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ABSTRACT This report addresses the following problems associated with the generation of computer models of phospho-
lipid bilayer membranes using molecular dynamics simulations: arbitrary initial structures and short equilibration periods, an
Ewald-induced strong coupling of phospholipids, uncertainty regarding which value should be used for surface tension to
alleviate the problem of the small size of the membrane, and simultaneous realization of both order parameters and the
surface area. We generated a computer model of the liquid-crystalline L-a-dimyristoylphosphatidylcholine (DMPC) bilayer,
starting from a configuration based on a crystal structure (rather than from an arbitrary structure). To break the crystalline
structure, a 20-ps high-temperature pulse of 510 K (but not 450 or 480 K) was effective. The system finally obtained is an
all-atom model, with Ewald summation to evaluate Coulombic interactions and a constant surface tension of 35 dynes/cm/
water-membrane interface, equilibrated for 12 ns (over 50 ns total calculation time), which reproduces all of the experimentally
observed parameters examined in this work. Furthermore, this model shows the presence of significant orientational
correlations between neighboring alkyl chains and between shoulder vectors (which show the orientations of the lipids about
their long axes) of neighboring DMPCs.

INTRODUCTION

One of the most important structural characteristics of acules in the membrane, i.e., conformations at an atomic
biological membrane is that it is like a two-dimensional resolution with a time resolution better than the rate of
liquid; the constituent molecules can undergo thermakonformational changes, are required. In addition, with such
movement within the membrane without altering its overallspatial and temporal resolutions, new insights may be
morphology. This fluid-like nature of the membrane is gained into longstanding questions in membrane biology,
largely due to the conformational freedom of phospholipidsuch as the elementary steps of the translational diffusion of
molecules and particularlgauche-transisomerization of lipid in membranes and the motional correlation between
the alkyl chains. There is a growing body of experimentalneighboring lipids and alkyl chains.
data on alkyl chain conformational dynamics in membrane One of the most powerful methods for obtaining such
phospholipids. information is molecular dynamics (MD) simulation. Vari-
However, experimental approaches have been insuffious dynamic processes and interactions in the membrane
cient for understanding many important basic issues, such dgve been investigated using MD simulations, including
the mechanisms by which small molecules or drugs permegauche-transsomerization; diffusion of small molecules,
ate across the membrane (Subczynski et al., 1989, 199®ns, and water; interaction of lipids with water, drugs, and
1991, 1994; Mason et al., 1991; Wimley and White, 1993;peptides/proteins; and the effect of the presence of choles-
Ashikawa et al., 1994; Peck et al., 1995; Xiang and Anderterol and unsaturation on phospholipid conformations (Ven-
son, 1995; Paula et al., 1996, 1998; Huster et al., 1997able et al., 1993; Pastor, 1994; Merz and Roux, 1996;
Frezard and Garnier-Suillerot, 1998; Mouritsen and Jor-Jakobsson, 1997; Merz, 1997; Tieleman et al., 1997; Pasen-
gensen, 1998) and the relationship between the chemickiewicz-Gierula et al., 2000, and references therein). How-
structures of constituent lipid molecules and the propertiegver, despite impressive success in these studies, many
of the membrane. For such an understanding, clearer arfgroblems still need to be addressed regarding the generation
more concrete images of the conformations of lipid mole-of proper computer models of biological membranes using
MD simulations. These include the use of an arbitrary initial
structure and a short equilibration period, the use of united
) — o atoms rather than all-atom models, a cutoff for Coulombic
izge'ved for,ptljbl'cat'otn t14gﬂa::khh_200£ and |-n£nal ffrm ‘Z’lf‘]gl_ylzopo'l interactions, and uncertainty regarding which value should
et iowd e sed for urface tension or  very smal computer model

8602, Japan. Tel.: 011-81-52-789-2969; Fax: 011-81-52-789-2968; E-mai@f the membrane. The major objectives in the present re-
akusumi@bio.nagoya-u.ac.jp. search were to address these problems.
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structure of the membrane is produced rather arbitrarily, andoncentrate on describing the development of computer
an “equilibration” calculation is performed for only a very models of the DMPC membrane. A detailed analysis using
short time, in most cases for less than a few nanosecondthe obtained membrane will be presented elsewhere.

This length of time is so short that neither the alkyl chain
conformation nor the orientation of a lipid about its long

axis has time to reach an equilibrium value (as will be

shown in this report, the relaxation times for these processe'glE.l-HODS

are substantially greater than 2 ns). Therefore, the structurevo fully hydrated DMPC membranes (system 1 and system 2) were
of the membrane model even at the time of the productiorﬁle”efated- We initially generated system 1, a united-atom model, from a
run is, in many cases, dominated by the arbitrary initig|crystal structure, using a cutoff distande8aA (for both Coulomb and van

tructure. For example. in most simulations. the orientati der Waals interactions), but not surface tension. System 2 was constructed
structure. For example, ost simufations, the orientation, ., e fully equilibrated system 1. It used an all-atom model, Ewald

of the phospholipid about its long axis is randomized in thesymmation to evaluate Coulombic interactions, a 15-A cutoff distance for
initial structure, but, as shown in this paper, the orientation/an der Waals interactions, and a 70-dyn/cm surface tension for the bilayer.
is actually not totally random; neighboring phOSph0|ipidS These simulation conditions are summarized as a function of time in Fig. 1.
tend to show correlated orientations due to the presence of
two alkyl chains in a phospholipid molecule, which is
difficult to reproduce in a S|mulat|or_1.W|th.out pro!onged (at Initial structure of system 1
least several nanoseconds of) equilibration periods.

In the present study, we started MD calculations with ar-a-Dimyristoylphosphatidylcholine (DMPC; Fig. 2) was constructed
initial structure based on a crystal structure and followed th&2¢d 01 the atomic coordinates of 1,2-dilauroylphosphatidylethanolamine

I DLPE) (Hitchcock et al., 1974). First, to generate myristoyl chains, two

development of the system toward Equmb”um for 13 nS'—CHZ— groups in atrans conformation were inserted before the terminal
The total calculation time spent for various trials of Simu- methyl groups in the lauroyl chains. Second, to produce the choline group,
lation conditions exceeded 50 ns. We often found thathe hydrogen atoms of the amine group of DLPE were replaced with the
several nanoseconds were required for the system to rea@tethyl groups. The structure was then optimized using AMBER 4.0

equilibrium after the simulation conditions, such as temper=S°ftware (Peariman et al., 1991). To reduce the computation time, a

. united-atom approximation, in which -CH, -GHand -CH, groups were
atur,e,and surfaf:e tension, were changed. treated as single united atoms, was used for system 1. Therefore, each
Initially, a united-atom approach and an 8-A cutoff for pypc molecule consisted of 46 particles.

both van der Waals and Coulomb interactions were used The DMPC bilayer was constructed by arranging 56 DMPC molecules
(system 1), After the system was judged to have reacheégccording to the symmetry of the crystal structure of DMPC (Pearson and
equilibrium under these conditions (5.2 ns after beginningfas‘:her' 1979; no atomic coordinates were given ?n this_ report). In each
the calculation), a production run was carried out for 800 ps et 28 DMPC molecules were placed in a two-dimensiondl Array

' o . (see Fig. 4initial). The bilayer was immersed in a 644 48-A x 38.5-A
At 6.0 ns, the cutoff for Coulombic interactions was abol- box filled with TIP3P water (Jorgensen et al., 1983). Water molecules
ished and an Ewald method was introduced for a mor&hose oxygen and hydrogen atoms were closer than 3.0 A and 2.15 A,
precise evaluation of Coulombic interactions. At 8.2 ns,respectively, to any DMPC atom were removed. The total number of water
surface tension was included, and the united-atom modénolecules in the system was 1197, and the total number of atoms was
was changed to an all-atom model (system 2). The ﬁnais167.Approximater 10-A-thick water layers were formed on both sides of

. . . the lipid bilayer, with 80 water molecules left in the hydrophobic region of
system was composed of 112 dimyristoylphosphatidylcho: P Y yerop 9

’ the membrane. The location of water molecules was then optimized using
line (DMPC) molecules and 3016 water molecules (total ofamseR (Peariman et al., 1991) with the position of DMPC molecules
22,264 atoms) and was found to be stable under constantnstrained. The final dimension of the system was 57.% A5.7 A x
temperature, pressure, and surface tension. 375 A
Previously, Tu et al. (1995) approached similar problems
and carried out a 1550-ps constant pressure/temperature
MD simulation of a bilayer of dipalmitoylphosphatidylcho- Initial structure of system 2
line with an all-atom model, starting from the crystal struc-
ture of phosphatidylcholine and using the all-atom poten-The |n|t|§I_structure of system 2 was constructed _based_ on thg structure of
tials they developed. They showed that the bilayer Wal&t’ull_y equilibrated systenj 1 after 8.2 ns of MD simulation (Fig. 1). The
. . i united-atom approximation, used for system 1, was changed to an all-atom
stable throthOUt the 1550-ps simulation and that it WeIImodel. To circumvent problems that might be caused by the small size of
reproduced many important experimental observations. Ifhe system (56 DMPCs), the number of DMPC molecules in system 2 was
the present study, we used an AMBER all-atom force fielddoubled. This was done by placing two sets of the equilibrated system 1
(Cornell et al., 1995), with an extended ensemble, including47-97 A x 32.24 A, 61.19 A thick) next to each other. The final
surface tension, which was applied to circumvent the probglmensmns were 47.97 A 64.48 A. In addition, a 3-A-thick water layer
. . . was added to each side of the membrane to further ensure full hydration.
I(_ams that might be Ca_used by the Sma”_SIZe of th_e S!mUIaI—n system 2, the number of DMPC molecules was 112, and the number of
tion system. We carried out an extensive examination Ofyater molecules was 3016 (11972 + 622). The total number of atoms

various simulation conditions. In the present report, wewas 22,264.
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FIGURE 1 The time schedule of simulation conditions and temperature variations used in this simulation. During the first 6.0 ns, nonbondedsinteracti
were evaluated using a cutoff at 8 A. After 6.0 ns, Coulomb interactions were evaluated correctly using an Ewald summation, and van der Wasis interacti
were cut off at 15 A. Surface tension (Zhang et al., 1995) was applied to system 1 at 9.5 ns. Meanwhile, system 2, an all-atom model, was constructed at
8.2 ns and included Ewald evaluation of the Coulombic interactions and the surface tension. Eight test runs were carried out for each system: after 9.5
for system 1 and after 8.2 ns for system 2, totaling over 35 ns. Time for system 2 was counted separately, starting at 8.2 ns (which is set at 0 ns).

Atomic parameters liams, 1992; Pasenkiewicz-Gierula et al., 1997), a representative confor-
mation of DMPC was selected from each peak. We carried out ab initio
The charge distribution on the DMPC molecule was calculated using the&alculations for the four different conformations of DMPC and then cal-
GAUSSIAN-92 program (Frisch et al., 1992). For system 1, after ab initio culated the atomic charge set to reproduce four sets of electrostatic poten-
calculation with the STO-3G basis set, atomic charges were determined bijals (Stouch and Williams, 1992; Pasenkiewicz-Gierula et al., 1997).
fitting to the electrostatic potential calculated at the points selected accord- To calculate other interactions (bond stretching, bending, torsion, and
ing to the Merz-Singh-Kollman scheme (Singh and Kollman, 1984; Beslervan der Waals), the OPLS parameter set (Jorgensen and Tirado-Rives,
et al., 1990) (Table 1). For system 2, the 6-31G* basis set and restrainet®988) was used for system 1 and the AMBER parameter set (Cornell et al.,
electrostatic potential (RESP) fitting (Bayly et al., 1993) were used. To1995) was used for system 2.
calculate atomic charges for system 2, four representative conformations of
lipid molecules in system 1 were selected, based on the distances between
the nitrogen atom in the headgroup and two glycerol oxygens (022 an&imulation conditions
032, see Fig. 2, Stouch and Williams, 1992; Pasenkiewicz-Gierula et al.,
1997). Nitrogen atoms are widely spread along the axis normal to therhe MD simulation was carried out using AMBER 4.0 (Pearlman et al.,
bilayer and since the distributions of the distances between the headgrouf®91) and AMBER 4.1 (Pearlman et al., 1995) for systems 1 and 2,
nitrogen and two glycerol oxygens showed four peaks (Stouch and Wilrespectively. In-house subroutines for Ewald summation and the Zhang-
Nosealgorithm (see below) were added to the AMBER 4.1 package. The
SHAKE algorithm (Ryckaert et al., 1977) was used. The time step was set
at 2 fs. Under a periodic boundary condition, the temperature and pressure
were kept constant during the simulation of system 1 (Berendsen et al.,
1984; Nose 1984; Zhang et al., 1995).

At the initial stages of the simulation, a residue-based cutoff was used
for nonbonded interactions with a cutoff distance of 8 A. DMPC molecules
were considered to have three residues, i.e., a phosphorylcholine plus
glycerol group and two alkyl chains. After the DMPC conformation had
reached an equilibrium state (at 6.0 ns, see Fig. 1 and Results and Discus-
sion for details), the cutoff algorithm for Coulombic interactions was
changed to an Ewald method (Ewald, 1921). The convergence parameter
was set at 0.150 AL, Integer vector K values in the reciprocal space were
taken to K? = 314 (the average value during the period when the
FIGURE 2 Numbering of atoms and torsion angles for the DMPC mol- trajectory of the equilibrated system 2 was obtained (1.0-1.5 ns after the
ecule according to Sundaralingam (1972). Atoms other than P, O, and Nystem 2 simulation started)), which varied according to changes in the cell
are carbon atoms with 1, 2, or 3 hydrogen atoms attached. size. Van der Waals interactions were truncated at 15 A.

Biophysical Journal 79(6) 3118-3138
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TABLE 1 Point atomic charges in DMPC TABLE 1 Continued
Atom System 1 System 2 Atom System 1 System 2
C214 -0.77 —0.10 HC36 0.00
HC214 0.02 C37 0.00 0.00
C213 0.11 0.05 HC37 0.00
HC213 -0.01 C38 0.00 0.00
C212 0.00 0.00 HC38 0.00
HC212 0.00 C39 0.00 0.00
C211 0.00 0.00 HC39 0.00
HC211 0.00 C310 0.00 0.00
C210 0.00 0.00 HC310 0.00
HC210 0.00 C311 0.00 0.00
C29 0.00 0.00 HC311 0.00
HC29 0.00 C312 0.00 0.00
C28 0.00 0.00 HC312 0.00
HC28 0.00 C313 0.11 0.05
c27 0.00 0.00 HC313 -0.01
HC27 0.00 C314 -0.07 —0.10
C26 0.00 0.00 HC314 0.02
HC26 0.00 -
co5 011 0.01 When two or more_ hydrogen_ ato_ms are attached to a carbon atom in system
HC25 001 2, the same atomic charge is given to each hydrogen atom.
C24 0.07 —0.04
HC24 0.01
c23 0.12 0.01 The temperature of the system was elevated first to break the crystalline
HC23 0.02 structure of the bilayer and then to accelerate the approach to the equilib-
Cc22 ~0.30 ~0.10 rium state. The scheme of the temperature variations used in this study is
HC22 0.04 also shown in Fig. 1. Finally, the temperature was set at 310 K and the
c21 0.86 0.64 system was equilibrated.
022 —0.46 —053 Application of the Ewald method to system 1 (6—13 ns) caused a
021 —0.44 ~0.40 decrease in the surface area per lipid and the lateral movement of lipid
c2 0.20 0.08 molecules (by 9.5 ns). To counteract these changes, surface tension at the
HC2 0.15 membrane-water interface (Zhang et al., 1995) was instituted at 9.5 ns. The
c1 0.04 0.15 Zhang method (1995) was combined with the Nasethod (1984) to
HC11 0.07 control the temperature, which enabled us to carry out MD simulation in an
o11 —0.43 —0.42 NPyT extended ensemble, whefedenotes the surface tension. In this
p 1.41 1.03 scheme, the Hamiltonian of the system is given as
014 -0.74 -0.76 p2 p2
013 -0.74 —0.76 _ ! s
012 ~0.55 ~0.36 H E 2ms ) + 2Q T gkTlns
c11 0.26 0.08 '
HC11 0.07 . . .
c12 ~0.05 ~0.02 W(RS + Ry + 1Y)
HC12 0.09 + 2 + PoV = yohihy, (1)
N 0.55 0.15
C13 0.09 -0.34 wherep; andp, are the momentum of particleand the additional degree
HC13 0.17 of freedoms, respectivelym is the mass of particle Q andW are the
Cl4 0.09 —-0.34 mass for the motion o and volume motion, respectively is the
HC14 0.17 number of degrees of freedoinjs the cell sizeV is the volume; and,
C15 0.09 -0.34 Po, and vy, are the reference temperature, pressure, and surface tension,
HC15 0.17 respectively.
C3 0.22 -0.05 Various values for surface tension (0, 3, 5, 10, 15, 20, 25, 30, 35, and
HC3 0.09 50 dyn/cm per membrane-water interface) were tested to find one for
031 -0.44 —0.30 which both surface area per lipid and the order parameter profile agreed
C31 0.86 0.73 with experimental values. For many values of the surface tension, the
032 —0.46 -0.57 approach to equilibrium after a change in the surface tension value required
C32 -0.30 —-0.24 a few nanoseconds. However, no proper value for the surface tension could
HC32 0.07 be found that could satisfy both the surface area/lipid and the order
C33 0.12 0.06 parameter profiles. We assumed that this could be caused by the united-
HC33 0.01 atom approximation and/or the size of the system. Therefore, we con-
C34 0.07 —0.04 structed a new DMPC bilayer model system 2 containing twice as many
HC34 0.01 DMPC molecules with the all-atom model rather than the united-atom
C35 -0.11 0.01 model, still using surface tension and Ewald summation for Coulombic
HC35 0.01 interactions and a 15-A cutoff for van der Waals interactions. After

examining various values for surface tension in system 2, a value of 35
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dyn/cm/interface (70 dyn/cm/bilayer) was found to generate a stable memelescribed later){C))ensemnielS @lmost parallel to the mem-
brane and satisfied our criterion of satisfying both the surface area/lipid anghrane normal after equilibration. Hence, for determination

the order parameter profile across the bilayer. . R . - _
MD simulation of system 1 was carried out on a SPARCstation 10 withOf Sino In the liquid crystalline membrane after equilibra

a hardware accelerator for molecular dynamics simulations (MD Enginelion, We employed a8, the a_ngle betwee‘fl and(ci>ensemb|t_e
Amisaki et al., 1995; Kitamura et al., 1995; Toyoda et al., 1995, 1999). Fothe membrane normal, which agrees with the conventional

calculations of system 2, Sparc CPU-5CE Force computers were used. definition of S, in the NMR literature (Seelig and Nied-
erberger, 1974). During the equilibration period when the
RESULTS AND DISCUSSION average tilt angle of the alkyl chains are large, the definition
of 6, as the angle betweeny and was employed, and the
This section consists of two subsections. We first describerder parameter using this definition is expresse8. &is
the process of system development from the crystallinalefinition allows independent evaluation of the cooperative
structure to equilibrium (section 1). Initially, we used a tilt of alkyl chains and the instantaneous deviation of each
united-atom model and an 8-A cutoff for van der Waals andsegment’s orientation from the tilt axis, both of which are
Coulomb interactions (system 1). After equilibration, basedmportant parameters to assess the system’s approach to-
on the equilibrated structure of system 1, we constructed thevard equilibrium. To describe the approach to equilibrium,
next membrane system (system 2), in which the size of theve also use an averaged order parameter of a chain, which
membrane was doubled, and an all-atom model, an Ewali defined as the mean value of the order parameter values
approach to evaluate Coulomb interactions, a constant su(S) over 10 segments (from carbon numbers 4 to 13).
face tension, and a 15-A cutoff for van der Waals interac- Alkyl chain orientationt is defined as the unit vector
tions were used. The reasons we wished to develop systepointing from the midpoint of C1 and C2 toward that of C13
2 and the details of the development and approach towardnd C14, and alkyl chain tilt is defined as the angle between
equilibrium of system 2 are described in the latter part oft and the membrane normal.
section 1. In section 2, we characterize the fully equilibrated According to Cornell et al. (1995), the alkyl chain torsion
system 2, in comparison with the results of experiments andngle potential has three minimum values at 68°, 180°, and
other simulations. —68° (292°). These are generally noted gauche plus
(9.), trans(t), andgaucheminus @_), respectively. Actual
angular distributions of several torsion angles observed in

Equilibration of system 1 system 2 are shown in Fig. 3, which shows that the distri-
Definition of three parameters that were used to bution for bothtrans and gaucheconformations are broad.
characterize the membrane To cover the entire range of the distribution, in the present

. report, the torsion angles are classified@s t, and g_
To examine the approach O.f system 1 to the thermallywhen they are between 0° and 120°, 120° and 240°, and
equilibrated structure, we mainly monitored three parames, , N . . .
. . 240° and 360°, respectively. Kink refers to a conformation
ters which represent (1) the order of the alkyl chains, (2)In which the three adjacent torsion angles atdg. or
reorientation about the long axis of the molecule, and (3) the -
relative positions of the lipid molecules in the membrane
plane. In the following discussion,)cnsempiedenotes an .
ensemble average. Ensemble averaging at a given time poinef
involves averaging over all lipid molecules and over a 50-ps
time interval (50 consecutive data points 1 ps apart, from
(t — 49) ps untilt). This time averaging over 50 ps is useful
to suppress fast noise but has nothing to do with ensemble
averaging over the phase space.

The order parameter for a given segment of an alkyl chain
was estimated as follows. An instantaneous orientation of
the alkyl chain at theth carbon is defined by a segment
vector G_; — C;; which is designated ag. An instan-
taneous angl®; is defined as the angle betweenand
(Ciensemble AN Order parametes, (i) can be expressed as

(Hubbell and McConnell, 1971)

_tg,.
The second parameter reflects the distribution of the
orientation angle about the molecular long axis. A vector

0.03

— p14
— B9

@
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»

o

o
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Probability / degree

. 1 0 60 120 180 240 300 360
Sholli) = 5 (3(COSb))ensembie— 1)- 2) Torsion Angle

As the a:/(_arage tl_lt a_ngle of th_e Iong axes of alkyl_ chains ISFIGURE 3 Angular distributions of torsion angles observed in system 2.
nearly 0° in the liquid-crystalline membrane (Meier et al., potted line,4; thin solid line,9; thick solid line,814. See Fig. 2 for the
1982; Moser et al.,, 1989; reconfirmed in this work asdefinitions of the numbers of torsion angles.
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connecting 021 and C3 of each DMPC (see Fig. 2, shouldeiormed two clusters during the first 20 ps, and then they
vector) is projected on the membrane surface, and the angfermed linear chains parallel to the alkyl chains, in which
made by this vector at timeand time O (initial arrange- water molecules were bonded via hydrogen bonds (Fig. 4,
ment) is defined as the reorientation angift). For each 20-50 ps). These water molecules left the hydrocarbon
time point, ¢(t) was averaged over the last 50-ps interval. region of the bilayer one by one in a line (Fig. 4, 100-50
The third parameter monitors the relative positions ofps). Thereafter, none of the water molecules reached deep
DMPC molecules in the membrane plane, using a twoinside the membrane during this simulation (total time over
dimensional Delaunay tessellation analysis (Takaoka ango ns). The experimentally observed permeability of water
Kitamura, 1996; Shinoda and Okazaki, 1998). In this analacross the membrane is large considering the hydrophilic
ysis, closest DMPC neighbors using the mass centers Gfature of water, and its mechanism is not yet understood
lipid molecule projected on the membrane plane are con¢subczynski et al., 1994). The result obtained here suggests
nected by straight lines, which form Delaunay triangles.that water molecules move across the membrane as clusters
These triangles cover the entire membrane plane, and thej |ines rather than as single molecules, which would dra-
arrangement has been shown to be unique (Tanemura et ahgjcally increase the water permeation rate. Such passage

1983). This approach has bee_n applied in.the analysis cPﬁay be enhanced in the presence of large cooperative move-
amorphous systems and protein conformations (Yamato heant of lipids in the membrane.

al., 1994; Gerstein et al., 1995), and is suitable for describ-
ing changes in the local arrangement and topography of
particles.

In system 1, 56 triangles were formed for each monolayeftage 2 (650 ps to 1.2 ns): high temperature pulses
consisting of 28 DMPC molecules. As DMPC moleculesabolish alkyl chain tilt
diffuse in the membrane plane, their relative positions angp, the initial structure, alkyl chains were tilted30°C with
nearest neighbors change, and so does the local arrangemegdpect to the bilayer normal (Fig. 4). This tilt persisted even
of the triangles. As each triangle is identified by the threeyfier 650 ps. Experimental results have indicated that the
molecules at the vertices, thg extent of molecular rearrangecwerage tilt angle of alkyl chains in DMPC bilayers is nearly
ment can be traced by counting the number of triangles tha§e i the liquid-crystalline phase (Meier et al., 1982:

represent the original set of three lipids. Moser et al., 1989). It was possible that our system could

We first constructed this triangle set at 0.85 ps and ther?1ot reach a state of thermal equilibrium at 310 K during the

reconstructed it every 100 ps. By counting the number c_ntavailable calculation time due to the high activation energy

tangles that remained with unchanged lipids, we monl'required to change the collective tilt angle in the crystal

the.d the_degree of DMPC rearrange_ment. When an Or'gm.aétructure. This difficulty could be enhanced by the use of a
(initial) triangle was reformed after it had disappeared, it eriodic boundary condition (too much coupling between

was counted as one of the remaining triangles even if it ha MPC molecules).

been broken for a long period. The major cause for the Therefore, the system temperature was raised to 450 K
formation of new triangles is not the exchange of the Iipids’f 20 660 680 hich idered to b
locations (i.e., translational diffusion) but small readjust- or <9 Ps ( ps= Ps), which was considered fo be
ment of their locations, i.e., local sliding around of the sufficient to break the crystalline structure ofthg membrane,
lipids, which reflects local expansion and compression oia.nd theQ slowly lowered to 310.K' However, this maneuver
the membrane. did not induce large changes in the system. As shown in
Table 2, both the tilt angle and the average order parameter
of the alkyl chains were still much greater than the exper-
imental values.
Equilibration stage 1 (0-650 ps): water exclusion Next, the system temperature was raised again to 510 K
from the membrane for 20 ps (800-820 ps) and then slowly lowered to 310 K.
Immediately after initiation of this simulation, large trans- This effectively changed the mean tilt of the hydrocarbon
lational motion of DMPC molecules in the membrane planechains to nearly 0°C and reduced the order parameters close
took place, and the chain conformation started to lose it§0 the experimental values (Table 2). In a separate test
initial structure. The bilayer structure remained stable. Aftersimulation, we found that a temperature pulse of 480 K for
40 ps of equilibration, the temperature was set at 310 K. Th@0 ps did not promote such changes. It is somewhat difficult
scheme for the temperature setting over time used in thigo explain why such changes occurred at 510 K and not at
simulation is shown in Fig. 1. 480 K or 450 K, but the marked contrast in response to high
The water molecules that had been present in the hydrdemperature pulses between 510 K and 480 K (or 450 K) is
phobic region of the membrane in the initial structurein agreement with the fact that the alkyl chain tilt angle in
showed remarkable movements during this period (Fig. 4)a bilayer made of a single lipid species is determined
First, they assembled in the central part of the bilayer anadooperatively.
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FIGURE 4 Snapshots of the system during its early equilibration stages, showing that water molecules that had been inside the membrane in the initial
structure moved out of the hydrophobic region of the membrane. DMPC molecules are drawn in thin lines, while water is shown using a space-filling model
Red denotes oxygen atom, blue nitrogen, yellow phosphate, white hydrogen, and green united carbon atoms. Water molecules first assembtadl in the cent
part of the bilayer to form two clusters by 20 ps and then formed lines parallel to the alkyl chains, in which water molecules were bonded via hydrogen
bonding (20-50 ps). They went out of the bilayer in a line (100-150 ps).

Stage 3 (1.2-2.5 ns): equilibration in terms of the alkyl was lowered to 310 K at 4.7 ns and the system was further
chain order equilibrated, the observed profile of the order parameter

Fig. 5 shows the order paramet&. () at the positions of across the membrane agreed with the experimental profile.)

several carbon atoms in tiechain plotted as a function of
time along with the temperature profile. Because initially all Stage 4 (2.5-4.7 ns): equilibration regarding lipid
of the alkyl chains were in the fully extended (&i#ns) reorientation about its long axis and lipid exchanges

conformation, the order parameter was initially large a”dFig. 6a shows the projection of the shoulder vector 21
then gradually decreased. At 310 K, between 1.2 and 1.6 N3 51y the membrane plane for each DMPC molecule at its
the order parameters were still higher than the correspondyass center at different time points in the membrane. At 200
ing experimental values (Fig. 5). To accelerate the equili—ps, the initial 4x 7 arrangement of DMPC molecules can be
bration process and redué,, values, the temperature of seen clearly, and the shoulder vectors show only small
the system was raised to 360 K for 300 ps (1.6-1.9 ns) angborientation. Fig. & shows the angular distribution of the
then lowered to 310 K. However, even after this operationshoulder vectors with respect to their initial orientation. The
the order parameters were still considerably greater than thdistribution initially centered around 0° and gradually
experimental values. Therefore, the temperature was agaipread to become flat at4.5 ns in the MD simulation. This
raised to 360 K (2.1-4.7 ns) to accelerate equilibrationsuggests that no long-range order exists with regard to the
After 0.4 ns at 360 K (2.5 ns after beginning the simulation),orientation of the shoulder vector.

all of the order parameters (and thus the average order However, whether or not there remain short-range corre-
parameter) reached stable values. (When the temperatulagions in the orientation of the shoulder vectors of nearby
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TABLE 2 Time development of the mean tilt angle of alkyl chains with respect to the membrane normal, average order
parameter, and the number of gauche and kink conformations per myristoyl chain

Chain tilt Order parameter Number of Number of
angle 32 gauchéchain kink/chain
Before raising T to 450 R 27.0 0.64 2.3 0.25
After raising T to 450 R’ 17.3 0.43 3.4 0.51
After raising T to 510 K 8.4 0.31 3.6 0.34
Fully equilibrated 3.1 0.32 3.6 0.42
System 2 8.9 0.39 2.9 0.26
0.34
Experiments ~0 0.36 3.7 1.14
2.6° 0.44 (kink+ gtg)®

The lengths of time used for these analyses were 1) 600—-650 ps, 2) 750—-800 ps, 3) 900-950 ps, 4) 5.5-6.0 ns for system 1, and 5) 2.9-3.9 ns for system
2, respectively.

30rder parameterd here is an average &, over 10 segments (from carbon number 4 to 13), calculated using, as reference vectors, ensemble averaged
segmental orientations.

PCalculated using the membrane normal as a reference vector.

“Measured by’H-NMR (Seelig and Seelig, 1974). Also see the text (Chain Confirmation).

dMeasured by FT-IR (Casal and McElhaney, 1990).

®Measured by FT-IR (Tuchtenhagen et al., 1994).

lipids even after the system has reached equilibration is axis, ~4.5 ns (three times the relaxation time) will be
separate issue, which will be addressed later. The tworequired, as confirmed later in the present paper.
dimensional reorientational autocorrelation function of the Fig. 7 shows the time-dependent decrease in the number
shoulder vector (Fcos)) was adequately fitted to a single of Delaunay triangles remaining from the initial set (at 0.85
exponential function, and the relaxation time of reorienta-ps). This result shows that4.7 ns is required for the local
tion about the DMPC long axis was estimated tole5ns  rearrangement of nearest neighbors. Note that, as pointed
at 360 K. This result suggests that, for full equilibration of out in the paragraphs describing the Delauney tessellation
the system regarding reorientation about the molecular longnalysis, this time does not reflect the frequency of ex-
change of lipid locations but is rather a yardstick for the
time required for relaxation of lipid local densities. In fact,
the trajectories of the mass centers of DMPC molecules

%soo- indicate that lipid hop movement is infrequent. The diffu-
= sion constant evaluated from the mean-square displacement
g4oo- of DMPC with respect to the mass center of the whole
CElgoo- system and that with respect to their nearest neighbars at
O 081 0 were 4.3x 10~ cn/s and 3.0x 10~ cn¥/s, respec-
" tively, which are calculated using a trajectory of system2
(0.5-5 ns). These values are greater than experimentally
"3 06 observed diffusion rates by a factor of 3-10 (Vaz et al.,
5’5’ 05 1985), suggesting that these diffusion constants represent
% ' local jittering motion rather than true translational diffusion,
g 0.4 consistent with the interpretation of Delaunay tessellation
é_; 0.0 analysis.
B 021
@]
0.1 Stage 5 (4.7-6.0 ns): equilibrated membrane with a united-
atom approximation and an 8-A cutoff
0 T T T T T T T

o
-
N
w
N
4
[}
~
®

i The changes in the three observable parameters, the average
Time (ns) order parameter, angular distribution of the shoulder vector,
FIGURE 5 Order parameter§y,) at selected carbon atoms in tfie and the number of remaining Delaunay triangles, over the
chain plotted as a Function of tir(;;e. Solid line, C23; dashed line, C26;S_ImUIatlon t!me are summarized in Flg._8. The approxmate_
dotted line, C29; dot-dashed line, C212. See text for a definition of thelimes at which these parameters were judged to reach equi-
segmental order parameter. librium values are indicated. Angular distribution was pa-
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The shoulder vector for each DMPC molecule is pro-
jected on the membrane surface, and the angle of the
vectors at timesand O (initial arrangement) is defined
as the reorientation angle.

Probability / A degree
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Rotation Angle (degree)

rameterized by used the last 500-ps trajectory for the characterization of
this model (system 1), which will be described later together

2" with system 2. In this membrane, cooperative tilt of alkyl
R(®) = WJ &1 X p(¢)dd, 3) chains was completely eliminated, and both the average
o order parameter and the numbersgafucheand kink con-

where p(¢) is the distribution of the angle between the formations are in the range of experimental observations (in

projection of the shoulder vector on the membrane pland @Pl€ 2, more precise comparison with experiments is
and its initial orientation.R(t) is 1 whenp(¢) becomes somewhat difficult due to great variations in experimental

constant (homogeneous distribution), and 0 at time 0. results, particularly the data on the numbekatk confor-
Based on these observations, we concluded that at 360 fations; see below (Chain Conformation) for details).

the system lost its memory of the initial arrangement and
reached a thermal equilibrium state a¥4.7 ns of MD
simulation (Fig. 8). At this time, the system temperature wa
lowered to 310 K and the MD simulation was continued for

an additional 0.8 ns for equilibration at 310 K until 5.5 ns At 6.0 ns, we stopped using an 8-A cutoff for nonbonded
and then for a production run between 5.5 and 6.0 ns. Wateractions and switched to a more accurate calculation, in

étage 6 (6.0-13.0 ns): elimination of the cutoff for
Coulombic interactions
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FIGURE 8 Time course of the changes in the three parameters that were
used to examine the approach of the system to the equilibrated state

. L . . (botton), along with the time schedule of temperature variatiolog)(
which Coulombic interactions were evaluated using theArrows at the bottom indicate the times at which these and several other

Ewald method (Ewald, 1921, Fig. 1). In addition, the cutoff parameters were judged to reach their respective equilibrium values: solid
distance for van der Waals interactions was increased frortne, reorientation angle about the long akt), as defined in Eq. 2;

8 Ato 15 A. We applied the Ewald method because the USgashed line, the order pargmetéi) avgraged over_ 10 segment_s (from
of a cutoff for Coulombic interactions had been reported toca°0n numbers 4 to 13) in the-chain; dotted line, the fraction of
. . . . . ~ . remaining Delaunay triangles, representing lipid exchange reactions. The
induce various problems in MD simulations (Loncharich n mper at time 0.85 ps is normalized to 1.

and Brooks, 1989; Kitchen et al., 1990; Schreiber and

Steinhauser, 1992; Guenot and Kollman, 1993; Saito, 1994,

Oda et al., 1995). diffraction (from 56 to 72 & for DMPC and DPPC mem-
After switching to the Ewald method, we noticed that thebranes; Bidt et al., 1979; Nagle and Weiner, 1988; Rand
lateral movement of DMPC molecules was reduced and thand Parsegian, 1989; Nagle, 1993; Nagle et al., 1996; Koe-

simulation box began to shrink in the direction of the nig et al., 1997; Petrache et al., 1998; Fig. 9). However,
membrane plane. Similar phenomena were reported by Egione of these values for the surface tension satisfied the
berts et al. (1994), who noted that their system approacheabove criterion. For example, with 5 dyn/cm/interface, the
a gel-like state. This may be due to the application of theorder parameter profile was well reproduced, but the surface
Ewald method to a very small system and can be circumarea/DMPC was only 57 A which is close to the smallest
vented by including the surface tension, which may bevalue in the distribution of experimental values (56 —73;A
useful for simulating a small membrane system. Thereforei,.e., this membrane reproduced almost all of the experimen-
the surface tension was incorporated, as described in Methally obtained parameters, including the order parameter
ods, at 9.5 ns. profile of the myristoyl chain and the relative amounts of
Various values for surface tension were examined (0, 3gaucheandkink conformations, except for the surface area/
5, 10, 15, 20, 25, 30, 35, and 50 dyn/cm per water-lipidDMPC.
interface). An MD simulation was carried out for 200-4000 With a greater surface tension, the membrane was ini-
ps for each value. We tried to find a proper value of thetially stretched too much, which firstinduced alkyl chain tilt
surface tension for the present system based on the criteriand then great decreases in the order parameters. In some
that the model membrane should simultaneously reproduceases, the membrane became unstable. Without surface ten-
the D-NMR’s §,,,, profile (Seelig and Seelig, 1974) and the sion, the order parameters became too large and the surface
surface area per DMPC as estimated by NMR and x-raprea per DMPC became too small. This sensitivity of the
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was appropriate for this system. At a surface tension of 35

02?7.,; Simulations Experiments dyn/cm, the system appeared stable over 4.9 ns (5.4 ns for
3 70 ) ¢ all-atom calculation to 0.5 ns for equilibration calculation
g | . before an extended NH ensemble was introduced). The
:‘ 65_3 » . profile of the order parameter across the bilayer was close to
g [ that found in deuterium NMR (see below), and the surface
S 60! 1 ! I . 'I ? 8 . I area per DMPC was 61.%5 0.6 A%, which is close to the

z | . E L experimental observations (Bl et al., 1979; Nagle and

o 1" ¢ .T NMR Weiner, 1988; Rand and Parsegian, 1989; Nagle, 1993;
8 %57 g = DMPC ! . Nagle et al., 1996; Koenig et al., 1997; Petrache et al.,
;5)50 * DPPC Neutron Piraction 1998). Thus, we concluded that a surface tension of 35

abcdefghijkimn opqrstuvw dyn/cm/interface (70 dyn/cm/bilayer) satisfies our criteria.
Therefore, a membrane with a surface tension of 70 dyn/cm
FIGURE 9 Comparison of the surface area per lipid molecule obtainedV@S used for further characterization of the membrane.
by several simulations and experiments. Open symbols indicate the values Feller et al. (1995) calculated the surface tension of a
obtained in this studynf, system 1n, system 2).4) Chiu et al., 1995; ) lipid/water interface based on an MD simulation of a DPPC
Plasfggi?‘?"g)icl\iﬁrﬁfg th alé ;???ot%(%airgsegilalli ;;’f?%j:gggz r?c: bilayer membrane at a constant surface area per lipid (65.1
gérendsén, 1996h) Marri7nk et él., 1g998;i0 Tu e,t al., 1%95:]0 Shinoda AZ) and reported that it Increase(.j from 6.3 dyn/cm Wlt.h a
etal., 1995;K) Shinoda and Okazaki, 1998) Smondyrev and Berkowitz, cutoff method to 33.5 dyn/cm with an Ewald summation
1999; 6) Buldt et al., 1979; §) Rand and Parsegian, 1988) Nagle and  (Feller and Pastor, 1996). This result agrees well with the
Weiner, 1988; 1) Nagle et al., 1996;s) Rand and Parsegian, 198%) ( present simulations.
Petrache et al., 1998u) De Young and Dill, 1988;\) Thurmond et al., A question then arises as to why, as reported elsewhere
1991; () Nagle, 1993. (Pastor, 1994; Merz, 1997; Pasenkiewicz-Gierula et al.,
1997, 1999), the united-atom approach coupled with a cut-
surface area to surface tension was also recently reported 9§ of nonbonded interactions works well in terms of agree-
Feller and Pastor (1999). ment with experimentally observable parameters and why
inclusion of Ewald summation (and surface tension) in the
united-atom approach does not work well. We propose that
the application of Ewald summation to a very small system
under a periodic boundary condition, such as in the present
The result described above, i.e., realization of the propegase, induces very strong coupling between molecules and
order parameter profile (in fact, proper values for almost althat the use of a cutoff helps alleviate this problem. In
experimental values), but with less surface area compare@ddition, it is possible that the OPLS parameters we used in
with the experimental value, suggested that this problenthis simulation may not be suitable for MD simulations with
may be due to the use of the united-atom approximation. IfEwald summation because they have been optimized for
this model, the volume and the geometries of -CH, »CH simulations with cutoff of nonbonded interactions, and they
and -CH, groups cannot be reproduced well, yet thesemay not be readily useful for MD simulations with Ewald
groups represent the majority in our membrane modelsummation (Andrea et al., 1983; Kitchen et al., 1990; Smith
Therefore, we generated an all-atom model of the DMPGnd Pettitt, 1991; Oda et al., 1995; kknberger and Mc-
bilayer (system 2) based on the structure of the fully equil-Cammon, 1999).
ibrated system 1 at 8.2 ns. The total calculation time spent to examine various sim-

After 50 ps (hereafter, time O refers to the initial time of ulation conditions (including both the united-atom and all-
system 2 simulation, i.e., 8.2 ns at system 1) of equilibratioratom models) exceeded 50 ns. This was necessary for ex-
of system 2 using an NVT ensemble, which is followed byamining simulation parameters and equilibrating the
a 200-ps NPT ensemble simulation, a minus pressure wagystem. During this whole period, several occasions of
added parallel to the membrane plane direction, to stretchctual hop exchange of DMPC molecules, which must be an
the surface area from 58%Ao 65 A%DMPC, which is elementary step of the translational diffusion of lipids, were
around the middle value of experimental evaluations. Annoted. However, no flip movement of lipid across the mem-
NVT ensemble simulation was carried out again, until thebrane occurred.
potential energy and cell dimension normal to the mem-
brane plane converged to the equilibrium.

At 500 ps, we switched to an extendedNPensemble to
test various values of surface tension (0, 10, 15, 20, 25, 2
30, 35, and 40 dyn/cm per interface) and found that 35ig. 10 is a snapshot of a fully equilibrated membrane
dyn/cm per lipid-water interface (70 dyn/cm per bilayer) (system 2) at 3.5 ns. In the present section, we report

Stage 7 (8.2-12.0 ns or 0-5.4 ns after an all-atom
calculation was initiated): system 2, an all-atom model

Characterization of the membrane (system 2) in
2}he equilibrium state
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FIGURE 10 Snapshot of the
DMPC bilayer-water system at 3.5 ns
(system 2). Red represents oxygen,
blue nitrogen, yellow phosphorus,
white hydrogen, and green carbon at-
oms. Hydrogen atoms attached to
DMPC molecules are omitted for
clarity.

analyses carried out using a 1000-ps trajectory of system @hains b), and headgroupsa). The positions of the first
between 2.9 and 3.9 ns. As atomic coordinates were savegutak (~4.9 A) observed in the RDFs for the alkyl chains
every 1 ps, we used 1000 time points for analyses. ThéFig. 11b) are consistent with the band observed in small-
mean values of the various parameters reported here reprangle x-ray diffraction studies in many hydrated phospho-
sent averages over both time (1000 ps, 1000 points) and dipid systems (Luzzati, 1968; Janiak et al., 1976). On the
of the molecules (112 DMPCs), except as specificallyother hand, the peak for the whole lipid is not clear (Fig. 11
stated. For comparison, we present some analyses for sya). These results indicate that alkyl chains are packed in
tem 1, which were carried out using a 500-ps trajectorymore or less regular arrays whereas whole lipids are not.

between 5.5 and 6.0 ns. The RDF for the headgroup has a small peak at 4.4 A,
indicating that some headgroup pairs interact strongly with
Surface area each other (Pasenkiewicz-Gierula et al., 1999).

RDFs for the alkyl chains were calculated separately for
The surface area/DMPC of system 2 was 61+.8.59 A those in the same lipid and those in different lipids (Fig. 11
(that of system 1 was 59.8 0.89 A%), which is in agree- p). Such information can be obtained only using a simulated
ment with experimental results, considering variations ofmembrane, and not (easily) by experiments. The first peak
the data (Fig. 9). Feller et al. (1995) carried out a constanit ~4.9 A is clear in both intralipid and interlipid RDFs,
surface area simulation and monitored the free energy of thgdicating that good packing occurs in the spatial range of
system. They concluded that 68.1 ADPPC) gave the 4.9 A regardless of whether alkyl chains belong to the same
minimum free energy among four surface areas tested, angpid or different lipids. This reflects the importance of alkyl
the average surface tension of that system was 74.0 dyn/cghain packing for the integrity of the membrane.
per bilayer (37.0 dyn/cm per interface). Feller and Pastor
(1999) recently applied various values of surface tension for
a DPPC bilayer membrane and reported that 35—45 dyn/cm . . .

. . - Orientational correlation of shoulder vectors between

per interface is needed to produce stable systems W'{Eeighboring lipids
reasonable values of surface area per molecule. Our result
(35 dyn/cm per interface) agrees well with their simulation.As described previously (see Fig. 6 and the related text),
after equilibration, no collective orientation of the DMPC
shoulder vector was found over 28 DMPC molecules (in
one layer in system 1), and the angular distribution of
Fig. 11 shows two-dimensional radial distribution functionsDMPC shoulder vectors about the molecular long axis was
(RDFs) of the mass centers of DMPC moleculas &élkyl rather uniform. However, this does not mean that there is no

Chain packing
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0O 2 4 6 8 10 12 14 velopment of a reliable computer model now enables us to

r(A) carry out such an investigation.

This result indicates that when the initial structures of
FIGURE 11 @) Two-dimensional radial distribution function (RDF) for computer models are generated, merely randomizing the
the mass center of the whole lipiddlid lin¢) and that of the head group initial in-plane orientation of each molecule is not sufficient
(dotted line) projected on the membrane plai.Two-dimensional RDF  for equilibration in terms of in-plane orientation. Sufficient
for the mass center of the alky! chatnick solid ling. Contributions from ., sho 14 be given for the system to equilibrate so that it
intra-lipid pairs ¢hin solid ling and inter-lipid pairs otted lin§ are also . . .
shown separately. may develop the correct level of orientational correlation

between neighboring lipids.

short-range angular correlation of shoulder vectors (as the)/ky! chain tilt
are projected on the membrane plane) between neighboringhe average tilt angle of alkyl chains is nearly 0 (9°).
DMPC molecules. Because a DMPC molecule contains tWq{owever, at the level of individual molecules, many are
alkyl chains, the overall shape of the cross section of theilted. The distribution of alkyl chain tilt is shown in Fig. 13
hydrophobic region of the molecule is anisotropic and isa, which indicates that the highest probability of the tilt
thought to be rectangular rather than circular. Such anisofangle is~20° with respect to the membrane normal. Some
ropy in the cross section of the hydrophobic domain couldalkyl chains show tilt angles greater than 90°. During the
induce orientational correlation between shoulder vectors oproduction run (2.9-3.9 ns), 1-4 of 224 alkyl chains
neighboring DMPC molecules. This was examined, and thghowed tilt angles greater than 90°. Representative confor-
result is shown in Fig. 12. mations of molecules showing such tilt angles are displayed
Fig. 12 shows the distribution of the angle made betweefin Fig. 14. These chains are bent in the middle and their
shoulder vectors of neighboring lipids. Parallel and anti-methyl terminals reach the membrane surface, facing the
parallel orientations were not distinguished. The results irwater layer. Such a conformation is consistent with a model
Fig. 12 show that the first nearest neighbors prefer havinghat was previously proposed to explain fast collisions of
parallel or anti-parallel orientations, as expected from thealkyl chain methyl terminals with the membrane-water in-
shape of the cross section of the hydrophobic region of theerface (Merkle et al., 1987).
phospholipid. Such an orientational correlation extends to The angular distribution af about the membrane normal
the second nearest neighbors, but not to the third neareid shown in Fig. 13, which gives the angle of projection of
neighbors, showing that thermal effects overcome the gea- on the membrane plane with respect to yhaxis of the
metrical effect of each molecule in the distance to thesimulation box (which is in the membrane plane). Fighl3
second neighbors~( 8 A). Although such an examination shows that the angular distribution about the membrane
has not been possible in experimental membranes, the deermal is almost uniform.
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Correlation between alkyl chain tilt of neighboring chains

Although the average tilt angle is nearly 0, and the angular
distribution oft vectors about the molecular long axis is
broad, there must be short-range orientational correlations
between neighboring vectors. The correlation of alkyl
chain orientation can be defined as

<P2[ti X tj]>ensemb|e: %(3<C0§6ij >ensemble_ 1)1 (4)

180°

whereP, is the second-rank Legendre polynomialis the

unit orientation vector of théh chain, and; is the angle

270° made byt; andt;. For the head groups; was defined as a
unit vector going from the phosphorus atom toward the

nitrogen atom. Inter-alkyl-chain distances are defined as the

FIGURE 13 @) Distributions of the alkyl chain tilt angle. Alkyl chain distances between the mass centers of alkyl chains projected
orientationt is defined as the unit vector pointing from the midpoint of C1

and C2 toward that of C13 and C14, and alkyl chain tilt is defined as the®l t_he membrane surface. _ _ _
angle between and the membrane normal (polar angletpf(b) Distri- Fig. 15a shows the correlations of orientations between

bution of the angle between the axis of the simulation box and the alkyl chains and between headgroups as a function of the
projectipq of t on the membrane plane (azimuth angle.c(_f:)_ Projections distance between them. Two alkyl chains, whether they are
of termini of t on the membr_ane plane when their origins are broughtin the same molecule or belong to different DMPC mole-
together to the center of the circle. Crosse¢$ &nd small solid circles®) L . . . .
represen{3 andy chains, respectively. Average direction is denoted by aCUIeSv exhibited a high correlation a#.8 A' which is the
solid square M). same as the peak position for the radial distribution function
of alkyl chains (Fig. 11). These results indicate that neigh-
boring alkyl chains tend to exhibit similar tilt angles. Two
Fig. 13c shows projections of the termini tfvectors for  headgroups that are in the distance less than the first peak
all of the alkyl chains on the membrane plane when theiobserved in the radial distribution function-4.4 A, Fig.
origins are brought together to the center of the circle. As ari1) also exhibit a high correlation. This indicates that head-
alkyl chain is tilted more, the tip of moves outer from the group pairs interact strongly with each other (Pasenkiewicz-
center of the circle. The average tip positiontaé shown  Gierula et al., 1999). Correlation of alkyl chain orientation
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alkyl chain orientations in the model is not sufficient. Such
correlation should be examined to test whether sufficient
time was given for the system to equilibrate so that the

alkyl chains a

. system may develop a correct level of orientational corre-
3 lation between neighboring lipids.

8 Fig. 15b shows the distribution of the angle made be-
E_c(. 01 . tween neighboring alkyl chains. Based on the radial distri-

bution function of alkyl chain shown in Fig. 11, two alkyl
chains within the distance @ A (including the first peak in
0.5+—+—r——T—T——7T 77 the RDF, thick line), and those in the distance between 7
6 2 4 6 8 10 12 14 and 12 A (including the second peak, thin line) were used
r(A) for examination of orientational correlation. The results in
0.03 Fig. 15b indicate that more than half of neighboring chains
b have tilt angles within 25°. Fig. 1% shows the same
distribution but normalized by sinfor the correction of the
steric angle. It indicates that the probability of finding
well-alignedt in neighboring alkyl chains is very high.

“headgroups
inter-chains

°
o
iy

Probability
o
2

Chain conformation

A = ' For comparison of th§,,,, values obtained here by the MD
0 30 60 90 120 150 180 simulation with those obtained experimentally #-NMR
Angle (degree) and ESR spin labeling, we have to pay special attention to
the time scales with each spectroscopic method (McCon-
0.151 nell, 1976). Although an experimental result is the average
C over many molecules (and thus close to the ensemble av-
. erage), it should be clearly understood that, in using these
0.17 spectroscopic methods to evalu§g, values, the spectro-
scopically measurefi, ., values are not the same as ensem-
ble average values &, values because the characteristic
time scales of the spectroscopic methods provide low-fre-
quency cut filters in the evaluation &, values. The time
scales foPH-NMR and ESR spin labeling are 36 and 10
0 30 60 90 120 150 180 ns, respectively, which differ by a factor of 1000. On the
Angle (degree) other hand, MD simulation provides ensemble avelggg
values, which are expected to be the same as those that
would be obtained by a hypothetical experimental method

FIGURE 15 @) Correlation between alkyl chain orientations (tilt angles, TR -
thick solid ling and that of headgroup orientatiorisgken ling, plotted as that had CharaCte”.Stlc time scales longer than the time
a function of the distance between mass centers. Correlations for a|ky$C61|eS of all dynamlc molecular processes that a&g

chains in the same DMPC moleculiaifi solid ling and those in different ~ vValues in the membrane.

DMPC molecules (dotted line) were also evaluated separately. Orientation As the characteristic time scale fa#-NMR is thought to

is defined as the direction of thesector (see Eq. 4 and the text). The angle pa sufficiently long compared with the time scales of most
between pairs ot vectors was obtained an,(co®) was calculated. of the molecular processes that affect the measurement of

P,(cod) is shown as a function of the distance between the mass (:enter§11 . . . .
(projected on the membrane plane) of alkyl chaiby.istribution of the ol values, 'nCIUdmg conformational Changes in DMPC

angle made between neighboring alkyl chains. Thick line, alkyl chainsand wobbling of the alkyl chains, time-averaging in-
within 7 A distance; thin line, alkyl chains in the distance between 7 andNMR spectroscopy is not likely to cut off many dynamic
12 A (c) Same asb, but normalized by sié to exhibit the correct processes in the membrane. Theref&g, values obtained
probability. by MD simulation were compared with those obtained by
2H-NMR, as shown in Fig. 16. Because théH-NMR data
used here are for the-chain in DPPC membranes obtained
persists long because of the overall alignment of alkylby Seelig and Seelig (1974%,,, values from the MD data
chains in the membrane, whereas no long-range correlatiomere calculated fory-chains. Although the experimental
was observed for headgroup orientations. data are for DPPC (whereas our simulation uses DMPC), we
This result again indicates that when initial structures ofthink this comparison is meaningful. Hubbell and McCon-
computer models are generated, merely randomizing theell (1971) showed that alkyl chain order depends on the

Probability / sin6
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0.9 niques deal with great numbers of molecules, they cannot be
o.sj a sensitive to processes that occur within time scales slower
_ than the spectroscopic time scales.)

g 0.7 A Next, these order parameters were compared with those
2,6l obtained by spin-labeling ESR experiments (these data are
3 05 A for B-chains in egg-yolk PC membranes, but this should not
QE’ ’ affect our conclusions here; Gaffney and McConnell, 1974).
g 0.4 The ESR order parameters turned out to be much greater
Qg4 than those estimated BH-NMR and MD data. As one of
g 0] the major reasons for this difference must be the short time
o scales that the ESR method is sensitive to, we next calcu-

0.11 lated order parameters from system 2 using a different
o definition of the order parameter. In the normal definition,

1 2 3 4 5 6 7 8 9 10 11 12 13 14 the reference orientation is the membrane normal, which is
Segment Number close to the overall ensemble average of all alkyl chain
orientations. However, here, the reference vector was de-
fined for each segmerg, of each alkyl chain as its time-
averaged orientation over 1000 ps (duration of the produc-
tion run), during which deviations of each segment from this
axis were measured as an order parameter in a time scale of
1000 ps. Therefore, these 1000-ps order parameters are
time-dependent parameters estimated from the MD simula-
tion. As shown in Fig. 1&, these 1000-ps order parameters
are substantially greater than those obtained by ESR. As the
characteristic ESR time scale is 10 ns, this result indicates
that many conformational changes and chain wobbling take
place during 10 ns and would not occur often during 1 ns
90,5 0 05 ! (1000 ps). The ESR order parameter associated with the
Order Parameter (S, 12th segment is very close to those for NMR and MD
simulation, suggesting that enhanced movement in the cen-
FIGURE 16 &) Segmental order paramete,() obtained from mp  tral part of the membrane makes the 1000-ps order param-
simulations M), 2H-NMR ((J; Seelig and Seelig, 1974) and ESR spin eter close to the 1@s or the true order parameters.
labeling (; Gaffney and McConnell, 1974). See the text for the definition  Seelig and Seelig (1974) reported an unusual splitting for
_of instantaneous order parameters for 1000 @ '(b) Hi§tograms of 2 of thep-chain in their measurement of deuterium order
instantaneous segmental order parametgs,) Thick solid line, C22 .
(B-C2): thin solid line, C32 4-C2); thick dotted line, C234-C3). thin Parameters for the glycerol group. We examined whether
dotted lines, C33+-C3). this was reproduced in this simulation. For this purpose,
rather than averaging order parameters over time and
DMPC molecules, a histogram of instantaneous order pa-
distance from the glycerol group. Furthermore, Kusumi etrameters was produced from system 2. Figblshows the
al. (1986) directly compared the alkyl chain orders at dif-histograms for C22, C23, C32, and C33 instantaneous order
ferent depths in DMPC, DPPC, and DSPC membranes anparameters. A second small peak was observed only for
found that the alkyl chain order has the same dependence @22, which may reflect the alkyl chain conformations that
the distance (carbon numbers) from the glycerol groupwere observed as an unusual splitting in the NMR observa-
irrespective of the alkyl chain length of PC that makes uption, although quantitative comparison with experimental
the membrane. The order parameter is calculated using thdata is difficult.
angle between the instantaneous orientation of the segmentThe average numbers gaucheconformers per chain for
vector,c;, and the membrane normal (which is the ensemblesystem 2 are 2.9 for bot and+y chains, whereas those for
average orientation of). The 2H-NMR order parameter system 1 are 3.6 for botg and y chains. Using Fourier
decreases slowly from the segment C2 to C9. In this regiortransform infrared (FT-IR) spectroscopy, Casal and McEI-
S Values of the MD-simulated membrane agree well withhaney (1990) estimated that the numbegaficheconform-
S, Values by?H-NMR. (The order parameters from the ers per myristoyl chain was 3.2, whereas Tuchtenhagen et
MD simulation tend to be slightly less, suggesting that someal. (1994) estimated that this value was 2.6 (summarized in
conformational changes or wobbling motion may occur at alable 2). Based on the data for DPPC obtained by Mendel-
rate slower than T0s %, which was the cutoff ifH-NMR sohn and Synder (1996), the numbemgaiicheconformers
evaluation of S, values. Although spectroscopic tech- per myristoyl chain was estimated to be 2.2. Considering

Probability
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experimental uncertainty, our values are in general agree- .04
ment with these experimental data.

The average numbers kihk conformers for system 2 are
0.25 and 0.28 forB and y chains, respectively, whereas 0.0031
those for system 1 are 0.41 and 0.42 forand y chains,
respectively. Comparison with experimental data is some-
what difficult because they vary greatly in different reports
largely due to technical difficulties in FT-IR spectroscopy __
(Cates et al., 1994; Tuchtenhagen et al., 1994). Casal an& go0:-
McElhaney (1990) reported 1Kink conformers per myris- >
toyl chain, whereas Mendelsohn and Senak (1993) and@
Tuchtenhagen et al. (1994) reported 0.44 for DMPC for & 0
kink+gtg (g,tg, and g_tg_). Our result shows that the
average numbers @ftg for system 2 are 0.24 and 0.23 for
B and vy chains, respectively, which mak&mnk+gtg 0.49
and 0.51 forB and vy chains, respectively. Our result is
between the two values estimated by Mendelsohn ancE
Senak (1993) and Tuchtenhagen et al. (1994) (summarized
in Table 2).

Other theoretical and simulation results support smaller  ¢.001- J
values forkink conformers per chain. A statistical mechan- ‘ )
i;glptéealt/lnlgen.t by Mgraldi and Schlitter (1981) gave 0.51 for N i }5/.‘\ _‘L‘A‘ u‘;\ P o

: simulations gave 0.58 for DPPC (Egberts et al., 0 o P 30 40 50 60
1994) and 0.39 (Chiu et al., 1995) or 0.33 for DMPC Z-axis (A)
(Robinson et al., 1995), which are in general agreement with
the present result. FIGURE 17 The membrane profiles of water and selected lipid atoms

Based on the percentage gaucheconformers in the across the bilayer. Distributions in both monolayers were averaged and
present work £21%), the probability of findingkink con- displa)./ed symmetrically. Thick solid line, Water; thir_1 solid lines, carbon .
formers was estimated, under the assumption gaatche atoms; dashgd Ilne', carbonyl oxygen (02.2).. dotted line, phosphorus atom;

- dash-dotted line, nitrogen atom. Tg@schain; bottom,y-chain.
andtrans conformers occur randomly without any correla-
tion with the neighboring torsion angles (we also assumed
thatg, andg_ occur at an equal frequency). The estimated
value was 1.8%, which is similar to that found by an MD backbone is anchored most stably, which agrees with the
simulation (-2.6%). This indicates that alkyl chains do not observation by Hubbell and McConnell (1971).
preferentially assume thiiink conformation even when a ~ Water molecules penetrate approximately to the level of
gaucheconformer is formed in a chain. This is at variance carbonyl oxygens. Similar profiles of water distributions
with the view thatkinks and crank-shaft structures are have been observed in MD-simulated model membranes of
common or preferred conformations in alkyl chains in theDMPC (Pasenkiewicz-Gierula et al., 1997), DPPC (Marrink
membrane (Traole, 1971; Stouch, 1993; Egberts et al., and Berendsen, 1994), 1-palmitoyl-2-olesylglycero-3-
1994), and is consistent with the MD simulation literature phosphorylcholine (Heller et al., 1993), DMPC and DLPE
(for example, see Egberts and Berendsen, 1988). (Damodaran and Merz, 1994), and glycerol 1-monooleate
(Wilson and Pohorille, 1994; Pohorille and Wilson, 1995).

The thickness, as measured by the average distance be-
tween the C2 atoms of both layers, is 28.7 A (a mean value
The membrane profiles of water and DMPC atoms acrosfetween 2.9 and 3.9 ns), a 13% decrease from the initial
the bilayer are shown in Fig. 17. The contributions fromvalue of 33.0 A. Subczynski et al. (1989) reported a 12%
both monolayers were averaged. The spatial distributiongecrease in hydrophobic length across the bilayer when the
for P, C2, and O22 are narrow, and those for carbon atomtemperature was raised from 8°C to 45°C. Therefore, our
in the alkyl chain are narrower near the glycerol backbonelata again agreed well with an experimentally observed
and broaden toward the methyl terminal. The methyl termi-value.
nals in particular exhibit very broad distributions ranging The electron densities of various moieties in DMPC are
from an average position of 022 and O32 in the same layeshown in Fig. 18. The contributions of different parts of the
to C6 in the opposite layer, which generally agrees with themolecule to the electron density are indicated. The shape of
data obtained by Merkle et al. (1987). The distribution ofthe profile is similar to that observed by x-ray diffraction
the nitrogen atom is broad with several peaks. The glycerchnalysis (Mclntosh, 1990; Nagle et al., 1996).
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the obtained model membrane showed that it reproduced

0.5
o X-ray data experimentally observed parameters.
= | f (Nagle etal., 1996) /™ For this equilibrated membrane, an Ewald method to
o %4 head group evaluate the Coulombic interaction was introduced for more
> glycerol precise simulations. We realized that, with the Ewald
g 0.3 method and the united-atom model, we could never obtain
8 N correct values simultaneously for the order parameter and
= 0ot the surface area per DMPC. The only way we found (still
37 -chain using the Ewald method) was to incorporate both the con-
g % s stant surface tension and an all-atom model simultaneously.
Zz 01 N chaln We thought that including the surface tension would be a
- £ convenient and practical way to alleviate the problems
04 T caused by the small size of the system. For this purpose,
0 10 20 z axaics), (A) after changing to the all-atom model based on the confor-

mations of the united-atom membrane (system 1), we used

, . Nosés extended system to incorporate surface tension,
FIGURE 18 The profiles of electron density across the membrane. Den-

sities in both monolayers were averaged and displayed symmetricall \.NhICh had previously been introduced by Zhang et al.

Contributions from the headgroup, glycerol backbggieand y-chains of  (1995), and simulated the system under th@Nanemble.
DMPC, and water are shown. The experimental profitéck solid lin® We found that a constant surface tension of 35 dyn/cm/
was taken from Nagle et al. (1996). As their data were for DPPC, we scalefhterface, which was selected after testing seven values,

the_ir curve so that the positions of the maxirpal peaks move 2.5 A inwardsatisﬁed both the surface area per lipid and the order
which corrects for the difference of alkyl chain length between DMPC and

DPPC. parameters.
The obtained system reproduced all experimentally ob-
served parameters examined in this work. The surface area/
CONCLUSIONS DMPC was 61.5 A Both the two-dimensional packing

density of alkyl chains and the electron density profile
A computer model of a liquid-crystalline DMPC bilayer across the membrane are consistent with x-ray diffraction
was generated by MD simulations starting from a configu-data. Alkyl chain order parameters agree well vithNMR
ration based on a crystal structure, rather than from ameasurement, and the average numbegaiicheconfor-
arbitrary structure. Initially, a united-atom model and amations per chain agrees with FT-IR estimation and other
residue-based cutoff @ A for Coulomb and van der Waals MD simulation results.
interactions were used to reduce the calculation time (sys- Furthermore, analyses of system 2 membrane revealed
tem 1). After system 1 reached thermal equilibrium, usingfor the first time significant orientational correlation be-
its structure as an initial structure, another model membrangveen alkyl chains of neighboring chains (both intramolec-
(system 2) was constructed, which was an all-atom modellar and intermolecular) and between shoulder vectors of
with a constant surface tension of 35 dyn/cm/interface (beneighboring DMPCs. Two neighboring alkyl chains,
tween the water and membrane phases) and a 15-A cutoffhether they are in the same molecule or belong to different
for van der Waals interactions but without a cutoff for DMPC molecules, exhibited a high correlation with regard
Coulombic interactions. The total calculation time spent forto the tilt orientation (Fig. 15). In terms of the correlation
various simulation conditions exceeded 50 ns. between shoulder vectors, the first and the second nearest
The time development of system 1 toward equilibriumneighbors prefer parallel or anti-parallel orientations (Fig.
was simulated over 13 ns. A brief high-temperature pulsel2). As a DMPC molecule contains two alkyl chains, the
(510 K, 20 ps) was used to disrupt the initial crystal struc-overall shape of the cross section of the hydrophobic region
ture. To further accelerate equilibration, the system wasgs thought to be rectangular rather than circular. Such an-
kept at 360 K, at which temperature approximately 5 ns wassotropy in the cross section of the hydrophobic domain
required for complete equilibration. Various parametersprobably induces orientational correlation between shoulder
reached their equilibrium values at different times: the po-vectors of neighboring DMPC molecules. This orientational
tential energy of the system achieved equilibrium at 20 pscorrelation did not extend to third-nearest neighbors. Such
tilt angle at 920 ps, order parameter agaucheand kink  information on the correlation of lipid orientations has never
fractions at 2.6 ns, reorientation about the molecular londeen available experimentally but is now available through
axis at 4.5 ns, and the exchange of nearest lipids in theomputer models.
lateral membrane plane at 4.7 ns (at 360 K). After equili- These results indicate that when the initial structures of
bration at 360 K, the temperature was lowered to 310 K anddomputer models are generated, merely randomizing the
the system was further equilibrated for 0.8 ns. A productioninitial in-plane orientation of each molecule is not sufficient
run was then carried out for 0.5 ns at 310 K. An analysis offor equilibration. Sufficient time should be allowed for
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equilibration so that the system may develop the correckgberts, E., S. J. Marrink, and H. J. C. Berendsen. 1994. Molecular

level of orientational correlation between neighboring lipids. gg‘fzngi_cfl;gm“'a“o” of a phospholipid membra@ur. Biophys. J.

The r_n.embrane mOdeI developed here ShO_UId be usQflél\/vald, P. P. 1921. Die berechnung optischer und elektrostatische gitter-
for additional studies on membrane properties and as a potentiale.Ann. Phys64:253-287.
foundation for simulating more complex membranes. Fur+eller, S. E., and R. W. Pastor. 1996. On simulating lipid bilayers with an
ther analysis of membrane dynamics using the generatedapplied surface tension: periodic boundary conditions and undulations.
model membrane will be described elsewhere Biophys. J.71:1350-1355.
' Feller, S. E., and R. W. Pastor. 1999. Constant surface tension simulations

of lipid bilayers: the sensitivity of surface areas and compressibilities.
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