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Abstract Aggregates of n-dodecyl phosphate present an
attractive model system of simple phospholipid amphi-
phile supramolecular structures for study by molecular
dynamics simulation, since these systems have previ-
ously been studied experimentally under various condi-
tions. A detailed molecular dynamics description of the
properties of planar bilayer membranes (as a model for
unilamellar vesicular membranes) and spherical micelles
under various simulated conditions is presented. It is
shown that the united-atom model of GROMOS96 ap-
plying the force-field parameter set 43A2 for bio-
molecular systems yields properties in agreement with
experimental ones in most cases. Hydrogen bonding
plays a role in stabilizing the bilayer aggregates at low
pH, but not for the micelles, which are energetically
favoured at high pH. NMR —S¢p order parameters for a
lipid bilayer system, the diffusion of amphiphiles within
aggregates and of counterions, and lifetimes of hydrogen
bonds between amphiphiles and to water are estimated
from the MD simulations.

Keywords Dodecyl phosphate aggregates - Unilamellar
bilayer membrane - Spherical micelle - GROMOS96 -
Molecular dynamics simulation

Introduction

It has been suggested that simple phospholipids may
have played an essential role in the prebiological,
chemical evolution on Earth (Ourisson and Nakatani
1994, 1995; Deamer 1997; Luisi 1998; Luisi et al. 1999).
Single-tail fatty acids (Boggs 1987; Walde et al. 1994;
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Morigaki et al. 1997; Blochliger et al. 1998) and also
alkyl phosphates or phosphonates were shown to
vesiculate under conditions at which about one half
of the molecules is negatively charged and the other half
is uncharged. Between about pH 7-9 this is the case
for fatty acids; around pH 2 it is the case for alkyl
phosphates or phosphonates (Walde et al. 1997). Some-
what more complex phospholipids such as double-tail
(Wagenaar et al. 1989; Buwalda et al. 1997) and cyclic
(Buwalda et al. 1997) dialkyl or branched (Ravoo and
Engberts 1994) monoalkyl phosphates have also been
studied experimentally in this respect. A particular sin-
gle-tail phospholipid, n-dodecyl phosphate, has been
studied experimentally to some extent and was found to
form both vesicles (at low pH) and micelles (at high pH),
depending on the pH conditions of the aqueous solution
(Tahara et al. 1969; Arakawa and Pethica 1980; Walde
et al. 1997). If only unilamellar vesicles, which vary in
diameter after spontaneous vesiculation, are considered,
one roughly finds diameters in the range 25-250 nm. For
the larger vesicles, a small patch of bilayer vesicular
membrane shows negligible curvature. Undulations of
membranes allow for locally convex or concave curva-
ture (Zhang and Ouyang 1999). It is therefore reason-
able to assume that a patch of vesicular membrane could
be modelled to a good approximation as a planar bilayer
patch. Experimentalists have indicated that hydrogen
bonding may increase the stability of bilayers, which
could explain vesicle formation at pH~pK; =2 (Deamer
1997). For intermediate pH values of 7.5, for example,
Walde et al. (1997) observed large insoluble aggregates
for n-dodecyl phosphates. At pH=11.2 the aggregates
have completely disappeared, as inferred from light and
electron microscopy, and micelles are assumed to exist in
the case of single-tail lipids (Walde et al. 1997). Under
salty conditions (0.5 M NaCl) the formation of micelles
at high pH has been noted as well (Tahara et al. 1969;
Arakawa and Pethica 1980). Apart from the sketched
dependence of the aggregation state on pH, not much is
known about n-dodecyl phosphate aggregates. No NMR
order parameters of pure n-dodecyl phosphoric acid



or its salts have been measured to our knowledge. The
only X-ray examination we are aware of suggests
that solubility and crystalline appearance are similar to
fatty acids, and alkyl dihydrogen phosphates would
show a tilting angle of 37° in the crystal form (Brown
et al. 1955), which could also be relevant for a bilayer
structure.

Molecular dynamics (MD) simulation offers the
possibility to study the structural, dynamical and ener-
getic properties of complex systems in atomic detail,
provided a reliable force field is available and the con-
formational space of the system is sufficiently sampled
(van Gunsteren and Berendsen 1990). Molecular systems
containing lipids in various forms, liquid crystals,
monolayers, bilayers and micelles, have been studied
with MD simulation (Egberts and Berendsen 1988;
Ahlstrom and Berendsen 1993; Damodaran and Merz
1994; Egberts et al. 1994; Yonega and Berendsen 1994;
MacKerell 1995; Callaway et al. 1996; Tieleman and
Berendsen 1996; Tobias and Klein 1996; Kuhn and
Rehage 1997; Larson 1997; Tieleman et al. 1997;
Essmann and Berkowitz 1999). Here we have used MD
simulation on a nanosecond timescale to investigate
systems built up from mixtures of n-dodecyl phosphates
and n-dodecyl phosphoric acid under various conditions
of pH and temperature, starting from bilayer and
micellar structures. Although the simulation timescale is
too short to observe transitions between the different
types of lipid aggregates, analysis and comparison of
the structural, dynamical and energetic differences be-
tween various simulations should give insight into the
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interactions that govern the association and structure of
assemblies of single-chain phospholipids.

Methods

Molecular model and force field

The molecular systems were modelled using the GROMOS96 force
field, which uses a united-atom representation for aliphatic hy-
drocarbons (van Gunsteren et al. 1996, 1998; Daura et al. 1998;
Schuler and van Gunsteren 2000). Figure 1 shows the molecular
topology and partial atomic charges of n-dodecyl phosphoric acid
and the two n-dodecyl phosphates in the three charge states (neu-
tral, —e, —2¢) that were used in the simulations. To mimic the var-
ious pH conditions, we combined the acidic, monoanionic or
dianionic forms with each other in various ratios. At pK;~pH =2
we combine the acidic and monoanionic forms in a 1:1 ratio. At
pK>~pH =7 we have approximately a 1:1 ratio of the monoanionic
and the dianionic forms. At basic pH=11.2 we have only the
dianionic forms. We assume that these compositions of the system
reflect the pH-dependent differences for a real system, since stan-
dard classical molecular dynamics simulation does not include the
transfer of protons. Water was modelled using the simple point
charge (SPC) model (Berendsen et al. 1981). The quality of the
results of classical MD simulation is determined largely by the
empirical force field that is used. To provide detailed information
on this, the structural elements of the phospholipids and their re-
spective force-field parameters are listed in Table 1. The functional
forms of the various bonded and non-bonded interaction terms
have been given previously (van Gunsteren et al. 1996; Scott et al.
1999). The 1-4 interaction for aliphatic hydrocarbons has recently
been modified to improve the trans to gauche ratio for liquid
n-alkanes (Schuler and van Gunsteren 2000). This improved
parameter set is indicated as GROMOS96 set 43A2.

In simulations of mixed n-dodecyl phosphoric acid and
n-dodecyl phosphate bilayers based on parameter set 43A1, no
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transition of the bilayers from the starting all-trans conformations
to a liquid-crystalline phase were observed (unpublished results).
With the newer parameter set 43A2 (Schuler and van Gunsteren
2000) a complete melting of the membrane is observed if the
temperature is raised sufficiently.

System set-up

Table 2 shows the different systems that were studied. A bilayer
patch of twice 8x8 lipids (32 neutral ones and 32 with charge —e)
was simulated with 64 Na™ ions at pK;~2 for three different
temperatures, 298, 348 and 398 K. At basic pH the bilayer patch
consists of twice 8x8 lipids with charge —2e¢, 256 Na™ ions and
many more water molecules. Three types of micellar systems were
simulated. At pK;~2 the system consists of 90 lipids with different
tail lengths (45 neutral ones and 45 with charge —) and 45 Na™
ions and water. The one with the longer tails was simulated at
pK>=7 (45 lipids with charge —e and 45 lipids with charge —2¢) and
at basic pH (90 lipids with charge —2¢). Finally, a smaller micelle
(64 lipids with charge —2¢) was simulated at this pH. The number of
90 lipids was chosen as the average of the experimentally deter-
mined aggregation numbers (Tahara et al. 1969). We note that for
the shorter tail length (C8) we would expect an aggregation number
of 43+£5 at comparable conditions of pH=4.5 and T=303 K
(Chevalier and Chachaty 1984).

For bilayers we used rectangular periodic boundary conditions,
for micelles truncated octahedral ones. To obtain an initial struc-

Table 2 Simulated systems and their simulation conditions. The
system labels are used throughout this work and the table is meant
as a reference for the various simulation conditions. Five different
groups of simulations can be distinguished: bilayers at low
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ture for the bilayer patches an estimate of the head-group area
of the lipids is useful. For n-dodecyl phosphate this quantity is
actually not known experimentally. A rough estimate was obtained
as follows. Aggregates of lipids may be characterized using a geo-
metric packing parameter P (Israelachvili 1991). For example, a
spherical micelle is characterized by P < 1/3, and a planar bilayer by
P=1. The area a, occupied by one head group is approximately
given as a function of the carbon tail length /. and the volume v of
the carbon tail by:

-5 (1)

For an elongated all-trans n-alkyl single chain with 12 carbons we
assume that /,=1.672 nm and that v=0.3502 nm’> (Israelachvili
1991). For our bilayer patch (P=1), assuming all-trans confor-
mations, this leads to a value of ay=0.21 nm>.

At pK; the uncharged acid and the monoanion lipids are pre-
sent in a 1:1 ratio positioned in a chess board-like geometry. This
leads to a lipid-lipid neighbour to neighbour distance of 0.46 nm.
For bilayers, the initial assembly of translated molecules was ran-
domized with rotations of individual lipids around their body axis.
Micelles were constructed by modifications of head groups and
subsequently simulating the assembly of lipids while restraining
their CH3 tail atoms to a fixed position until the structure became
spherical. Then the restraints were removed and solvent molecules
as well as ions were added. Energy minimization was carried out
followed by short (50 ps) MD simulation while restraining the
positions of the lipid atoms.

ao

(pK;=2) or high pH (=11.2) and micelles at low (pK;) or neutral
(pK>) and basic pH. Experiments (Walde et al. 1997) indicate the
existence of bilayers at low and micelles at high pH

Parameter Bilayer
Label bil-pK;-298 bil-pK;-348 bil-pK;-398 bil-bas-298 bil-bas-348 bil-bas-398
Number of lipids 128 128 128 128 128 128
Number of tail carbons 12 12 12 12 12 12
Number of Na™ ions 64 64 64 256 256 256
Number of water molecules 1420 1420 1420 7351 7351 7351
Atoms in total 6692 6692 6692 24,485 24,485 24,485
pH pKi=2 pKi~ pKi~ Basic Basic Basic
T (K) 298 348 398 298 348 398
Box shape Rectangular Rectangular Rectangular Rectangular Rectangular Rectangular
Pressure coupling Anisotropic Anisotropic Anisotropic Anisotropic Anisotropic Anisotropic
Initial box lengths

x (nm) 3.68 3.68 3.68 3.80 3.80 3.80

y (nm) 3.68 3.68 3.68 3.50 3.50 3.50

z (nm) 7.60 7.60 7.60 20.0 20.0 20.0

Simulated time (ns) 3.0 5.0 4.0 3.0 3.0 3.0

Equilibration period (ns) 1.5 3.5 2.5 1.5 1.5 1.5
Parameter Micelle
Label mic-C8-pK;-298 mic-pK;-298 mic-pK»-298 mic-bas-298 mic-64-bas-298

Number of lipids 90 90 90 90 64

Number of tail carbons 8 12 12 12 12

Number of Na™ ions 45 45 135 180 128

Number of water-molecules 6208 6161 6071 6102 6102

Atoms in total 19,974 20,193 19,923 20,016 19,522

pH pKir2 pKir2 pKxT Basic Basic

T (K) 298 298 298 298 298

Box shape Trunc. octah. Trunc. octah. Trunc. octah. Trunc. octah. Trunc. octah.

Pressure coupling Isotropic Isotropic Isotropic Isotropic Isotropic
Initial box length

x (nm) 7.60 7.60 7.60 7.60 7.60

y (nm) 7.60 7.60 7.60 7.60 7.60

z (nm) 7.60 7.60 7.60 7.60 7.60

Simulated time (ns) 3.0 3.0 3.0 8.0 3.0

Equilibration period (ns) 1.5 1.5 1.5 1.5 1.5
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System equilibration

Initial velocities were taken from a Maxwell-Boltzmann distribu-
tion at the required temperature. Various properties were moni-
tored as function of time to investigate equilibration and
convergence. Equilibration could take as long as a few nanosec-
onds because of the slow diffusion of the charged particles under
the influence of long-range Coulomb interactions. This is illustrated
in Fig. 2.

All simulations have been carried out under the following
identical conditions. Covalent bonds have been constrained using
the SHAKE algorithm (Ryckaert et al. 1977) with a relative ac-
curacy of 10*. For non-bonded interactions a twin-range cut-off
scheme using 0.8 and 1.4 nm distance criteria was applied. Short-
range forces were calculated at every time step of 2 fs, while in-
termediate-range forces were calculated every fifth step. A dielectric
continuum with dielectric permittivity e, equal to 54 (correspond-
ing to SPC water) was assumed beyond the larger cut-off distance.
Solute and solvent degrees of freedom were separately coupled to a
temperature bath using the Berendsen thermostat (Berendsen et al.

Fig. 2a, b Various system properties as a function of time. The
various systems are indicated with the abbreviations defined in
Table 2. The total (¢), kinetic (¢) and potential energies (d) of the
systems and electrostatic interaction energies between lipids and
ions (e) and lipids and water interaction energies (b) are shown in
the top panels. Room temperature (298 K) results are given as solid
black lines, higher temperatures as dark (348 K) and /light (398 K)
gray lines. The second panels show the lengths of the axes of the
computational boxes. The third panels show —Scp NMR order
parameter values for the last CH, group in the lipid tails for the
bilayer systems. For micelles, the average diameter of the micelle
(in nanometers) is shown. The lowest panels show the average
percentage of trans conformation seen in the terminal torsion
angles of the lipid chains in the systems

1984) with a coupling time of 0.1 ps. The centre of mass motion
was removed every 50 ps. The pressure was correspondingly cou-
pled to one atmosphere with a coupling time of 0.5 ps and an
isothermal compressibility rr=4.575x10"° (kJ mol ' nm )" was
used as for mixed protein/water systems (van Gunsteren et al.
1996). System configurations were saved every picosecond for
analysis.

Calculation of NMR —Scp order parameters

In NMR measurements aimed at obtaining order parameters,
deuterated lipids are used and the measured directions are the CD
bonds of the hydrocarbon tails. Since we use a united-atom model,
the CD bond vectors are not directly available from the trajectory.
Instead, other vectors were used. Considering the -CD»- group at
position 7z in the hydrocarbon tail, vectors orthogonal to the vector
connecting the carbons at position n—1 and n+ 1 were considered,
assuming that these would reflect the time motion of the CD bonds
at carbon position n along the hydrocarbon tail. This technique
has been introduced by Egberts and Berendsen (1988). For the nth
-CH,»- united atom (C,,) we define z as the unit vector from C,_; to
C,+1, y as the vector orthogonal to z in the plane through atoms
C, 1, C,and C, |, and x as the vector orthogonal to y and z. The
calculation of the —Scp order parameter is done through Eq. 2,
which takes into account the possible rotation of the tail, where 6,
and 0, represent the angles between the orthogonal vectors x and y
and the aggregate or bilayer normal:

1 —Scp =— (<c052 0:) + % ((cos® 0, ) — 1)) 2)

Calculation of hydrogen bond lifetimes

Hydrogen bonds were defined by a hydrogen-acceptor distance
smaller than 0.25 nm and an acceptor-hydrogen-donor angle larger
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than 135° (van Gunsteren et al. 1996). The hydrogen bond lifetimes
were calculated using a 2 ps time resolution.

Calculation of diffusion coefficients

Diffusion coefficients were calculated from the mean-square displa-
cement of an atom using the Einstein relation.

Results and discussion

Figure 3 shows snapshots of simulated aggregates at the
ends of the simulations. Under acidic conditions (pH~2)
the bilayers show increased disorder with increasing
temperature. This is not observed under basic conditions
(pH=11). Under acidic conditions the micelles look
rather spherical, under basic conditions more elongated
(same pH as for bilayer systems). In some simulations,
e.g. bil-pK;-398 or mic-C8-pK;-298, individual lipids
escape from the bilayer or micelle into solution (the
abbreviation bil-pK;-398 stands for a bilayer system at
pH=pK; at T=398 K). Our nanosecond simulations

Fig. 3 n-Dodecyl phosphate structures obtained at the end of the
lipid simulations. Lipid hydrocarbon tails appear in black, head
groups in intermediate gray shades. lons and solvent molecules
close to them and to the lipids are shown in /light colours. The
display is laid out in five sections. Upper left: bilayer simulations at
pKi~2 and at 298, 348 or 398 K. Upper right: bilayer simulations at
basic pH=11.2 and at 298, 348 or 398 K. Lower left: unstable
micelles (90 lipids) at pK; and at 298 K with different carbon chain
lengths (8 and 12 units). Lower middle: micelle (90 lipids) at pK,~7
and 298 K. Lower right: micelles (90 and 64 lipids) at basic pH and
at 298 K. Thus, for example, mic-C8-pK;-298 means the micellar
system of 90 lipids with chain lengths of 8 carbons per lipid (default
is always C;, =dodecyl phosphate) was built as the structure that
reflects pH =pK; and has been simulated at 7=298 K. Any bilayer
system of 128 lipids is abbreviated by bil correspondingly, and for
micelles the labels of systems different from 90 lipids contain the
aggregation number

bil-pK,-298

bil-pK -348 bil-pK -398

mic-C8-pK,-298 mic-pK -298

mic-pK,-298
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are too short to obtain meaningful statistics regarding
these processes.

Experimentally it has been found that the concen-
tration of non-associated lipids in equilibrium with the
vesicles is about 20 mM, or about one lipid within water
for the acidic 128 lipid bilayer system at room temper-
ature. At 298 K and at 348 K, no diffusion of an indi-
vidual lipid from the aggregate to the bulk water is
observed within a few nanoseconds. At 398 K, diffusion
of 4-6 lipids into and from the solvent is observed. At
room temperature in bil-pK;-298 the lipids show an
ordering with respect to the surface. This is obvious for
the lower layer in Fig. 3 (angle of about 25° from bilayer
normal). The upper layer shows a similar ordering, but
in a different direction, which is not obvious from the
picture. This behaviour has been observed for many
single-tail lipid crystals (Bailey et al. 1950; Brown et al.
1955; Turner and Lingafelter 1955; von Sydow 1956;
Schwartz et al. 1992; Bell and Rice 1993). The tilted
ordering is not observed at high pH within bilayers
(Fig. 3). Instead, a surface undulation is seen through
the periodic box at room temperature, which disappears
at higher temperatures.

Hydrogen bond lifetimes

Between lipid head groups of monoalkyl phosphoric
acid and phosphate in the neutral and monoanionic
protonation state, there are more potential hydrogen
bonds than from these lipids to water molecules for
systems at pK;. For the bilayer bil-pK;-298 at room
temperature and acidic pH (Table 3), intermolecular
hydrogen bonds of lipid head groups occur during 18%
of the simulation time, whereas hydrogen bonds of head
groups to water molecules are formed during 2% of the
simulation time. For the same system the lifetime of
bil-bas-398

bil-bas-298 bil-bas-348

mic-bas-298 mic-64-bas-298
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Table 3 Occurrence of hydrogen bonds (%) and average hydrogen
bond lifetimes (ps). For both the bilayer and the micellar systems,
lipid-lipid hydrogen bonds between the phosphate head groups and

lipid-water hydrogen bonds between phosphate head groups and
solvent molecules are given. Note that for structures simulated at
basic pH, hydrogen bonds between lipid head groups cannot exist

Type of Bilayer simulation
hydrogen bond
bil-pK;-298 bil-pK;—348 bil-pK;-398 bil-bas-298 bil-bas-348 bil-bas-398
Lipid-lipid
Occurrence 17.6 5.7 1.3 - - -
Lifetime 8.6 5.0 33 - - -
Lipid-water
Occurrence 2.0 0.8 0.4 5.1 1.2 0.6
Lifetime 13.3 7.5 4.2 4.4 1.2 0.7
Micelle simulation
mic-C8-pK;-298  mic-pK;-298 mic-pK»-298 mic-bas-298 mic-64-bas-298
Lipid-lipid
Occurrence 12.3 13.7 12.8 - -
Lifetime 16.3 8.8 14.4 - -
Lipid-water
Occurrence 2.2 2.0 1.3 0.6 1.0
Lifetime 25.6 24.1 12.1 4.6 4.7

hydrogen bonds to water is longer than the lifetime of
the hydrogen bonds between the lipids, 13 ps compared
to 9 ps on average. The bilayer bil-bas-298 at high pH
shows shorter lifetimes for hydrogen bonds to water
of about 4 ps. Between lipids in the basic systems, no
hydrogen bonds exist.

For micelles at acidic pH (mic-C8-pK;-298 and mic-
pK;-298) the occurrence of hydrogen bonds is compa-
rable for both systems, about 13% for hydrogen bonds
between head groups and about 2% for hydrogen bonds
of head groups to water. The lifetime of these hydrogen
bonds is shorter (16 and 9 ps) between head groups than
between head group and water (26 and 24 ps). The dif-
ference in tail lengths is, therefore, particularly reflected
in the difference of lipid-lipid hydrogen-bonding life-
times. Lipid to water hydrogen bonding has the same
lifetime for the smaller n-octyl and the larger n-dodecyl
phosphates. With increasing pH, the micelle at pK, ~
pH=7 (Tahara et al. 1969; Arakawa and Pethica 1980),
mic-pK>-298, shows similar hydrogen bonding charac-
teristics as the simulated acidic micelle mic-pK;-298 at
pK;=2 does for the intermolecular head-group hydro-
gen bonding, but hydrogen bonding of lipids to water
(occurrence 1% and lifetime 12 ps) is reduced by a
factor of 2. For micelles at basic pH (mic-bas-298 and
mic-64-bas-298), almost no hydrogen bonds to water are
observed (less than 1%) and their lifetime is shorter by a
factor of 3. All this indicates that the lifetimes of
hydrogen bonds to water in aggregates of n-dodecyl
phosphoric acid and phosphates are clearly pH
dependent.

The assumption that hydrogen bonding between lipid
head groups is important to stabilize the lipid vesicles of
n-dodecyl phosphoric acid and phosphates (bilayer
patch in our model), as stated by Walde et al. (1997), is
supported by these data. It seems that the mixing with
water in the head-group region is low and contacts to

water molecules are few. This intramembrane hydrogen-
bonding network reflects a major effect of the acidic pH
conditions and is not lost by the curvature in the mi-
cellar structure (comparing the bilayer and micelle at
pKj). On the other hand, the micelle structures at basic
pH are purely stabilized through polar electrostatic in-
teractions. Hydrogen bonding to water in the experi-
mentally known micellar aggregates at basic pH lasts
half as long as in bilayer membranes at acidic pH.

In the bilayer system bil-pK;-298 the bulk water
hydrogen bonds have a lifetime of 1.4 ps, which is
shorter than for lipid to water (2 ps) and lipid-lipid
(9 ps) hydrogen bonds.

Percentage trans of torsion angles
along the lipid chains

For every carbohydrate tail the torsion angles 0 along
the lipid chain (starting at the head group) were calcu-
lated and the percentage frans population of the total
population was determined. Trans was defined as
|0] > 120° and gauche as 0] < 120°. Figure 4 shows the
averages for the different simulations.

The picture of the simulated structures for bilayers at
different temperatures in Fig. 3 and the percentage trans
in Fig. 4 show temperature dependence along the tails.
The trans percentages can be compared to values mea-
sured for liquid r-alkanes for which about 2/3 of the
corresponding torsion angles would be in the trans
conformation at room temperature (Schuler and van
Gunsteren 2000). Within the membrane, only the tail
torsion angle might have the freedom to rotate as in a
liquid. We note for acidic pH (bil-pK;-298) this freedom
is not given in the bilayer; at room temperature we find 7
out of 9 torsion angles to be over 90% in the trans
conformation. At high pH and room temperature the
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structure (bil-bas-298) is less rigid than at low pH.
Higher temperature simulations show a decreasing
amount of trans conformations at acid pH (bil-pK;-348,
bil-pK;-398); the membrane obviously melts and dis-
solves as seen in Fig. 3. At basic pH, there is instead
only little liquefaction.

Micellar aggregates of 90 or 64 lipids at high pH
conditions (mic-bas-298 and mic-64-bas-298) show less
torsion angles in the trans conformation than bilayer
membranes. The trend for tail torsion angles to adopt
more gauche conformations is observed both in the mi-
celles and in the bilayers. The smaller micellar aggregate
shows less trans conformations. The experimentally non-
existent micelles (mic-pK;-298, mic-pK>-298) behave
very differently. At pK,, two distinct torsion angles seem
to adopt the gauche conformation more strongly than
the trans: a kind of screwed lipid structure with two
gauche conformations is favoured. In the micellar ag-
gregates at pK; the distribution of trans versus gauche
conformations along the chain starting from the tail end
is remarkable: both the pK; micelles with 90 lipids and
different tail lengths (mic-C8-pK;-298 and mic-pK;-298)
show the same trend for different torsion angles in se-
quence along the tails.

NMR —Scp order parameter

NMR measurements of —Scp order parameters provide
a measure of the lipid tail ordering in bilayer membranes

5 6 7 8 9 1 2 3 4 5 6 7 8 9
lipid tail sequence number of torsional angle

that are immobilized like in a planar Langmuir-Blodgett
film (e.g. MacRitchie 1990). Deuterated hydrocarbons
are synthesized for tail groups that are pure with respect
to the unique deuterium (D) position along the tail. If
the directions of the CD bonds are parallel, like they
would occur in a frozen crystal, the order parameter
value —Scp 1s one. If the distribution of directions is
homogeneous, —Scp drops to zero. The order parameter
—Scp in our simulations was calculated from the en-
semble average of (Eq. 2) over time for the bilayers.

In Fig. 5, a comparison of bilayers at acidic pK; and
basic pH shows that in the basic case only slightly more
order is seen at room temperature. A temperature in-
crease melts the acidic bilayer but not the basic one,
which may be trapped in a metastable state. Since
NMR order parameter measurements of n-dodecyl
phosphate are not available, a comparison with experi-
mental data for an n-dodecyl double-tail lipid, dila-
urylphosphatidylcholine, obtained at room temperature
from L,-phase powder spectra (Douliez et al. 1995), is
given in Fig. 5. It seems that the atoms near the end of
the lipid tail in a double-tail lipid have more motional
freedom than those of a single-tail lipid of the same
length. Experiments for small deuterated n-alkyl chains
that have been inserted or belong to lipid aggregates
(Seelig and Niederberger 1974; Pope et al. 1984; Soder-
man et al. 1988) show a range of 0.18-0.24 for the NMR
—Scp order parameter at position 1 next to the head
group. A similar value of 0.20 is found in our simulation
of an n-dodecyl phosphate bilayer.
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Fig. 5 NMR —S¢p order parameter versus carbon numbers along
the lipid chains. The —Scp NMR order parameters are displayed
for all simulated bilayer systems of n-dodecyl phosphate. Both
panels show the structures simulated at three different tempera-
tures, 298 K (O), 348 K (<) or 398 K (A), at pK =2 on the left
(experimental condition for vesicles of n-dodecyl phosphoric acid
and n-dodecyl phosphate), at basic pH on the right (experimental
condition for micelles of n-dodecyl phosphate). The experimental
values for the deuterated sn2-chain of dilaurylphosphatidylcholine
(Douliez et al. 1995) are shown for comparison (Xx)

Fig. 6 Distribution of atom types across bilayer membranes. The
average distribution of different GROMOS96 atom types is
compared (OM: double-bonded oxygen; OA: hydroxyl or
ester oxygen; OW: water oxygen). The distributions have been
normalized

bil-pK,-298, bil-pK,-348, bil-pK,-398

Distribution of atom types: cross section for bilayers

The average distribution of particles (here distinguished
by atom types) within the simulated system shows how
close the different atoms come to each other. Figure 6
contains the atom distributions along the z-axis of the
system (orthogonal to the bilayer plane) through
the membrane, and shows all atom types present in the
simulated system. Upon increasing the temperature of
the acidic bilayer membrane (bil-pK;-298, -348, -398) the
peaks representing head-group atoms (OM, OA, P) move
closer to each other, indicating that the membrane is
getting thinner. In addition, the intermingling of the tails
increases, because the distribution histograms of the CH,
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groups of the two layers which meet each other in the
inner section of the bilayer start merging. No water atom
types (OW, H) appear within the membrane, the water
density is flat outside the bilayer and drops where head-
group atoms appear. Statistically, water exchange
through such a small system of 64 lipids in cross section is
only a rare event. The simulation at high temperature,
bil-pK;-398, shows that few lipids are able to diffuse into
the water within a simulation time of nanoseconds
(Fig. 3). In a test simulation at 398 K, a water molecule
was only once observed crossing the n-dodecyl phosphate
lipid bilayer. For longer simulations and larger systems,
such events may also be observed at lower temperature.

The basic bilayer (bil-bas-298, -348, -398) shows a
gap between the two layers; the CH; atom density is
reduced (Fig. 6). The CH, group distribution is more
flat than at acidic pH and much closer contacts of ions
(Na™ atom type) to the head-group atoms (P, OM, OA
atom types) are found. No water is found within the
membrane. No significant change with temperature
occurs in the distributions.

Distribution of atom types:
radial distribution for micelles

Micelles very often adopt a spherical (spherical micelles)
or cylindrical (rod-like micelles) geometry. Radial

Fig. 7 Radial distribution of atom types from the centre of the
micelles. The average distribution of different GROMOS96 atom
types is compared (see caption of Fig. 6)
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distributions for the different atom types are shown in
Fig. 7. The micelles simulated at acidic pH (pK;) differ
mainly in size; the head-group peaks of P, OM and OA
atom types for mic-C8-pK;-298 appear at a lower dis-
tance than for mic-pK;-298. The spread of the lipids
through the computational box is wider in the former:
for mic-C8-pK;-298 a CH; united atom is present at a
maximum distance of 4.5 nm from the centre of the
micelle, whereas for mic-pK;-298 this value is 3.3 nm.
Both micellar structures at high pH (mic-bas-298, mic-
64-bas-298), which only differ in the number of lipids
and counterions, show different distributions. For 64
lipids there is a considerable overlap between ions (Na ")
and head-group atoms (P, OM, OA) and tail atoms
(CH,, CH53). The sharper distributions for the large ag-
gregates of 90 lipids at high pH (mic-bas-298) is much
more comparable with the lipid aggregate of 90 lipids at
neutral pH=pK,=7 (mic-pK;,-298). Common to all
micellar distributions is the appearance of tail-end atom
types (CH3) up to close to the head group (P, OM, OA)
atom types, illustrating that lipids in micelles are able to
expose their tails to the micellar surface. In three
micellar systems (mic-C8-pK;-298, mic-bas-298, mic-
64-bas-298) we found lipid tail traces up to 4.5 nm.
Experiments that provide the aggregation numbers for
n-octyl phosphate (43 £ 5 lipids; Chevalier and Chachaty
1984) and n-dodecyl phosphate (90 lipids; Tahara et al.
1969) leave room for variation in the number of lipids in
an aggregate. The number of lipids in the aggregate also
varies in the simulation. Single lipids diffuse into the
solvent and back into the micelle (mic-64-bas-298 and

mic-C8-pK,-298, -pK,-298, —pK,-298
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mic-bas-298) and the shorter tail lipid aggregate (mic-
C8-pK;-298) loses several aggregate members.

Diffusion coefficients

From the atom mean-square displacement, the diffusion
coefficients for lipids (P atoms) and counterions (Na "
atoms) were estimated (Fig. 8). The results are displayed
in Table 4. Sodium counterions move faster than the
lipids (phosphorus head-group atoms). For lipid diffu-
sion we estimate 2x10°® cm? s ™' for bilayer membranes
of n-dodecyl phosphoric acid and phosphate (bil-pK;-
298), a value that increases with temperature. Not un-
expectedly, both counterion and lipid diffusion decrease
with decreasing acidity. Sodium ions are (according to

bil-pK,-298

2.0

displacement [nm?]
5

05 r

0.0

400 600 800

time [ps]

1000

Fig. 8 Example of data calculated to estimate the diffusion
coefficient. Measurements have been taken over 3 ns from a
trajectory of the n-dodecyl phosphate bilayer at pK; and at 298 K
which has been elongated from 3 to 6 ns. Of these, only the first
nanosecond for the sodium counterions is shown. The lower thin
line corresponds to the mean-square displacement orthogonal to
the lipid bilayer membrane plane (z direction), whereas the parallel
dashed and dotted lines represent the displacement in the orthogonal
x and y directions lateral in the bilayer membrane plane. The thick
black line represents the three-dimensional displacement. Its slope
leads to a value of D=3.3x10"°cm?s ! (see Table 4 for bil-pK;-
298)

Fig. 7) less surface bound at acidic micelles and this may
explain the faster diffusion in comparison with the basic
micelles or the acidic bilayer. Within the lipid bilayer at
room temperature, lipids laterally diffuse faster than
within micelles. In micellar aggregates at high pH (mic-
bas-298), a factor of two difference between large (90)
and small (64) aggregation numbers with 1x10 ® cm®s !
and 2x10°% cm?s! was found. The essential contribu-
tion to lipid diffusion in micelles might be the micelle
rotation and diffusion and not the movement of the
strongly interacting lipids themselves, since lipid diffu-
sion of the larger micelle mic-bas-298 is slower than for
the smaller micelle mic-64-bas-298. In general, experi-
mentally determined diffusion coefficients for lipids in
membranes are in the range 10°® to 10 °cm?s ' (e.g.
Essmann and Berkowitz 1999).

Torsion angle dynamics

The internal dynamics of the lipid chains can be ana-
lysed in terms of torsion angle transitions between po-
tential energy minima. The three potential energy wells
of the X-CH,-CH,-Y torsion angle potential energy
term in the force field are used to define the transitions.
The transitions for every torsion angle along the lipid
chains were counted and averaged over the number of
molecules (Fig. 9).

With increasing temperature the frequency of tran-
sitions increases for both bilayer systems, bil-pK;-298,
-348, -398 and bil-bas-298, -348, -398. The increase is,
however, more pronounced for the acidic bilayer sys-
tem. In the case of the different micelles, at high pH
(mic-bas-298, mic-64-bas-298) or at neutral pH (mic-
pK>-298) there is no difference in frequency of torsion
angle transitions. The acidic micellar systems (mic-pK;-
298 and mic-C8-pK;-298) show barely faster transi-
tions.

Conclusions

The membrane and micellar aggregates of n-dodecyl
phosphoric acid and n-dodecyl phosphate as set at the
beginning of the simulations do not lose their integrity

Table 4 Diffusion coefficients (10 ® cm? s™!) from mean-square displacement of atoms. The diffusion of phosphorus atoms is taken for the
lipid diffusion within (lateral) or out of the membrane (bulk diffusion)

Bilayer simulation

bil-pK;-298 bil-pK;-348 bil-pK;-398 bil-bas-298 bil-bas-348 bil-bas-398
Na™ ions 33 9.0 14.2 1.6 3.0 4.6
P bulk 2.1 3.6 5.3 1.1 2.0 2.8
P lateral 2.6 4.6 6.9 1.1 1.5 3.9
Micelle simulation
mic-C8-pK;-98 mic-pK;-298 mic-pK»-298 mic-bas-298 mic-64-bas-298
Na™ ions 8.7 7.7 43 2.1 4.2
P bulk 1.9 1.2 2.5 1.0 2.2




Fig. 9 Number of transitions
between the three wells of the
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over a simulation time of 3-8 ns. Indeed, the head-group
area that was roughly estimated to be 0.21 nm? for
n-dodecyl phosphate bilayers (Eq. 1) was calculated to
be 0.20 nm? in the simulation. A micelle of aggregation
number 90 (mic-bas-298) seems to be more stable than a
smaller one of aggregation number 64 (mic-64-bas-298),
since the latter shows more diffusive character and tends
to lose lipids more easily. This is in agreement with
experiment.

The experimentally determined phase transition
temperature 7y, is about 276 K for the bilayer mem-
brane system (Walde et al. 1997), which our simulation
contradicts. At pK;=2 and room temperature (298 K)
the bilayer membrane looks as if in a so-called “gel
phase” below the phase transition temperature (Fig. 3),
but melts when heated up. The liquefaction of the mi-
celle is observed through more transitions of torsion
angles when the pH is lowered to pK, or pK;. We as-
sume this liquefaction to be indicative for a structural
transition on the longer timescale. On the other hand, a
bilayer structure of n-dodecyl phosphate that is simu-
lated at high pH shows a ripple phase structure at room
temperature (Fig. 3), but does not lose its integrity after
transition towards a liquid crystalline phase when the
temperature is raised. We see partial dissolution of a 90-
member micellar aggregate of shorter lipids of n-octyl
phosphate. All these observations from MD simulations
show that the force field set 43A2 strikes the balance
between experimentally and energetically favoured and
unfavoured structures in most cases.
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©
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The bilayer structure at low pH shows the profile of
trans torsion angles along lipid tails that one could expect
for a stable bilayer system, and melts upon heating. We
find a similar proportion of trans torsion angles along
lipid tails for the high pH micelles, but not for other
micelles. In agreement with experiments, it is concluded
that high pH energetically favours micelles of n-dodecyl
phosphates over bilayer membranes.

The simulations allow for predictions that cannot be
verified, since measurements are not available:

1. We would expect the NMR —S¢p order parameter of
n-dodecyl phosphate bilayers at the plateau region to
be close to 0.215+0.01. For the tail methyl group at
the end of the lipid chain the value would decrease to
below 0.10.

2. Lipid-lipid hydrogen bonds seem to stabilize the
bilayer, and their lifetimes cover a broad range with
an average value of 9 ps.

3. If water molecules are hydrogen bonded to n-dodecyl
phosphate bilayers, they are bound longer than at
micellar surfaces, for about 13 ps compared to 5 ps
on average, whereas water-water hydrogen bonds live
much shorter: 1.5 ps.

4. We expect sodium counterion diffusion to be around

D=3x10"°cm?s !, lipid diffusion within bilayers or
micelles around 2x10°cm?s™'. Lipids may diffuse
faster within bilayers than in micelles, since their
torsional dihedral conformations in micelles display
a chain entanglement that might hinder a faster
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diffusion process. For the experimental lipid aggre-
gate number in micelles the lipids appear half as
diffusive as for bilayers, but not for the smaller
micelle aggregate, where diffusion was equally fast.
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