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We investigated the phase behavior of double-tail lipids, as a function of temperature, headgroup interaction
and tail length. At low values of the heatiead repulsion parametay, the bilayer undergoes with increasing
temperature the transitions from the subgel piiasea the flat gel phaség to the fluid phasé.,. For higher

values ofann, the transition from thé.. to the L, phase occurs via the tilted gel phdse and the rippled
phasePg. The occurrence of theg phase depends on tail length. We find that the rippled structy$ (
occurs if the headgroups are sufficiently surrounded by water and that the ripple is a coexistence between the
L. or Ly phase and the, phase. The anomalous swelling, observed aPhe- L, transition, is not directly

related to the rippled phase, but a consequence of conformational changes of the tails.

I. Introduction m m m {gW
Knowledge on the structure of lipid bilayers is important for /;%wé%ﬂ/ §§%§§

our understanding of the functioning of biological membranes. W W W W %

Phospholipids are the main components of biological mem-

branes. They can self-assemble in different structures, of which ~ (a)Le  (b)Lg  (c)Lg (d) Py (e) Lo

the lipid bilayer is the most important structure in nature. The Figure 1. Schematical drawings of the various bilayer phases. The

phospholipid bilayer is surrounding the cell and protects the characteristics of these phases are explained in the text. The filled circles

cell from it's environment, ensuring that different processes in represent the hydrophilic headgroup of a phospholipid and the lines

the cell can occur. In a bilayer, the hydrophilic headgroup of a represent the hydrophobic tails.

phospholipid is oriented toward the water phase, and the

hydrocarbon tails form the inner hydrophobic part, in which  For some lipids, the transition from the ordered gel phase to
the terminal methyl groups from the opposing layers face each the disordered liquid crystalline phase occurs in two steps. First,
other. Much research, both experimentally and theoretically, is 3 transition from the gel phase to the rippled phBsetakes
devoted to the phase diagram of the phospholipid bilayer (for pjace ( i.e., the pretransition). This transition is followed by
a review, see refs 1 and 2). the melting of the bilayer from thBs to theL, phase, which

A phospholipid bilayer knows many different phases, de- s called the main transition. The rippled phase is characterized
pending on temperature, pressure, and hydration, and on itspy a Jong-wavelength rippling of the bilayer and an (anomalous)
structural properties, such as the length of the hydrocarbon tailssyelling of the membrane. The hydrophobic chains are ordered
and the composition of the headgroup (see Figure 1). For theand there is a preferred tilt angle with respect to the bilayer
most common phospholipids, the low-temperature phase is thenormal. The temperature interval between the pretransition and
subgelLc, in which the hydrocarbon tails are highly ordered the main transition decreases with increasing chain length. For
and show a tilt with respect to the bilayetpon heating the  chains containing more than 20 carbon atoms the pretransition
subgel transforms to a lamellar gel phase. Dependent on thejs not observed. It is assumed that this transition disappears
structural composition of the lipid headgroup, the gel phase is completely or that the temperature interval between the pre-
the Ly phase (for example, for phosphatidylethanolamines or transition and the main transition is too small to be obsefved.
PEs) or thes phase (for example, for phosphatidylcholines or  The rippled phase is only observed in bilayers containing PCs,
PCs). In these gel phases, the bilayer is more hydrated than inof which the low-temperature phase is the. Phosphatidyl-
the L. phase and the hydrocarbon tails still show a high order, ethanolamines (PEs) and glucolipids, of which the low-
but less than in thEc phase. In the.ﬁ phase the tails are ordered temperature phase is the unt”tm, do not d|Sp|ay a pre-
parallel to the bilayer normal, while in thesLphase the tails  transition (ref 4 and references therein).
show a tilt angle with respect to the bilayer normal. At higher  Thijs rippled phase has attracted the attention of many groups,
temperature, the gel phase undergoes a transition tohkase,  from the moment it was first observed by Tardieu et al. in 1973.
which is also called the liquid crystalline or fluid phase; the after this first observation, many studies, both theoretically and
tails are disordered and do not show any tilt. Thisphase is  experimentally, have been addressed to the question how such

physiologically the most important phase. a corrugateds phase can exist, while the low-temperature gel
- — — — phaselg and the high-temperature fluid phasgare flat. The
. Part of the special issue "David Chandler Festschrift’. general model depicts the ripple as a asymmetric sawfosdth,
The Van 't Hoff Institute for Molecular Sciences, University of . L . .
Amsterdam. but in some models it is also proposed that the ripple is a
§ CECAM/Ecole Normale Supieure de Lyon. sinusédal#19-13 The logical next question is then how the
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sawtooth or the sinu&dal can occur. Explanations can be found
in variations of the thickness of the bilayer due to changes in
tilt angles of the hydrophobic chaif%;'® and coexistence
between the fluid, phase and the gel phakg.*7:1923 Also,
it is not very clear if the (anomalous) swelling of a membrane
is coupled to the formation of the rippled ph&s?>and if the
rippled phase only exists in multilayers or if it is also present
in a single bilayer syste 28

Despite all investigations, an explanation of the formation

@)
of the rippled phase at a molecular level is still lacking. We 8 8 Q Q 8 O
38 3

use computer simulations to study the phase behavior of Q

phospholipid bilayers. Simulations allow us to investigate the O O
bilayer at a molecular level, which is not always possible
experimentally. We use a combined technique of Dissipative ha(ty), hs(ts), h;(ts)2 h;(t7),

Par_ticle Dynamic_s (DPD) and Monte C_arlo Simulati_ons, "_” WhiCh_ Figure 2. Models of the lipids used in this study with their
we impose the bilayer to adopt a tensionless configuration. This nomenclature; the black particles represent the head beads and the white
method allows us to observe directly phase transitions in which particles the tail beads.

the area per lipid changes.

The phase behavior of membranes depends on the structuramental chain length dependence of the area per lipid, it is
properties of the phospholipid. Therefore, we study the phase €ssential to properly reproduce the conformations of the lipid.
behavior as a function of tail length and headgroup interaction. Molecular Dynamics simulations of a single phospholipid in
Here, we apply a mesoscopic model consisting of three water using a realistic all-atom representation are used to
hydrophilic beads and two hydrophobic tails. A short com- generate configurations of the lipid, which were subsequently
munication on these results has been published previdillge used to optimize the intramolecular interactions (bond-bending
resulting phase diagrams are presented in section 3. We willand bond-vibration) of the DPD model. A detailed description
show that we can reproduce the various phases of the phosof this procedure can be found in ref 32. In refs 33 and 34 this
pholipid bilayer, dependent on temperature and héwghd model has been extended to include alcohol. We used similar
interaction. While for the shortest lipid studied the phase is ~ parameters as Gréffor the soft-repulsions in the conservative
not present, this phase appears for longer tails and its stability DPD interactionsdw = ax = 25, an = aw = 80, andanw =
increases with increasing tail length. We show that the 15). In addition, we vary the headhead interactionsan, to
anomalous swelling is not directly related to the formation of study the effect of changing the interactions between the
the rippled phase and finally, we discuss the structure of the headgroups of a lipid. Experimentally, the heduebad interac-
ripple. We conclude that the key factor in the formation of the tions can be changed by, for example, modifying the chemical

rippled phase is a frustration of the surface area of the headgroughature of the headgroup or adding salt to the system. The
with the packing of the hydrophobic tails. intramolecular interactions include a bond-bending potential

Il. Model and Computational Details U, = (L/12)k,(0 — 190)2

In our mesoscopic lipitwater model, we distinguish three
types of particlesw, h, andt, to mimic water and the head-
and tail-atoms of a lipid, respectively. The hydrophilic and
hydrophobic particles interact via a soft-repulsion model com-
monly used in dissipative particle dynamics (DFPJ! In a U, = (L2)K(r — ro)?
DPD simulation, the atoms are lumped together such that a DPD ' 0
particle represents the center of mass of a cluster of atoms. Theii, spring constank;
total force on such a particle consists of dissipative, random, 7.
and conservative forces. The dissipative random forces are s pigiogical membrane is not subject to external constraints
chosen such that a proper canonical distribution is sanipled. ,nq therefore adopts a configuration which is tensionless.
For the conservative force, we use the conventional soft- Lipowski and co-worker§:36 emphasize the importance of
repulsive forces, given by simulating at exactly the area for which the interfacial tension

is zero and determine this area iteratively. We use a different

with kg = 6 andfy = 180 for the tails and between the tails
and the headgroug = 6 andfp = 90°. Two consecutive beads
are connected by harmonic springs

= 100 and equilibrium distancey =

EC — {aij(l -t ry ST approach in which we mimic the experiment by simulating an

I 0 = re ensemble in which we impose the interfacial tension. After a

randomly selected number of DPD steps we perform a Monte

whererj is the distance between particlesind j, a; is the Carlo move in which we change the area of our bilayer in such

parameter characterizing the interaction between two particles,@ way that the total volume of the system remains constant.
andr. is the cutoff radius. The DPD parameters are related the This move is accepted with a probabifity
compressibility of water and to FloryHuggins solubility
parameters such that a reasonable description of the thermo- acc(o— n) = min|1 exp{ —AU(n) — yAl}
dynamics of the real system can be obtaiffed. "exp{ —A[U(0) — YA}

We consider lipids with three head segments and two tails
with variable length (see Figure 2). We assume that a DPD where U(0) and U(n) indicate the energy of the old and the
particle occupies a volume of 9 Awhich results in a mapping  new configuration, respectively,the interfacial tensiorA the
in which a tail length of five beads corresponds to the area of the bilayer and = 1/ksT. To obtain the tensionless
phospholipid DMPC. For a correct description of the experi- state of the bilayer is set to zero to ensure that the membrane
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adopts the equilibrium area per lipid:3° The importance of 60 5
this method is that it allows us to observe directly phase P
transitions in which the area per lipid changes. 50 |

Simulations were performed on a bilayer containing 800 20 W %
lipids. 8006-15000 water particles are added to ensure that a Wl
bilayer does not have any interaction with its periodic image in £ 39 | L, L,
the horizontal direction. After the formation of the bilayer, by © Lptl
applying DPD steps only, we allowed the bilayer to adopt a 20 |
tensionless configuration by applying both DPD and Monte
Carlo, in which the area of the bilayer is changed. The overall 10 | Lﬁm
density of the system ig = 3. A typical simulation required
100 000 cycles of which 20000 cycles were needed for 0
equilibration. Per cycle it is chosen with a probability of 70% 01 02 03 04 05 06 0.7 0.8
whether to perform 50 DPD time steps or to make an attempt T

to change the area of the box. To test the reproducibility of our Figure 3. Phase diagram df(ts), as a function of reduced temperature
simulations, we repeated the self-assembly from different initial T and head-head repulsion parameten. In the narrow region
condition and by heating of the system and subsequent cooling.between thé.. phase and the, phase we find the rippled phase. The
These simulations with different initial conditions gave within  thin line corresponds with the condition of 50%-50% of both phases.
the statistical uncertainly identical results. More details on the

simulations can be found in refs 37 and 39. interpretation of the results more difficult. To avoid these

To characterize the different phases we used the area per lipid difficulties, we have used the experimental phase transition
temperatures to relate the DPD energy and temperature scales

the order of the tails, the tilt angle, and the thickness of the . - .
X ; to the experimental system. With these parameters our simula-
hydrophobic part of the bilayer as order parameters. The area

S L . tions predict an area per surfactant of 69dk the membrane
er lipid Ay is simply computed by dividing the total area in the . . ; . .
)F/)z-plgneél\ty _ Opb)g/ halfpthe nur);ber ofslgipids in the bilayer. in the L, or fluid phase, independent of the chain length. This

L . . . is in good agreement with the experimental values which are
eO(;lug?/erage the number of lipids in each side of the bilayer is in the range 5872 A2. For the area per lipid in the gel phase

The order of the tailS,; is defined as ‘ivfzf'ggﬁ‘ = 46.6 &, while the experimental value i& =

Sai = %E:Bco§ 6 — 10 1) II1. Lipid  hs(t)z

In this section, we discuss the influence of temperature, tail
where@ is the angle between vector connecting the first and length, and headgroup repulsion on the phase diagram of double-
the last bead in the tail and the bilayer normal (the tilt angle). tail lipids. To facilitate the presentation of our results, we first
The order parameter has a value 1 if the vector is parallel to summarize the computed phase diagram of the Iidy),,
the bilayer normal, a value 0 if the orientation is random, and which consists of three hydrophilic headgroups and two
—0.5 if the bond is on average perpendicular. Finally, we hydrophobic tails with a length of 4 beads. In the next section,
compute the thickness of the hydrophobic core and the bilayer we investigate the changes in the phase diagram as a function
thickness as the average distance between the headgroups adf the tail length.
two opposing lipids. In case of the hydrophobic thicknéxg, We study the phase behavior as a function of temperature
the bead connecting the two tails is used as a reference beadand headg-head repulsion parametes,. We vary the head
whereas the bilayer thickneddy, is computed using the last  head repulsion parameter froem, = 10 toay, = 55. For each
bead of the headgroup as the reference bead. value ofan, we study the temperature behavior of the bilayer

By studying the behavior of these quantities as function of by cooling the system in steps &fT = 0.05. The resulting
temperature and headhead repulsion parameter we determine phase diagram of the lipilds(t4)2 is given in Figure 3. In these
the phase boundaries from the inflection points of these curves.simulations, we observe the low temperatuggphase and the
The temperature at which the chains get disordered is the saméhigh temperaturé, phase. For low values @, we find that
as the temperature of the inflection pointAnandD.. Although the transition from thé&.. phase to thé, phase takes place via
the overall systems we are simulating are quite large, the phasethe Lg phase, in which the tails are ordered, but are not tilted
transitions are quasi two-dimensional and from a “two- with respect to the bilayer normal. At high hedaead repulsion
dimensional viewpoint of view” our systems are much smaller. (ay, > 25) the transitiorL. — L, occurs via the rippled phase
As a consequence, the transitions we observe are very graduaPg.
and much larger systems will be required to carefully analyze  A. Phase Behavior as a Function of Temperature and
the order of the transition. Headgroup Interaction. Figure 4 shows the area per lipid, the

In our simulations we use the conventional reduced units, thickness of the hydrophobic core and the tail order parameter
i.e., usingr¢ as the unit of length anal= 1 as the unit of energy.  as a function of temperature for various hedwbad repulsion
For some properties it is interesting to make a direct comparison parameters. At the low-temperature extreffie € 0.2), the area
with experiments. The conversion factor for the length scale per lipid is small and the hydrophobic thickness is large. This
from the assumption that a DPD particle occupies a volume of indicates that the lipids are tightly packed, which is reflected
90 A3. For the temperature scale, the conversion is less in the order parameter. The high value®f at low temper-
straightforward. The coarse-graining procedure of Groot can be atures indicates that the tails are ordered. This tail order
used at any temperature, that is, if we are interested at higherparameter does not reach the value of 1 (ordering parallel to
temperature we can again match the compressibility and+lory the bilayer normal), due to an average tilt angle with respect to
Huggins solubility parameters at the temperature of interest. Thisthe bilayer normal of about = 25°, except foran, = 10 where
leads to temperature depend parameters which make thef = 15°. At T* > 0.6 a gradual increase éf and decrease of
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180 ] 7% i e explained. At low temperatures, the packing of the tails is the
[ eees A [ pede dominating effect: the order in the tails is high and the tails
10T T 800 e o stretch out, which results in a large value for the thickness of
e V:r:j:/.:/—/. . s [ A'\.\ el the hydrophobic core and a small area per lipid. To minimize
< 140 - ;,.}'fi. o a8 ‘:\;v\'. N 1 contributions to the total energy of both headgroup and tail-
I ,{/ +/ P [ g ; interactions, the tails are tilted with respect to the bilayer normal.
1207 ‘[//- / 1 400 With increasing temperature the tails loose their order and the
100' D o | 300' ‘ 1 collective tilt, and the bilayer becomes fluid. Due to this
00 02 04 06 08 10 00 02 04 06 08 10 increasing disorder the area per lipid increases and the hydro-
“ ™ . ™ phobic thickness decreases.
* 1.00 K © Till now, we concentrated on the two extreme temperature
LN e regions, but a distinction can be made between the phase
0.80 - el Fodac i transition at low headhead repulsiongn < 25) and high
050 | =\ A sers | head-head repulsion parameter{ > 25). Foram, < 15 the
s | %\c\ \\ aws | system gains energy if a water particle, which is hydrating a
@ 040 - Y head particle, is replaced by another head particle, while for
higher repulsion parameters the system gains energy by sur-
020 : rounding the headgroups with water.
000 08 08 1.0 For every value ofay, the tails are in thd; phase at the

T lowest temperatures. At loa,y, for which the water particles

are expelled from the headgroup region, we observe thEt at

> 0.2 the area per lipid decreases slightly and the thickness
increases. At the same time, the order parameter increases.
Investigating the tilt angles in these systems shows that at the
lowest temperature a collective tilt is present, but with slightly
increasing temperature the tilt angle disappears. The disappear-
ance of the tilt angle explains the increase in the order
parameters, since this order parameter is calculated with respect
to the bilayer normal. In this temperature region, the tails are
still ordered and due to the strong hedtkad interactions the
system will form the flat gel phades. Foran, > 25 we do not
observe the formation of thieg phase. At these values of the
head-head repulsion the most favorable configuration of the
heads is to be surrounded by water and as a result the tails will
optimally pack in a tilted configuration.

We investigated the temperature region in which the phase
transition occurs more accurately by computing a thickness
Figure 5. Density profiles p(x) along the bilayer normak for profile of the bilayer. In Figure 6 we plotted the distribution of
temperatures (aJ* = 0.25 and (b)7* = 1.0. Each line is the density  the thickness as function of temperature for three different

profile for a different bead: full lines are the densities of the tail beads, ; .
dashed lines correspond to the head beads and the thin solid line is therepulsmn parameters. We observe that the transition ta.the

density of water, while the colors black and gray represent the lipids phase occu_rs via a narrow region, except for the Ic_)\(vest-head
of the two monolayers. The dots correspond withttpsition of the head repulsion parametersaph < 15, where the transition takes
maximum density, illustrating the positions of the beads in the bilayer. place at once.
For values ofa,, > 25 the distribution near the transition

D. is observed. At these high temperatures the order of the tail temperature shows a double peak. The low value corresponds
is lost. For the intermediate temperatures we observe a morewith the thickness of thé, phase and the high value with the
complex temperature dependence. thickness of thé.; phase, indicating that there is a coexistence

In Figure 5, we plotted the density profiles in the direction between the two phases. If we simulate exactly at the point
of the bilayer normal for both temperatures, takaag= 35 as where the bilayer consists of 50 and 50%L,, then we find
an example. At high temperaturé*(= 1.0) the different tail the contour plot depicted in Figure 7(a). This contour plot shows
segments have a low order, reflected in the broad distribution the thickness of the bilayer as a function of the position in the
peaks and overlap of the two monolayers, due to disorder of yzplane. The thick and thin parts of the bilayer alternate, leading
the tails, is observed. This phase corresponds with the fflyid  to a striped structure. This structure closely resembles the rippled
phase. At a temperature @ = 0.25 the peaks are narrow, phasePg as can also be seen in Figure 7b. We further
indicating a high order, and the two monolayers are completely investigated this structure and we found that in the thick part
separated. At this temperature the bilayer is in thephase. the two monolayers are separated and that in the thin arm the
Due to the high organization of the tails, the headgroups are end segments of the tails overlap. Computing the tail order
quite ordered as well and thus the density of water is locally parameters of the lipids in the thick and in the thin part, gives
increased. The bulk water (depicted by the thin line) is in the that the tails in the thick part of the bilayer are more ordered

Figure 4. (a) Area per lipidAy,(b) hydrophobic thicknesB., and (c)
tail order paramete®,; as a function of temperatuie at and heae+
head repulsion parameteg.

p(x)
p(x)

fluid phase. Lowering the temperature even furthemto= than the tails in the thin part of the bilayer. Furthermore, the
0.1 results in complete freezing of the tails and at this tails in the thick part of the ripple have a tilt angle with respect
temperature also the water starts to freeze. to the bilayer normal, whereas in the thin part this tilt angle

The main trends in the curves of the area per lipid, the has disappeared. The average orientation of this tilt is parallel
hydrophobic thickness, and the order parameter can now beto the direction of the ripple. All of these results point out that
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Figure 6. Distribution of thicknesses in the bilayer at different temperatures near the transitionltp phase for three repulsion parameters: (a)
ann = 15, (b)ann = 20, and (C)ann = 45.

6.5 With these results we are now able to create the phase
diagram of the lipidhs(ts)2 (see Figure 3). Depending on the

6 headgroup interactions the transition from the low-temperature

55 phasel. to the fluid phasd., occurs via two different routes.
The stability of thelL; phase is determined by the tails, which

5 pack optimally in a tilted configuration. However, the config-

45 uration of the headgroups can be far from optimal, depending

’ on the headhead interactions. At low values @afy, water is
4 expelled from the headgroup region and due to the strong
35 interactions between headgroups thephase is formed, in

which the area per lipid is small, the tails are ordered but no
tilt is present. The transition from this phase to thephase
(a) (b) occurs gradually. For high values @fy, it is favorable to
Figure 7. Structure of the rippled phase with, = 45 andT* = 0.3. S':mound the headgroups With water and the t"t_ will not
At this temperature we obtain exactly equal amounts olthend the disappear. Instead the transititg — Lo will occur via the
L, phase. The contourplot (a) shows the thickness of the bilayer as arippled phasePs. This rippled structure becomes more stable
function of the position in thgz plane where the colors indicate the  with increasing hydration of the headgroup.
T oumt s coee o o s e o o ks g, 2 KBpIel Pise.To sucy the formatin of th rgpe n
is used to indicate the end ségments of the tails. The water particlesr’r‘.Iore detail, we computed the contourplots of the b"ayer at
are depicted by smaller spheres. dllfferent' temperature§ near the temperature where we find the
ripple (i.e., at the point where we have 50% of thephase
the rippled phase is a coexistence between the ordenegldase and 50% of the_, phase) (see Figure 9). At the temperature of
and the disorderet, phase. T* = 0.275 the bilayer is mainly in the; phase, but domains
For apn, = 20—25 we do not observe the double peak in the of thel, phase are formed. At a temperatureldf= 0.325 we
distribution of the thickness near the transition to the fluid observe that the bilayer is in theg phase, containing domains
phase. With increasing temperature the distribution of the of thelL. phase. At both temperatures, these domains are stable
thicknesses shifts from the thickness corresponding td_the  and do not fuse into one large domain and the typical rippled
phase to the thickness observed inlthgohase and all thickness  structure is not formed.
between these two extremes. In Figure 8 the corresponding The rippled structure is more stable with increasing head
contourplots are given. At = 0.325 we observe the formation head repulsion parameter. Ak, = 35 we find the rippled
of domains of thé_, phase comparable to the domain formation structure only at the temperature where we have 50% of ¢he
at higher repulsion parameters. With increasing temperature wephase and 50% of thé, phase. However, at a repulsion
observe the melting of the bilayer into thg phase, but this parameter o, = 55 we find that this structure is stable at a
transition is very gradual, as can be seen from Figures 8b,c.temperature range ofT* = 0.05 around this temperature. A
We did not find any indication of the formation of a rippled second effect of increasing the hedtkad repulsion parameter

5 10 15 20

phase. is on the distance between two ripples. At higher repulsion
6.5 6.5 6.5
6 | 6 6
55 15 =2 s 5.5 15 55
5 ' H 5 . 5
45 45 45
4 4 4
35 - LIl 35 35
5 10 15 20 5 10 15 20
(a)an, = 20,7* =0.325 (b)ap, =20, T* =0.35 (c)an, = 20,T* = 0.375

Figure 8. Contourplots of the bilayer at the healdead repulsiom,, = 20 at temperatures of (&) = 0.325, (b)T* = 0.35, and (c)r* = 0.375.
The colors indicate the hydrophobic thickness of the bilayer.
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55
5
4.5
4
3.5

5 10 15 20 ' 5 10 15 20 ' 5 10 15 20

(a)apn, =45,T* = 0.275 (b)an, =45, T* = 0.3 (c)an, = 45,T* = 0.325

Figure 9. Contourplots of the bilayer at the healdead repulsiora,, = 45 at temperatures of (a8 = 0.275, (b)T* = 0.3, and (c)T* = 0.325.
The colors indicate the hydrophobic thickness of the bilayer.

=ra . S > 6.5 optimized this period of the ripple, there is a linear relation
6 between the system size and the number of ripples. The period
: 55 of the ripple is very characteristic and depends on the tilt angle
5 of the hydrocarbon tails.
: 45 In summary, we observe that the transition from the ordered
4 gel phase to the disordered fluid phase occurs via a coexistence
35 region. For low values of the heathead repulsion parameter
. (ann = 25), there is a coexistence region of theand thel,
5 10 15 20 5 10 15 20 25 30 phase, in which domains are formed. These domains grow with
(a) (b) increasing temperature until the bilayer is completely fluid.

Figure 10. Contourplots at the heachead repulsioram, — 55 at Contrary to this behavior, we do not find QOmain formation for

temperaturel* = 0.275 of (a) a bilayer consisting of 800 lipids and the high values o, (ann > 25). The coe>.(|stence between the

(b) a bilayer consisting of 1800 lipids. Ly phase and the, phase leads to the rippled phage. The
period of this ripple depends on the tilt angle of the hydrophobic

parameters the headgroup is more hydrated, which leads totails.

slightly higher value of the tilt angle in tHegy phase. As a result,

the period of the rippled phase increases slightly with increasing |V. Influence of Tail Length

repulsion parameter. . .

We performed several simulations to test whether the rippled  Now that we have determined the phase diagram of the
structure that we observe is really a stable phase, or that thisShortest lipid, it is interesting to investigate how this diagram
structure is induced by the way the simulations are performed. changes with increasing tail length. We performed simulations
In all simulations, we cooled the system fréfh = 1.0 to T on quel lipids W|_th tail Iengths increasing up to 7 b(_aads_ in
= 0.1 in steps oAT = 0.05. If the rippled phase is the stable the tail. _The resulting phase qllagrams are presented.ln Figure
phase, it should also be formed if we heat the system up. For11. We included the phase diagramtgfts). for comparison.
ann = 45, at which the rippled phase is observedrat= 0.3 In all phase diagrams, we find the phases observed for the
(see Figure 9b), we decreased the temperature Trom 0.325 shortest modets(ts).. However, with increasing tail length we
to T* = 0.3 and increased the temperature frém= 0.275to  observe the appearance of a third phasel-thphase. Thid
T* = 0.3. In both cases the rippled structure is observefrat ~ Phase is characterized by less order in the tails than in.¢he
= 0.3, while at the lower and the higher temperature no ripple Phase, a collective tilt with respect to the bilayer normal and
was observed. no overlap of the two sheets of the bilayer. The temperature-

We also performed some simulations to test the influence of @ndann stability depends on tail length: thg is more stable
the system size. Fa, = 45, we find the rippled structure in  if the tails are longer. The appearance of the phase is in
a system containing 800 lipids (Figure 9b). In this system, two agreement with experimental data of the phase behavior. For
“ripples” are observed. Increasing the system size to 1800 lipids, DLPC (DiLauroylPC, 12 carbons per tail) tie phase is not
should give the formation of three ripples. However, we find ©observed, while this phase becomes more stable if the tail length
that only two ripples are formed. If we double this system to IS increased from 14 to 20 carbons per téil.

6400 lipids, we indeed observe the formation of four ripples. ~ With increasing tail length the temperature at which the main

For ay, = 55, we observed that the ripple was formed transition occurs increases, in agreement with experimental
diagonally in theyzplane of the simulation box (Figure 10(a)). observations. This shift in melting temperature is most signifi-
Since we apply periodic boundary conditions in all three cant for theLy — L, transition, theLy — Py transition, and
directions, one might wonder if this is a rippled phase or just from the transition of the.; — L, coexistence region to the
the formation of two domains. Increasing the system size to pureL, phase. The transition from the phase to thé is at
1800 lipids shows that in this case the striped structure is againan almost constant temperature independent of tail length. Thus
formed parallel to they-axis of the system (Figure 10b), the increased stability of this phase with increasing tail length
indicating that the rippled phase is the stable phase. Also, inis caused by the highery — Py transition temperature.
this case, multiplying the system by two leads to a doubling of =~ The temperature region, in which tiR phase is the stable
the number of ripples. phase, does not depend on tail length. However, we find an

These results show that in the system of 800 lipids, there increase of the period of the ripple with increasing tail length.
can be some friction in the distance between the ripples. Using a system containing 800 lipids, we observed that with
Increasing the system size leads to the formation of a rippled increasing tail length the rippled structure was not formed
phase, in which the distance between the ripples is optimal. Onceparallel to they- or z-axis of the system, but diagonally, as was
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Figure 11. Phase diagrams of model lipids as a function of hdaehd repulsion and reduced temperature: h{f)),, (b) hs(ts)2, (C) hs(ts)2, (d)

hs(t7)2. In (c) and (d)c denotes a coexistence region, of which the exact structure was difficult to determine. A description of this phase can be
found in the text.

also observed with the lipiths(ts) at ann = 55. By adapting 0.7 1
the system size to a maximum of 3200 lipids, the rippled phase 06 |
was formed for all tail lengths with an increasing period going B
from 4 to 8 beads in the tail. 05 }
For the two longest models studied, it is difficult to determine -
the structure of the bilayer in the coexistence region at the low * 04
head-head repulsion parametera < 25). This coexistence - 0.3 [
region (denoted witle in the phase diagrams of Figure 11c,d) e
seems to be a coexistence betweenlthethe Ly phase and 02
theL, phase. With increasing temperatures the average tilt angle 5
first decreases, indicating thg — Lz transition. At the second 01
transition the tilt angle again increases till the transition to the [,
L, phase occurs, where no tilt angle is observed. The rippled 0
structure was never observed at these low repulsion parameters. 30 40 50 6.0 70 8.0
V. Discussion Nbeads

Figure 12. Transition temperatures as a function of tail length for the

In this section, we compare the results from our simulations 54 head repulsion parametaf, = 35.

with the experimental data. First, we will discuss the phase
diagram as a function of temperature and tail length of the lipids. the transition holdé, — Py — L. For longer tails thé.s phase
Then we pay attention to the anomalous swelling, which is is observed between tHe and Pg phase. Qualitatively, this

observed near the main transiti® — L., and, finally, we phase diagram nicely resembles the experimental phase dia-
discuss the structure of the rippled phase. grams?*243The temperatures of tHey — Pg and thePy — Ly

A. Phase Behavior as a Function of Temperature and Tail  transition increase with increasing tail length. Tlhephase is
Length. Phase behavior as a function of temperature and tail not observed for the shortest lipid, but for longer tail lengths
length the stability of this phase increases with increasing tail length.

In Figure 12 we plotted the transition temperatures as a The only difference is that we find a constant temperature region
function of tail length for the typical heathead interaction used  in which the rippled phase is stable, independent of tail length,
by Groot#! ap, = 35. The low temperature phase is the highly while experimentally this region decreases and finally disappears
orderedL. phase and at high temperatures thephase is the with increasing tail length.
stable phase. With increasing temperatures the trandition We can translate the reduced temperatures to the real
L. goes through different phases, dependent on tail length. Fortemperatures, by, for example, taking the temperatures of the
the shortest tail lengthN = 4) no Ly phase is observed and pretransitionLg — Pp and the main transitioRgy — L of the
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10.00

phospholipid DMPC as reference points. DMPC corresponds
with the model lipidhs(ts),. If we takeT* = 0.35 andTex, =
15.3°C for the pretransition temperature amtl = 0.425 and
Texp = 24.0 °C for the main transition, we obtain the linear
relation Texp = 116 x T* — 25.3. This relation leads to large
discrepancies from the experimental values for the pre- and main® e.00 -
transitions of the other lipids. As an example, we take a model
lipid with a tail length of 7 beads. This mesoscopic model
corresponds with the phospholipid DSPC, containing 18 carbons
in the hydrocarbon chains. From our simulations, we fifid
= 0.56 for the main transitio®s — L., which corresponds
with Texp = 40 °C. However, the main transition of DSPC is
experimentally determined aty, = 55 °C.44
At this point, it is important to recall that the parameters have
been tuned to reproduce the compressibility of water and the |gest repulsion parametera, = 10), we observe upon
Flory—Huggins solubilities at ambient conditions. The DPD  gecreasing temperature the transitibps—~ Ls— L. Decreasing
model is too simple to expect that, once these parameters havenhe temperature in the, phase results in an increased ordering
been fitted at a given temperature, one would, for example, of the chains and in thigs phase the chains are ordered and do
reproduce the compressibility of water at other temperatures. not show a tilt. Further decrease of the temperature gives the
This gives, however, a temperature dependgrarameter which | phase and because of the tilt, the hydrophobic thickness is
would make the interpretation of our results more complex. smaller, which explains the maximum in the curve. This
Therefore, we do not expect a quantitative agreement. maximum is not present in the curve for the bilayer thickness
B. Anomalous Swelling.One of the main questions in the D, Figure 13b shows that fomun 10 decreasing the
phase behavior of PCs is the observed anomalous swelling (nonemperature straightens the heads and, in particular, ih.the
linear increase of the lamellar repeat distance with temperature)phase this increase in the thickness of the head region completely
near a phase transition. For long times, this swelling was compensates the decrease of the hydrophobic thickness.
considered to be a key factor in the formation of the rippled  For higher values iy, but still for am, < 25, the main trend
phase. However, it is not clear what causes this anomalousis equal to the trend observed fag, = 10. Figure 11b shows
swelling?24 that the temperature range, for which the phase is stable,
Experimental work and theories suggest that the swelling decreases. Hence, the increase of the hydrophobic thickness in
could be caused by increased interactions between bilayers dughe Ls phase occurs in a much narrower temperature interval
to changes in the Helfrich undulation forc®s° Approaching and therefore gives a sharp increaseDef For an, = 20, the
the transition temperatui&., the bilayer has a reduced bending decrease ob. in the L. phase is not completely compensated
rigidity and as a result the fluctuations of the bilayer increase. by the increase of the thickness of the headgroups $ee
Due to these increased bilayer fluctuations the steric repulsion Figure 13b) and for this headgroup interaction, we observe a
between bilayers increases. As a result the thickness of the watetlecrease of the bilayer thickness.
layer between two bilayers becomes larger, which causes the For a,, > 25, for which the ripples phasey is observed,
anomalous swelling:“? Another explanation is that the anoma-  we find a strong increase of the hydrophobic thickness associated
lous swelling is mainly caused by an increase of the thicknesstg the L, — Py transition. We also observe a discontinuous
of the hydrocarbon regiot:?*Near the transition temperature, increase in the thickness of the headgroup region, located at
the hydrocarbon chains show a critically straightening. In most the point where thé, — Ps transition occurs. Ordering of the
papers, a coupling is made between the various explanationsiails and the headgroups occurs simultaneously. Due to the
due to a straightening of the tails, the fluctuations of the bilayer strong hydration of the headgroups at high the headgroups
increase, which finally results in the anomalous swelling. will stretch into the water phase, such that each segment is
In a recent paper, Mason etZlshowed that the anomalous  surrounded by water. This larger increaseDp causes the
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Figure 13. (a) Bilayer thicknessy)(solid lines), thickness of the
hydrophobic region Oc)(dashed lines), and (b) thickness of the
headgroup region)as a function of temperature for various head
head repulsion parameters of thets) lipids.
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swelling is not coupled to the formation of the rippled phase
Pg. By successively adding methyl groups to DiMyristoylPhos-
phatidylEthanolamine (DMPE, no methyl groups attached to
the terminal nitrogen) to form DMPC (three methyl groups
attached) it is observed that anomalous swelling occurs in the
case of mmDMPE (monomethyl-DMPE) and dmDMPE (di-
methyl-DMPE), while bilayers of these phospholipids undergo
a transition into the flat gel phaskg] rather than into the rippled
phase.

In our simulations, we calculated the contribution of the
hydrophobic thicknes<);) and the thickness of the headgroup
region Oy) to the swelling forhs(ts), for different repulsion

change in order of the curves representing the bilayer thickness
in the low-temperature region.

For all values ofay, the increase of the bilayer thickness is
mainly a consequence of the increase of the hydrophobic
thickness. Foray, > 25 the larger increase of the bilayer
thickness is caused by a relatively larger contribution of the
thickness of the headgroup region.

We observe for the model lipiks(ts)2, which corresponds to
the phospholipid DMPC, that increasimg, from a very low
value to a value above the triple point results in similar swelling
curves to the curves obtained by increasing the size of the
headgroup by adding successively methyl groups to form DMPC

parameters. Figure 13(a) shows the hydrophobic thickness androm DMPE 25 Increasing the number of methyl groups in the

the bilayer thicknes®y, as a function of temperature and in
Figure 13b the thickness of the headgroup region is plotted.

headgroups corresponds with increasing the repulsion between
the lipid headgroups, since the steric hindrance increases with

We observe a large increase of the hydrophobic thickness, whichincreasing number of methyl groups and the ionic interactions

may be responsible for the swelling of the bilayer.

The behavior of the hydrophobic thickness is closely related
to the phase behavior of the bilayer (see Figure 11b). For the

decrease as the headgroup is larger. For DMPE, which corre-
sponds to a lipid with heaehead repulsion parameteg, =
10, the hydrophobic thickness increases gradually at the
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transition L, — Lg. The swelling curves of mmDMPE and  bilayers on mica Fang and Yaffgletected the existence of a
dmDMPE, corresponding withey, = 15 and apn = 20, ripple structure in the upper bilayer of the double-bilayer regions
respectively, show a maximum near the main transition. The only. This indicates that the bilayer-bilayer interaction might
maximum in bilayer thickness for dmMDMPE is sharper than for be responsible for the formation of the ripple structures.
mmDMPE?® In our simulations, we show that the occurrence However, also in unilamellar systems the pretransition is found.
of this maximum is due to an increase of the hydrophobic Mason et af” argue that in the AFM study the undulations are
thickness, caused by the formation of thephase. Since the  suppressed by the substrate and they provide evidence that the
stability of thisLg phase decreases with increasing helaelad rippled phase exists in large unilamellar vesicles of DPPC.
repulsion, the maximum becomes sharper until the triple point Another study by Takeda et # shows that the ripple structure

is reached ay, = 25. For the PC lipids, corresponding with  appears in a system if the thickness of the water layer between
the high values oén, (ann > 25), the experimentally obtained  the lipid bilayers is increased by the addition of salt, indicating
curves show a sharp maximum at the main transition for the that the ripple originates mainly in the intralayer interactions.
shorter chain lengths. For the longer tail lengths, this maximum In these unilamellar systems, the transition is broader and less
disappearé®® We observe a large increase of the bilayer separated from the main transiti&#e®

thickness for all ||p|d tail Iengths, caused by a Simultaneously All our simulations are performed on a Sing|e bi|ayer, and
increase of the hydrocarbon thickness and the thickness of thewe observe the rippled phase in all systems, providedaat
headgroup region. We do not observe a maximum in the curve > 25 Although we apply periodic boundary conditions in all
for the shorter lipids. three directions, there is no bilayer-bilayer interaction. We

Only for DMPC, which is above the triple point, is a rippled impose that the thickness of the water layer between two bilayers
phase observed, which reinforces the conclusion of Mason etis at least #; to guarantee that two periodic images do not have
al 2> that the anomalous swelling of mMmDMPE, and dmDMPE any interactions in the-direction. To test whether the results
is not related to the rippled phase. Our simulations show that change if the bilayers do interact, we performed simulations
in all cases the (anomalous) swelling is the consequence ofon a multilayer system at,, = 35 in the temperature rangé
changes of the conformation of the hydrocarbon tails. Of course,= 0.1 toT* = 0.7. These simulations gave the same results as
experiments are often performed on multiple layers and changingwere obtained for a single bilayer, indicating that interbilayer
the temperature may also change the amount of water betweerinteractions are not the key factor in the formation of a rippled
the layers. Also, the electrostatic interactions between the lipid structure.

headgroups can play a crucial role in the swelling of the |t js difficult to determine directly the structure of the two
bilayer?">2 These effects are not included in our simulations. arms of the ripple, which differ in thickness, experimentafly.

C. Structure of the Rippled Phase.One of the main For example, Sun et dlassume that the X-ray diffraction
questions in the phase diagram of a phospholipid bilayer is the patterns are best fitted with a model in which the asymmetry
existence of the rippled phase, since this corrugated phase lieof the bilayer height profile is the dominant feature. The major
between the two flat phasekg and L,. Besides much side of the ripple is similar to theg phase, while the minor
experimental work, a lot of theoretical and modeling studies side may be more the fluid, phase. The formation of the ripple
are devoted to the nature of the rippled phase. Different due to the coexistence between these two phases is also proposed
approaches are used to model the rippled phase. Macroscopién many other experimental and theoretical studi¥s23
theories regard the bilayer as a whole and explanations can thusHowever, since it was found that in th® phase the chains
be found in the elasticity and the curvature of the mem- are mainly frozen in an all-trans configuratibithe explanation
brane>10.1214.19.28 4§ ficroscopic theories explain the existence of coexistence is less probable and the difference in the existence
of the rippled phase in terms of the packing properties of of the ripple is attributed to a change in tilt angle and/or elastic
individual moleculeg:”1320|n these studies, the formation of  properties’?>~17 Sengupta et &l conclude that the asymmetry
the ripple is often attributed to a packing competition between of the ripple is not caused by an asymmetry of the height profile,
the lipid headgroups and the hydrocarbon chains. Also, a but that the difference in the bilayer thickness is the primary
combination of these two approaches is possible: it is proposedfeature. In this model, the height profile is symmetric and the
that competition exists between macroscopic curvature anddifferences in the thickness are attributed to a mean tilt of the
microscopic properties of the bilay&r?311 A third approach hydrocarbon chains.
is the approach in which interbilayer interactions are taken into  Qur simulations show that the thickness in the two parts of
account in the formation of the ripp#é. the ripple is different, due to coexistence of theor Ly phase

The general picture of the rippled phase is that the shape isand theL, phase. In the thick partL{ or Lg), the tails have a
an asymmetric sawtooth, with a difference in thickness between preferred tilt, while in the thin parlg) this tilt has disappeared.
the long and the short arfn® However, there are also studies The contribution of thé., phase in thés phase increases with
in which the shape of the ripple is sinusoidaf 13 The increasing temperature (see Figures 6 and 9), and at the condition
wavelength of the ripples is in the range from 120 to 160 A if of 50-50% of both phased { or Ly andL,) we find a structure
a bilayer is heated from tHey phase. This wavelength increases that is similar to the rippled structure. This indicates that both
with increasing length of the hydrocarbon t&&5354In this the pretransition and main transition are caused by the same
section, we compare the results of our simulations with some effect of chain meltind.In the case of coexistence, the chains
of the experimental and theoretical studies on the structure of are not frozen in an all-trans conformation as was proposed by
the rippled phase. We do not pay attention to the sawtooth or Cameront® However, spectroscogitand diffusion studi€d
sinusoidal shape of the ripple, since much larger systems arehave shown the existence of a significant fraction of disordered
needed to observe the typical sawtooth. chains, supporting the presence of thephase.

In most experimental work, the sample is not a unilamellar A surprising aspect of the rippled phase is that, unlike
system but a multilayer. It is assumed that the ripples occur ordinary coexistence, the system does not minimize the total
due to bilayer-bilayer interactions, which are mediated by the interfacial area formed by the two phases. Our simulations show
lipid headgroups. In an AFM study on supported double DPPC- that the heagthead interaction is a key factor in the formation
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headgroup of three hydrophilic beads and two hydrophobic tails

varying in length from 4 to 7 beads.

We showed that we can reproduce the experimentally
observed phases. At low temperatureslihphase is stable, in
which the tails are highly ordered and show a tilt with respect
to the bilayer normal. Increasing temperature leads to the melting
of the bilayer, which goes through different phases, dependent

on the headgroup interactions. For low values of the head
Figure 14. Schematic Figure of the rippled phase. Because of the head repulsion parameters, the headgroups want to expel water
coexistence between the thidke br Ly) and thin {,) phases, the system 44 a5 a consequence the transition to the flyighase takes
can lower its energy by increasing the number of interfaces. In this 1, -q yia the flat gel phadsy, in which the tilt has disappeared.
way the total water headgroup area is increased at the interfacial region. . . -

For high values of the heathead repulsion parameter, we find

a coexistence region of the gel phase and the fluid phase. We

of the ripple: ifan, < 25 we do not observe the rippled phase. observe the rippled structur®) in a narrow region around
For an, > 25, the system can gain energy if more headgroups the line where we have approximately 50%or L phase and
are exposed to water. In the coexistence region the headgrougp0% L« phase. For longer tails, this phase is preceded by the
water contact area is locally increased (see Figure 14), hencels phase. The stability of this phase increases with increasing
by increasing the number of interfaces the system can lower itstail length.
energy. We also observe this tendency to increase the headgroup A key factor in the understanding of the rippled phase, is a
water contact area, if we perform simulations in the region where frustration induced by the optimal surface area of the heads
there is coexistence of the two phases, but not at the conditionwhich is not compatible with the optimal lateral density of the
of 50-50%Ls — Lo We observe that at different ratios lof tails. For high values ddy,, the system can gain energy if more
— Lo more than one domain of one phase in the dominating headgroups are exposed to water and therefore, at the condition
phase is formed (see Figure 9). In this way, the number of of 50-50% material of both phases, the space filling problem
headgroups exposed to water is larger than if only one domainleads to a striped solution. Taking into account the curvature
is formed. constrain, the period of the ripple increases with increasing tail
Obviously, the system can lower its energy by increasing the length. The anomalous swelling, observed atRpe— Ly, is
number of interfaces in the rippled structure. The total number caused by conformational changes of the lipid tails, but is not
of interfaces, however, will be limited by the repulsive forces directly related to the rippled phase.
between the ripples. The origin of this force is the elastic energy, . o
which tends to minimize the curvature of the interface between Acknowledgment. These investigations are supported by
the thick and thin parts. This aspect will depend on the tail The Netherlands Research Council for Chemical Sciences (CW)
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