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Molecular structure of the lecithin ripple phase
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Molecular dynamics simulations of lecithin lipid bilayers in water as
they are cooled from the liquid crystalline phase show the spon-
taneous formation of rippled bilayers. The ripple consists of two
domains of different length and orientation, connected by a kink.
The organization of the lipids in one domain of the ripple is found
to be that of a splayed gel; in the other domain the lipids are
gel-like and fully interdigitated. In the concave part of the kink
region between the domains the lipids are disordered. The results
are consistent with the experimental information available and
provide an atomic-level model that may be tested by further
experiments.

molecular dynamics simulation | structural model

ipid bilayers are studied widely as models for biological

membranes (1). Biological membranes have many compo-
nents. The complexity of the biological membrane facilitates a
wide range of functionalities. Among these, order—disorder
transitions within the lipid matrix are believed to play a crucial
role in the regulation of protein function (2). Single-component
phosphatidylcholine (lecithin) lipid aggregates in water, how-
ever, already show rich phase behavior (3). Upon cooling lecithin
bilayers from the liquid crystalline (L,) state to a temperature
below the main transition temperature, x-ray studies have re-
vealed the formation of rippled bilayers (4—8). This phase is
denoted Pg'. Upon further cooling below the pretransition
temperature, a gel phase is found in which the lipid tails are fully
stretched and ordered in a hexagonal array, with a uniform tilt
with respect to the bilayer normal. This phase is denoted Lpg'.
X-ray studies of the Pg’ phase have been used to obtain the ripple
length (\;), the stacking repeat distance (d), and the oblique
angle (vy), as shown in Fig. 1 (5). The ripple is asymmetric
(sawtooth-like) and consists of a major domain (M domain) and
a minor domain (m domain) (6), connected by a kink. Several
theories have been developed to explain the appearance of this
kink. These theories either emphasize the packing frustration
caused by the difference in steric requirements between the head
groups and the tails of the lipids or emphasize the interaction
between neighboring bilayers (for reviews, see refs. 5 and 9).
Because the ripple phase is intermediate between the fluid and
gel phases, study of its properties contributes to our understand-
ing of the balance of forces within the lipid matrix and the
resulting molecular organization. These insights are likely to be
relevant to order—disorder transitions in a wider sense.

The organization of the lipids in the domains of the ripple is
unknown (10). It is generally agreed that the thickness of the
lipid layer differs in the two domains (6). From x-ray scattering
data the thickness of the bilayer in the M domain is found to be
comparable to that found in the Lg" phase. The thickness of the
bilayer in the m domain is found to be considerably smaller. It
is consistent with the thickness found in the L, phase, but there
is no clear evidence that the lipid tails show a level of confor-
mational disorder comparable to that in the L, state. There is
experimental evidence for a high degree of tail stretching
throughout the ripple phase from Fourier transform infrared
(11) and solid-state '*C-NMR (12) measurements. The presence
of a sharp peak in the wide-angle x-ray scattering (WAXS)
region of the powder spectrum indicates that a sizeable part of
the structure shows short-range order (13). In contrast, the
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Fig. 1.

Characteristics of the ripple phase are shown. A, ripple length; d,
stacking repeat distance; v, oblique angle; xo, projection of M domain on
ripple vector; A, ripple amplitude. The triclinic unit cell is shown as a projection
on a periodically replicated snapshot taken from a MD simulation. Lipid head
groups are shown in white, lipid tails are in gray. Water is shown in light gray.
Note the differences in thickness of the lipid domains (dv and dp,) and water
layers between the lipid domains (wy and wy,).

presence of a considerable fraction of significantly more mobile
lipids has been inferred from solid-state '*C-NMR (12) and
fluorescence photobleaching recovery (14) experiments.

Here, we report low-temperature structures of phosphatidylcho-
line lipid bilayers in water obtained from molecular dynamics (MD)
simulations. MD simulations are one means to investigate molec-
ular organization in atomic detail and have been used extensively
to study the properties of lipid bilayers, predominantly in the L,
state (15). Some studies on the Lg' state (16, 17) have been
reported, but these have been biased in the sense that starting
structures were taken from low-temperature crystal structures. The
structures presented here were formed spontaneously from the L,
state after cooling the system. To our knowledge, a ripple phase has
never been reported in simulations using atomistic lipid models. A
rippled bilayer has been reported with a coarse-grained lipid model
(18). In this ripple phase, thicker and thinner domains alternate but
they show a symmetric peristaltic profile along the ripple vector,
rather than the sawtooth profile inferred from x-ray scattering data.

Methods

Simulations were performed by using anisotropic pressure cou-
pling (P = 1 bar) with the force field as described for system F
in ref. 19. This force field describes lipid molecules and water
molecules at the atomistic level. Methyl and methylene groups
are described by using a so-called united atom representation, in
which the H atoms connected to the C atoms are not treated
explicitly. Interactions between atoms were calculated by using
a twin-range cut-off scheme. Interactions between particles
within the short-range cut-off of 1.0 nm were updated every step.
Interactions between particles within the long-range cut-off of
1.4 nm were updated every 10 steps. The cut-off for the
Lennard-Jones interactions was 1.0 nm. The cut-off for the
electrostatic interactions, evaluated by using the reaction-field
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Fig.2. Ripple phase structure from MD simulation. The unit cell contained 256 DPPC lipid molecules and 23 water molecules per lipid. This simulation was run
at 283 K. A cut through the system is shown. The horizontal is the ripple vector direction; the vertical is the stacking direction. The color scheme is shown in the
upper right. In A-C the terminal methyl groups are not colored orange. (A) The initial structure (t = 0 ns) taken from an equilibrated L, simulation. (B) An
intermediate structure (t = 30 ns). (C) A fully formed ripple structure (t = 250 ns). (D) Close-up of C. From left to right along the ripple vector, the interdigitation
in the m domain and the highly disordered acyl chains in the concave part of the kink region are seen. In the lower leaflet, the orientation of the acyl chains

with respect to the ripple vector is seen to change gradually.

correction of Tironi et al. (20), was 1.4 nm. Periodic boundary
conditions were used. Most simulations used a fully flexible
(triclinic) simulation box. All simulations were performed with
the GROMACS code (21), versions 3.0.5 and 3.1.4. In general, a
time step of 5 fs was used. The use of different coupling schemes
for pressure coupling [Berendsen et al. (22) and Parrinello and
Rahman (23) barostats] and for temperature coupling [Be-
rendsen et al. (22) and Nosé—Hoover (24) thermostats] was
tested and was not found to influence the results. A number of
simulations accounting for long-range electrostatic interactions
by using the particle mesh Ewald (PME) technique were also
performed for comparison. The use of PME did not affect the
nature of the structures formed.

WAXS data were generated from a snapshot obtained from
the simulations. The spectrum was calculated from the positions
of all lipid atoms in the unit cell of a representative configuration
of the system by using the formula:

I(q) = Z 2 nin;j cos(—2mlgq:(r; = ry)]).

1 ]

I(g) is the real part of the intensity in reciprocal space, ¢ is a 3D
vector in reciprocal space, (rj — r;) is the vector between atoms i and
j in real space, and n; and n; are the number of electrons associated
with atoms i and j, respectively. The z axis in real space was chosen
to be the ripple stacking direction. The transform from real space
to reciprocal space was performed on the fly and stored on a grid.
The spacing of the grid used was 0.1 nm~! in all directions.
Angle-resolved spectra were then generated from the 3D data. The
data were mapped on a 2D grid by projecting the /(¢) on g, and on
the plane perpendicular to g, ¢: = (g5 + ¢3)"*

Results

Fig. 2 A-C shows a series of snapshots taken from a MD
simulation of a dipalmitoylphosphatidylcholine (DPPC) bilayer
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in water after instantaneously cooling the system to a temper-
ature of 283 K, which is below the experimental transition
temperature of 315 K for DPPC (3). The starting structure is
taken from a simulation at a temperature of 323 K, at which the
DPPC bilayer is in the L, phase (Fig. 24). During the simula-
tions a ripple profile appears as soon as condensation nuclei
consisting of lipids with stretched acyl chains are formed (Fig.
2B). This process occurs on a time scale of several nanoseconds.
The stretched chains of the lipids in these condensation nuclei
are splayed along the ripple vector. A domain with disordered
chains is formed in between the ordered domains. This disor-
dered domain is tilted with respect to the ordered domains and
the chains in the disordered domain are partly interdigitated.
Further interdigitation and ordering into a fully interdigitated
gel (Lg) domain takes much longer, tens to hundreds of
nanoseconds in our simulations. Resolving defects in the unin-
terdigitated gel-like domain is also a slow process. Eventually,
the system evolves into an asymmetric ripple structure with two
domains that differ in length and bilayer thickness (Fig. 2C). The
two domains are connected by a kink. The majority of the lipids
are seen to have fully stretched tails with only a few gauche
defects located toward the end of the acyl chains. In the M
domain, the two monolayers are separated from each other and
the lipids are tilted with respect to the bilayer normal. The tilt
with respect to the stacking vector along the ripple vector is not
uniform. In the m domain, the lipid tails of the two monolayers
are fully interdigitated and have a uniform tilt with respect to the
stacking direction. The two domains as a whole are oriented
differently with respect to the stacking direction, thus showing
an asymmetric ripple profile (sawtooth). The change in orien-
tation of the domains occurs over a few molecular diameters and
is therefore seen as a kink.

Fig. 2D shows a close-up of the ripple structure at the end of
the simulation, revealing the organization of the lipid molecules
around the kink region. The tails of the lipids in the concave part
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Fig. 3.

Calculated WAXS intensities from (Upper) and snapshots of (Lower) DPPC ripple structures. The intensity is plotted as contours colored on a gray scale,

using logarithmic procession of the levels. The levels are the same in all pictures, and the intensities were calculated from the positions of the same number of
atoms. In the snapshots, Corey, Pauling, Kultun coloring is used, except for water, which is colored blue. The yellow lines show the projection of the unit cell on
the x-z plane and the arrow indicates the z axis. (A) Ripple phase structure. (B) Ripple-like structure after partial melting of the M domain. (C) Ripple-like structure

with an ordered M domain and liquid-like m domain.

of the kink are highly disordered, showing many gauche defects.
The lipids in the kink region adopt conformations that are
similar to the conformations lipids adopt in highly curved regions
around water pores (25) and in a small vesicle (26). Ripple
structures similar to those shown in Figs. 1 and 2 were found
under many simulation conditions as long as the number of lipid
molecules in the periodically repeated simulation cell was at least
128 (64 per monolayer). The length of the ripple depended
strongly on the system size because initial ripple formation
occurs faster than lipids are able to redistribute laterally between
the ripple vector direction and the other lateral direction. The
thickness of the domains and the lipid organization in the kink
regions were nevertheless similar. Simulations with two bilayers
in the periodic box also resulted in ripple structures (see Fig. 5,
which is published as supporting information on the PNAS web
site). In smaller systems, symmetric, peristaltic ripple structures
like the ones described in ref. 18 were observed (Fig. 6, which is
published as supporting information on the PNAS web site).
Simulations were performed at several temperatures, starting
from both L, and Lg' structures, and at levels of hydration
corresponding to fully hydrated L, (23-30 water per lipid) and
gel states (12-15 water per lipid), as well as intermediate
hydrations. Whereas the nucleation of the M domain takes place
within tens of ns, the formation of a fully interdigitated m
domain (in the case of ripple formation) takes hundreds of ns.
Running simulations at higher temperature, lower hydration,
and with two independent bilayers in the simulation box resulted
in slower formation of a ripple structure.

2D angle-resolved WAXS spectra calculated for three differ-
ent ripple structures are shown in Fig. 3. The first is a finished
DPPC ripple structure, showing ordering in both M and m
domains (Fig. 34). The second is a DPPC ripple phase structure,
showing an ordered m domain with interdigitated lipids, but with
a partially melted M domain (Fig. 3B). This structure was formed
after 0.5 ns of simulation at the elevated temperature of 313 K,
starting from the completed ripple-phase structure. In the third
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structure, the M domain has formed, but the m domain is still
liquid crystalline-like and only partly interdigitated (Fig. 3C).
This structure is taken after 35 ns of a simulation run at 283 K,
starting from the liquid crystalline state. It can be seen in Fig. 3
that the angle-resolved WAXS spectra exhibit clear peaks,
consistent with the presence of material with short-range order.
The pattern of the peaks is seen to depend on the nature and
amount of ordered material. The completed ripple structure
(Fig. 34) shows the clearest peaks at g, ~ +0.50-0.40, g,
~1.45-1.50 A~'. Strong, broad peaks in the region g, ~ +0.35-
0.15, g, ~1.40-1.55 A~1, are found for the structure with the
partially melted M domain but with the m domain still fully
interdigitated (Fig. 3B). The WAXS spectrum of the structure
with the ordered M domain but the liquid-like 72 domain (Fig.
3C) shows considerably weaker peaks, which are furthermore
strongest on the line g, ~0 A-1 around qr ~1.52 A~

Discussion

The simulations give ripple characteristics for DPPC (Fig. 1) in
the following range: A;, 12-16 nm; d, ~6.5 nm; vy, 56—118°; x,
(projection of M domain on ripple vector), 9-10 nm; and A
(ripple amplitude), ~2.4 nm. These dimensions of the ripple are
consistent with the available experimental data. Ripple charac-
teristics for DPPC are not known in such detail as given here.
They depend on hydration level and temperature and are found
in the range: A, 13.4-20 nm; d, 6.2-7.2 nm; vy, 88-98°; d;, 4.5-4.9
nm; dy, 1.3-2.3 nm (5, 7), where d; and dy, are the average
thicknesses of the lipid and water layers, respectively. A detailed
study of the thicknesses of the lipid and water layers in the
different domains of the ripple was undertaken only for dimyr-
istoylphosphatidylcholine (DMPC) (6). For DMPC, dy was
given as 3.8 nm, wy was 2.1 nm, d, was 3.1 nm, and wy,, was 1.8
nm. For the simulation of DPPC shown in Fig. 2, we find dy is
4.6 nm, wyy is 2.1 nm, dp, is 3.2 nm, and wy, is 4.8 nm. Given that
the acyl chains of DPPC are two methylene units longer than
those of DMPC, our DPPC results are consistent with those of
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DMPC. Discrepancies with experimentally based descriptions of
the ripple phase structure occur largely in the oblique angle y
and in the thickness of the water layer between the m domains
(Wm). This finding may be explained by the fact that under
experimental conditions excess water can sequester into a sep-
arate phase, whereas in the simulations the water is restricted to
the simulation box and can sequester most effectively by chang-
ing the oblique angle . Furthermore, y, Wy, and wy, are coupled
(7). Simulations at lower hydration show that wy; remains the
same, whereas wy, decreases. At very low hydration, a ripple
structure does not form. Instead, a tilted gel phase (Lg') is
formed (Fig. 7, which is published as supporting information on
the PNAS web site), in accordance with experiment. The sim-
ulation temperatures at which ripple structures were formed are
below the experimental pretransition temperature of 308 K at
full hydration (5), and it may be argued that the formation of a
ripple structure should not have been observed. It should be
noted, however, that the true temperature in a molecular
simulation is not defined precisely because the states sampled
during a simulation are determined by their relative Boltzmann
weights. Temperature enters the Boltzmann equations as a
scaling factor, and thus the absolute temperature of the system
cannot be defined independently of the force field. Slight
inadequacies in the force field will be manifest as slight shifts in
the calculated phase diagram with respect to the experimentally
determined phase diagram. It is only by modeling temperature-
sensitive thermodynamic properties such as phase transitions
that the absolute temperature of a simulation performed by
using a specific force field can be determined. In addition, the
time required for the process of phase transformation to take
place strongly depends on how much below the phase transition
temperature the simulation is performed. The investigations
were performed at a temperature well below the expected
transition temperature to keep the simulations tractable.

Perhaps the most salient feature of the ripple structure seen
in the simulations is the complete interdigitation of the acyl
chains in the m domain. Interdigitation of phosphatidylcholine
lipids has been described extensively in the literature (27), but
has only been speculated about in conjunction with the ripple
phase of single-component phosphatidylcholines by Wack and
Webb (5). Laggner et al. (28) proposed a ripple structure with an
interdigitated domain formed by dihexadecylphosphatidylcho-
line (DHPC) lipids for mixed systems of DPPC and DHPC. In
DHPC the tails of the lipids are linked to the glycerol backbone
through ether links, rather than through ester links as in DPPC.
Interdigitation of lipids provides an efficient mechanism for
combining a high degree of tail ordering (a characteristic of gel
states) with a high level of hydration of the head groups (a
characteristic of the liquid crystalline state).

Interdigitation does not appear to arise as an artifact of the
force field or the simulation conditions. An uninterdigitated gel
phase is stable at temperatures below the pretransition temper-
ature, and from this gel phase the ripple phase with an inter-
digitated domain is formed spontaneously upon raising the
temperature. Raising the temperature starting from the ripple
phase structures in turn leads to the L, state. Also, interdigita-
tion is not seen when simulating bilayers of phosphatidylethano-
lamine lipids at temperatures below their transition temperature
(Fig. 7). The phosphatidylethanolamine head group is smaller
than the PC head group and it is well known that dipalmi-
toylphosphatidylethanolamine (DPPE) and dilauroylphosphati-
dylethanolamine (DLPE) lipids do not form ripple phases.
Instead, in simulations of DPPE and DLPE bilayers we find Lg
structures for these lipids, in accordance with experimental data
(29, 30).

The ripple structures found in the simulations contain a
significant fraction (~10%) of lipids with disordered tails.
Several techniques have suggested such a feature (11, 12, 14),

de Vries et al.

G}

TZL
ripple vuctur.

Tilt angle (degrees)

1
0 5 10 15
Distance along ripple vector (nm)

Fig. 4. Tilt of lipids in the ripple phase. (Upper) A schematic representation
of the organization of the lipids in the ripple structure. (Lower) The tilt angle
of the tails of the lipids with respect to the overall ripple normal (the z axis) is
shown as a function of position along the ripple vector. The tilt angles of the
chains in the two leaflets of the bilayer are shown separately. The dotted line
corresponds to the upper leaflet; the drawn line corresponds to the lower
leaflet. Clearly shown are the reversal of the tilt angle along the ripple vector
in each monolayer at one end of the kink region (indicated by arrows) and the
splay in the gel-like domain (gradual change in tilt angle between 10 and 16
nm). The parallel arrangement of the chains in the interdigitated region
(between 3and 8 nm)isalso clearly visible. The tilt angle is defined as the angle
between the vector connecting the fourth and 12th carbon atoms in each
DPPC tail and the z axis. The data are calculated from a representative
simulation of the DPPC ripple phase.

and this finding has fueled speculation that the minor domain is
L.-like. All lipids with highly disordered tails in our simulation
were found in the kink regions. Analysis of the mobility of the
lipids showed that the lipids in the kink regions are much more
mobile than the lipids in the ripple leg regions. They behave as
if they are in a restricted fluid phase with clear long-range
diffusion. This finding is consistent with results from fluores-
cence photobleaching recovery experiments (14).

The organization of the lipids as seen in our simulations
supports the theory (9) that packing competition between the
head groups and tails in phosphatidylcholine lipids leads to the
formation of a rippled phase. In particular, the occurrence of
splay predicted by this theory is clearly visible in Fig. 2C. Splay
leads to packing frustration between two neighboring splayed
domains, visible in Fig. 2B. The packing frustration may be
relieved by there being disordered material in between the
ordered domains. Interdigitation has not been proposed in any
theory of the ripple phase, but the introduction of a tilted,
interdigitated domain between two splayed domains is an effec-
tive way to increase the amount of ordered material while
minimizing the amount of disordered material required to
enable the sudden change in the orientation of the chains
required to start a new splayed domain. A cartoon of the
organization of the lipids in the ripple phase as found in our
simulations is shown in Fig. 4, together with the observed tilt
angles of the lipids with respect to the stacking direction along
the ripple vector. The interdigitated domain facilitates a con-
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tinuous gel structure by transferring the splay from one mono-
layer to the other (Figs. 2C and 4). The organization of the lipids
in this splayed gel structure with continuously changing tilt angle
along the ripple vector is quite distinct from that in the Lg" phase
in which the tilt angle of the lipids is uniform. We therefore
suggest the notation Lgg to characterize such a splayed gel phase.
The ripple structure proposed here is similar to the structure
proposed by Laggner et al. (28) for the mixed DPPC/
dihexadecylphosphatidylcholine systems, but differs from it in
two important aspects. First, there are a substantial number of
disordered lipids. Second, the gel is splayed. Interaction between
two neighboring bilayers also plays a role in the formation of the
ripple phase because it is not formed at very low hydration (5,
9). Our simulations suggest that the formation of splayed gel
domains is suppressed at very low hydration, presumably because
of the repulsion between the bilayers. Instead, uniformly tilted
gel domains are formed, resulting in an Lg’ phase (Fig. 7).
The time scales involved in the formation of the ripple phase
in the simulations are influenced by the temperature and the
chain length. Higher temperatures and shorter chain lengths
slow the formation of the ripple phase structure shown in Figs.
1 and 2. Lipid bilayers of dilauroylphosphatidylcholine were also
seen to develop asymmetric ripple structures with interdigitated
tails in the m domain when simulated at temperatures below that
of the main phase transition temperature (Fig. 8, which is
published as supporting information on the PNAS web site). The
process of interdigitation of the lipid tails in the m domain
appears to be slow compared to the formation of the M domain
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and the emergence of a ripple structure. This finding may explain
some of the apparent variation in experimental data regarding
the nature of the m domain.

Experimental verification of the proposed structure should be
possible by measuring angle-resolved WAXS spectra of ordered
stacks. Calculated WAXS spectra of ripple structures with and
without an interdigitated, ordered m domain clearly show ab-
sorption at different positions in g,-q; space (Fig. 3). It is the
interdigitated, ordered m domain that causes intense WAXS
peaks. The fact that the WAXS peak in powder spectra of the
ripple phase is even sharper than the WAXS peak of the gel
phase, as reported by Cunningham et al. (13), may be interpreted
as lending support to a ripple phase structure with a high degree
of short-range order.

In summary, MD simulations of spontaneously formed rippled
bilayer structures for phosphatidylcholine lipids showed that the
organization of lipid molecules in the lecithin ripple phase (Pg")
is gel-like and not interdigitated with a continuously changing
lipid tilt angle along the ripple vector in the M domain (Lgs),
whereas in the m domain the lipid tails are fully interdigitated,
resembling the (Lgp) phase. Lipids in the kink regions between
the domains are highly disordered and significantly more mobile
than lipids in the ordered M and m domains. The proposed
structure is consistent with all available data and can be verified
by using WAXS on ordered stacks.
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