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The Binary Mixing Behavior of Phospholipids in a Bilayer: A Molecular Dynamics Study
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Molecular dynamics simulations have been used to study the properties of mixed dioleoylphosphatidylcholine/
dioleoylphospatidylethanolamine bilayers as a function of phosphatidylcholine (PC)/phosphatidylethanolamine
(PE) headgroup composition. The equilibrium properties of mixed PC/PE bilayers were found to be nonlinear
in the composition. The properties studied show saturation behavior at a PC/PE ratio of 1:3. The effect of
adding small amounts of PE to PC bilayers is a strong reduction of the area of the bilayer. The effect of
adding small amounts of PC to PE bilayers is an increased hydration of the PC headgroups compared to PC
hydration in pure PC bilayers. Nearest-neighbor analysis did not indicate lateral ordering of the lipids for any
mixture. The observed trends are discussed in terms of the size of, and the interactions between, PC and PE
headgroups.

1. Introduction not form lamellar phases in water. Rather, they form inverted

) hexagonal phases due to the strong attraction between head-
Single-component membranes are often used as modely.qpst2

systems for biological membranes and have been studied
extensively using experimental and simulation technidues.
Biological membranes are, however, complex multicomponent
structures, which, apart from containing lipids with different
headgroups and tails, also contain other amphiphilic molecules
and proteing. The proper functioning of the cell membrane in
all its aspects depends on the composition of the membrane.
For example, it has been shown by reconstituting membrane
proteins in artificial vesicles that the lipid composition can
dramatically influence the activity of the embedded protéils.
Understanding the underlying physical properties of mixed lipid
bilayers is an essential first step in elucidating the mechanisms
by which the lipid matrix influences membrane protein activity.

Molecular dynamics simulations of lipid bilayers are a
valuable tool in the study of bilayer properties at a microscopic
level. In particular, dipalmitoylphosphatidylcholine (DPPC) has
been studied extensively by many groups, and a number of force
fields are available for this lipié#~-16 Force fields for PCs with
other tails may be derived easily from the DPPC force field,
and some effort has also been put into optimizing parameters
for unsaturated chairi$. Simulation studies of lipids with
headgroups other than PC are less common, but several studies
with phosphatidylethanolamines (PE) have been publishe&f.
Mixing properties of lipids as a function of headgroup composi-
tion have been studied using coarse-grained models, modeling
In this context, there is much interest in the formation and headgroup attraction, and repulsion with parameters that are not

2 . o1
maintenance of spatial domains within membranes that areSpeC'_flc for part|culz_ir lipids? . )
enriched or depleted in certain componeHits. This paper describes a systematic study of the properties of

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) mixeo! PC/PE systems “_Sif‘g molecul_ar dyna_mi_cs simulation
lipids are the most abundant lipids in biological membranes, techniques. It employs a lipid model with atomistic detail. The

and the study of the behavior of their mixtures is therefore highly p;o;;)]ertti)gls studiﬁd as S function_ of cor(\jwposition were t_he ra]lrea
relevant to gain an understanding of biological membranes in of the bilayer, the car euterium order parameters in the
all their complexity. PC and PE lipids differ in the nature of plateau region, the lipid lateral mobility, and the lateral ordering

the substituents on the nitrogen atom of the headgroups. In pc Of the lipids. Lateral ordering has been reported for mixed PC/
the N atom has three methyl substituents, making it relatively P°E SyStems, pow;tmg to superlattice formatioas well as
bulky. In PE, the N atom has three hydrogen atoms at neutral domain formatiort? depending on the composition. The lateral
pH, making it much smaller than PC and capable of hydrogen- rdering was studied by nearest-neighbor anatyis equili-
bond formation. The differences between lipid systems with Prated bilayers and by studying the distribution of lipids over
these different headgroups have been well studied. For anthe two monolayers In Spontaneously aggregated b||aygrs. The
excellent review of previous work, see McIntdéiPC bilayers spontaneous fqrmatlon of bilayers _from random_solutlons of
absorb much more water and have areas that are considerablyPids was studied for PC/PE 1:1 mixtures, following on from
larger than PE bilayers. PC lipids readily form lamellar phases the _smgle-cgsmponent self-aggregation studies reported by
in water. The strong repulsion between the headgroups, howeverMarrink et al= In all studies, dioleoyl (18 carbon chain with a
results in the formation of hexagonal phases if the PC headgroupCis double bond at position 9) lipids were used. However, much

is attached to a short lipid tail. In contrast, many PE lipids do ©f the underlying physics will also be applicable to other PC/
PE mixtures. Lamellar states of dioleoylphosphatidylcholine
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inverted hexagonal phase is formed at room temperature. At Starting Structures. Starting structures for the study of the
the lower temperature of 271 K, pure DOPE does form a properties of mixed bilayers at varying DOPC/DOPE ratios were
lamellar state, which has also been studfeld should be noted created by randomly replacing the appropriate number of PC
that the simulations reported here on lamellar states of DOPC/headgroups by PE headgroups within each monolayer of an
DOPE 1:7 and pure DOPE in water at 303 K do not have direct equilibrated or nearly equilibrated bilayer. This was done
counterparts in experiment. They have been included to illustrate progressively, starting from a pure DOPC bilayer. Bilayers of
that the simulation would suggest asymptotic behavior at high six different compositions were studied, pure DOPC, PC/PE
ratios of DOPE. 3:1, 1:1, 1:3, 1:7, and pure DOPE. All bilayers consisted of 64
2 Methods lipids, with 222_4_water m(_)lecules in the unit qell (35 water

’ molecules per lipid), ensuring all systems are simulated at full

Force Field and Simulation Conditions. The force-field hydration. Thus, in all simulations from which equilibrium
parameters used to describe DOPC and DOPE were based oproperties were calculated, the two monolayers consisted of 32

the DPPC force field developed by Berger et'alhe cis double  |ipids each, with each leaflet containing as many PC and PE
bond at position 9 in the oleoyl chains was modeled using |ipids as the opposing leaflet.

torsional parameters taken from the GROMOS96 force fiéld.
To model the PE headgroup, the GROMOS96 parameters for
thedaBmmor;um,grou;()jolfflysg]gwere us’é‘dr(;)llowmg 'Il'llelemlan eight different phospholipid conformations from a vacuum
and Berendsen’s model for POPEexcept that a small repulsive ¢ \qemple with random orientations into a simulation box of a
potential was put on the ammonium H atoms; thegarameters given size using the GROMACS tool genb¥xAfter the

between the ammonium H atoms_and any_other atom were Setrequired number of DOPC and DOPE molecules had been
to 1 107 kJ mof* nm2 The simple point charge (SPC) placed in the box, water was added using the same tool. The
model of Berendsen et al. was used to _model waiter. box size was varied, resulting in various water/lipid ratios, which
A Bergndsgn thgrmost@t, with a coupling constant of 0.1 ps, were in the range of 30640 water molecules per lipid.
was applied in all S|mulat|on§The referenqe temperature was Independent starting structures were generated by repeating this
set to 303 K. Press_ure coupling was app#ed_amsotroplpally n procedure with different seeds for the random number generator
al systemsf, T%o usm_lghthe Bferendsen schémith a colupgllng. IIand different sets of lipid configurations. The initial configura-
gpnstgnt 0 d r?s' ere elrsllr'lce prg(ssslu(rres \t/)vasl B ardln Altions were energy minimized, and short runs (ca. 20 ps) with
Irections, and the compressibility wa - par - Bon isotropic pressure coupling at 1 bar were performed to equili-
lengths were constralne_d with the LINCS algoritffithe water brate the density in the box. After these short runs, anisotropic
geometry was constrained using the SETTLE algorithh. pressure coupling was applied and the systems were left free to

tlml\lec-)?]tsgngfeg.?nzzr\;vgfisoﬁzev(\j/ére calculated using a twin ranae evolve. The number of lipids in the box was 128. Statistics to
9 9€ Getermine expected distributions of lipids over leaflets and

cutoff scheme. All Lennard-Jones and electrostatic mteracnonsWithin leaflets were collected from another 12 boxes with 128

V.V'th'n the short-rangg putoff OT 1.0 nm were evaluated every lipids. The lipids were randomly put into the boxes according
time-step. Electrostatic interactions within the long-range cutoff .
to the procedure described above. The boxes were randomly

of 1.4 nm were updated every 10 steps, together with the . . . . . T ;
. . ) . divided in halves in the three Cartesian directions, respectively,
neighbor list. No long-range corrections were applied to the van ST
and the percentage of lipids in each half of the box was

der Waals energy and force. The artifacts associated with thecomputed as well as the percentage of PC lipids in each half of

use of straight Coulomb cutoff methods have been pointed OUtthe box. These were used to compare to the distributions found
in the literature, see, e.g., refs-335. For this reason, methods ) P
for spontaneously aggregated bilayers.

such as reaction field corrections or the use of Ewald sums are o
often claimed to be required. A comprehensive study of the About 50% of_ all attempts resulted in bilayer structures.
treatment of the electrostatic interaction in the DPPC bilayer Failure to form bilayers was due to several reasons. The most
systems has shown that properties of a bilayer such as the arefMPortant cause of failure was the formation of a stable tube,
per headgroup and the area compressibility modulus consistenf” Worm. This is a structure in which the phospholipid aggregate
with experimental values can be obtained by different metpods. IS connected. across the simulation bpx in one dimension, rather
In this study, the moving boundary reaction field method due than two. This was more probable with larger numbers of water
to Tironi et al3” was used to evaluate the electrostatic inter- Per lipid. Another reason for failure was the collapse of one of
actions. This approach constitutes a simple and computationallythe€ box dimensions to a value that was smaller than twice the
effective method to account for long-range electrostatic inter- cutoff at which point the simulations were terminated. Mostly,
actions. The area per lipid of a DPPC bilayer under these this happened in cases where the bilayer plus water pore had
conditions was found to be 0.65 Arat 323 K. The area per a!ready formed, ywth the lateral dimensions of the box being
lipid of a DPPE bilayer was found to be 0.58 fiat 343 K. highly asymmetric.
Both values are consistent with experimental areas obtained from Analysis. Analysis was performed on trajectories after the
2H NMR order parameters of deuterated lipids in bilayers, 0.65 area of the bilayer had converged and the box dimensions had
nn? for DPPC and 0.60 nffor DPPE, respectivel§ The area stabilized, collecting data from the last 25 ns of the trajectories.
per headgroup for DPPC using this force field was shown to Most analysis was performed using standard GROMACS fols.
be similar irrespective of whether a reaction field or PME is The volume per lipidv; was calculated from the volume of the
useds® box Vi,ox by subtracting the volume of pure SPC water molecules
The results of spontaneous aggregation runs were found tounder the same conditions (0.0312%wer water molecule) and
be similar, irrespective of the treatment of the electrostatic dividing by the number of lipids in the box. The area per lipid
interactions, be it straight Coulomb cutoff, reaction field, or of the bilayer was calculated from the lateral box dimensions.
PME. The results reported here include all of these runs. All In the rest of this manuscript, the area of the bilayer refers to
simulations were performed with the GROMACS c&tlen the area per lipid of the bilayer projected onto the lateral plane.
various architectures. No attempts were made to account for undulations of the bilayer

Starting structures for the spontaneous aggregation runs were
generated by repeatedly attempting to randomly place one of
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in calculating the area of the bilayer. The carbaleuterium 0.70
order parametef:p of carbon atomi in the lipid tail was

calculated ascp = Y2(3 cog 6; — 10.40 6; is the angle between

the vector connecting thith carbon atom with its deuterium j
atom and the longitudinal axis of the system. The angular <5 ™ x

DOPC
DOPC

(=]
N
W

brackets denote an ensemble average. Because of the united-g e U i \ f PC:PE 3:1

atom representation used to describe the lipids, the deuterium = #”M#‘ y m i e |

atoms were not modeled explicitly in the simulation. The .5 060 ”;’fﬁ W‘&)’ 'ﬁ#i%ﬁ,‘"#%&“! PC:PE 3:1
carbon-deuterium vectors were therefore calculated from the § i d ? ‘!}L- E t,i it .r,t PC:PE f;!'l' i

positions of the carbon atom itself and its first neighbors along 5" ‘,y‘FAwl.“ ki W? ,'f W"?‘ / Wlﬂ b PC:PE 1:1
the lipid chain assuming ideal tetrahedral geometry around the & LT A A S 5*.!' ‘.4!';!!' £ S
carbon aton#® The carbonr-deuterium order paramet&gp may <055 il {‘, ‘, ; ljl z,” ' W;L- PC-PE 1:3
adopt values between 1 aned.5. A value of—0.5 for Sp ' t,’}%f}‘“rﬂ / '!, i, iﬁ‘} y PC:PE 177
indicates a €D vector perpendicular to the longitudinal axis L T M’ N DOPE
of the system and therefore a lipid tail segment parallel to the 0.50 [DOPE ‘ fPCPELT

bilayer normal. A value of 0 fosp indicates an unordered 0 o 20 3 40 50 60

lipid tail segment with respect to the bilayer normal. Because Time (ns)

the lipid tails are on average aligned along the bilayer normal, Figure 1. Area of the bilayer per lipid as a function of time for different

Sp values are between 0 and0.5, with —0.5 indicating PC/PE mixed bilayers. The horizontal bars to the right of the figure
maximum order. indicate the average over the last 25 ns of the simulation. The error

To assess the dynamic behavior of the lipids in the bilayer bars are drawn at two standard errors.

as a function of DOPC/DOPE composition, distributions of the 0.32 . : :
lateral mobility were calculated for the PC and PE lipids
separately. Lipid mobilities were calculated from the mean 030 - +
square displacements (MSDs) of the centers of mass of the lipids ’
in the lateral directions, analyzed over a period of 25 ns.
Statistics were improved by starting collection of the MSD every 0.28 ¢
25 ps. The MSD curves of the lipids were corrected for the
overall movement of the monolayer of which the lipids were a me 026 -
part. |

To study domain formation, an analysis of nearest neighbors
was performed? If the spatial distribution of the lipids within
a monolayer is random, the fraction of PE nearest neighbors to
PE lipids should be equal to the fraction of PE lipids in the 022 [ 1
layer. Domain formation is indicated by higher fractions of
nearest neighbors with the same identity as the lipid under . s .
investigation. Superlattice formation is indicated by higher “0.00 0.25 0.50 0.75 1.00
fractions of nearest neighbors with an identity different from Fraction DOPE in DOPC
the lipid under investigation. In the analysis used in this work, Figure 2. Average order parameters in the plateau region for PC/PE
the identities of the four nearest neighbors of each group were mixtures. The error bars are drawn at two standard errors; the average
collected. Nearest-neighbor analysis with fewer or more (up to IS taken of the order parameters of five carbons (numbef 8f both

. B - - . lipid tails. The lines are meant to guide the eye.

and including six) nearest neighbors gave similar results.

024 + - 1

TABLE 1: Structural Properties of Mixed DOPC/DOPE
3. Results Bilayers?

composition PC/PE  V, (nn¥) L,(nm) A () 1A (nS)

Figure 1 shows a comparison of the area of the bilayer for

the different compositions. For each composition, the area of pure DOPC 1.3110(3) 7.35(6) 0.651(5) 15
the bilayer during the whole simulation is shown. This gives 31 1.2917(4) 7.83(2) 0607(3) 09
an impression of the convergence of the bilayer area as well as ié i'gggg gg g?g % 8'222 % 8'?
the magnitude of the fluctuations in the area as a function of 1.7 1.2374(3) 867(2) 0535(1) 05
composition. Equilibration of the area of the bilayer took as pure DOPE 1.2254(4) 8.82(2) 0.524(2) 0.8

long as 25 ns. This is similar to that required for pure DPPC
bilayers in a recent study of the influence of simulation y,
conditions on properties of lipid bilaye?Figure 1 shows that
the average area decreases with increasing content of PE lipidshis point on referred to as the order parameter, of deuterated
up to a composition of PC/PE 1:3. The average volume per lipid tail atoms using?H NMR.38 The order parameters of the
lipid Vj, longitudinal box dimensioh,, area of the bilayea, CH; groups near the headgroup have proven to be the most
and their standard error estimates obtained from the block suitable for inferring the area of a bilayer. The order parameters
averaging procedure due to H&4s3s well as the correlation  of these CH groups have similar values and therefore together
time in the bilayer areas,, obtained from this same procedure, are referred to as the plateau region in the order parameter profile
are reported in Table 1. of the lipid tail. Figure 2 shows the calculated average order
Experimentally, the area of a bilayer cannot easily be parameter of the Cgroups in the plateau region of the oleoyl
measured directly. Instead, it is usually inferred from other chains as a function of PC/PE composition. The plateau region
measurementsSeveral methods exist to estimate the area of a for the oleoyl chain was taken from carbons 3 starting the
bilayer from the carbordeuterium order parametesk;p, from count at the ester carbonyl carbon. Note, by convenSgn

2 The numbers in parentheses are error estimates in the last digit of
e averages given.
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Figure 3. Order parameter profiles for DOPC and DOPE oleoyl tails

! : | C ¢ Figure 5. Lateral mean square displacement curves as a function of
in a PC/PE 1:1 mixed bilayer. The lines are meant to guide the eye.

time of a number of lipids in a PC/PE 1:1 mixture and averaged over
all lipids. Highlighted curves illustrate relatively slow (dotted line) and

& ——e From simulation box fast (dashed line) movement, and the average over all lipids (thick drawn
—— Schindler & Seelig 1975 line).
S~ | DeYoung & Dill 1988 ]
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Figure 4. Comparison between the area of the bilayer computed from
the average order parameter in the plateau region (Figure 2) using four 00 : 1 :
different relations found in the literatif&**4 (lines) and computed 3 3

from the box dimensions (circles and dashed line) as a function of the p . 2
mole fraction PE in the mixtures. The lines are meant to guide the MSD in the bilayer plane (nm’)

eye. Figure 6. Lateral mean square displacement distributions of the lipids
for different PC/PE ratios for PC (open bars) and PE (closed bars) lipids.

values are normally reported as positive values, i.e., the absolute! "€ closed bars are shifted for better visibility. All distributions were

| f in thi E DOPC/DOPE 1:1 normalized to the number of observations. The horizontal axis is the
value o Scp, Or in this case—Sep. rora : MSD in the bilayer plane in 12.5 ns.
mixture, the order parameter profile illustrates that the order

parameters of these carbons form a plateau (see Figure 3).  jngicates that the mixing of the tails in the bilayer is homoge-
From Figure 2 it can be seen that the behavior of the area of neous on the time scales studied.
the bilayer is also reflected in the calculated order parameters |n Figure 5 the mean square displacement (MSD) curves in
in the plateau region. Several methods have been developed tahe bilayer plane for a number of individual lipids in a PC/PE
relate the average order parameter in the plateau region to thej:1 mixture as a function of time are shown. Figure 5 also shows
area of the bilayer for saturated-chain lipidg* 43 All attempt the MSD curve averaged over all lipids in the PC/PE 1:1
to find a relationship between the order parameter and the mixture. Figure 5 shows that individual lipids differ considerably
projection of a hydrocarbon chain segment on the bilayer in their lateral mobility on the time scale studied. Distributions
normal. A further ingredient is the volume of a methylene unit. of the MSDs in the bilayer plane calculated independently for
A test of four different relations given in the literat&té* 3 each lipid molecule after 12.5 ns are displayed in Figure 6. The
was performed using the data from our simulatiéfishe area  distributions of the lateral MSDs are seen to be similar for the
per lipid calculated from the order parameters is compared to pure DOPC and the DOPC/DOPE 3:1 mixture and then to shift
the area per lipid calculated from the simulation box dimensions tg smaller values with increasing PE content, with saturation
in Figure 4. It is seen that the estimated areas all show the sameyehavior from the PC/PE 1:3 mixture onward. The distributions
trend, but the areas calculated from the order parameters dofor PC and PE lipids within a particular mixture are quite similar,
not scale well with the areas observed in the simulations. indicating that on the nanosecond time scale the mobilities of
For all the mixtures investigated, the order parameter profiles the two types of lipid are similar.
of the chains belonging to PC and PE were found to be very Diffusion coefficients were not calculated because the
similar. This is illustrated for the 1:1 mixture in Figure 3 and trajectories were not long enough to reliably study the lateral
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0.60 . . . . . TABLE 2: Composition of Spontaneously Aggregated
DOPC/DOPE BilayersP
é layer 1 layer 2 layer 1 layer 2
b 0.55 % lipids 50.8 49.2 53.1 46.9
) % PC 50.8 49.2 47.1 53.3
s % lipids 50.8 49.2 53.9 46.1
S % PC 52.3 47.6 42.0 59.3
S 050 % lipids 51.6 48.4 53.9 46.1
s % PC 50.0 50.0 52.2 47.5
: % lipids 52.3 47.7 54.7 45.3
[S) % PC 46.3 54.1 48.6 51.7
g % lipids 52.3 47.7
g 04 % PC 50.7 49.2
w .
i3 PC-PC neighbors averages (std dev) spontaneous starting structures
----- PE—PE neighbors
0.40 , . . . . % lipids 52.2 (1.5) 47.8(1.5) 52.4(1.5) 47.6(1.5)
o 10 20 30 40 50 60 % PC 48.9 (3.1) 51.3(3.6) 50.4(5.2) 49.5(5.7)
Time (ns) aThe percentage of lipids in each monolayer is given, and the

Figure 7. Fraction of PC neighbors to PC lipids (solid line) and PE  Percentage of PC lipids in each separate monolayer is givEne
neighbors to PE lipids (dotted line) from the four nearest neighbors of average composition of two randomly chosen halves of disordered
each lipid as a function of time for the PC/PE 1:1 mixture. Measure- Starting boxes containing 128 lipids is also given.

ments were taken in a snapshot every 5 ns up to 35 ns and every 1 ns
thereafter. The dashed line indicates fully random distributions. This 60
is not located at a value of 0.5 because of the finite number of PC and 58
PE lipids within the layer.

whn W
&~

diffusion in all systems. From the MSDs it may be inferred
that on average lipids diffuse such that they move past their
original neighbors in 1540 ns. However, quite a few lipids

do not leave their original surroundings during the simulation.
The MSD plots indicate this so-called “rattling in a cage”, as
can be seen in Figure 5. The average MSD does not reach a
linear regime.

The lateral organization of the lipids in the PC/PE mixtures
was studied by analyzing the distribution of nearest neighbors
in each of the monolayer8.A graph of the proportion of PE
neighbors to PE lipids and PC neighbors to PC lipids in the ) ‘ ‘
PC/PE 1:1 mixture is shown in Figure 7. The fraction of PE or 50 51 52 53 54 55 56
PC nearest neighbors is effectively a measure of randomness. %lipids in majority layer
If the lateral qrganlzatlon of thg system is random, the fraction Figure 8. Graphical respresentation of Table 2. The squares indicate
of nearest neighbors of a particular type should be the same aspe correlation between the percentage of lipids found in the leaflet
the fraction of |IpIdS of that particular type in the mixture. Figure containing the larger number of lipids (horizontal axis) and the
7 shows that the fraction of nearest neighbors fluctuates rapidly percentage of PC lipids found in this layer (vertical axis). The layer
on a nanosecond time scale. The neighbors of both the PC androntaining the larger number of lipids is referred to as the majority

PE lipids appear to be random, in particular during the latter layer. The drawn curve indicates the normal distribution of the
- : e : percentage of lipids found in the majority layer derived from the
part of the simulation. This indicates that any clustering that distribution expected for randomly assembled bilayers. The dashed

may have been Present n the.'n.'t'al structure qllsappears with curve indicates the distribution of the percentage of PC lipids in the
time. Nearest-neighbor analysis in the other mixtures showed majority layer derived from the distribution expected for randomly
similar behavior. assembled bilayers. The respective straight lines indicate the area within
Possible clustering of lipids was also investigated for DOPC/ one standard deviation from the mean.
DOPE 1:1 mixtures by spontaneous aggregation from random
solutions to bilayers. From a total of 20 attempts, 9 independent one-tailed student'stestp value for comparing the percentage
simulations of 1:1 DOPC/DOPE mixtures in water evolved into of PC in the leaflet containing the larger number of lipids
stable bilayers. The composition of the two monolayers in each obtained from the spontaneously aggregated bilayers and
case is reported in Table 2, along with the average and standardbtained by randomly partitioning the box in half is found to
deviation. In Table 2, the average and standard deviation be 0.20 (f = 43,t = 0.83). Thisp value indicates that the
obtained if the simulation box containing the disordered lipid difference in the mean is very likely due to statistical fluctuations
solutions was randomly divided into 2 halves are also reported. and that the two distributions are effectively indistinguishable,
The results presented in Table 2 show that an asymmetricas illustrated in Figure 8.
distribution of the lipids over the monolayers is generally found  The process of aggregation of the lipid mixtures is similar to
in the spontaneous aggregation runs. The number of lipids in the sequence of events reported previously for the formation of
one leaflet of the bilayer is not the same as in the second leaflet.bilayers of pure DPPC in waté?.An illustration of a typical
Within one leaflet, the number of PC lipids is usually also not aggregation process is given in Figure 9. Starting from a random
the same as the number of PE lipids. However, the distribution solution (Figure 9A), there is a very rapid separation of the
of the lipids over the two leaflets and within each leaflet is not hydrophobic phospholipid tails and the hydrophilic phospholipid
significantly different from that expected for a box of randomly headgroups. Within approximately 2 ns this results in the
placed lipids that is arbitrarily partitioned into two leaflets. The formation of a lipid aggregate (Figure 9B), which is connected

%PC lipids in majority layer
T & & 833

S
N

oy
(=]
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Lipid tails are drawn in thick bonds. Water molecules are shown in spacefilling representations of different filling size to enhance visillilay of ei

lipids or water at the various stages in the aggregation process. DOPC is colored orange, DOPE is colored red, and water is colored blue. The
simulation box is depicted by gray bars. The snapshots depict the random solution starting structure (A), the lipid aggregate (B), the stable water
pore (C), the water pore just before breaking up (D), and the spontaneously formed bilayer (E).

to its periodic images through lipid bridges. Lipid bridges are Starting from a pure DOPC bilayer, the area of the bilayer
the lipid counterpart of water pores described in detail previ- decreases linearly with PE content but levels off as the DOPC/
ously?® They connect lipid assemblies (micellar or lamellar DOPE mixture approaches the ratio of 1:3. This saturation at
structures) through the solution. This highly unstable aggregatethe PC/PE 1:3 mixture is nicely illustrated in Figure 2, which
then evolves, increasing the degree of connection in two shows the order parameters in the plateau region as a function
dimensions, and losing the lipid bridges in the other dimension of composition. The replacement of a small amount of PC lipid
to form an increasingly lamellar structure. After a period of by PE lipid, starting from a pure PC bilayer, results in an area
5-15 ns, a bilayer with a metastable water pore forms (Figure of the mixed bilayer significantly smaller than expected on the
9C1). A close-up of the water pore is shown in Figure 9C2. pasis of the pure PC and PE bilayers. The replacement of a
The size and Stablllty of the water pore varies. EVentUa”y this small amount of PE for PC in a PE bi|ayer has little effect on

pore thins (Figure 9D) and collapses. Usually a complete bilayer the properties studied, except for the hydration of the PC
(Figure 9E) is formed within approximately 25 ns starting from headgroup (see below).

a random distribution of lipids in water. The origin of these effects is most likely related to (1) the

difference in the size of the headgroups, (2) the hydration
behavior of PC, and (3) the hydrogen-bond-forming capability

Nonlinearity. This study suggests that equilibrium properties of the PE headgroup. In any amphiphilic bilayer, there is a
of mixed PC/PE lipid bilayers are nonlinear in the PC/PE ratio. balance between attractive and repulsive interactions. Lipid tails

4. Discussion
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Figure 10. Close up of a slab of the lipiewater interface of a DOPC/DOPE 1:7 mixture. Water molecules and lipid atoms are depicted in the
stick representation, lipid headgroup N, H, and:Gjfoups as space-filling atoms. The methyl groups on the N of the PC headgroup are colored
dark green, and the P-atoms are colored purple; otherwise, conventional CPK coloring is used for all atoms.

attract each other through van der Waals interactions. In the of PE bilayers upon replacing a few PE lipids by PC lipids
absence of repulsive forces in the headgroup region, a lowerobserved experimentalli:*>46The addition of a small quantity
limit in the area per lipid would be obtained, that of an oriented of PC lipids to a PE bilayer is accompanied by a disproportionate
oil phase. The area per lipid obtained for different phospholipid increase in the amount of water needed to fully hydrate the
systems is therefore primarily determined by the headgroups.bilayer. Our simulations suggest that DOPC lipids fit easily in
PC headgroups are relatively repulsive, and PC bilayers havea DOPE bilayer. The average degree of hydration of the choline
relatively large areas. The PC headgroups are relatively repulsivegroups of PC is also high when inserted in a PE bilayer as it is
because they are more bulky than PE headgroups and becauseot hindered by competition from nearby PC lipids. This is
of dipole—dipole interactions, which are repulsive if the dipoles illustrated in Figure 10, which shows the interface of the PC/
are aligned parallel to the bilayer normal. By tilting the PE 1:7 mixture with water. Most PE headgroups (blue and
headgroups with respect to each other, the electrostatic repulsiorwhite) are on the surface or buried just under the surface,
may be relieved, but a larger area is required to accommodatewhereas the PC headgroups (green) lie above the surface of the
this tilting. When PC headgroups are replaced by PE headgroupdipids. Figure 11 shows a plot of the orientation of the headgroup
in a PC bilayer, one introduces not only less bulky headgroups P—N vectors with respect to the average bilayer normal,
but also attractive interactions in the headgroup region. PE measured by the cosine of the angle between this vector and
headgroups can form hydrogen bonds (H bonds) with their the longitudinal box direction, for different mixtures. Comparing
neighbors, PC or PE. These attractive interactions lead to athe PE headgroup tilt-angle distribution for a pure PE bilayer
reduction of the area of the bilayer. Further reduction of the and a PC/PE 1:7 mixture shows that the distributions are very
area of the bilayer occurs because the repulsion between thesimilar. In contrast, comparison of the PC headgroup tilt-angle
PC headgroups is also relieved by PE lipids acting as spacerdistributions for a pure PC bilayer and a PC:PE 1:7 mixture
between the PC lipids. The spacer function of the PE lipids reveals that the distribution shifts to having more PC headgroups
ensures that the extent of hydration of the choline group of PC parallel to the bilayer normal. The degree of hydration of the
is not reduced by the reduction of the area of the bilayer. PC choline group of PC in a pure DOPC bilayer and in a PC/PE
headgroups hydrate strongly as is shown from swelling experi- mixture containing little PC is clearly reflected in the PC choline
mentst245 N—water O radial distribution functions (RDFs), shown in
Hydrogen Bonding and Hydration. The H-bonding capa-  Figure 12. The number of waters in the first hydration shell
bilities of PE can also explain the so-called anomalous swelling (considered to be up to the first minimum of the RDF) of the
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: : ' ' the PC/PE 1:7 mixture is slightly lower than that observed for

~-7- PEinpure PE a pure DOPE bilayer (1.2 per lipid), in accord with the proposal
—-— PEin PC:PE 1.7 . . .

——- PCin pure PC of Rand and Parsegidf.This slight loss of PEPE H bonds
— PCinPC:PE 17 is, however, compensated by PEC H bonds in the PC/PE

1:7 mixture, which were found to be 0.1 per PE lipid. The
number of H bonds between PE and water is very similar for a
pure PE bilayer and a PC/PE 1:7 mixture (6.7 per lipid).
Comparing the number of H bonds between PC lipids and water
in a pure DOPC bilayer (7.6 per lipid) to that in a PC/PE 1:7
mixture (6.7 per lipid), a decrease in H bonding is seen to occur.
This decrease in P@vater H bonds is, however, almost made
up for by 0.7 H bonds with PE lipids, indicating that H bonds
between PC and water are replaced by interactions of PC with
PE. Our simulations suggest that the structure just below the
lipid—water interface remains mostly intact when a few PE
lipids are replaced by PC lipids in a PE bilayer (see Figures 10
and 11). Water penetration is not enhanced significantly, and
Figure 11. Lipid headgroup tilt-angle distribution with respect to the pg headgroups form H bonds to PC headgroups almost as easily

bilayer normal for different systems. The relative probability of the
occurrence of the cosine of the angle between the vector connectingaS to PE headgroups. We conclude therefore that the anomalous

the P and N atoms of the headgroups and the longitudinal box vector SWelling is not so much due to changes in the PE bilayer
(average bilayer normal) is shown. Dashed line, PC in pure PC; drawn Structure as to the increased hydration of the PC headgroup due
line, PC in PC/PE 1:7 mixture; dotted line, PE in pure PE; dot-dashed to the lack of competition from other PC headgroups.

line, PE in PC/PE 1:7 mixture. Clustering. Experimental studies of the mixed-tail lipid
POPC/POPE mixtures have pointed to superlattice form#tion

relative probability (arb)

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

cos P—N tilt angle wrt bilayer normal

40 - ;
--- PC:PE 1:7, N-O,, RDF ! as well as domain formatio#?.On the basis of an analysis of
— PC:PE 1.7, total Oy, / nearest neighbors, no tendency to form either domains or
---- pure DOPC, N-O, RDF}} / superlattices in DOPC/DOPE mixtures was found. The distribu-
30 r —-— pure DOPC, total O, /V/ il tion of lipids after spontaneous aggregation from random

solutions to bilayers for a PC/PE 1:1 ratio is also consistent
with this finding. By starting from a random and disordered
solution of DOPC and DOPE in water and allowing the system
to spontaneously form a bilayer, it is possible any tendency of
the molecules either to cluster or to disperse might be facilitated
in comparison to prepared bilayers. The distributions of the
number of lipids in each leaflet and of PC and PE within a
leaflet were indistinguishable from those expected for randomly
assembled bilayers. Also, nearest-neighbor analysis in the
leaflets just after bilayer formation in the spontaneous aggrega-
tion simulations did not show large deviations from distributions
expected for random systems. A more detailed discussion of
Figure 12. Comparison of PC headgroup hydration in a pure PC bilayer the spontaneous aggregation of single- and multicomponent lipid
and in a mixed PC/PE 1:7 bilayer. The PC N atewater O atom  Systems will be published separately.
radial distributipn functipns (multlplled by 10) ina PC:/PE 17 bilayer The conclusions presented here regarding domain formation
(long dashed line) and in a pure PC bilayer (short dashed line) as well - the formation of superlattices in mixed PC/PE systems should
as the number of water oxygens surrounding the PC N atom (drawn be treated fi Iv. The simulati ted h till
line and dot-dashed line for PC/PE 1:7 and pure PC, respectively) as € lreated cautiously. The simuialions presented here are st
a function of distance are shown. short considering the time required for lipids to diffuse past
their neighbors (1540 ns on average) as can be inferred from
PC headgroup is 20 in a pure PC bilayer and 23 in the PC/PE the MSD distributions shown in Figure 6. Direct simulation of
1:7 mixed bilayer. domain formation therefore may require simulation times of
Rand and Parsegian have suggested that the anomalou§licroseconds, which is beyond the reach of the present
swelling associated with the addition of PC to PE bilayers is cOmputational resources. Also, the systems are very small, and
due to a structural change in the PE bilayer, resulting in stronger there is no guarantee that domains will be thermodynamically
hydration!2 They suggest that there is a disruption of the Stable on these length scales.
H-bonding network within the bilayer. In most classical force Lateral Mobility. The calculation of lateral diffusion coef-
fields, the effects of H bonding are mimicked by a combination ficients is difficult due to the slow dynamics of the lipids in
of Lennard-Jones and Coulombic interactions. For analysis, athe systems. Figure 5 shows that a linear regime in the average
H bond was considered to exist if the distance between the MSD curve is not reached for the PC/PE 1:1 mixture. This is
hydrogen and the acceptor atom was smaller than 0.25 nm andalso found in other mixtures. For pure DOPC, the average MSD
the donor-hydrogen-acceptor angle was larger than 60 degrees. curve shows a linear regime between ca. 3 and 8 ns (data not
This is a measure of proximity and orientation required to lead shown). Linear regression of this part of the curve yields a value
to a favorable interaction. The number of H bonds within pure of Dt = 6.4 + 0.5 x 108 cn? s 1 for pure DOPCY This
DOPC and DOPE bilayers, as well as in a DOPC/DOPE 1:7 value may be compared to recent measurements, performed
mixture, was calculated over the last 25 ns of the trajectories. using different techniques which estimate the lateral diffusion
The number of H bonds between PE lipids (1.1 per lipid) in coefficients of pure DOPC to be in the rangelpf; = 6—17 x

g(r)*10 and number of O, within r
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1078 cn? s~1.48-50 Measurements using fluorescence correlation area per lipid of 0.58 nAfound for pure DPPE at 343 K under
spectroscopy of DOPC in giant unilamellar vesicles yielded the the same simulation conditions used here for the DOPC/DOPE
lower value of (6.3= 0.2) x 1078 cnm? s71.4° The larger value mixtures, is, however, reasonably close to the experimental value
Diat = 17 x 10-8 cn? s™* at 308 K was obtained using resonance  of 0.61 nn%.38 It should be noted that this area of 0.58 Fiior
energy transfef and an intermediate value By = 10 x 10°8 DPPE was achieved only after introducing a small repulsive
cn? st at 303 K using pulsed field gradient NMR. interaction between the ammonium H atoms on the PE head-
In the simulations, the lateral mobility distributions are seen group and any other atom, except the water H. Without this
to be similar for pure DOPC and the PC/PE 3:1 mixture. They interaction, the area per headgroup for a DPPE bilayer at 343
shift to lower values with increasing PE content. It may be noted K was found to be 0.52 nfn
that a number of studies of proteins in r_ngmpranes have indicated \ye are not aware of other molecular simulations of DOPE
threshold behavior as a function of PE lipids in PQ mernbrﬁrifes, aggregates. Only a few bilayers containing PE lipids have been
and.therefore further stud_y of these systems is of mtere_st. simulated. Simulation of the porin OmpF in a POPE bilayer
Simulation and Experiment. The molecular dynamics  hag peen reportéd:2° This setup was the basis for a 40-ns

simulations of the mixeg PC/PE lipid systems pregented heresimulation of pentachlorophenol in a POPE bila§fin which
have been used to obtain a molecular picture of the interactionsy, o area per lipid was reported to be 0.492nifhe order

between the lipids in the bilayer. As always, questions concern-
ing the meaning and reliability of the simulations in the light
of experimental data arise. Direct comparison between simula-
tion and experiment is not trivial. Experiments are performed
on large systems, be it multilamellar vesicles, multilamellar
stacks, or (giant) unilamellar vesicles. The area of a bilayer is - . .
not measured directly but inferred from other measurements, n. N(_) mformauon was given about the development of the
often after extrapolation in some variable, such as osmotic 2'¢2 with time.
pressure or water conteHi3851In contrast, simulations are The effect on the area of the bilayer of changing PC into PE
performed on (very) small patches, with given boundary with the same tails is not easy to assess. Petrache et al. have
conditions, usually periodic. Simulation studies in the literature compared the area of a DPPC and DPPE bilayer by measuring
have in general been limited to hundreds of picoseconds or alipid tail order parameter®. At approximately 340 K, they found
few nanoseconds, whereas most experimental measurementa decrease of 10% in the area of the bilayer, from 0.67 fom
reflect ensemble properties averaged over at least a microseconddPPC to 0.61 nhfor DPPE. For the shorter-tail DLPC and

The area per lipid of 0.65 nhfiound in the present simulations ~ DLPE lipids, values of 0.64 nfnat 303 K2 and 0.49 nrf at
for pure DOPC is lower than the experimental values generally 315 K3 have been cited, a decrease of 23%. Puzzlingly, the
reported, which range from 0.68 to 0.75 #hi251.52Rand and intermediate case of DMPC and DMPE showed a small increase
Parsegialt and Tristram-Nagle et &% reported a value of 0.72  of the area of the bilayer at 300 K, from 0.62 Aifor DMPC
nn¥ for multilamellar vesicles, adopted also by Nagle and to 0.63 nni for DMPE22 At 271 K, the areas of pure DOPC
Tristram-Nagle in their reassessment of lipid bilayer properties and pure DOPE bilayers were reported by Rand and Parsegian
from various experiments. to be 0.70 and 0.65 mnrespectively, a decrease of 29The

We are not aware of order parameters measured for DOPCsame paper reports an area of 0.64mn303 K for a DOPC/
bilayers. Order parameters for DOPC bilayers have been DOPE 1:3 mixed bilayer, an unexpected decrease compared to
reported in other simulation studi€s® Feller et al. reported  pure DOPE at a lower temperati#feAs pointed out by Nagle
all-atom simulations of 72 DOPC lipids at low hydratibiTheir and Tristram-Nagle, the spread in the reported areas illustrates
simulation time was 1.5 ns at a temperature of 296 K and a the difficulty in obtaining well-defined values for this derived
fixedarea per lipid of 0.593 nfnHuang et al. reported 2 0.2 ns  property! In this study, the decrease in the area of the bilayer
simulation at 310 K of trichloroethylene in a DOPC bilayer going from pure DOPC to DOPC/DOPE 1:3 at 303 K is found

consisting of 48 lipid$? The area per lipid in that simulation {4 he 189%. This compares reasonably well with the decrease of
was 0.63 nry but in view of the fluctuations and drift found in 11% found by Rand and Parsegién.

the present simulations (see Figure 1) such a simulation must . . .
be considered too short to have equilibrated. In both systems By use O.f the qrder param_eters in the plateau region obtained
qguoted above, the order parameters in the plateau region Wererrom. the 5|mulat|ops to gstlmate th? area per lipid based on
found to be in a similar range as the ones reported here Therelatlons reported in the literature (Figure 4), the overall trend

mixed-tail lipid POPC (palmitoyl/oleyol) has been studied more S 'éProduced reasonably well but not the absolute values. A
extensively, both experimentally and in molecular dynamics large part of the difference between the simulated and calculated

simulationsl9-205455The area per lipid of POPC at 303 K is  areas may be accounted for by using slightly different values
reported to be 0.630.66 nn%,5657and order parameters of some for the volume per methylene unit and/or the maximum
of the oleoyl carbons have been publisfigédhe low order segmental projection on the bilayer normal. Different values
parameters around the double bond found in our simulations for these parameters have been adopted in calculating bilayer
and in other DOPC and POPC simulations are consistent with areas from order parameters by different autlief$.The
the available literature data. discrepancies may, however, point to the inherent differences
Pure DOPE does not form lamellar structures at room between experimental setups and simulations, in particular the
temperature, and direct comparison between these simulation@bsence of large-scale undulations and defects in the simulations.
and experiment is therefore not possible. Lamellar structures Another explanation may lie in the different nature of the
are stable in the small systems under periodic boundary headgroups, requiring a different type of relation between order
conditions used in the simulations. The area per lipid of 0.52 parameters and area. Present-day force-field parameters may
nm? at 303 K found in the present simulations is, however, also not yield correct values for the methylene volume and
smaller than experimental reports of 0.65%wh 271 K12 The segmental projection parameters.

parameters in the plateau region of the oleoyl chain were found
to be 0.29-0.35. Bilayers of DLPE (dilauroylphosphatidylcho-
line, containing saturated chains of length 12) have been
simulated by Damodaran et The simulations were for 0.3
ns at 315 K and were initiated at an area per lipid of ca. 0.51
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5. Conclusion
In summary, it was shown in this paper that the equilibrium
properties of mixed DOPC/DOPE bilayers as a function of PC/
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tion or superlattice formation of mixed PC/PE bilayers, but no
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uted. The same was found for the distributions resulting from
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