one possible solution. An 

alternative approach is to estimate the average dynamic effect 
of neighboring molecules on the basis of an estimate of the 
viscosity, by using a stochastic algorithm for generating the 
trajectories (McCammon & Harvey, 1987). The accuracy 
of the different algorithms for the propagation of atomic co- 
ordinates has recently been investigated, allowing an informed 
choice at a given viscosity and timestep (Pastor et al., 1988~). 

The Langevin algorithm used here was originally described 
by Brunger et al. (1984): 

Xn+I = 

where xPI, x,, and x,+~ are the coordinate positions at  suc- 
cessive timesteps, y is the collision frequency, A is the timestep, 
F, and R, are the systematic and random forces applied at  
step n, and m is the mass of the particle. This random force, 
which mimics the collisions with the surrounding molecules 
not explicitly treated in the system, is taken from a Gaussian 
distribution of mean zero and variance 2mykT/A, where k 
is Boltzmann's constant and T i s  the absolute temperature. 
When the collision frequency is zero, this algorithm is 
equivalent to the Verlet molecular dynamics algorithm (Verlet, 
1967; McCammon & Harvey, 1987). 

The timestep used in all simulations was 2 fs. The collision 
frequency of all atoms in the one molecule simulation was set 
at 50 ps-'. This value yielded a good fit with the NMR data 
of Brown et al. (1983) in the Brownian dynamics simulations 
of Pastor et al. (1988b). 

All calculations were carried out at  a temperature of 324 
K ( 5 1  "C), well above the phase transition temperature of 
DPPC (41.5 "C), as we are primarily interested in the char- 
acteristics of the liquid-crystalline membrane. 

Mean Field Model. The anisotropic lipid environment of 
the phospholipid molecule is modeled by using a mean field, 
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adapted from the single-chain simulations of Pastor et al. 
(1 988a), which in turn was based on the mean field theory 
of Marcelja et al. (1973, 1974). The mean field consists of 
two components, a repulsive term and a dispersive term. This 
mean field theory, as applied by Schindler and Seelig (1973, 
Gruen (1989, and Pastor et al. (1988a, 1990a,b), accurately 
models a number of equilibrium properties of DPPC bilayers 
such as the deuterium N M R  order parameters. It is, however, 
our goal to reduce the effect and/or bias on the dynamics of 
the DPPC molecule induced by the parametrization of the 
mean field by ultimately applying it only on the boundary of 
the system. 

The repulsive or steric potential is related to the surface 
pressure and acts on the last carbon of the lipid chain. It is 
inversely proportional to the distance between the terminal 
carbon atom and a surface, located at  zo, that is parallel to 
the bilayer interface. I n  our coordinate system the xy plane 
is located in the headgroup region of the molecule and the 
chains are extended in the -z direction. The repulsive potential 
is thus 

n 

where 216 is the z coordinate of the last carbon in the chain, 
zo is the z coordinate of a reference plane parallel to the 
interface, and r is the field strength. 

The second term, the dispersive potential, is proportional 
to the molecular order parameter. This term simulates the 
van der Waals interactions with the surrounding lipid mole- 
cules and is a Maier-Saupe (1 959) type potential: 

Edisp = -a( 1 /2)(3 COS2 pi - 1) (3) 
chain 

carbons 

(1 /2)(3 cos2 0, - 1) is the order parameter of the chain, where 
pi is the angle between the bilayer normal and the long axis 
of the molecule (the vector normal to the plane spanned by 
the two C-H vectors) and is the field strength. The 
Marcelja (1 973, 1974) dispersive term also included a term 
proportional to the fraction of dihedral angles in the trans state. 
In contrast to the work of Pastor et al. (1988a), this term was 
not included here, because of computational efficiency. The 
strength of each component of the mean field is parameterized 
in order to reproduce the experimental deuterium N M R  order 
profile (Seelig & Seelig, 1980). 

Since no water molecules are treated explicitly, an additional 
constraint is needed to prevent the carbon atoms C2-Cl6 of 
both chains from moving into the aqueous phase. The exact 
location of the plane defining the lipid-water interface (zo) 
was subject to investigations. This surface always coincided 
with the surface used to calculate the repulsive mean field 
component: 

carbons 

(4) 
carbons 

where the force constant kdist = 1.0 kcal/mol A*. In order to 
avoid a divergence in the repulsive energy, zo was set 1 A 
smaller for the terminal carbon atoms (during the simulations 
the C 16, however, rarely approaches the surface). 

The phosphorous atom was fixed to the origin of the co- 
ordinate system with a harmonic constraint (k  = 100 kcal/mol 
A2) and the N atom of the headgroup was constrained to the 
xy plane ( z  = 0) with a force constant k = 5 kcal/mol A2. 
This is important for the simulations with several molecules, 

where the constraint helps to simulate the surface area oc- 
cupied by the molecule (see below). All parameters were 
varied, on a trial and error basis, to obtain average molecular 
properties compatible with experimental values. 

Molecular Mechanics Parameters. The potential function 
included harmonic bond and angle terms, and improper tor- 
sions to preserve chirality of the glycerol carbon 2 and planarity 
of the carbonyl bond. Standard dihedral potentials were used 
except for the alkane chains where the popular Ryckaert- 
Bellemans (1975) potential, a power series in cos a, was used. 
Nonbonded interactions included only a 6- 12 Lennard-Jones 
potential (cutoff 8 A). The nonbonded list was updated every 
25 steps. As our major interest was focused on the hydro- 
carbon region, no electrostatic terms were included. Most of 
the molecular mechanics parameters were taken from the 
AMBER force field (Weiner et al., 1984) and missing pa- 
rameters were taken from Egberts et al. (1988). A complete 
description of the energy function and the parameters is 
contained under Appendix. 

Starting Structures, Monolayer Assembly. The starting 
structure of the single DPPC molecule was modeled after the 
crystal structure of dilauroylphosphatidylethanolamine (Elder 
et al., 1977) by using the SYBYL (TRIPOS) software and 
was equilibrated for 300 ps. For the hexagonal phospholipid 
monolayer system, the starting structure is more critical and 
was obtained as follows: seven conformations, chosen at  
random from the one molecule simulation, were assembled by 
assuming a hexagonal packing and a surface area of 68.9 A 
per molecule (Pastor et al., 1990b). Phosphorous and nitrogen 
atoms were constrained to the xy plane, while the hydrocarbon 
tails extended into the -z direction. This assembly was then 
subjected to minimization (simplex minimization and steepest 
descent) to remove bad contacts resulting from the assembly 
procedure. The procedure did not induce dramatic changes 
in the overall structure (Venable and Pastor, manuscript in 
preparation). The system was equilibrated for a period of 1 
ns. 

In the seven molecule simulations the constraints on the 
headgroups of the boundary molecules are somewhat different. 
The phosphorous atom of the central molecule was fixed as 
in the one-molecule simulation but those in the boundary are 
constrained on the xy plane [ k  = 100 kcal/(mol A2)]. In 
addition, pseudobonds between all neighboring phosphorous 
atoms keep the molecules together and impose an average 
surface area per molecule on the system. The force constant 
for these pseudobonds was k = 20 kcal/(mol A2). 

Stochastic Boundary. An essential feature of the stochastic 
boundary methods is a partitioning of the many-body system 
into several regions (Berkowitz & McCammon, 1982; Brooks 
et al., 1985). A central region or reaction region, the site of 
major interest, is simulated by classical molecular dynamics. 
It is surrounded by a bath or boundary region that should 
simulate the true surroundings of the reaction region in at least 
two ways: preserve the equilibrium structure and structural 
fluctuations of the reaction region and allow the appropriate 
energy fluctuations to occur between them. It should thus 
contribute to the longer range nonbonded interactions of the 
reaction region. The use of the Langevin algorithm gives this 
region its temperature bath properties. 

In simulations of liquids, where the relative position of the 
molecules is not fixed, a third region called a reservoir region 
is required. This reservoir region is needed to contain the 
system and to stimulate the movement of atoms in and out 
of the bath and reaction compartment (Berkowitz & 
McCammon, 1982). In proteins, where the atomic positions 
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are relatively fixed, such a region can be omitted by intro- 
ducing constraints or a mean field, on the atoms in the 
boundary (Brooks et al., 1985). We adopt this second variant, 
thereby ignoring lateral diffusion. In phospholipid membranes 
lateral diffusion is on average less than 0.1 A/ns (Gennis, 
1989) and for the timescales involved in this work the error 
is thus small. 

We investigated two ways of partitioning the system. In 
the first, the mean field and LD were applied to the boundary 
layer of lipids, and MD was applied to the central lipid, re- 
gardless of the precise orientation of the chains. The collision 
frequency was set to 25 ps-l on the boundary lipids; this re- 
duction of 50% compared to the previous single-chain simu- 
lations was based on the notion that, on average, only half of 
the molecule was surrounded by real atoms. 

In a second series the reaction region consisted of a cylin- 
drical region with an 8-A diameter, centrally located around 
the z axis. The boundary atoms (Le., all atoms outside this 
central cylinder) were treated with Langevin dynamics; their 
collision frequency was gradually increased from zero to 50 
ps-l between a distance of 4 and 8 A from the central z axis 
with the use of a switching function. A similar switching 
function was imposed in the headgroup region, from 50 ps-' 
LD at the xy plane, where the phosphorous atoms were con- 
strained, to classical MD at the "interface", a plane with z = 
-4 A. (When both conditions occurred the larger collision 
frequency was chosen.) The values of the collision frequencies 
were updated simultaneously with the nonbonded list, every 
25 steps. 

Dihedral Transition Rates. Transitions over the barriers 
between the trans and gauche conformations were monitored 
during the simulations. A transition was counted when the 
dihedral angle crossed the barrier and reached the bottom of 
the well of the new conformation. Rate constants were cal- 
culated by dividing the number of transitions out of a par- 
ticular state by the time spent in that state. This procedure, 
also called "simple counting", may overestimate the number 
of transitions when solvent damping is ineffective or when 
recoil into the reactant well is a frequent event (Pastor & 
Karplus, 1989). To validate the simple counting procedure 
we performed a Hazard analysis (Helfand, 1978); ].e., ' we 
analyzed the first passage times (time needed for the first 
arrival at the next minimum) and checked if this was com- 
patible with a simple Poisson process. At the collision fre- 
quencies used in these simulations the Hazard plots were quite 
linear (data not shown), indicating that there was not a 
larger-than-expected number of short first passage times or 
the presence of recoil. We observed the presence of recoil only 
when the collision frequency was set at 5 ps-' or lower, and 
this phenomenon affected mainly the dihedrals with the faster 
transition rates (i.e., those at  the end of the chains). 

Deuterium N M R  Order Parameters. The deuterium order 
parameter Sco is a critical source of structural information 
for lipid bilayers (Seelig & Seelig, 1980). It is related to the 
average orientation of the methylene group: 

(5) 
where 0 is the angle between the vector along the carbon- 
deuterium bond and the bilayer normal. This parameter varies 
between -0.5, for a fully extended all-trans chain, and 0 for 
a completely random orientation of the chain. This property 
was calculated every 10 steps during the simulations. 

N M R  Spin-Lattice Relaxation Times. The most complete 
frequency-dependent I3C T ,  relaxation measurements of the 
methylene groups in DPPC single bilayer vesicles were made 
by Brown and co-workers (1983). Their data were obtained 

sco = y2(3 cos2 e - 1) 

De Loof et al. 

at seven different spectrometer frequencies (15, 20, 25.1,45.3, 
75.5,90.5, 126 MHz carbon). The relationship between these 
measurements and the motions of the molecule can be de- 
termined from the following correlation function (Lipari & 
Szabo, 1982): 

where P2 is the second Legendre polynomial and cc is a unit 
vector pointing along a C-H bond in the laboratory frame, 
when vesicle rotation, a process evolving at  the microsecond 
timescale, can safely be ignored. The I3C spin-lattice relax- 
ation is given by the following equation (Lipari & Szabo, 
1982): 

I/NTI = (h7C7H/r3)(1/10) 
[J(oC - %I) + 3J(uC) + 6J(wC + OH)] (7) 

where N is the number of hydrogens bonded to the carbon, 
h is Plank's constant divided by 27r, r is the C-H bond distance 
(1.1 A), yc, 7H, and wc, wH are the gyromagnetic ratios and 
Larmor frequencies of the I3C and IH nuclei, and J ( w )  is the 
spectral density of the C(t) correlation function described 
above. The spectral densities were determined indirectly after 
curve fitting the correlation decays with up to four exponen- 
tials. The parameters for these fits were obtained by using 
a grid search followed by a Levenberg-Marquardt method 
(Press et al., 1988). For these calculations we used the first 
5000 points ( 5  ns) of the correlation functions. To facilitate 
the curve fitting, the plateau value, obtained directly from the 
trajectory, was subtracted from the correlation function in the 
following way: 

(8) 

It is convenient to use the formulas 18a-c in Pastor et al. 
(1988b) as they ensure positive values for all coefficients. 

Coordinate Statistics, Correlation Functions. Coordinates 
were saved every picosecond. Autocorrelations were calculated 
with the use of fast Fourier-transform routines (Press et al., 
1988). The P2 correlation functions were obtained from the 
trajectories by using the I = 2 spherical harmonic correlation 
functions [see also Pastor et al. (1988b)l. This enables the 
use of a fast-Fourier-transform routine and has the added 
advantage of giving information about rotational averaging. 

Computer Resources. All programs were written in the C 
language and were based on the yammp package developed 
by R. Tan (Tan & Harvey, 1989). Calculations were per- 
formed on Silicon Graphics 4D/25,4D/220GTX, and 4D/ 
240GTX workstations and on several Vaxstations. A small 
number of calculations were performed on a Cray XMP/24. 
One nanosecond of simulation of one DPPC molecule took 
about 44 h on a Microvax 11. On the Silicon Graphics 4D/220 
workstation, using one processor, the time required was 2 h. 
One nanosecond of simulation of the seven-molecule monolayer 
system took about 23.6 h on the latter machine or 7.6 h on 
the Cray XMP/24. 

RESULTS 
Single-Molecule Simulations. In comparison to the sin- 

gle-chain simulations performed by Pastor et al. (1988a), our 
DPPC molecule has additional degrees of freedom, since it is 
only anchored at one atom, the phosphorous atom, instead of 
the first three atoms in the chain. As a result overall rotations 
are allowed and it might be expected that a relatively stronger 
mean field would be needed. There are, however, two chains 
present, which reduces the need for a stronger mean field, as 
more of the surroundings are occupied by real atoms. There 

C( t )  - C(m) 
C(0) - 
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F I G U R E  2: Deuterium N M R  order parameters for the 102-ns single 
molecule simulation, together with the experimental data of Seelig 
and Seelig (1974, 1980). Experimental values are connected with 
a dotted line for the sn-l chain (filled circles) and the values for C2 
and C3 on the sn-2 chain (open circles). Simulation data are the 
averages over both hydrogens on each carbon and are shown for the 
sn-l chain (triangles) and the sn-2 chain (squares). 

is probably not one set of parameters for the mean field that 
would yield the best fit with experimental observations, but, 
instead, several combinations of parameters are likely to yield 
good results. As the computer time needed for equilibration 
is quite extensive, we did not attempt to span the parameter 
space exhaustively. A relatively good fit with the experimental 
deuterium order parameters was obtained with r = -10.5 (kcal 
A)/mol and 9 = 0.21 kcal/mol. These values are similar to 
those used by Pastor et al. (1988a, 1990b) in the one-chain 
simulations, and it seems therefore that the opposing tendencies 
described above cancel each other. The repulsive "surfacen 
was located at -4 A, close to the carbonyl bonds of the 

molecule. Below we describe the results of a 1024s simulation. 
Figure 2 shows the deuterium NMR order parameter profile 

of this simulation, together with the experimental values de- 
termined by Seelig (1980). A number of aspects are clearly 
in agreement with experiment: a plateau is present in the 
middle of the chain, between carbons 3 and 11, whereafter the 
order parameter drops, reflecting increased disorder in the 
center of the membrane. The order parameters of the carbons 
on both chains are very similar, except at the branching of the 
chains. The individual order parameters of the two hydrogens 
on each carbon are nearly identical, indicative of rotational 
symmetry: the average absolute difference between them, for 
all carbons on the sn-1 chain, was 0.0107. An important 
exception to these last two observations occurs at the origin 
of the sn-2 chain, in agreement with experiment. This is 
because of a kink in the sn-2 chain, necessary for the parallel 
alignment of both hydrocarbon chains in the membrane. The 
average for both hydrogens of C2 on sn-2 is close to the ex- 
perimental average (0.092 versus 0.12), but the difference 
between them was somewhat too large (0.26 versus 0.053). 
We note that the order parameters of C2 on both chains were 
the slowest to converge and show the largest differences with 
the experimental values. This is most probably due to the 
simple nature of the repulsive surface modeling the interface. 

Figure 3 shows graphically the type of motions occurring 
at different time scales: in each part of the figure ten con- 
secutive coordinate sets are superimposed with time intervals 
between frames changing by a factor of 10, from 100 fs to 10 
ns. 

It is clear that the conformational space of the DPPC 
molecule within this mean field is very large, and it is therefore 
expected that relatively long simulations are needed in order 
to reach equilibrium. This is illustrated in Figure 4a where 

FIGURE 3: Superposition of 10 consecutive time frames of the single-molecule simulation. The time interval between superimposed coordinate 
sets varies from 100 fs (a) to I O  ns (f), increasing by a factor of 10 between each part of the figure. 
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FIGURE 4: (a, Top) Cumulative average (thick lines) of the z coordinate 
of the terminal carbon atoms (C16) of both chains. The upper line 
is for CI 6 of the sn-2 chain. Also shown are the averages over 60-ps 
intervals (dotted line, sn-2 chain). Note the large amplitude of the 
motions and the time needed for the cumulative avera e to reach 
equilibrium. (b, Bottom) Probability distribution, in 0.5-1 intervals, 
for the z coordinates of the carbon and oxygen atoms of the sn-1 chain. 
Although there is explicit repulsion from a surface located at -4 8, 
(Esur) for the carbons C2-CI6, it is not perturbing the distribution 
of the atoms at the chain origin. When this surface was placed at 
-2 A, however, distorted or bimodal distributions were produced (data 
not shown). 

the evolution of the z-coordinate position is plotted for the two 
terminal carbon atoms, together with a cumulative average 
of these values. Note the large amplitude of the fluctuations 
of the z coordinate. The average distance, along the bilayer 
normal, between the phosphorous atom and C16 was 18.13 
and 17.84 A for the sn-l and sn-2 chains, respectively. If we 
assume a distance of 2 A between the terminal carbon atoms 
of opposing monolayers, a P-P distance of 38 A is obtained, 
as compared to a value of about 40 A obtained by Lewis and 
Engleman (1 983). The C4-C4 distance of 24.2 8, obtained 
by Zaccai et al. ( 1979) compares to a value of 25.13 A in our 
simulation. The average dimension of the molecule is accurate 
within the errors of the experimental observations. Also of 
interest is the nearly equal length of both chains. 

Figure 4b shows the probability distribution function for 
the z coordinates of the carbon and oxygen atoms of the sn-1 
chain. There is little noise in these distributions, indicating 
that the conformational space has been adequately sampled 
during the simulation. The surface constraint, prohibiting 
C2-Cl6 from crossing the interface and mimicking the 
presence of the aqueous phase, was located at -4 A. Other 
locations (e.g., -2 A) resulted in distorted or bimodal distri- 
butions of several carbon atoms near the headgroup (data not 
shown). As it is generally believed that water penetrates the 
membrane up to the carbonyl region, or about -4 A from the 

.. 
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FIGURE 5: 1 / N T ,  versus uC-'/* for the 102-11s single-molecule sim- 
ulation compared with the experimental values obtained by Brown 
et al. (1983). Data from the simulations are connected with a line 
and have the smaller symbols: C2 (open circles), C3 (squares), C4-CI 3 
(triangles), C14 (filled circles), and C15 (x). 

phosphorous atom, this surface mimics this effect in a simple 
but apparently adequate way. 

From the results in Figure 3 as well as from the large-am- 
plitude motions of the terminal carbon atoms shown in Figure 
4a, it is clear that nanosecond time scale motions are present 
in our simulations. It is therefore interesting to compare our 
simulations with the NMR spin-lattice relaxation times de- 
termined by Brown et al. (1983). Within the range of field 
strengths used in those experiments (1 5-1 26 MHz), only the 
presence of motions on the nanosecond time scale would result 
in frequency dependence of the observed values, while motions 
outside this range only contribute to their magnitude. Ob- 
taining these values from the trajectories involved the calcu- 
lation of the reorientational relaxation of the carbon-hydrogen 
bond vectors in the laboratory frame. The resulting correlation 
function was fitted with up to four exponential functions. 
Three exponentials were always needed, and clearly demon- 
strated the presence of a nanosecond time scale component. 
(See Table I for more information about these curve fits.) 
Using a fourth exponential resulted, not unexpectedly, in 
slightly improved fits, primarily for the short-time decay, but 
this did not have a major effect on the calculated TI  relaxation 
times. Figure 5 compares the experimental results with those 
from the simulation. As only one experimental value is 
available for carbons 4-13, we have averaged the values ob- 
tained from the simulations. The overall agreement with 
experiment was good, although the frequency dependence for 
C14 and C15 is somewhat too small. This may be an artifact 
of the repulsive mean field component acting on the terminal 
carbon atom. (This possibly also explains why the order pa- 
rameters at  the end of the chain do not drop as low as the 
experimental values in Figure 2.) 

In the single-chain simulations of Pastor et al. (1988b), it 
was necessary to superimpose analytically a slow component 
(axial rotation and wobble) to the dynamics obtained from the 
simulation in order to obtain a good fit with the experimental 
data. In the present simulation there is agreement with ex- 
periment without any additional model-dependent assumption; 
Le., the motions present in the trajectories account for nearly 
all the frequency dependence observed experimentally. The 
overall agreement with experiments validates our choice of the 
collision frequency, the strength of the mean field components, 
and the way our molecule is constrained at the interface. This 
allows us to further analyze the motions occurring in the model 
system, properties that are difficult or impossible to probe 
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Table 1: Curve Fittine for Calculation of T,O 
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3 
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6 
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1 1  

12 
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1 
2 
1 
2 
I 
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1 
2 
I 
2 
I 
2 
I 
2 
I 
2 
I 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

5.058 
3.339 
2.121 
2.850 
2.1 I5 
2.948 
3.977 
4.033 
3.847 
3.847 
3.361 
2.777 
4.721 
3.784 
4.626 
4.790 
3.440 
4.057 
3.262 
3.719 
3.157 
2.874 
2.438 
2.457 
2.635 
2.564 
2.121 
2.246 

69.06 
64.12 
45.27 
58.00 
44.25 
48.63 
59.04 
6 1.64 
58.07 
58.07 
47.85 
44.05 
57.35 
53.20 
53.58 
58.13 
44.44 
49.04 
38.89 
47.09 
35.52 
41.84 
32.65 
35.77 
30.68 
3 1.04 
17.87 
24.15 

1426.9 0.5283 
1236.2 0.4482 
1159.1 0.4703 
1181.4 0.5209 
954.7 0.4346 

1328.7 0.4793 
917.4 0.5471 

1361.9 0.5545 
1238.4 0.5519 
1238.4 0.5519 
860.1 0.5287 

1202.0 0.49 16 
871.5 0.61 12 

1393.4 0.5685 
863.6 0.6226 

1577.5 0.6321 
962.3 0.5846 

1387.1 0.6218 
856.3 0.6021 

1151.1 0.6348 
858.4 0.6397 

1228.5 0.6189 
966.3 0.6208 

1098.6 0.6254 
1065.3 0.7250 
758.9 0.7121 
490.9 0.7 128 
623.6 0.7501 

0.3677 
0.4387 
0.4556 
0.4062 
0.4809 
0.4428 
0.3831 
0.3748 
0.3796 
0.3796 
0.3973 
0.4379 
0.3252 
0.3692 
0.3246 
0.3 178 
0.3676 
0.3305 
0.3486 
0.3245 
0.3269 
0.3561 
0.3591 
0.3563 
0.26 16 
0.2764 
0.27 14 
0.2404 

0.1131 
0.0741 
0.0729 
0.0845 
0.0779 
0.0697 
0.0707 
0.0684 
0.0684 
0.0740 
0.0704 
0.0636 
0.0622 
0.0528 
0.0502 
0.0478 
0.0477 
0.0493 
0.0407 
0.0334 
0.0250 
0.0201 
0.0183 
0.01 34 
0.0115 
0.01 59 
0.0095 

169.5 
107.5 
11 1.2 
102.9 
126.5 
88.8 

121.6 
108.9 
108.9 
84.4 

105.3 
77.0 

108.5 
65.9 

100.6 
64.4 
84.9 
57.7 
64.4 
42.3 
47.3 
32.7 
34.4 
24.2 
19.1 
14.1 
13.4 

170.5 
107.9 
111.6 
103.9 
127.0 
87.5 

124.6 
84.9 

110.2 
85.3 

104.9 
74.6 

115.3 
65.4 

108.3 
66.1 
91.8 
58.6 
68.0 
42.6 
47.3 
32.0 
34.4 
23.7 
19.4 
12.1 
12.4 

"Coefficients and amplitudes for the three-exponential fits of the P2 correlation function for both carbon-hydrogen vectors of the sn-l chain. Time 
is in  picoseconds. The last two columns summarize the results by showing the overall relaxation time of the three-exponential fit together with the 
end result for the four-exponential fit. Fits were based on the first 5000 points of the correlation function (5 ns). 

experimentally in a direct way. 
A useful marker of the dynamic behavior of this system is 

the dihedral transition rate. Figure 6 shows these values for 
the dihedrals in the alkane chains that are represented by the 
Ryckaert Bellemans potential (from the dihedral around the 
C3-C4 bond, up to the end of the chain). A total of 27 864 
transitions were observed for these dihedrals during the 102-11s 
simulation. As previously observed by Helfand (1984) and 
Pastor et al. ( 1  988a), once a dihedral is more than three atoms 
from the end of a chain, the isomerization rate becomes 
constant, because annealing around the new conformation is 
the principal isomerization mechanism, rather than swinging 
of the complete chain around that particular bond. We observe 
that both chains have similar characteristics, except for the 
beginning of the chains where the kink in sn-2 significantly 
reduces the total number of transitions. Further details on 
the number of transitions are given in Table 11. It is inter- 
esting to note that during the complete simulation one g- to 
g+ transition occurred for the last dihedral of the sn-2 chain, 
in spite of the high barrier (- 10 kcal/mol). From the dif- 
ference with the g-t barrier (-3 kcal/mol) one such transition 
is expected for about every 5000 t to g- transitions, and we 
observed 6804 of those during the complete simulation. 

The average gauche fraction of all these dihedrals is 0.245, 
close to the value of 0.24 recently determined by Mendelsohn 
et al. ( 1  989) using infrared spectroscopy. This corresponds 
to 3.6 gauche bonds per chain. The mean field, or the or- 
ganization of the molecule in a membrane environment, thus 
significantly reduces the fraction of bonds in the gauche 
conformation as compared to a value of 0.336 that would be 
expected from the Ryckaert Bellemans potential without van 
der Waals interaction. In parallel with the order parameters, 
the fraction of gauche bonds in the middle of the chain is 
nearly constant, with a slight increase toward the end of the 
chain, as was also observed in the experiments of Mendelsohn 
et al. (1989). 

" 
2 4 6 8 10 12 

dihedral angle 
FIGURE 6: Transition rates of the dihedral angles of both chains 
estimated by using the "simple counting" procedure. All dihedrals 
have the Ryckaert-Bellemans (1 975) torsional potential; the first 
dihedral corresponds to the one between C 3  and C 4  (for additional 
details on these dihedrals, see Table 11). Trans-gauche rates are in 
the lower part of the figure (open symbols) and gauche-trans rates 
are in the upper part (filled symbols), for the sn-1 chain (triangles) 
and the sn-2 chain (squares). 

Figure 7a shows the average distance between equivalent 
carbon atoms on both chains. There is a nearly constant 
interchain distance of about 6 A in the middle of the molecule, 
ilustrating the cylindrical shape of the DPPC molecule, an 
important property for the formation of stable planar bilayers 
by these molecules. We then investigated the relaxation of 
these distances (i.e., how fast they reach equilibrium) by 
calculating the autocorrelation function. In contrast to the 
actual distances there was a nearly constant increase of these 
relaxation times, from a few picoseconds at C1 to somewhat 
more than half a nanosecond for C12. This was followed, as 
can be seen in Figure 7a, by a marked drop at the end of the 
chains. 
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FIGURE 7: (a, Top) Average interchain distances (filled circles) and 
associated relaxation time (open squares) for the single-molecule 
simulation. Notice the nearly constant values of interchain distances 
in the middle of the molecule, giving the DPPC molecule its cylindrical 
properties, while the relaxation time estimate, based on a one-expo- 
nential fit, steadily increases. (b, Bottom) Relaxation times obtained 
from the two-exponential fit of the interchain distance autocorrelation 
functions (connected with a line). The faster component T~ (open 
squares) is multiplied by I O .  The slow relaxation time T* is shown 
with triangles. Also shown is the amplitude of the faster component 
(filled circles). 

These relaxation times, based on a one-exponential fit, are 
only a rough description of this process, and curve fitting with 
two exponentials was needed in order to extract the major 
features of the decay. Figure 7b shows the resulting two 
relaxation times together with the associated amplitude of the 
fast component. Except for the terminal carbon atoms, the 
correlation times of the rapid (7,) and slow (72 )  components 
are relatively constant, pointing toward a common relaxation 
mechanism. The most likely candidates are dihedral transi- 
tions for the faster relaxation and wobbling motions of the 
individual chains for the slow relaxation. It is clear that as 
we move toward the end of the chain and as the overall re- 
laxation time increases, the slower component becomes more 
important, i.e., the amplitude of 71 decreases. At the very end 
of the chain, however, dihedral transitions become more im- 
portant again, in agreement with the increased torsional 
flexibility already discussed above. The existence of wobbling 
motions of the individual chains, characterized by the constant 
correlation time on the 500-ps time scale, seems therefore to 
be an important dynamic characteristic of the DPPC molecule. 
Because of the intramolecular nature of the interchain dis- 
tances, overall rotation does not contribute to the observed 
relaxation. 

In order to investigate global motions we calculated the P2 
correlation function for the vector from the phosphorous atom 
to a number of other atoms. Figure 8a shows the equilibrium 
P 2 ( m ) ,  or the square of the associated order parameter, for 
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FIGURE 8: (a, Top) Limiting (or plateau) value of the P2 autocor- 
relation function of the vector from the phosphorous atom to the carbon 
atoms in the sn-1 chain (filled triangles), to the sn-2 chain (filled 
squares), and to the glycerol (open circles, the carbon closest to the 
phosphorous is leftmost). (b, Bottom) Estimated relaxation time based 
on a two-exponential fit [ ~ ~ ~ , ( u i ~ J / ~ u i ]  for the Pz correlation 
function for the vectors described in (a). Notice the presence of slow 
(-750 ps) relaxation of the glycerol backbone (open circles) and the 
very similar relaxation for the major part of the sn-1 chain (filled 
triangles) and sn-2 chain (filled squares). 

the carbons in the alkane chains and the glycerol moiety, and 
Figure 8b shows an estimate of the relaxation time based on 
a two-exponential fit of the autocorrelation function decay. 
The order parameter is somewhat bigger at  the origin of the 
sn-2 chain as compared to the sn-1 chain. This suggests that 
in our system the sn- 1 chain is turning around the sn-2 chain, 
thereby decreasing the stress induced by the kink in the sn-2 
chain. This was confirmed by calculating the average distance 
from the central z axis to the different carbons. For the first 
four carbons this distance was on average 1.69 A larger for 
the sn-1 chain than for the sn-2 chain. More important is the 
fact that deeper into the membrane both chains have nearly 
identical properties, as already observed above for a number 
of other properties. 

In contrast to the interchain distance, where only the in- 
tramolecular motions of the two chains contribute to the re- 
laxation, it is possible that in this case additional rotational 
and wobbling motions of the complete molecule contribute 
significantly to the overall relaxation. The time scales of these 
wobbling motions, as estimated from a biexponential fit of the 
P2 decays, are shown in Figure 8b. The curve on this figure 
has much the same shape as the one for the relaxation of the 
interchain distances (Figure 7b): an increase up to carbon 12, 
followed by a decrease due to the altered torsional flexibility. 
There are important differences, however; even at  the 
branching of the chains we observe the presence of a slow 
component, and the slowest relaxation now is about 1.3 ns, 
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Table 11: Dihedral Transitions of the Alkane Chains" 
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t - g+ t - g- g+ - t 8' - g- g- - t g- - g+ g- t g+ 

1 315 
2 206 
3 276 
4 197 
5 270 
6 206 
7 30 I 
8 224 
9 333 
IO 27 1 
1 1  473 
12 592 
0 305.3 

I 67 
2 259 
3 158 
4 214 
5 182 
6 220 
7 234 
8 262 
9 274 
IO 289 
I I  40 1 
12 580 
0 261.7 

313 
20 1 
222 
217 
238 
215 
258 
229 
278 
303 
467 
586 
293.9 

112 
205 
22 1 
283 
229 
275 
238 
275 
297 
376 
473 
617 
300.1 

315 
206 
276 
197 
270 
204 
301 
224 
333 
27 1 
473 
592 
305.2 

67 
259 
159 
214 
182 
220 
235 
262 
274 
289 
40 1 
58 1 

261.9 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

sn- 1 
313 
20 1 
222 
216 
238 
215 
258 
228 
279 
303 
466 
586 
293.8 

112 
204 
221 
283 
229 
275 
238 
275 
298 
377 
472 
617 
300.1 

sn-2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 

0.083 

0.1252 
0.0999 
0.1136 
0.1027 
0.1359 
0.1145 
0.1262 
0.1031 
0.1290 
0.1256 
0.1291 
0.1420 
0.1206 

0.1458 
0.1472 
0.1294 
0.1243 
0.1181 
0.1574 
0.1118 
0.1220 
0.1323 
0.1426 
0.1404 
0.1554 
0.1356 

0.7340 
0.7981 
0.7503 
0.7991 
0.6983 
0.7958 
0.7328 
0.7842 
0.7232 
0.7521 
0.7312 
0.7226 
0.7518 

0.7664 
0.7148 
0.7857 
0.7519 
0.7882 
0.7453 
0.7894 
0.7672 
0.7558 
0.7579 
0.7525 
0.7027 
0.7565 

0.1409 
0.1020 
0.1360 
0.0982 
0.1658 
0.0897 
0.1410 
0.1 127 
0. I478 
0.1223 
0.1397 
0.1353 
0.1 276 

0.0878 
0.1380 
0.0849 
0.1238 
0.0938 
0.0973 
0.0988 
0.1 108 
0.1 118 
0.0995 
0.1071 
0.1419 
0.1080 

DThc numbcr of transitions are given together with the fraction of trans, gauche minus (g-), and gauche plus (g') states. Dihedral 1 corresponds 
to the torsion around the bond between C3 and C4. 

nearly a nanosecond longer than for the intramolecular re- 
laxation. The slow decay of P2 for the glycerol carbons clearly 
demonstrates the presence of wobbling of this part of the 
molecule. 

To further investigate the dynamics of the complete mole- 
cule we calculated the same correlation function for a vector 
from the phosphorous atom to the average position of all the 
carbon atoms in both chains. The P 2 ( ~ )  was 0.588, and the 
estimated relaxation time was 2.1 ns. (A single exponential 
was satisfactory in this case.) Averaging over individual chains 
resulted in relaxation times of 1.83 and 1.82 ns. We therefore 
conclude that the wobbling motions of the individual chains 
do not cancel each other completely at  the molecular level, 
and that there is a significant overall wobbling of the complete 
molecule. This is also illustrated in Figure 9, which shows the 
probability distribution for the angle between the bilayer 
normal and the vectors described above. The averaging over 
the complete molecule does not result in a narrower distri- 
bution, which would be expected for independent movement 
of both chains. In addition, the shape of these curves shows 
that a cone model, characterized by an equal probability within 
a certain cone angle, does not fit the data. This is not com- 
pletely unexpected, since the mean field is in part composed 
of a Maier-Saupe (1959) type potential. 

Calculation of cross-correlation coefficients enabled us to 
further characterize the overall motions of the molecule. The 
angles between the bilayer normal and the vectors from the 
phosphorous atoms to the last five carbons in the chains all 
have cross-correlation coefficients between 0.429 and 0.452, 
clearly showing that the chains do not move independently. 
Even the vectors starting from the central glycerol atom to 
these last five carbons have cross-correlation values between 
0.351 and 0.355. 

The preceding analysis indicates that a very complex com- 
bination of motions, intramolecular as well as those of the 
complete molecule, are present. This was already apparent 
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FIGURE 9: Distribution of the angle between the bilayer normal and 
a vector from the phosphorous atom to the average over all carbons 
in both chains (thick line) and over the individual chains (thin lines). 

from the need for at  least three or four exponentials for the 
TI  calculations. It is probably not possible from a 102-ns long 
simulation to accurately determine the individual importance 
of each dihedral in this process. We expect that only much 
longer simulations will allow the quantitative description of 
these numerous individual components. 

Seven-Molecule Simulations. The simulations described 
above made it possible to move on to the next step in our 
strategy, the simulation of a multimolecule system. In order 
to continue the study of nanosecond time scale motions, we 
investigated a small, seven-molecule, hexagonally packed 
monolayer system, containing 350 atoms (see Figure IC). Our 
goal is to observe the effect of neighboring molecules, treated 
in atomic detail, on the equilibrium properties and the dy- 
namics of the DPPC molecule; in other words, we want to 
reduce the possible bias introduced by the mean field and the 
Langevin dynamics approach. The model should ideally be 
a self-consistent one, where the boundary and central molecules 
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namics region. An increase of the collision frequency in the 
boundary to 50 ps-I, however, did not improve the situation. 
The last reason mentioned above is most likely the predominant 
one, as the second partitioning method proved to be more 
successful (Figure lob). In this case a gradual transition 
between MD and LD is obtained with a switching function, 
scaling the collision frequencies. 

The other important parameter that needs to be changed 
is the strength of the mean field. In initial attempts the 
strength of the mean field on the boundary molecules was 
reduced by 50%, as compared to the single-molecule simula- 
tions described above, while no mean field forces acted on the 
central molecule. Although not completely unsatisfactory, this 
system had a major drawback. Because of the flexible nature 
of the alkane chains, the central molecule was sometimes no 
longer effectively surrounded by the boundary molecules; i.e., 
the chains of the central lipid protruded beyond the boundary. 
Such an event sometimes happened only after a few nanose- 
conds and resulted in deuterium NMR order parameters of 
the central molecule that were too low. It also prevented the 
system from being self-consistent. 

Therefore the central molecule had to be constrained so as 
to mimic the effect of the phospholipids beyond the first an- 
nulus. This was achieved by applying the repulsive component 
of the mean field on the central molecule in a distance-de- 
pendent way: increasing the strength with increased distance 
from the central z axis. This improved the self-consistency 
of the system considerably. Subsequently some additional 
tuning was needed as the calculated bilayer dimension was 
somewhat too small and the *H NMR order parameters were 
too low. This was done by increasing the strength of the 
repulsive component on all molecules. Below we describe a 
20-ns simulation where for the boundary molecules CP = 0.1 1 
kcal/mol and r = -10.5 (kcal A)/mol. For the central 
molecule there is no dispersive component (CP = 0 kcal/mol) 
and the repulsive mean field component increases, from a value 
of -5.5 (kcal .&)/mol at the center of the system to r = -10.5 
(kcal A)/mol when the distance between terminal carbon and 
the central z axis is more than 4 A. Between 0 and 4 A from 
the central z axis repulsive field strengths are obtained with 
a sigmoidal switching function and were updated every 25 
steps. In parallel with the single-molecule simulation, there 
are probably different sets of parameters for the mean field 
that would yield good fits with experimental observations, but 
the computer time needed for equilibration prevents extensive 
exploration of the parameter space. (As an example we ob- 
tained very similar results for a 12-11s simulation where the 
repulsive component at the center of the system was -0.5 (kcal 
.&)/mol instead of -5.5 (kcal A)/mol. The results of the 
simulation with the latter field strength are presented here as 
they were in slightly better agreement with experimental data.) 

Figure 11 shows the deuterium NMR order parameter 
profile of this simulation. The standard deviations of the values 
for the boundary molecules were also calculated. This provides 
an estimate of the equilibration and it also helps in evaluating 
the self-consistency of the system. The objective is to obtain 
a central molecule with characteristics within the average 
standard deviation range of the boundary values. This goal 
is reached for the major part of the chain. Not unexpectedly, 
the standard deviations at the end of the chains are smaller. 
The characteristic plateau region, with values of about 0.2 for 
both chains, is again present in the model, in agreement with 
the experimental data (see Figure 2). The asymmetry in the 
interface region, caused by the kink in the sn-2 chain, is also 
present, but, due to the simple nature of the surface mimicking 
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FIGURE 10: (a, Top) Dihedral transition rate (trans-gauche) of the 
same dihedrals described in Figure 6 for an initial 1 2 4 s  simulation 
with a molecular partition criterion (Le., boundary molecules LD and 
central molecule MD). We compare the data of the central molecule 
(open symbols) versus the average of the six boundary molecules (filled 
symbols connected with a dotted line). Both the values for the sn-1 
chains (triangles) and sn-2 chains (squares) are given. The standard 
deviation of the values of the boundary sn-2 chains is also shown. (b, 
Bottom) Same data as in (a), but for the 20-11s run described in the 
text, where the second partitioning method was used (Le., with gradual 
transition between M D  and L D  regions). 

have the same behavior, allowing the calculation of average 
properties of the complete system. Because intermolecular 
contacts become possible it is obvious that in this model 
changes are needed to the mean field as well as to the treat- 
ment of the dynamic effects. Below we describe the devel- 
opment and the preliminary results of this mean field stochastic 
boundary approach. 

I n  an initial attempt, a simple molecular criterion was used 
for the partitioning of the system into the reaction and 
boundary region: the central molecule is treated with MD and 
the boundary molecules are treated with LD (collision fre- 
quency 25 ps-I). As a marker of the dynamics of the system, 
the dihedral transition rates were calculated for the boundary 
and central molecules. Figure 10a shows the trans-gauche 
dihedral transition rate for the sn-1 and sn-2 chains. As 
already observed in the one-molecule simulation, a plateau 
value for the dihedrals in the middle of the chain was present, 
but the rates for the central molecule were much too high and 
outside the standard deviation of the values for the boundary 
molecules. A number of factors can contribute to this non- 
homogeneous behavior: the lower collision frequency of the 
boundary atoms (25 versus 50 ps-’ in the one-molecule sim- 
ulation), the fact that the central molecule is not always 
surrounded by real atoms, and inefficient energy transfer 
between the boundary and reaction region due to the abrupt 
transition from the Langevin dynamics to the molecular dy- 
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F I G U R E  1 I :  Deuterium NMR order parameters for the central 
molecule (open symbols) versus the average of the boundary molecules 
(filled symbols, dotted line). Averages over both hydrogens are given 
for the sn-l  (triangles) and sn-2 (squares) chains. The standard 
deviations for the sn-2 chains are indicated by error bars. Note the 
larger standard deviations closer to the headgroup of the molecule 
(due to slower relaxation). The values of the central sn-l chain were 
also situated within this standard deviation range except for the first 
and last carbon, where these were situated just below this range. 

the interface, the magnitude of the experimental values is not 
reproduced exactly (note the large standard deviations). The 
values for C2 on the sn-2 chain have most likely not converged 
yet within this simulation. 

Figure 10b shows the dihedral transition rates for the same 
simulation. The improvements over Figure 10a are obvious. 
We already discussed the fact that the kink in the sn-2 chain 
had some effect on the dihedral transition rate a t  the origin 
of the chains during the single-molecule simulation (see Table 
11). This seems to be amplified in this model and results in 
increased frequencies for the first dihedrals in the sn-1 chains. 
The intermolecular contacts, together with the way the 
molecules were constrained at the interface, are the probable 
cause of this difference. 

The average distance along the bilayer normal from the 
phosphorous atom to the terminal carbon atoms was 16.95 A, 
close to the value obtained for the one-molecule simulation 
( 1  7.9 A). Figure 12a gives the distribution of the z coordinate 
for the terminal carbon atoms. For the central molecule this 
property is not expected to have completely converged during 
this 20-ns simulation, as was clear from Figure 4a, but its 
distribution is certainly very similar to that of the boundary 
molecules. The chains of the central molecule have been 
prevented from slipping through the boundary chains, a process 
that results in much shorter P-C16 distances. Figure 12b 
shows the interchain distances and further documents the 
self-consistency of the system and the similarity with the 
single-molecule simulation. The fraction of gauche confor- 
mation for all the chains in the system was 0.252, again in good 
agreement with experiment (Mendelsohn et al., 1989) and 
close to the value obtained during the single-molecule simu- 
lation. 

The packing of the membrane interior was investigated by 
calculating the density within spheres of increasing diameters, 
centered at the average position of all the carbons in the chains. 
(This was necessary because of the highly dynamic nature of 
the chains.) All spheres with diameters between 3 and 10 A 
had densities between 0.725 and 0.775 kg/L as compared to 
a density of 0.753 kg/L for pure hexadecane. 

Figure 13 compares the experimentally observed field 
strength dependence of the T ,  relaxation times (Brown et al., 
1983) with the data from the simulation. These results are 
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FIGURE 12: (a, Top) Probability distribution, within 0.5-8, intervals, 
for the z coordinate of the central molecule (open symbols) versus 
the average value of the boundary molecules (closed symbols, dotted 
line). (Compare with Figure 4b.) Both the sn-1 chain (triangles) 
and the sn-2 chain (boxes) values are shown. The standard deviation 
for the probabilities of the boundary sn-1 chains is indicated with error 
bars. (b, Bottom) Interchain distances of the central lipid (open 
squares) compared with the average and standard deviation of the 
boundary molecules (filled circles, dotted line). As in the single- 
molecule simulations, we note a plateau in the middle of the molecule. 
In addition, the central molecule has very much the same charac- 
teristics as the boundary molecules. 
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FIGURE 13: I INTI versus cot-'/* for the average over aII sn-1 chains 
in the seven-molecule simulation compared with the experimental 
values obtained by Brown et al. (1983). Data from the simulations 
are connected with a line and have the smaller symbols: C2 (open 
circles), C3 (squares), C4-Cl3 (open triangles and standard deviation), 
C14 (filled circles), and C15 (x). 

an averaging of the values for the seven sn-1 chains of the 
system. Also shown is the standard deviation of these values 
for the C4-Cl3 carbons. As this simulation is shorter, only 
the first 1500 points of the P2 correlation function were used 
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FIGURE 14: Six time frames, with 3-ns intervals, of the multimolecule simulation; a is the starting conformation. 

for the calculation of T I .  Agreement between data and ex- 
periment is similar to that for the one-molecule simulation 
(Figure 5 )  and shows the presence of motions on the nano- 
second time scale. 

Finally, Figure 14 shows six coordinate sets at 3-ns intervals 
and demonstrates clearly the dynamic nature of the liquid- 
crystalline membrane. 

DISCUSSION 
A Marcelja-type mean field allows the simulation of many 

of the characteristics of a DPPC molecule in a membrane 
environment. The average membrane dimension and deu- 
terium NMR order profile are in good agreement with ex- 
periment. In addition, the use of Langevin dynamics enables 
us to simulate the dynamic effect of neighboring molecules 
as evidenced by the good fit with the frequency-dependent TI  
relaxation data. A more detailed analysis of the different 
motions of the DPPC molecule is therefore possible, as our 
model has atomic resolution. In this way we can expand our 
knowledge of the dynamics of membranes through the use of 
computer simulations; i.e., we obtain information that is dif- 
ficult or impossible to obtain experimentally. 

Analysis of the 102 000 coordinate sets from the one-mol- 
ecule simulation showed a number of interesting features of 
the DPPC molecule, some of which are in close agreement with 
the single-chain simulations reported by Pastor et al. (1988a,b). 
As demonstrated in Figures 3 and 4, the volume spanned by 
one molecule, or its allowed conformational space, is clearly 
very large, and therefore relatively long simulations are nec- 
essary in order to obtain reliable estimates of certain equi- 
librium properties. Dynamically, we note the importance of 
the constant transition frequency in the middle of the chain 
and the increased torsional flexibility at  the end of the mol- 
ecule. This results in the liquidlike characteristics of the 
membrane interior and contributes to the constant order in 
the middle of the DPPC molecule. The other important dy- 
namic aspect of the phospholipid is the motions occurring on 
the nanosecond time scale. While previously, in order to obtain 
agreement with the experimental data, these motions had to 
be added in an analytical, model-dependent way (Pastor et 
al., 1988b), it was possible to observe them directly in this 
study. In agreement with the model proposed by Rommel et 
al. (1 988) there is wobble of the complete molecule in addition 
to the presence of motions of the individual chains on the 

Table 111 
Bond Potential: Eb = z k b ( r  - ro)2 

bond r0 ke [kcal/(mol A")] 
CHZ-CHZ 1.530 260 
CH2-CH3 1.530 260 
CHZ-CH 1.526 260 
CHI-C 1.522 317 
-0-c 1.330 580 
-0-CH2 1.425 3 20 
-0-P 1.610 230 
=o-c 1.229 510 
-0-P 1.480 525 
N-CH, 1.47 1 367 

Bond Angle Potential: Eo = xke(B - 
angle 8, (den) km Ikcal/(mol rad2)] 

45 
45 
63 
80 
80 
45 
80 
85 
80 

100 
100 
60 
60 
80 

100 
80 
45 

100 
140 

109.28 
109.28 
1 12.4 
109.5 
111.2 
109.28 
109.5 
114 
120.4 
111.8 
120.5 
109.5 
109.5 
109.5 
111.8 
120.4 
102.6 
108.23 
119.9 

nanosecond time scale. This was deduced by analyzing the 
interchain distance relaxation, a intramolecular property that 
is not dependent on overall motions of the complete DPPC 
molecule. 

The different dynamic characteristics of the membrane 
phospholipid molecule are clearly illustrated in Figure 3. On 
the 100-fs time scale (Figure 3a) only vibration within the 
gauche and trans wells is observed. The 1 -ps time scale is not 
significantly different, with the exception of an isolated di- 
hedral transition at the end of the chains, where the transition 
rates are significantly higher. By 10-ps (Figure 3c), transitions 
have occurred at  different positions along the chain. As we 
move into the 100-ps (Figure 3d) time scale, multiple tran- 
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Table IV’ 
Torsion Angle Potential: E,  = x k [  1 + cos (ng - r)] 

torsion n Y (rad) k (kcal/mol) 
C H 2-C H 2-C H2-C 3 0  1.4 

CHI-CH Z-N-CH, 3 0  0.47 
CH2-CH-CH2-0- -3 0 1.4 

2 0  0.1 
C H 2-C H-0-C -3 0 0.72 

2 0  0.1 

I O  0.65 

I O  0.65 
C H 2-0-P-0 3 0  0.25 
C H2-0-P-0- -3 0 0.25 

2 0  0.75 

CH2-CH2-C-0- 6 0  0.1 

C H 2-C-0-C H 2 -2 3.142 10 

C H 2-C-0-C H -2 3.142 IO 

C H 2-C H 2-0-P 3 0  1.45 
C H-C H 2-0-P 3 0  1.45 

-0-CH2-CH-0- -3 0 1 

C-O-CH2-CH -3 0 1.45 
2 0  0.1 

2 0  0.5 
-0-C H 2-C H2-N 3 0  1.4 

“Impropcr torsion potential, E,  = xk,(o - planarity of the 
carbonyl bond: chirality of the central glycerol carbon: kb = 40 
[kcal/(mol rad2)]. For the dihedral angles of the alkane chains, C- 
H2-CH2-CH2-CH2 and CH2-CH2-CH2-CH,, we use the 
Ryckaert-Bellemans potential (1975): E,  = x ~ ~ . , C k ( c o s  $)k: Co = 
2.2177, C, = 2.9052, C2 = -3.1358, C, = -0.731 28, C, = 6.2715, and 
C, = 7.5274 kcal/mol. 

sitions have taken place between each time frame, and the 
presence of some rotation of the molecule is apparent. It is 
only at  the 1-ns time scale (Figure 3e) that a significant 
amount of wobble of the complete molecule is present, as best 
illustrated by the glycerol backbone. Figure 3f, nearly span- 
ning the complete simulation, does not yield a very different 
picture when compared to Figure 3e, in agreement with the 
maximum relaxation times of 1-2 ns obtained directly from 
the trajectories. We point out, however, that the reliable 
determination of these dynamic features is not possible unless 
the trajectories are several times longer than the slowest re- 
laxation time (Zwanzig & Ailawadi, 1969); in other words, 

only when similar figures, such as parts e and f of Figure 3 
can be juxtaposed can valid conclusions be made about the 
dynamics of the system. 

A more detailed analysis showed the very complex nature 
and interdependence of all these motions. It is therefore clear 
that a model without atomic resolution and not including every 
degree of freedom cannot accurately describe all the observed 
motions. A large number of dihedral angles plays a role in 
both intramolecular relaxation as well as the overall motions 
of the complete molecule. The quantitative determination of 
the impact of each of these dihedrals in the dynamics of the 
complete molecule can only be determined from much longer 
simulations. The calculation of cross-correlation coefficients 
also showed that the two chains do not behave completely 
independently, thereby making the system even more complex. 
These cross-correlations also emphasize the need for multi- 
molecule simulations, because such effects most probably also 
exist between neighboring molecules and may affect the 
equilibrium and dynamic properties of DPPC in a different 
way as compared to the mean field in the single-molecule 
simulation. 

We initiated such simulations with a small number of 
phospholipid molecules. Our system contains 350 atoms and 
remains small enough to allow the calculation of the multi- 
nanosecond trajectories that are needed to adequately sample 
conformational space. We used a stochastic boundary mo- 
lecular dynamics approach where conventional MD is used 
on those atoms that are surrounded by other explicitly treated 
atoms and where atoms in the boundary layer are treated with 
Langevin dynamics plus a mean field, to mimic volume ex- 
clusion and collision effects from molecules not included in 
the system. The necessary changes to the mean field and the 
method for partitioning the system into a Langevin and mo- 
lecular dynamics regions were investigated, and some factors 
that contribute to the self-consistency of the system were 
determined. The preliminary data we presented here clearly 
show the feasibility of this approach. 

During the development of the model, the importance of a 
gradual transition between the molecular dynamics and 
Langevin dynamics region became apparent (Figure 10). 

Table V: The Nonbonded Potential 

C CH CH2 CH3 N =O -0- -0 P 
A [(kcal AI2)/mol X IO”] 

C 0.7899 
CH 0.6841 0.5925 

1.6024 0.8704 3.0796 
1.9321 1.2323 3.7123 4.4720 
0.6450 0.5586 0.8206 1.1618 0.5266 N 

=O 0.4405 0.3815 0.5702 0.8207 0.3597 0.2306 
-0- 0.4534 0.3926 0.5847 0.8387 0.3702 0.2405 0.2502 
-0 0.4405 0.3815 0.5702 0.8207 0.3597 0.2306 0.2405 0.2306 
P 2.2350 1.9355 2.8009 3.908 1 1.8248 1.3166 1.3395 1.3166 6.0259 

B [(kcal A6)/mol] 

CH2 
CH3 

C 615.79 
CH 533.27 461.83 

800.56 601.50 1 125.3 
965.30 756.75 1356.5 1634.1 
5027.6 435.41 567.09 713.48 410.50 N 

=O 522.45 452.47 594.43 754.07 426.59 429.48 
-0- 493.27 427.18 560.19 709.39 402.72 408.20 387.42 
-0 522.45 452.47 594.43 754.07 426.59 429.48 408.20 429.48 
P 1 176.9 1019.2 1317.4 1645.5 960.87 1026.3 963.34 1026.3 2195.6 

CH2 
CHI 
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Because of the large degree of freedom of the phospholipid 
molecule, it was possible that during the simulation the central 
molecule protruded beyond the boundary where it was no 
longer surrounded by other molecules. Therefore a small mean 
field potential was needed on the central molecule, mimicking, 
in a crude way, the interactions with the phospholipid mole- 
cules beyond the immediate six neighbors. The simulation of 
a larger system, with an additional layer of phospholipids, will 
thus ultimately be needed for a completely mean field free 
reaction zone. 

After some tuning of the mean field parameters, we obtained 
a dynamic membrane model that was in good agreement with 
the available experimental data. The equilibrium and dynamic 
properties of the central chain were not significantly different 
from those at the boundary, demonstrating the possibilities 
of a stochastic boundary approach for the efficient simulation 
of a liquid-crystalline system. In addition, the results of the 
central molecule in the multimolecule assembly were very 
similar to those obtained in the single-molecule simulation, 
and this further validates the use of a mean field in the sin- 
gle-molecule simulation. 

A look at Figure 14, where different time frames, at 3 4 s  
intervals, are shown, clearly illustrates the dynamic nature of 
the liquid-crystalline phospholipid membrane. It is obvious 
that the disorder is much bigger than what most textbook 
pictures of membranes might suggest. In addition we would 
like to recommend using phospholipid conformations sampled 
from these trajectories for more realistic computer graphics 
representations of membrane systems such as membrane 
proteins in their lipid environment. 

We think this methodology will be very useful in future 
studies of the dynamics of membranes. It should also help 
in the interpretation of some experimental results. Due to the 
general properties of the molecular mechanics model it will 
be possible, by replacing the central molecule, to extend this 
methodology to the study of the interaction of small molecules 
(and ultimately proteins) with membranes and phospholipid 
monolayers. Most important, however, is that, in contrast to 
the experimental observations, a very detailed picture of the 
equilibrium and dynamic properties of lipid molecules in a 
membrane is obtained from these computer simulations. 
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APPENDIX: MOLECULAR MECHANICS PARAMETERS 
The total energy of the system, or the potential energy 

function, consists of several terms. It is a standard energy 
function used for the modeling of proteins or nucleic acids 
(McCammon & Harvey, 1987; Weiner et al., 1984), with the 
addition of terms for the mean field (Erep + Edisp) (Tables 
I I I-V): 
Et,, = 
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+ Ee + E, + E, + E v d W  + Econstr + Esur + 
+ Edisp 

Registry No. DPPC, 2644-64-6. 
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Frequency-Domain Fluorescence Spectroscopy Resolves the Location of 
Maleimide-Directed Spectroscopic Probes within the Tertiary Structure of the 
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ABSTRACT: We have used fluorescence spectroscopy to characterize three covalently bound spectroscopic 
maleimide derivatives with respect to their location within the tertiary structure of the Ca-ATPase of 
sarcoplasmic reticulum (SR). These derivatives include ( 1) 2-(4’-maleimidoanilino)naphthalened-sulfonic 
acid, (2) 4-(dimethylamino)azobenzene-4’-maleimide, and (3) fluorescein 5’-maleimide. Biochemical assays 
demonstrate that modification with any of these three derivatives results in the same functional effects, 
observed following derivatization of cysteines 344 and 364 by N-ethylmaleimide [Saito-Nakatsuka et al. 
(1 987) J. Biochem. (Tokyo) 101, 365-3761. These residues bracket the ATPase’s phosphorylation site (Asp 
351) and thus may provide spectroscopic probes of the protein’s conformation in this essential region. In 
agreement with sequencing results, SDS-polyacrylamide gels show that maleimide-modified SR exhibits 
fluorescence exclusively on the A, tryptic fragment of the Ca-ATPase. Extensive tryptic digestion followed 
by centrifugation demonstrates essentially all of the fluorescence was associated with the soluble rather than 
insoluble (membrane-associated) peptides, confirming the predicted extramembraneous location of these 
residues. Utilizing frequency-domain fluorescence spectroscopy, we were able to recover the transient effects 
associated with a distribution of donor-acceptor distances. We find from these fluorescence resonance energy 
transfer measurements that covalently bound maleimide probes are 36 A apart, independent of whether 
a discrete distance is assumed or a distance distribution model is utilized, in which the conformational 
variability of the protein is taken into account. While a unimodal distance distribution is adequate to describe 
the intensity decay associated with maleimide-directed donor-acceptor pairs, a bimodal distribution of 
distances is necessary to describe the frequency response associated with the energy transfer between 
maleimide-directed chromophores and other covalently bound probes on the Ca-ATPase, consistent with 
the large spatial separation observed between maleimides. We recover mean distances of 42 and 77 A between 
maleimide sites and bound FITC (Lys 515) and mean distances of 28 and 37 A between the maleimide- 
and the iodoacetamide-directed probes (Cys 670 and 674, whose close proximity approximates a single locus). 
The measured distances are presented in a model and have permitted us to describe a unique arrangement 
of these covalently bound probes within both the secondary and tertiary structure of the Ca-ATPase. The 
resolution inherent in the frequency-domain fluorescence technique to multiple donor-acceptor distances 
should be generally applicable to a wide range of biological systems in which specific labeling of single unique 
donor-acceptor sites is not feasible. 

R e a c t i v e  cysteines of the Ca-ATPase of sarcoplasmic re- 
ticulum (SR)’ have often been effectively utilized as convenient 
sites of attachment for spectroscopic probes, allowing the 
elucidation of many of the protein’s structural features and 
conformational changes (Champeil et al., 1976; Coan & Inesi, 
1977; Hidalgo et al., 1978; Thomas & Hidalgo, 1978; Coan 
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*To whom correspondence should be addressed at the Department of 

Biochemistry, The University of Kansas, Haworth Hall, Lawrence, KS 
66045-2 106. 

et al., 1979; Guillain et al., 1981; Miki et al., 1981; Yasuo- 
ka-Yabe & Kawakita, 1983; Bigelow et al., 1984; Bigelow & 
Thomas, 1987; Squier et al., 1988). Iodoacetamide and ma- 
leimide derivatives have frequently been used due to the dif- 

I Abbreviations: SR, sarcoplasmic reticulum; NEM, N-ethylmale- 
imide; ANSmal, 2-(4’-maleimidoanilino)naphthalene-6-sulfonic acid; 
DABmal, 4-(dimethylamino)azobenzene-4’-maleimide; Fmal, fluorescein 
5’-maleimide; FITC, fluorescein 5’4sothiocyanate; IAEDANS, 5-[[2- 
[(iodoacetyl)amino]ethyl]amino]naphthalene-I -sulfonic acid; IAF, 5- 
(iodoacetamido)fluorescein. 
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