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Molecular Simulation Study of Structural and Dynamic Properties 
of Mixed DPPC/DPPE Bilayers 
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ABSTRACT Molecular dynamics simulations have been used to study structural and dynamic properties of fully hydrated 
mixed 1 ,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1 ,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) 
bilayers at 0, 25, 50, 75, and 100 mol% DPPE. Simulations were performed for 50 ns at 350 K and 1 bar for the liquid-crystalline 
state of the mixtures. Results show that the average area per headgroup reduces from 0.65 :+: 0.01 nm2 in pu re DPPC to 0.52 :+: 
0.01 nm2 in pure DPPE systems. The lipid tails become more ordered with increasing DPPE concentration, resulting in a slight 
increase in membrane thickness (3.43 :+: 0.01 nm in pure DPPC to 4.00 :+: 0.01 nm in pure DPPE). The calculated area per 
headgroup and order parameter for pure DPPE deviates significantly from available experimental measurements, suggesting 
that the force field employed requires further refinement. In-depth analysis of the hydrogen-bond distribution in DPPE molecules 
shows that the amine groups strongly interact with the phosphate and carbonyl groups through inter/intramolecular hydrogen 
bonds. This yields a bilayer structure with DPPE head groups preferentially located near the lipid phosphate and ester oxygens. 
It is observed that increasing DPPE concentrations causes competitive hydrogen bonding between the amine groups 
(hydrogen-donor) and the phosphate/carbonyl groups or water (hydrogen-acceptor). Due to the increasing number of hydrogen
donors from DPPE molecules with increasing concentration, DPPE becomes more hydrated. Trajectory analysis shows that 
DPPE molecules in the lipid mixtures move laterally and randomly around the membrane su rface and the movement becomes 
more localized with increasing DPPE concentrations. For the conditions and simulation time considered, no aggregation or 
phase separation was observed between DPPC and DPPE. 

INTRODUCTION 

Phosphatidy lethano lamine (PE) and phosphatidy lcholine 
(PC) are two of the most important neutral lipid components 
found in all living organisms. The abundance ofPE is highly 
variable among organisms and cell types. PE is found in high 
concentration in bacteria (70-80% in Escherichia coli), 
moderate-low concentration in blood cells (6%), and ex
tremely low concentration in animal cell membranes (1). On 
the other hand, PC lipids are predominantly found in animal 
cell membranes (2). The difference between PE and PC 
lipids is in the chemical composition of the headgroups, 
namely the primary amine group for PE and the choline 
group for PC (see Fig. 1 ). Because of this difference, PE is 
associated with a wide variety of biological functions 
including cell division, growth, reproduction, and motility 
(3-6). Most often found concentrated in the inner leaflet of 
membranes, PE plays an important role in the membrane 
fusion mechanism and vesicle formation (7,8). The smaller 
headgroup in PE results in significantly lower area per lipid 
(9) and highly ordered hydrocarbon lipid tails (10,11) 
compared to other lipids. Comparative studies of PE and 
PC show that PE molecules can form inter- and intramolec
ular hydrogen bonds, including association with other types 
of lipids (12), where the amine group (hydrogen-donor) can 
interact strongly with the phosphate/carbonyl groups or 
water (hydrogen-acceptor). These strong intermolecular 
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interactions cause an increase in the liquid-crystalline phase 
transition temperature (13), thus affecting membrane per
meability, stability, and other biological properties normally 
associated with the functional operation of internal cell organ
elles. All these aspects make lipid research very attractive in 
terms of membrane organization and functionalities- in 
particular, in structural, and dynamic properties. 

Several experimental studies have investigated the struc
ture of model cell membranes (phospholipid bilayers), 
including pure PE, mixed PE/PC, and mixed PE lipids. 
Most of these studies focused on the mechanism of inter- and 
intramolecular hydrogen bonds and the consequences of 
these interactions on the structure and phase behavior of PE 
lipid bilayers. Hitchcock et al. (14) used x-ray diffraction 
to observe the structure and quantitatively measure the 
arrangement of artificial and natural membrane of 1 ,2-
dimyristoyl-sn-glycero-3-phosphoethanolamine (D MPE) mole
cules that were specifically labeled to characterize vibra
tional isotope effects. They showed that the Sn-1 chain of 
lipid tails extends perpendicular to the bilayer plane, and the 
Sn-2 chain first extends in the bilayer plane and then bends 
and becomes parallel to the Sn-1 chain. This resulted in a 
different conformation of the ester carbonyl groups where 
preferential hydrogen bonding between PE lipids or lipid
water can occur. Blume et al. (12) used solid-state 13C and 
2H NMR to exam the phase equilibria and dynamic structure 
of binary mixtures of 1 ,2-dipalmitoyl-sn-glycero-3-phos
phocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-phos
phoethanolamine (DPPE). They found a correlation that 
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a 1 ,2-Dipalmitoyl-sn-Giycero-3-Phosphocholine (DPPC) 

b 1 ,2-Dipalmitoyl-sn-Giycero-3-Phosphoethanolamine (DPPE) 

relates the phase transition of the bilayer to the PE 
concentration. They further described lipid mixtures as 
nonideal systems, where the existence of intermolecular 
hydrogen bonds in PE plays an important role in determining 
membrane properties. Boggs et al. (15) used differential 
scanning calorimetry to study the effect of hydrogen
bonding and nonhydrogen-bonding compounds on the phase 
transition temperature. They found that DPPE, as a hydro
gen-donor, has the greatest effect on increasing the phase 
transition temperature. Hubner and Blume (16) used Fourier 
transform infrared spectroscopy to study intermolecular 
interactions of isotropically labeled lipids and water at the 
interface. Their findings showed that the molecular vibra
tional modes of the phosphate and ester carbonyl groups are 
greatly altered as a result of hydrogen bonding between 
DMPE lipids or DMPE mixtures. Using this method, they 
were able to distinguish different hydration sites that exist in 
PE type lipids. Recently, Dyck et al. (17) used surface
sensitive x-ray scattering to study the surface of PE and their 
mono-, di-, trimethylated (DPPC) derivatives in monolayer 
conformations. They determined that pure PE monolayer has 
the smallest headgroup and the orientation of the lipid nitro
gen and phosphorus atoms aligned closer to the lipid/water 
interface as the headgroup size increases. 

Several computational works have also been performed on 
pure PE and PE mixtures to investigate the mechanism of 
hydrogen-bonding. Damodaran and Merz (18) used molec
ular dynamics (MD) simulations to examine the water 
structure around 1 ,2-dimyristoyl-sn-glycero-3-phosphocho
line (DMPC) and 1 ,2-dilauroyl-sn-glycero-3-phosphoetha
nolamine (DLPE). They were able to observe various structural 
properties, such as the hydrogen-bonding interactions be-
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FIGURE 1 Molecular structures and assigned 
numbering of atoms for (a) DPPC and (b) DPPE. 
Chemical symbols are carbon (C), hydrogen (H), 
nitrogen (N), oxygen (0), and phosphorus (P). 

tween the amine group of DLPE and the neighboring 
phosphate oxygens, the tight alignment of lipid tails, and the 
ordering of lipid tail compared to experimental deuterium 
order parameters. The group of de Vries et al. (19) also used 
MD simulations to exam 1,2-dioleoyl-sn-glycero-3-phos
phocholine (DO PC) and 1 ,2-dioleoyl-sn-glycero-3-phospho
ethanolamine (DOPE) lipid mixtures at various concentrations. 
They were able to observe a significant reduction in the 
cross-sectional area of the bilayer by having a small content 
of DOPE in the model bilayer, which was attributed to the 
hydrogen-bonding formed by DOPE. They also noted that 
by increasing the concentration of DOPC in lipid mixtures, 
the reverse effect was not observed because DOPC cannot 
disrupt the hydrogen-bond network. Recently, Murzyn et al. 
(20) used MD to examine 1-palmitoyl-2-oleoyl-sn-glycero-
3-[phospho-rac-(1-glycerol)] (POPG) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE) mixtures 
to mimic the interior of bacteria membrane. They were able 
to quantify various hydrogen-bonded pairs that exist in the 
model membrane system. This included intra- and intermo
lecular hydrogen bonds between lipids, lipid-water hydrogen 
bonds, water bridges, and lipid-water bridges. Their obser
vations included various structural properties, such as the 
atomic packing between POPG/POPE, average surface 
area per lipid molecule, and alkyl chain alignment (large 
effect in the membrane permeability and stability). In 
another recent study, Pitman et al. (21) performed molecular 
dynamics simulations of mixed 1-stearoyl-2-docosahexaenoyl
phophatidylethanolamine (SOPE) and 1-stearoyl-2-docosa
hexaenoyl-phophatidylcholine (SO PC) bilayer in the presence 
of cholesterol and rhodopsin to mimic the biological function 
of the photoreceptor protein. Their findings included various 
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structural properties such as lipid-protein density profile and 
Voronoi area, which provided evidence for the mechanism 
by which cholesterol stabilizes rhodopsin. In a separate 
study, detailed structural and dynamic properties of SOPE 
bilayer has been reported by Suits et al. (22) and Pitman et al. 
(23 ), respectively; the properties analyzed included electron 
density distribution, lipid order parameter, amine-phosphate 
hydrogen-bonding network, compressibility modulus, lateral 
organization, and diffusion. Manink and Mark (24) used a 
coarse-grained model with :tviD to study the fusion and 
budding mechanism using DOPC and DOPE mixtures. To 
mimic this phenomenon, they specifically enhanced the 
hydrogen-bonding capability of DOPE, so these strong 
interactions allowed a membrane fusion process to occur. Shi 
and Voth (25) also used a coarse-grained model with MD to 
investigate the phase separation of mixed DPPC/DPPE 
lipids. Using this model, they were able to simulate a large 
lipid mixture system containing 1 :1 ratio of DPPC/DPPE 
(2048 lipid molecules in total). Their observations included 
various structural properties, such as the atomic packing, 
average surface area per lipid molecule, alkyl chain align
ment, and lateral diffusion coefficient in both liquid-like and 
solid-like phases. 

The molecular dynamics simulations reported in this study 
provide the essential steps in understanding the complexity 
of the membrane matrix using atomistic models of the lipids. 
The main advantage of atomistic MD over the coarse
grained MD is the ability to investigate structural details, but 
at the cost of computational time and smaller system size. As 
a result, the lipid systems proposed in this study are large 
enough to provide a basic building block of model mem
brane that can be used later to investigate its interactions with 
various embedded proteins (26-28), peptides (29-31), and 
other small molecules (32-36). Due to various types of PC 
and PE lipids that exist in biological systems (PC and PE 
derivatives), DPPC and DPPE lipid membranes were chosen 
because of their extensive use in modeling membrane inter
actions with highly acceptable force-field parameters for 
DPPC (37,38) and PE derivatives such as DLPE (18) and 
POPE (39,40). This article also resolves issues of the com
petition between PEJPC and water for hydrogen bonds for a 
number of lipid mixture concentrations. This work provides 
a detailed analysis of the structural and dynamic properties of 
DPPC/DPPE mixtures commonly encountered in biological 
systems. 

SIMULATION DETAILS 

Molecular dynamics simulations were performed on systems 
containing a total of 256 lipid molecules (128 per leaflet) 
arranged in a bilayer structure. Fully hydrated systems (30 
waters per lipid) containing DPPC and DPPE were studied 
for the compositions shown in Table 1. Fig. 1 shows the struc
ture and the assigned numbering considered for the atoms in 
DPPC and DPPE. The initial configuration for Lipid-A (pure 
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TABLE 1 Composition for mixed DPPC/DPPE bilayer systems 

System DPPC/lea.fl.et DPPE/]ea.fl.et Water 

Lipid-A 128 0 7680 
Lipid-B 96 32 7680 
Lipid-C 64 64 7680 
Lipid-D 32 96 7680 
Lipid-E 0 128 7680 

A total of 256 lipids were used for all systems. Numbers for lipids are per 
lea.fl.et and each leaflet contains the same number of DPPC and DPPE 
molecules. 

DPPC) was constructed from the replication of a previous 
equilibrated bilayer containing 64lipids (41). The configu
rations for the mixed systems (lipid-B, C, D) were created 
by randomly replacing DPPC molecules with DPPE mole
cules, namely the N(CH3) 3 (choline) moiety of DPPC by the 
NH3 (amine) group of DPPE (in the united-atom represen
tation used, the CH3 group is a single site, thus these were 
replaced by hydrogen atoms and the bond length with the 
nitrogen adjusted to 1.0 A). Note that a force field for DPPE 
is currently unavailable but it is proposed to be composed of 
the combination of the lipid hydrocarbon tails from DPPC 
and the lipid headgroup from POPE (see http://www. 
ucalgary.ca/~tieleman/download.html for more details). 
Fig. 2 shows a snapshot of Lipid-C system containing 128 
DPPC (headgroups in blue) and 128 DPPE (head groups in 
green) molecules. Note that a uniform distribution of DPPC/ 
DPPE molecules was set for both leaflets. For the pure DPPE 
system (Lipid-E), all DPPC molecules from Lipid-A were 
converted to DPPE using the same approach described 
above. 

FlGURE 2 Snapshot of Lipid-C system at 350 K. Colored molecules are 
DPPC headgroup (blue), DPPE headgroup (green), lipid tails (gray), and 
water (pink). See Table 1 for ad<litional information. 
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Intramolecular parameters for bonds, angles, proper 
dihedral, and improper dihedral were consistent with previ
ous studies (42,43). The Ryckaert-Bellemans potential was 
used for the torsion potential of the hydrocarbon chains (44). 
Nonbonded interactions were described by the parameters 
from Berger et al. (45--47) and partial atomic charges were 
obtained from Chiu et al. (48). The single-point charge 
model was adopted for water (49). The united-atom repre
sentation was used for the methyl/methylene groups in the 
alkyl chains of both DPPC and DPPE. 

Steepest-decent energy minimization was performed on 
each system before starting the simulations. Each lipid 
system was allowed to equilibrate for at least 1 ns, followed 
by 25 ns for Lipid-A and 50 ns runs for Lipid-E, C, D, and E. 
Simulations were performed in the NPT ensemble. Temper
ature and pressure of the simulation box were kept constant 
using the weak coupling technique (50), with correlation 
times TT = 0.1 ps and Tp = 2.0 ps for the temperature and 
pressure, respectively. Temperature for all systems was set at 
350 K, which is above the liquid-crystalline phase transition 
temperature of the fully hydrated pure and mixed DPPC/ 
DPPE bilayers (10). Constant pressure was attained by adjust
ment of the three Cartesian directions (anisotropic pressure 
coupling) to a pressure of P = 1 bar (compressibility K = 

0.46 X 10-5 bar-1
), thereby allowing the dimensions of the 

simulation box containing the bilayer to fluctuate indepen
dently. Periodic boundary conditions were imposed in all 
three directions. 

The linear constraint solver (LINCS) algorithm was used 
to constrain all bonds of the lipid molecules (51), and the 
SETTLE algorithm for water molecules (52). This allowed 
simulations to be carried out with a 2-fs time-step using the 
leap-frog integration method (53). Nonbonded interactions 
were cut off beyond 9 A. Due to the shortcomings of elec
trostatic interaction truncations resulting from a simple large 
cutoff and reaction-field dielectric (54), along with well
documented simulations of biological systems (55-58), we 
performed our simulations with particle-mesh Ewald (59,60) 
to account for the long-range electrostatic correction (0.12 nm 
for the grid size, eighth-order spline interpolation, and real
space cutoff at 9 A). Trajectories were collected every 2 ps. 
All simulations were performed with the GROMACS 3.3-
beta software package (61,62) (single-precision mode) in 
parallel ( ~3.2 ns/day in 12 nodes) using Virginia Tech's 
System X (dual 2.3 GHz Apple Xserve G5) (63). 

RESULTS AND DISCUSSION 

Equilibrium properties, structure, and dynamics for the 
various DPPC/DPPE/water systems were calculated over the 
50-ns simulation runs. To maintain the stability of the lipid 
system, all simulations were performed above the experi
mental liquid-crystalline phase transition temperature ( ~315 
K forpureDPPC (64), ~324K for25 mol% DPPE, ~329 K 
for 50 mol% DPPE, ~333 K for 75 mol% DPPE, and ~337 
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K for pure DPPE, as reported by Petrov et al. (10)). Since the 
abundance of PE across organisms and cell types is highly 
variable, we have chosen to exam compositions spanning the 
concentration spectrum (see Table 1). An evenly distributed 
bilayer of DPPC and DPPE molecules on each leaflet was 
necessary to create a stable system in which the average area 
per headgroup in each leaflet was not significantly different 
and distortion of the simulation box could be neglected. We 
verified the stability of fully equilibrated lipid systems by mon
itoring the average area per headgroup over the simulation 
runs and determining the short-time lateral diffusion coef
ficient for the lipids from the mean-squared displacement. 

The average area per lipid was calculated from the cross
sectional area of simulation boxes (plane of the bilayer, in 
this case, along the xy plane) divided by the number of lipids 
per leaflet (128 lipids). Fig. 3 shows the area per headgroup 
for the fully equilibrated lipid systems. The average values 
for pure DPPC and DPPE systems are 0.65 :::'::: 0.01 nm2 and 
0.52 :::'::: 0.01 nm2

, respectively. For pure DPPC system, the 
value obtained agrees well with previous MD simulation 
results at 323 K of ~0.62 nm2 (65), 0.62 :::'::: 0.01 nm2 (45), 
~0.64 nm2 (54), 0.647 :::'::: 0.002 nm2 (66), 0.645 :::'::: 0.010 
nm2 (67), and 0.668 :::'::: 0.007 nm2 at 350 K (34). For the pure 
DPPE system, the value agrees well with previous simulation 
for pure DOPE of ~0.524 nm2 (19) but it is significantly 
different from the ~0.58 nm2 mentioned for pure DPPE at 
343 K (19) and the experimental result of ~0.60 nm2 for 
pure DPPE at 342 K (68). The large discrepancy in the area 
per head group for DPPE is most likely due to the force field, 
which, as discussed in the Simulation Details section, is a 
modified DPPC/POPE force field. Consequently, this differ
ence in the area per headgroup will certainly affect the 
structural properties of the bilayer, in particular the inverse 
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FIGURE 3 Area per headgroup for the mixed lipid systems over the 
course of the simulations. Straight lines show the average area per head
group. See Table l for additional information. 
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relationship between area per head group and the thickness of 
the bilayer (lipid order parameter) (68-71)-an increase of 
one results in a decrease of the other. Since the calculated 
area per head group for the pure DPPE system is smaller than 
the experimental value, the order parameter is reported at 
higher values (see later section). Coarse-grained MD simu
lation yielded an area per headgroup of 0.58 nm2 in the 
liquid-crystalline phase of a 1:1 DPPC/DPPE bilayer (25), a 
value larger than that obtained here for the same bilayer 
mixture (0.55 nm2

). A summary of the average area per 
head group at the other lipid compositions considered is listed 
in Table 2. From the area per headgroup, we see that the 
DPPE force field plays an important role in determining the 
structural properties of lipid bilayers, since all properties are 
coupled to the packing of the lipids in the bilayer structure. 
Our selection of force field for DPPC and DPPE are similar 
to those reported in the literature (39,40). Our results indicate 
that further development of a DPPE force field is needed to 
better reproduce the properties of DPPE bilayers that are 
consistent with experimental observations. Nonetheless, the 
current force field provides a reasonable representation of 
DPPE molecules that results in stable systems in the current 
simulations. 

Fig. 4 shows the mean-squared displacement of the lipid 
molecules for all systems. The solid and dashed lines show 
the results for DPPC and DPPE, respectively. The calculated 
two-dimensional diffusion coefficients range from 0.32 :::'::: 
0.20 X 10-6 cm2/s to 0.79 :::'::: 0.10 X 10-6 cm2/s. These re
sults are in good agreement with previous MD simulations of 
pure DPPC at 323 K of0.127 :::'::: 0.005 X 10-6 cm2/s (67), at 
350 K of 0.33 :::'::: 0.1 X 10-6 cm2/s (34), and coarse-grained 
MD simulations in the liquid-crystalline phase of ~0.32 X 
10-6 cm2/s (25). The values of diffusion coefficient for the 
various lipid systems are also listed in Table 2. Due to a large 
uncertainty in determining the diffusion coefficients by 
fitting a line (slope= 1) in Fig. 4, we imposed a larger error 
estimate for Lipid-D and Lipid-E systems because of high 
fluctuations in the mean-squared displacement at the diffu
sive region (see values in Table 2). It is clear that the lipid 
molecules in Lipid-D and Lipid-E require a longer time to 
reach the diffusive regime. 

TABLE 2 Calculated properties of bilayer systems 

System Area per lipid* Dnppc t DnPPE t Distance P-P* 

Lipid-A 0.65 :+: 0.01 0.79 :+: 0.1 3.43 :+: 0.01 
Lipid-E 0.59 :+: 0.01 0.59 :+: 0.1 0.59 :+: 0.1 3.66 :+: 0.01 
Lipid-e 0.55 :+: 0.01 0.51 :+: 0.1 0.48 :+: 0.1 3.79 :+: 0.01 
Lipid-D 0.53 :+: 0.01 0.57 :+: 0.2 0.53 :+: 0.2 3.86 :+: 0.01 
Lipid-E 0.52 :+: 0.01 0.32 :+: 0.2 4.00 :+: 0.01 

D represents two-dimensional (lateral) diffusion coefficient. All results are 
for simulations at 350 K. 
*Values reported in nrn2 

tvalues reported as D X 106 ern%. 
*values reported in nrn. 
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FIGURE 4 Mean-squared displacement of DPPC and DPPE for all lipid 
systems. Solid and dash-lines represent the displacement of PC and PE 
lipids, respectively. Short solid line has unity slope. Numbers are the dis
placement of the lines, shifted for clarity. 

Fig. 5 a shows the total density profiles of the bilayer 
systems along the normal direction to the bilayer surface 
(averaged over the 50-ns runs). The interface is the region 
with the highest density (11.5-2.51 nm), corresponding to the 
lipid headgroups. This location of the interface is also con
firmed by the phosphorus density profile for pure DPPC 
systems (Fig. 5 b). Similar features are also observed for the 
mixed and pure DPPE bilayers (data not shown). The region 
(12.5--4.01 nm) of ~950 kg/m3 corresponds to the aqueous 
phase, and the section with the lowest density is at the center 
of the bilayer structure corresponding to the terminal lipid 
tails. From Fig. 5 a, the distance between the two peaks, 
which is directly related to the bilayer thickness, increases as 
the DPPE composition increases, from ~3.43 nm in pure 
DPPC to ~4.00 nm in pure DPPE (this thickness is referred 
as distance P-P in Table 2). The decrease in area per 
headgroup accompanied with increase bilayer thickness has 
been previously observed in both experiments and simula
tions, which is attributed to the smaller DPPE headgroups 
and results in a closer packing of the lipids according to the 
number of DPPE molecules in the system. From this simple 
quantitative analysis, we concluded that the smaller area per 
lipid head group reduces the mobility of lipid tails by partially 
constraining the lipid orientation in the plane of the bilayer 
surface, therefore causing the lipid tails to extend in the 
direction normal to the membrane. This reasoning is con
sistent with our observations of increased bilayer thickness 
with increasing DPPE concentration. However, other factors, 
such as hydrogen bonding, also play an important role in the 
structure and dynamics of the bilayer, and these will be con
sidered in detail as well. 
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FIGURE 5 (a) Total density profiles of fully 
hydrated bilayer systems at 350 K. Lines corre
spond to Lipid-A (solid), Lipid-E (dot), Lipid-C 
(dash), Lipid-D (dot-dash), and Lipid-E (dot-dot
dash). Numbers are the displacement of the pro
files, shifted for clarity. (b) Components density 
profiles for fully hydrated pure DPPC system at 
350 K. Numbers in parentheses are magnification 
of profiles. 
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The lipid tail deuterium order parameter Sen (38) is a 
measure of the orientation and ordering of the phospholipid 
tails in the bilayer with respect to the bilayer normal. Note 
that a Sen value of -0.5 corresponds to perfect alignment 
of the lipid tail to the normal of the bilayer surface. Fig. 6 a 
shows Sen as a function of the carbon atom along the lipid 
tails for DPPC. The carbon tails are numbered as follow: Sn-
1 chain consists of C34, C36-C50 and Sn-2 of Cl5, Cl7-
C3l (see Fig. 1). Only the order parameter obtained for pure 
DPPC is shown in Fig. 6 a. Previous experimental and sim
ulation results are also shown in Fig. 6 a for comparison, 
which includes NMR measurements of pure DPPC at 323 K 
(72) and 353 K (68) and simulation results of pure DPPC 
at 335 K (42) and 350 K (34). Some difference is seen from 
previous experiments and simulations; however, our result 
lies within an acceptable range with a similar trend in the or
der parameter of the lipid tails. 

Fig. 6 b shows the order parameter for the mixed lipid 
systems and the pure DPPE system. Experimental results for 
DPPE at 342 K (9) are also shown. Currently, several simu
lations of PE derivatives are available; however, no simu
lation results of DPPE is available for direct comparison. For 
the pure DPPE system (Lipid-E), a large difference is also 
observed between the experimental and current simulation 
results. As discussed earlier, this is most likely due to the 
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force field, which also affected the area per headgroup. The 
order parameter in Fig. 6 b indicates that the ordering of the 
lipid tails increases with increasing DPPE concentration. 
This behavior is similar to those obtained from the simula
tions for DOPC and DOPE mixed lipid systems by de Vries 
et al. (19), as shown in Fig. 7 for the average order parameter 
of the plateau region of lipid tails, which consists of carbon 
numbers 2-6. These results indicate that the bilayer is ap
proaching a gel-like state at higher DPPE concentrations, 
which is directly related to the increase in the phase transition 
temperature and the number of hydrogen bonds present in 
DPPE. The results are also consistent with the increase in the 
bilayer thickness and the decrease in the area per head group 
for increasing concentrations of DPPE in the bilayer. All 
these properties are closely related since they are all linked 
to the structure and bilayer fluid state. 

Another useful property to describe the structure of the 
bilayers is the nitrogen and phosphorus density profiles for 
both DPPC and DPPE, as shown in Fig. 8 (the height of the 
distributions corresponds well with the lipid compositions). 
For the pure DPPC system (Lipid-A), it is clear that the 
nitrogen density profile (solid line) is aligned at approxi
mately the same position as the phosphorus density profile 
(dash line). A closer inspection shows that the distribution of 
nitrogen extends slightly further to the aqueous phase, that is, 

8 10 12 14 

Carbon number Carbon number 

FIGURE 6 (a) Deuterium order parameter Sen 
for phospholipid tails for DPPC at 350 K (solid 
line). Open circles and squares are previous 
simulation results at 335 K ( 42) and 350 K (34 ), 
respectively. Solid triangles and diamonds are 
experimental NMR measurement of pure DPPC 
at 323 K (68) and 353 K (72), respectively. (b) 
Deuterium order parameter Sen for phospholipid 
tails for mixed DPPC/DPPE bilayers and pure 
DPPE systems at 350 K. The average order 
parameter for DPPC and DPPE are shown as solid 
and dashed lines, respectively. Open circles are 
experimental NMR measurements of pure DPPE at 
342 K (9). 
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FIGURE 7 Average order parameter in the plateau region for pure and 
mixed DPPC/DPPE bilayer systems. The average is calculated from the 
order parameter of the first five carbon atoms in the lipid tails (carbon 
numbers 2-6 for all lipids as shown in Fig. 6). Circles are the average order 
parameter for pure and mixed DOPC/DOPE lipid systems in the plateau 
region reported by de Vries et al. (19). Error bars are estimated standard 
deviation. 

the N(CH3h (choline) group is fully hydrated. In contrast, 
the density profile of nitrogen (dot line) for the pure DPPE 
system (Lipid-E) extends toward the bilayer core beyond the 
phosphorus density profile (dot-dash line). This indicates 
that the NH3 (amine) group in DPPE favors interactions with 
the phosphate and/or carbonyl groups. One explanation for 
this behavior is the preferential hydrogen-bonding with the 
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FIGURE 8 Density profile of nitrogen and phosphorus in the lipids for 
mixed bilayer systems at 350 K. Lines correspond to PC nitrogen (solid), PC 
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the various regions of the bilayer shown. Numbers are the displacement of 
the profiles, shifted for clarity. 
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lipid oxygens located around the headgroups (experimen
tally observed by Hi.ibner and Blume (16) and computation
ally by Damodaran and Merz (18), de Vries et al. (19), and 
Murzyn et al. (20)). This observation is more pronounced in 
the mixed lipids (Lipid-E, C, D) where the profile for the 
DPPC choline group (solid line) extends into the aqueous 
phase and the DPPE amine group (dot line) toward the 
bilayer core. Note that the profiles of the phosphorus atoms 
for DPPC and DPPE in the Lipid-C system are almost 
overlapping, and the profiles of the nitrogen atoms are either 
closer to the water interface (DPPC nitrogen) or closer to the 
bilayer core (DPPE nitrogen). This preferential interaction of 
the head groups results from the type of interactions, which in 
the case for choline is the hydrophobic hydration around the 
CH3 groups, and for amine is the competition of hydrogen 
bonds with water and oxygen atoms in the headgroups. Fig. 
2 clearly demonstrates these phenomena for the Lipid-C 
system where most of the DPPC head groups (represented in 
blue) point toward the aqueous phase and the majority of 
DPPE headgroups (represented in green) point toward the 
bilayer core (gray). 

To further confirm and quantify the preferential position
ing of the choline and amine groups, we calculated the aver
age intramolecular angle for the phosphorus (P) to nitrogen 
(N) vector for both DPPC and DPPE, and determined the 
average number of hydrogen bonds between NH3 of DPPE 
(H-donor) and oxygen atoms (H-acceptor in lipids and 
water) in the systems. The intramolecular angle was com
puted from the angle formed between the P-N vector (phos
phorus and nitrogen in the same lipid) and the axis normal to 
the bilayer surface (z-axis). Fig. 9 illustrates the vector and 
angles considered, as well as the normalized angle distribu
tion for the P-N vector for the different lipid systems. An 
angle of 0° corresponds to a vector aligned with the axis of 
reference pointing toward the aqueous phase, and an angle of 
180° corresponds to a vector pointing toward the bilayer 
core. Note that the angle distributions for DPPC and DPPE 
are shown in Fig. 9, a and b, respectively. For DPPC, the 
angle distributions of Lipid-A to D are broad with distinct 
maximum. For Lipid-A, the wide distribution peaks at 
~100°, indicating that the choline groups are exposed to the 
aqueous phase and are unhindered to take any orientation. As 
the concentration of DPPC decreases, the angle distribution 
for the DPPC groups shifts to lower values (maxima at ~40° 
in Lipid-D), suggesting that most of the choline groups are 
pointing straight up aligning with the bilayer normal, thus 
being more exposed to the aqueous phase. This is caused by 
the closer packing of the lipids in the presence of DPPE as 
observed in the reduction of the area per headgroup. For 
DPPE in Lipid-E toE, the majority of the angles for the P-N 
vector is >90°, indicating that most of the amine groups in 
DPPE are favorably interacting with lipid oxygen atoms 
(Fig. 9 b). We also observe that a bimodal distribution for the 
angle of the P-N vector becomes more pronounced with 
increasing DPPE concentration. This strongly suggests that 
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there are two preferential binding sites: one near the interface 
(distribution <90°) and one near the lipid oxygen atoms 
(distribution >90°). In general, we would expect that addi
tional DPPE molecules should induce more hydrogen bonds 
of DPPE with lipid oxygen atoms and, consequently, in
crease the angle in the distribution curves in the limit to 
pure DPPE. However, the results indicate otherwise, and 
they can be reasoned as follows: the fact that there are more 
H-donors from NH3 groups in DPPE than available 
H-acceptors from lipid oxygens, there is a competition for 
hydrogen bonds between lipid oxygens and water; and since 
H-donors are in excess, hydrogen bonds with water near the 
lipid-water interface becomes more favorable, thus decreas
ing the average tilt angle of the P-N vector as seen in the 
bimodal distribution curves. 

An extensive analysis of the hydrogen-bonding with the 
NH3 group was performed to provide greater insight into the 
structure of the bilayer. Here, a hydrogen bond is defined 
according to the criteria suggested by Brady and Schmidt 
(73), where the distance between the donor and acceptor (in 

this case, nitrogen-oxygen) is within 0.35 nm and the angle 
donor-hydrogen-acceptor is between 120 and 180°. Table 3 
shows the average number of hydrogen bonds between NH3 

in DPPE and all other oxygen atoms, including lipids and 
water, for each system with DPPE. The oxygen sites avail
able asH-acceptor are located at the phosphate group (07, 
09, 010, and 011), at the two carbonyl groups (014, 016, 
033, 035), and water (OW). Fig. 1 shows the pertinent 
oxygen sites on the lipids. Separate calculations were per
formed for DPPC and DPPE to differentiate the hydrogen
bond contributions from each lipid. We also separated the 
contributions resulting from inter- and intramolecular hydro
gen bonds for DPPE. From the results shown in Table 3, it is 
evident that there are two preferential sites with which the 
NH3 group in PE form intramolecular hydrogen bonds
namely, 07 and 016. Note that intramolecular hydrogen 
bonds are observed for every lipid oxygen, even though 
some values reported may be negligible (e.g., the number 
of intramolecular hydrogen bonds between NH3 and 033 is 
approximately zero). The total average number of hydrogen 

TABLE 3 Inter- and intramolecular hydrogen bonds with NH3 group in DPPE 

Lipid-B Lipid-C Lipid-D Lipid-E 

Acceptor PC* PE* PEt PC* PE* PEt PC* PE* PEt PE* PEt 

07 1.0 0.0 55.1 2.2 0.0 103.2 1.5 0.1 159.9 0.2 214.3 
09 0.8 0.1 0.0 1.7 1.0 0.1 1.6 3.6 0.5 8.7 0.4 
010 1.7 0.4 0.0 3.7 1.7 0.1 3.2 5.6 0.3 12.2 0.5 
011 7.4 0.8 0.3 13.4 5.0 0.7 9.7 17.5 1.2 26.8 1.7 
014 8.7 1.0 1.3 14.4 7.0 2.6 11.7 20.6 2.8 35.5 2.5 
016 25.2 3.3 46.9 39.1 8.6 82.4 24.7 28.2 109.9 60.2 116.0 
033 0.1 0.0 0.0 0.2 0.1 0.0 0.2 0.2 0.0 0.4 0.0 
035 2.4 0.4 0.9 3.5 2.8 2.2 2.8 6.0 2.3 10.3 2.1 
ow 19.2 56.1 119.8 208.5 

Total H-bond 177 :!: 20 352 :!: 31 534 :!: 38 700:!: 40 
H-bond to H20/NH3 0.30:!: 0.06 0.44 :!: 0.05 0.62:!: 0.04 0.81:!: 0.04 
Intra -H-bond/NH3 1.63 :!: 0.14 1.49:!: 0.09 1.44 :!: 0.08 1.32:!: 0.06 
Inter-H-bond/NH3 0.84:!: 0.11 0.82:!: 0.10 0.71:!: 0.08 0.60:!: 0.06 
H-bonds/NH3 2.77:!: 0.31 2.75:!: 0.24 2.78:!: 0.20 2.74:!: 0.16 

Tabulated values are the ensemble average of hydrogen bonds. Average number of hydrogen bonds per NH3 are also shown in the table. 
*Intermolecular hydrogen bonds. 
tlntramolecular hydrogen bonds. 
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bonds per NH3 group is independent of the DPPE concen
tration at ~2.74--2.78 (last row in Table 3). This is expected 
because NH3 has three H-donors, thus it is able to form a 
total of three hydrogen bonds. The majority of hydrogen 
bonds are from the association with the oxygen groups 
denoted by 07 in the DPPE phosphate group, 016 in both 
the DPPC and DPPE carbonyl oxygen groups, and OW from 
water molecules, accounting for >80% of the total hydrogen 
bonds with the NH3 groups (calculated by adding the 
hydrogen-bond contributions of the four groups and then 
dividing by the total number of hydrogen bonds). 

Evidently, the total number of hydrogen bonds between 
NH3 and lipid oxygens or water plays an important role in 
determining the average area per headgroup. The total 
number of hydrogen bonds increases from 177.23 (Lipid-B) 
to 700 (Lipid-E) while the average area per headgroup de
creases from 0.592 to 0.517 nm2

. If we were to assume that 
the area per headgroup for the mixed systems is simply a 
linear average of the pure lipids, we would obtain the dash
line shown in Fig. 10. However, as shown in the figure, the 
area per headgroup significantly deviates from the ideal case. 
For example, there is an ~9.5% reduction in area per 
headgroup from Lipid-A (pure DPPC) to Lipid-E (25% 
DPPE), whereas the ideal case predicts a 5.2% reduction. 
The percentage reduction in the area per headgroup from 
Lipid-E to C, Lipid-C to D, and Lipid-D to E, are 7.1 %, 
4.2%, and 1.9%, respectively. The fact that the area per 
headgroup decreases nonlinearly and the percentage reduc
tion becomes smaller with increasing DPPE concentration 
can be explained by there being more H-donors than 
available H-acceptors as the DPPE concentration increases, 
resulting in a competition between the lipid oxygens and 
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FIGURE 10 Average area per headgroup for the various DPPE compo
sitions at 350 K. Actual values are reported in Table 2. Dash-line is the 
ideal case if the area per headgroup decreased linearly with increasing DPPE 
concentration. 
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water for hydrogen bonds with the NH3 group. The presence 
of more water molecules near the NH3 groups in DPPE 
increases the hydration of the lipids, thus causing a smaller 
decrease in the area per headgroup than would otherwise 
occur. This is seen from the data in Fig. 11 that shows the 
increase in the number of hydrogen bonds between NH3 and 
water per DPPE, while the number of inter- and intramolec
ular hydrogen bonds per NH3 decreases with increasing 
DPPE concentration. A similar behavior has been observed 
by de Vries et al. (19) in DOPC/DOPE mixtures in which the 
area per head group decreased nonlinearly with increasing PE 
content. The study by Gurtovenko et al. (74) on DMPC and 
dimyristoyltrimethylammonium propane (DMTAP) mix
tures, a neutral and cationic lipid, respectively, also showed 
a nonlinear dependence of the area per headgroup with a 
minimum at ~0.5 mol fraction. In our systems, DPPC and 
DPPE are both neutral lipids and their mixtures do not expand 
due to the increased charge concentration and electrostatic 
repulsion as observed in the results by Gurtovenko et al. (74) 
for mixed DMPC/DMT AP lipid systems. 

Additional analysis of the hydrogen bonds was performed 
to investigate the effect of lipid hydration with increasing 
DPPE concentration. Various radial distribution functions 
(RDF) between lipid oxygen atoms and water were calcu
lated, as those shown in Fig. 12 for the Lipid-C system (RDFs 
were calculated separately for DPPC and DPPE). RDFs for 
the other compositions are not shown for the sake of brevity, 
but they are all similar to those in Fig. 12. The hydration 
radius for each lipid oxygen was found by determining the 
distance of the first minimum in the RDFs. Most RDFs 
showed a well-defined peak below 0.35 nm, confirming 
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possible hydrogen bonds within the hydration radius based 
on the criteria suggested by Brady and Schmidt (73). Table 4 
summarizes the hydration radius for the various lipid oxy
gens obtained from the RDF curves. As seen in Fig. 12, some 
hydration radii are not available because no minima were 
found in the RDFs, namely for the 07 from DPPE and 033 
from both DPPC and DPPE. Close inspection of the values 
in Table 4 indicates that, on the average, the hydration radius 
for DPPC is larger than that for DPPE at the phosphate group 
(09 and 010). On the other hand, DPPE is more hydrated at 
the carbonyl groups, especially at 035. For 016, the hy
dration radius is smaller because the amine group forms 

TABLE 4 Hydration radius around lipid oxygen atoms 

PC headgroup 

r(nm) 

1.0 1.5 

r (nm) 

intramolecular hydrogen bonds and reduces the number of 
contacts with surrounding water (see Table 3 for more de
tails). Once the number of water molecules within the hy
dration radius are determined, the number of hydrogen bonds 
between lipid oxygen atoms (H-acceptor) and water (H-donor) 
can be calculated using the prior criteria defining a hydrogen 
bond (73). 

Table 5 shows the average number of hydrogen bonds 
between lipid oxygen atoms and water for all lipid systems. 
Note that the small number of hydrogen bonds in DPPE 
between water and 07 or 016 results from the preferred 
association of these sites with the amine group, which in turn 

PE headgroup 

Lipid-A Lipid-E Lipid-e Lipid-D Average Lipid-E Lipid-e Lipid-D Lipid-E Average 

07 0.330 0.330 0.330 0.330 0.330 
09 0.374 0.374 0.376 0.376 0.375 0.364 0.366 0.366 0.366 0.366 

010 0.370 0.372 0.374 0.376 0.373 0.364 0.362 0.364 0.364 0.364 
011 0.328 0.330 0.328 0.328 0.329 0.336 0.334 0.334 0.330 0.334 
014 0.346 0.346 0.346 0.346 0.346 0.360 0.356 0.354 0.352 0.356 
016 0.346 0.346 0.346 0.346 0.346 0.334 0.336 0.338 0.338 0.337 
033 
036 0.346 0.346 0.352 0.348 0.348 0.352 0.354 0.352 0.354 0.353 

Average values are shown for comparison between DPPC and DPPE hydration radii at various lipid oxygen atoms. All values reported in nm. 
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TABLE 5 Intermolecular hydrogen bonds with water 

Acceptor Lipid-A* Lipid-E* Lipid-Bt Lipid-C* Lipid-ct Lipid-D* Lipid-Dt Lipid-Et 

07 154.0 113.8 2.0 75.2 4.6 37.3 8.7 14.2 
09 373.6 279.1 87.6 180.8 178.2 86.1 269.8 357.3 
010 359.1 257.7 71.5 165.9 148.8 80.6 230.4 307.4 
011 81.3 61.4 21.5 38.2 42.8 18.9 63.5 80.9 
014 106.4 73.8 20.2 45.3 38.9 0.0 56.5 68.8 
016 349.8 225.7 18.5 122.2 49.4 54.1 75.6 104.4 
033 23.2 14.5 2.4 8.7 6.0 4.1 8.6 11.5 
035 209.6 144.8 40.4 89.1 81.5 41.6 117.3 152.9 
Total H-bonds 1657 :+: 76 1171 :+: 67 264 :+: 31 725 :+:54 550 :+: 47 322 :+: 35 830 :+: 57 1097 :+: 67 
H-bond/lipid 6.47 :+: 0.30 6.10 :+: 0.35 4.12 :+: 0.49 5.67 :+: 0.42 4.30 :+: 0.36 5.04 :+: 0.54 4.33 :+: 0.30 4.29 :+: 0.26 

Tabulated values are the ensemble average of hydrogen bonds. Average number of hydrogen bonds per lipid are also shown in the table. 
*Hydrogen bonds in DPPC molecules. 
tHydrogen bonds in DPPE molecules. 

expels most of the water around 07 (closest to the amine 
group) and some around 016. This can also explain why 
there was not a hydration shell around 07 and a significant 
reduction in the hydration radius at 016 (see Table 4). On the 
other hand, the low number of hydrogen bonds between 
water and 033 was somewhat unexpected because the 
formation of hydrogen bonds with the amine group (Table 3) 
and the hydration shell were not observed (Fig. 12). In this 
case, it may be simply caused by the alignment of lipids that 
prevents any favorable hydrogen-bond interaction to occur at 
033 (discussed by (14)). Note that there are a significant 
number of hydrogen bonds occurring at 035 (locate below 
033) which eliminates the possibility that 033 is too deep 
into the bilayer. The total number of hydrogen bonds 
between water and lipid oxygen atoms is found to decrease 
with increasing DPPE concentration, as shown in Table 5. 
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FIGURE 13 Hydrogen bonds for lipid oxygen atoms. Circles are the 
average number of hydrogen bonds between DPPC oxygen atom and water 
per DPPC molecule, and squares are the average number of hydrogen bonds 
between DPPE oxygens and water per DPPE molecule. Actual values are 
reported in Table 5. Error bars represent standard deviations. 

This is expected because the amine group in DPPE can form 
intermolecular hydrogen bonds with both DPPC and neigh
boring DPPE in addition to intramolecular hydrogen bonds. 
In either case, the amine group is competing with water 
molecules for hydrogen bonds with the lipid oxygens. As a 
result, the average number of hydrogen bonds per DPPC 
molecule, between water and lipid oxygen atoms, decreases 
with increasing DPPE concentration (~6.47-5.04 in Fig. 
13). In contrast, the number of water/lipid oxygen hydrogen 
bonds per DPPE increases with DPPE concentration 
(~4.12-4.29 in Fig. 13). These results are expected and 
are a confirmation of earlier discussions: the number of 
hydrogen bonds between NH3 and water per DPPE in
creases, whereas the average number of inter- and intramo
lecular hydrogen bonds between lipid molecules decrease 
with increasing DPPE concentration, thus making lipid ox
ygen atoms in DPPE and water available to form hydrogen 
bonds. 

Another important aspect of mixed lipid bilayers is their 
dynamic properties, in particular the mixing of the lipids. We 
have investigated the lateral movement of DPPE molecules 
on the surface of the bilayer based on the trajectories 
accumulated over the length of the simulations. Fig. 14, a-c, 
show the lateral movement (along the .xy-plane) of phos
phorus atoms on one of the leaflets of Lipid-B, Lipid-C, and 
Lipid-D, respectively. Each color represents a different 
phosphorus atom in the system. Fig. 14, d-f, show only the 
initial (open circles) and final (solid circles) positions of the 
phosphorus atoms after 50 ns. For clarity, periodic bound
aries were removed from the coordinates. The outline of the 
simulation box along the .xy-plane at 50 ns is drawn as dash
line. It is clear that the movement of DPPE is random and the 
molecules have no tendency to move in any particular 
direction along the bilayer. Note that the majority of the 
DPPE molecules moves rapidly around the membrane 
surface ( ~2.7 nm in Lipid-E from the initial position), but 
they become more restricted with increasing DPPE concen
tration ( ~2.5 nm in Lipid-C and 1.9 nm in Lipid-D). The 
displacements are estimated from the distances the DPPE 
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FIGURE 14 Lateral movement of phosphorus atoms in DPPE along the xy-plane on one of the leaflets in (a) Lipid-B, (b) Lipid-C, and (c) Lipid-D systems. 
Each color represents one DPPE molecule. For clarity, the corresponding initial (open circles) and final (solid circles) positions of phosphorus atoms are shoWll 
in d, e, and f Outline of the final simulation box dimension is shoWll as dash-line. Coordinates are plotted witl10ut periodic boundary conditions. 

molecules travel laterally during the simulation (see Fig. 14, 
d-jfor the initial and final positions). The high mobility of 
DPPE in lipid-E from their original position suggests that 
there are strong interactions causing the molecules to diffuse 
laterally through the bilayer. It is probable that intermolec
ular hydrogen bonds between the lipids facilitate their 
diffusion. At higher DPPE concentration (Lipid-D), DPPE 
seems to show less mobility as the displacement of the 
molecules is relatively small. This may be a direct result of 
hydrogen-bond competition between NH3 in DPPE and 
water at the interface, which reduces the interactions bet\veen 
lipids, thus making the movement of DPPE more localized. 
It is also seen from Fig. 14 that there is no aggregation be
tween lipids as their diffusion is random along the membrane 
leaflet. 

CONCLUSIONS 

We have presented a systematic simulation study of mixed 
lipid bilayer systems containing DPPC and DPPE. For the 
pure DPPC system, the calculated area per headgroup and 
the lipid order parameter agree well with previous experi
mental and simulation results. Selected experimental results 
(i.e., area per head group and lipid order parameter) for pure 
DPPE are available for comparison, but no simulation results 
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have been reported. To be consistent with other derivatives 
of PE bilayer simulations, we created a force field for DPPE 
molecules by modifying the DPPC force field using the 
POPE force field as the basis to change the choline to an 
amine headgroup. The results show large discrepancies be
tween the simulation and experimental values in the area per 
headgroup and order parameter for the pure DPPE and mixed 
1 :1 DPPC/DPPE systems. This leads us to believe that further 
development of the DPPE force field is needed to improve 
its accuracy in reproducing experimental properties of PE 
bilayers. 

DPPE exhibits unique and distinct characteristics, partic
ularly in its ability to strongly interact with itself and neigh
boring lipids through inter- and intran1olecular hydrogen 
bonds. Increasing DPPE content in the bilayer results in a 
significant decrease in area per lipid and higher deuterium 
order parameters (lipid tails become more aligned within the 
bilayer normal). Detailed analysis of the density profile for 
the nitrogen and phosphorus atoms in the lipids shows that 
the an1ine groups in DPPE prefer to hydrogen-bond with 
lipid oxygens. In this process, the P-N vector of the DPPE 
headgroup is most often found pointing toward the bilayer 
core, whereas the P-N vector for DPPC points toward the 
aqueous phase. The average intramolecular tilt angle, with 
respect to the bilayer normal, of the P-N vector for both 
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DPPC and DPPE decreases with increasing DPPE concen
tration. For DPPC, the choline group becomes more aligned 
with the bilayer normal due to the close packing of the lipids 
(smaller area per headgroup). On the other hand, for DPPE, 
there are more H-donors from NH3 groups than available 
H-acceptors from lipid oxygen atoms, thus resulting in a 
competition between lipid oxygen atoms and water for 
hydrogen bonds. An increase in the number of hydrogen 
bonds between the NH3 group and water coupled with a 
decrease in inter/intramolecular hydrogen bonds between the 
lipids as the DPPE concentration increases are the main cause 
for the reduction in the average P-N vector tilt angle. The 
results obtained can be summarized in a simple schematic 
representation of the structure of the headgroups, as shown in 
Fig. 15. If we consider the direction of the P-N vector 
(phosphate group is negatively charged and choline or amine 
group is positively charged; see Fig. 9 for orientation of P-N 
vector), it is clear from Fig. 9 that the average angle of the P-N 
vector decreases with increasing DPPE concentration. From 
this simple schematic picture, the area per headgroup 
decreases nonlinearly with increasing DPPE concentration, 
which reflects the results obtained from the simulations. 

Our analysis shows that there are two preferential sites 
(07 and 016) for intramolecular hydrogen-bond with the 
NH3 groups. The hydration of the lipids in the mixture 
indicates that DPPC is more hydrated at the phosphate group 
and less hydrated at the ester group compared to DPPE. The 
average number of hydrogen bonds between DPPC and 
water decreases with increasing DPPE concentration, which 
is mainly because the amine group in DPPE forms intermo
lecular hydrogen bonds with DPPC. The favorable and 
increasing interaction of DPPE with water, along with a 

Lipid Interface 

X=O.O 

Bilayer Core 

FIGURE 15 Schematic of the arrangement of the DPPC and DPPE 
headgroups in the bilayer. DPPC and DPPE are represented as ovals (large 
headgroup) and circles (small headgroup), respectively. The plus-symbol 
represents the charge in the choline or amine group, and the minus-symbol 
the charge in the phosphate group. Orientation of the bilayer and DPPE mole 
fraction are shown in the figure. Water and lipid tails are excluded for clarity. 
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decrease of inter- and intramolecular interactions between 
the lipids, leads to an increase in the number of hydrogen 
bonds of water with the lipid oxygens. 

From the trajectory analysis, the majority of the DPPE 
molecules rapidly move around the membrane surface, but 
they become more restricted with increasing DPPE concen
trations. The high mobility of DPPE from their original 
position suggests that there are strong interactions causing 
the molecules to diffuse laterally through the bilayer. Based 
on our hydrogen-bonding analysis, intermolecular hydrogen 
bonds between the lipids facilitate their diffusion. On the 
other hand, less movement suggests that the hydrogen bonds 
competition between the amine groups in DPPE and water 
at the interface reduces the interactions between lipids, 
resulting in a more localized displacement of DPPE. The 
random diffusion of DPPE molecules along the membrane 
leaflet does not indicate any aggregation of lipids within the 
simulation time considered. 
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