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The polar headgroup of dipalmitoylphosphatidylcholine (DPPC) molecule both in gas phase and aqueous
solution is investigated by the hybrid quantum mechanical/molecular mechanical (QM/MM) method,
in which the polar head of DPPC molecule and the bound water molecules are treated with density
functional theory (DFT), while the apolar hydrocarbon chain of DPPC molecule is treated with MM
method. It is demonstrated that the hybrid QM/MM method is both accurate and efficient to describe the

ﬁ%v:;’;isﬁ conformations of DPPC headgroup. Folded structures of headgroup are found in gas phase calculations.
Hybrid QM/MM simulation In this work, both monohydration and polyhydration phenomena are investigated. In monohydration,
ONIOM different water association sites are studied. Both the hydration energy and the quantum properties of
DPPC DPPC and water molecules are calculated at the DFT level of theory after geometry optimization. The

Polar headgroup
Hydrogen bond

binding force of monohydration is estimated by using the scan method. In polyhydration, more extended
conformations are found and hydration energies in different polyhydration styles are estimated.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The physical and chemical properties of biological membranes
are of critical importance for understanding specific membrane
functions, such as material transport across membranes and com-
munication between cells. The predominant interest in phospho-
lipid bilayers arises because they are one of the major, if not
the major, structural elements of biological membranes [1]. Some
properties of biological membranes can be directly attributed to
the characteristics of single phospholipid molecules. Due to their
important role, phospholipids are the subject of numerous experi-
mental and computational studies in recent decades [2-8].

As an amphiphile, the two principal features of a typical phos-
pholipid molecule are hydrophilic polar headgroup and hydropho-
bic hydrocarbon chain. In many previous works [3,5,9-13], a de-
tailed structural knowledge of the biological membrane is partic-
ularly associated with the conformation and interactions of polar
phospholipid headgroups at the membrane surface. In many pre-
vious quantum mechanical researches, it is shown that the po-
lar headgroups of the phospholipids manifest an intrinsic prefer-
ence towards folded structures stabilized by strong intramolecular
hydrogen bonds (Fig. 1) or electrostatic interaction between the
phosphate group and the cationic head in gas phase [3,5,9]. X-ray
experimental studies [14] also indicate that the polar headgroups
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Fig. 1. The preferred conformation of the headgroup of phospholipids in gas phase.

of phospholipids tend to favor certain conformations. But further
calculations suggest that if hydration [10] or the presence of neigh-
boring headgroups is taken into account, the polar headgroups of
phospholipids adopt the more extended form in crystals. Their ex-
istence in the extended form in the crystals and possibly in water
must be attributed to the effect of the intermolecular forces [15].
The most obvious property of phospholipid headgroup is its
strong polar dipole. As we know, hydrated water molecules bind
to polar dipoles by forming hydrogen bonds, so phospholipid
molecules are inclined to act in the aqueous solution in hydrated
form [16]. A hydrogen bond results when strong positive charge
density of a hydrogen atom attracts a lone pair of electrons on
another heteroatom. Some parts of polar groups of phospholipid
molecules, such as phosphate, carboxyl, and carbonyl are most
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Fig. 2. Atom labeling and notation for the dihedral angles for DPPC (C4oHgoNOgP)
molecule. All the hydrogen atoms are omitted in this figure, but are included in all

calculations.
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Fig. 3. The partition of DPPC and hydrated water molecules into QM and MM re-
gions.

strongly affected by hydrated water molecules, therefore phospho-
lipid hydrophilicity depends on the participation of these groups
in forming hydrogen bonds. The phospholipid molecule and its
hydrated water act as a single thermodynamic and physicochemi-
cal entity [1]. The complex phase behavior of phospholipid-water
systems is in relation to many biological functions of biological
membranes, so the interaction between polar headgroup and water
is of special interest. Hydration of the hydrocarbon chain is much
weaker and restricted to the interactions at the polar-apolar inter-
face; therefore this study mainly focuses on the headgroup region
of phospholipid molecules.

The most prevalent phospholipid molecule that forms the bi-
layer of eukaryotic cell membranes is phosphatidylcholine (PC).
DPPC (Fig. 2) is an amphiphilic molecule with a polar headgroup
(a-chain) and two hydrophobic hydrocarbon chains (8- and y-
chains) [17]. DPPC is a kind of saturated PC which is studied ad-
equately both by experiment and calculation [2,4,6,7,18], so DPPC
is used as a typical example of phospholipid molecules for calcu-
lations in this work.

In order to study the hydration phenomena of DPPC headgroup,
the hybrid QM/MM method is applied in this work. Although there
are numerous previous computational studies [3,5,9-13], which
analyzed the structure and hydration of phospholipid headgroup.
Considering the limits of computing ability, the majority of these
investigations have used short chain molecules (e.g. just head-
group) rather than the whole phospholipid molecules to study the
headgroup region of phospholipid molecules. But the structure of
the isolated polar head group could be different from that of the
same group in the entire molecule. In order to make a suitable
compromise between the quality of simulation results and the re-
quirement of CPU time, the hybrid QM/MM method is performed
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Fig. 4. The diagrammatic presentation of ONIOM method for a partitioned molecular
system.

on a whole DPPC molecule in this work. In the hybrid QM/MM
technique, the chemically most relevant region is treated by Born-
Oppenheimer ab initio quantum mechanics, while the rest of the
system is described by MM potentials [19,20]. The DPPC hydration
phenomena are very suitable for using the hybrid QM/MM method,
because it is demonstrated that the properties of the headgroup
of phospholipid are affected by the hydrocarbon chain slightly, no
matter the degree of N-methylation [3,12]. In geometry optimiza-
tion, the headgroup and its bound water molecules are treated at
QM level of theory and the hydrocarbon chain with MM method
(Fig. 3).

In this work, first the hybrid QM/MM method is demonstrated
to be both accurate and efficient enough to describe the conforma-
tions of DPPC headgroup. Then, both monohydration and polyhy-
dration phenomena are investigated.

2. Numerical method

In this work, all QM/MM and pure QM calculations are done
with the Gaussian03 [21] ab initio packages. For QM/MM calcula-
tions, the ONIOM (“our own n-layered integrated molecular orbital
and molecular mechanics”) [22] implementation in Gaussian03 is
used. The coupling between the QM and MM regions in ONIOM
approach is embodied in ONIOM energy definition. A QM/MM sys-
tem energy definition in ONIOM approach is shown in Fig. 4,
where the X axis is the size of the system, the Y axis is the level
of theory, and the Z axis is the energy. The ONIOM energy of the
entire system Egnjom is defined as:

Eoniom = E3 — E1 + E3, (1)

where E3 is the entire system energy calculated at the MM level,
while E1 and E; are energies of QM region calculated at the MM
and QM level, respectively. Eoniom iS an approximation to the QM
level energy of the entire system Eg4,

E4 = Eoniom + D. (2)

It is assumed that the error D of the extrapolation procedure is
constant for each structure. So the relative energy different AE4 =
Ef — Ef for two different conformations A and B (e.g. hydrated
and non-hydrated structures) will be evaluated approximately by
the ONIOM energy AEoniom = Eaniom — ESniom [23]- The validity
of ONIOM approach for accurate calculation has been affirmed [22-
24], already.

All the geometry optimizations are carried out using the hy-
brid QM/MM method without any constrains, and hydrogen atoms
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Fig. 5. The partition DPPC molecule into three parts for illustration of four compu-
tational models.

Fig. 6. The optimized conformation of DPPC molecule in gas phase by the hybrid
QM/MM method. Dashed lines represent hydrogen bonds.

are used as link atoms. QM region is treated with DFT, while in
MM region, UFF (a universal force field) [25] is used. In DFT cal-
culations, we employ Becke’s non-local three-parameter exchange
and correlation functional [26] with the Lee-Yang-Parr correlation
functional [27]. The hybrid functional, B3LYP is demonstrated to
give results with an accuracy similar to that of an MP2 (second-
order perturbation) calculation in bonding energy and geometry
optimization for hydrogen-bonded systems [28,29]. 6-314++4G(d)
basis set is used in DFT calculations, because both diffuse func-
tions and d-type polarization functions for all heavy atoms does
provide the best description of phospholipid headgroups [3], and
in hydration phenomena hydrogen bonds can only be correctly
described by including diffuse functions into basis sets. In MM
region, the potential energy of an arbitrary geometry in UFF is
written as a superposition of various two-body, three-body, and
four-body interactions. The parameters of UFF are described in
Rappe et al.’s paper (1992) in detail [25]. Single point calculations
on QM/MM optimized geometries by the pure QM method are car-
ried out at B3LYP/6-31+4+G(d) level of theory. In a word, B3LYP/6-
314++G(d)//(B3LYP/6-31++G(d):UFF) is used in calculations.

In order to evaluate the binding force of monohydration water
molecule to DPPC headgroup, we perform relaxed potential en-
ergy surface (PES) scan (with geometry optimization at each point)
where hydrogen bonds of hydrated water molecules are stretched
by 0.05 nm per step. Because of computational cost, the relaxed
PES scans are performed in the QM/MM level (B3LYP/6-31++G(d):
UFF), which is the same as geometry optimizations.

3. Results and discussions
3.1. DPPC headgroup in gas phase

In order to demonstrate the accuracy of the hybrid QM/MM
method used in this work to describe crucial region of headgroup,

Table 1
Structural parameters of different QM/MM models.
Model [ Model I Model III Model IV

Bond length  P-07 1.7192 1.7078 1.7098 1.7137

(A) P-09 1.4979 1.5001 1.4993 1.4977
P-010 1.5139 1.5106 1.5118 1.5118
P-011 1.6266 1.6350 1.6331 1.6346

Non-bond P---N 4.0016 3.9901 3.9976 3.9725

length (A)

Angle 09-P-010 123.09 122.96 123.00 122.96
07-P-011 96.95 97.02 97.13 97.05

Dihedral o —151.17 —149.39 —150.33 —153.71

angle o —78.61 —74.80 —76.50 —76.56
a3 175.30 171.09 173.68 166.72
oy 123.53 122.42 123.09 121.29
o5 —66.24 —66.19 —66.30 —65.26
a6 —169.57 —168.17 —168.93 —167.19

Dihedral angle is in the range of —180° to 180°.

four models of QM/MM calculations with different partition of
QM/MM regions are performed. In Fig. 5, a DPPC molecule is di-
vided into three parts. In model I, the QM region is part A, and the
MM region consists of part B and part C. In model II, the QM re-
gion includes part A and part B, and part C is the MM region. In
model III, two more atoms than model II (C17 and C28) is added
into the QM region, and in model IV another two atoms (C18 and
C29) are added to the QM region than model III. From model I to
model IV more atoms are put into QM region and it is more time
consuming. In Table 1, there are some chief optimized geomet-
rical parameters of four models. It is found that though the QM
region becomes lager, the optimized geometry of the DPPC head-
group dose not vary drastically. The biggest difference of O-P bond
length is about 0.01 A (bond P-O7 between model I and II). As
a crucial parameter in DPPC headgroup, P---N distance also dif-
fers slightly, only 0.03 A (between model I and IV). For angles, the
biggest difference is 0.18° in 07-P-011 between model I and IIL
The most fluctuating parameter is dihedral angle and 8.58° is the
biggest difference (in o3 between model I and IV). From these re-
sults, it can be concluded that the headgroup is slightly affected by
the hydrocarbon chain region, so the hybrid QM/MM method used
in this work is very suitable to describe the conformation of head-
group of DPPC molecule. Consideration of computational cost and
accuracy, model I is employed to divide the QM and MM regions
of DPPC molecule in all following calculations.

The optimized structure of DPPC in gas phase by the hybrid
QM/MM method is displayed in Fig. 6. It should be noticed that
the optimized cyclic conformation is stabilized by electrostatic at-
tractions between hydrogen atoms (especially H1 and H2 in Fig. 6)
of the choline methyl groups and the phosphate oxygen atoms (es-
pecially 010 in Fig. 6), giving rise to H---O distance (H1---010
is 2.046 A and H2---010 is 2.051 A) that are considerably shorter
than normal van der Waals radii (2.72 A) of hydrogen atom (1.2 A)
plus oxygen atom (1.52 A). In the case of DPPC, the cationic part
is much bulker due to the three N-methyl groups, and the three
methyl groups extend the P---N distance (in this work is 4.001 A,
which is 3.94 A in Li and Lagowski’s paper, 1999). So there just
forms two hydrogen bonds, and the HT-transfer reaction (shown
in Fig. 1) is not favorable, but the electric charge transfer phe-
nomenon is still very obvious. In Table 3 (the first column), the
electropositivity value of H1 and H2 is larger than other hydrogen
atoms in choline methyl groups (other hydrogen atoms are less
than 0.3) and 010 is more electronegative than other phosphate
oxygen atoms. Therefore, it is electrostatic attraction that makes
the DPPC this folded structure in gas phase.
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3.2. Monohydration

One water molecule and a DPPC molecule (model I) are taken
into account for monohydration. It has been proved that in the
DPPC polar head, there are obviously two principal hydration re-
gions: the cationic N*(CHsz)3 end and the oxygen atoms in phos-
phate group [12]. If only oxygen atoms association is considered,
there are two forms: one is one of water O-H bonds directed to
a oxygen atom while leaving the second water O-H bond free in
space (all of four oxygen atoms are calculated respectively), the
other is in a bridge position with respect to the two ester oxygen
atoms (09 and 010) involved (Fig. 7).

The hydration energy is calculated by Eq. (3)

1
A Enydration = —H[E(DPI’C- (H20)n) — E(DPPC) — E((H20)n)],  (3)

where n =1 in monohydration. In Table 2, the hydration energy
of N*(CH3)3 group is obviously lower than that of oxygen atoms
in phosphate group. The hydrogen bond length between hydro-
gen atom in N*(CHs3)3 group and oxygen atom in hydrated water
molecule is longer other hydrogen bonds in DPPC monohydration,
which shows that it is a weak hydrogen bond. The hydration en-
ergy of N¥(CH3)s group is lower than hydration energy between
two water molecules (about 28 KJ/mol).

Tables 2 and 3 show that hydration effect is intense on oxygen
atoms in phosphate group, especially on two ester atoms (09 and
010). There are some traits: (a) the binding energy of these mono-
hydration is much higher than hydration energy between two wa-
ter molecules (about 28 KJ/mol). These hydrogen bonds are more
stable, so water molecules prefer to hydrate with oxygen atoms in
DPPC headgroup rather than with other water molecules; (b) the
bond length of these hydrogen bonds is much shorter than normal

Table 2

413

Water molecule B

Fig. 7. Two forms of monohydration: A is one of water O-H bonds directed to a
oxygen atom while leaving the second water O-H bond free in space; B is water
molecule in a bridge position with respect to the two ester oxygen atoms (09 and
010) involved. Dashed lines represent hydrogen bonds.

van der Waals radii (2.72 A) of hydrogen and oxygen atoms. The
bond length of O-H* (H* is the hydrogen atom of water molecule
which forms the hydrogen bond with DPPC) in hydrated water
molecules is longer than the other O-H bond length in water
molecule, because of attraction between H* atom and oxygen atom
of DPPC molecule; (c) charge transfer is noticeable. Oxygen atoms
are more electropositive when they are hydrated, while H* atom

Structural parameters, hydration energy, bonding force and Mulliken population analysis of monohydrated water molecule (for hydration on bridge position and hydration

with N*(CHs3)3, H* and H are the same).

Hydration Hydration Hydration Hydration Hydration Hydration with

with 07 with 09 with 010 with 011 on bridge N*+(CH3)3
Mulliken population H* 0.66 0.64 0.65 0.54 0.60 0.49
analysis of water molecule H 0.50 0.50 0.48 0.49 0.53 0.48

0 —1.07 -1.07 —1.06 —1.00 —1.00 —0.97

Water molecule O-H* 0.9842 0.9950 0.9874 0.9820 0.9846 0.9704
Bond length (A) 0-H 0.9680 0.9677 0.9677 0.9687 0.9753 0.9702
Hydrogen bond O---H 1.8500 1.7461 1.7683 1.8622 1.9053 2.4190
length (A) 2.1990
Hydration energy (KJ/mol) 48.57 66.69 59.86 45.16 71.15 22.84
Bonding force (pN) 322.6 505.7 645.3 357.5 - -

In Mulliken population analysis, charges are in electron units.

Table 3
Summary of Mulliken population analysis (obtained with B3LYP/6-31++G(d)) for DPPC molecule in gas phase and monohydration respectively.
Gas Hydration Hydration Hydration Hydration Hydration Hydration with
phase with 07 with 09 with 010 with 011 on bridge N*(CHs3)3
C1 —0.29 —0.28 —0.32 —0.28 —0.30 —0.25 —0.30
2 —0.43 —0.44 —-0.41 —0.45 —0.35 —0.38 —0.40
Cc3 —0.43 —0.44 —0.48 —0.41 —0.43 —0.32 —0.46
N —0.74 —0.76 —0.72 —0.76 —0.75 —0.82 —0.70
5 —0.05 —0.02 —0.08 —0.06 —0.05 —0.06 —0.04
C6 —0.46 —0.51 —0.48 —0.45 —0.40 —0.42 —0.50
07 —0.64 —0.77 —0.65 —0.64 —0.62 —0.63 —0.64
P 1.93 1.96 1.85 2.08 1.97 1.90 2.12
09 —0.76 —0.74 —0.92 —0.74 -0.73 —0.86 —0.76
010 —0.84 —0.87 —0.87 —-1.14 —0.83 —0.98 —0.86
o1 —0.57 —0.51 —0.53 —0.57 —0.76 —0.53 —0.62
C12 0.14 —0.01 —0.16 0.12 0.17 0.03 0.16
H1 0.32 0.33 0.32 0.34 0.33 0.37 0.26
H2 0.35 0.35 0.38 0.32 0.36 0.21 0.37

In Mulliken population analysis, charges are in electron units.
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is more electronegative than the other H atom in hydrated water
molecule. All of these traits indicate that it forms a strong hydro-
gen bond between water molecule and oxygen atoms in phosphate
group, so on oxygen atoms of phosphate group, the hydration ef-
fect is obvious. For hydration in a bridge position, the hydration
energy is much higher because two hydrogen bonds are formed,
though these two hydrogen bonds are a bit longer and binding en-
ergy of each hydrogen bond is lower.

In order to estimate the binding force of these hydrogen bonds,
the relaxed PES scan is performed to get the energy surfaces with
the hydrogen bond length as x-axis in coordinate (Fig. 8). Hydrogen
bonds are stretched from 1 to 3 A by 0.05 A per step. The binding
force is calculated according to

JdE
) @

The binding forces of hydrogen bonds with oxygen atoms on DPPC
molecule are calculated (e.g. configuration in Fig. 7A), since oxy-
gen atoms are most important hydration sites on DPPC molecule.
From Table 2, it is found that the binding forces are in the same or-
der as hydrogen bond rupture force detected by other experiments
(102 pN). Because relaxed PES scan method carries out geometry
optimization at each point, the scan process simulates the rupture
of hydrogen bond in a static state. For two ester oxygen atoms (09
and 010), their hydration energy and binding force are higher than
other two oxygen atoms (07 and O11). Because ester oxygen atom
has three lone pair electrons, it is a sensitive hydration site, water
molecules are inclined to hydrate with this site.

FH bond = max(

3.3. Polyhydration

Some experiments have found that in DPPC bilayer, a single
DPPC molecule binds about six molecules of water on average [18].
In monohydration, it is clear that the hydration ability of oxy-
gen atoms in phosphate group is stronger than N*(CH3)s group,
so it is assumed that hydrated water molecules are mainly bound
to oxygen atoms. Theoretically, two ester oxygen atoms (09 and
010) have three lone pair electrons, so they can bind three water
molecules each. Other two oxygen atoms (O7 and O11) have two
lone pair electrons; therefore they can bind two water molecules
each. The polarity of oxygen atoms will be weakened when they
bind one water molecule; and because of the interactions between
water molecules and neighboring DPPC molecules, less than ten

Water molecule

Fig. 9. Polyhydration of DPPC headgroup with ten water molecules. Dashed lines
represent hydrogen bonds.

water molecules can be bound. In our computations, first, three
water molecules are bound to two ester oxygen atoms (09 and
010) respectively. Then six water molecules are bound to the two
oxygen atoms (09 and O10) at the same time. At last, ten water
molecules are put around the four oxygen atoms (Fig. 9).

In Table 4, it can be noticed that the hydration energy per water
molecule of polyhydration is a little lower than that of mono-
hydration. Because of steric hindrance and electrostatic repulsion
between water molecules, water molecules cannot bind to oxy-
gen atoms as tightly as monohydration. When there are ten water
molecules, not all the water molecules bind to oxygen atoms of
DPPC headgroup directly. There are six water molecules in the first
water shell (09 and 010 bind two water molecules respectively,
while 07 and O11 bind one water molecule respectively). Other
four water molecules are on the second water shell and interact-
ing mainly with first water shell (Fig. 9). The interaction between
water molecules is weaker than that between oxygen atoms of
DPPC headgroup and water, so hydration energy of average water
molecule is much lower than that of monohydration. The charge
transfer is more obvious in polyhydration than monohydration.
Both two ester oxygen atoms (09 and 010) are more electronega-
tive when polyhydrated. Dihedral angles are drastically undulated
in different polyhydration conditions, especially is o1 -a5; while og
vary slightly, even their values do not change a lot from gas phase
in Table 1. It indicates that ammonium group of DPPC headgroup is
less affected by polyhydration. Another noticeable phenomenon in
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Table 4
Parameters of polyhydration.
09 binds 010 binds 09 and 010 Ten water
three water three water binds six water molecules
molecules molecules  molecules hydration
Hydration energy 45.33 58.62 53.71 37.81
of average water
molecule
(KJ/mol)
Average hydrogen 2.0346 1.8802 1.9233 -
bond length (A)
H1---010 length 2.0359 3.1743 3.4903 3.7761
(A)
H2---010 length 2.3124 2.3257 3.2857 41128
(A)
Mulliken 09 —1.15 —0.74 —-1.13 —1.15
population 010 —0.91 —1.30 —1.18 —1.02
analysis
N---P distance (A) 4.0143 4.2706 4.5402 4.7567
Dipole moment 15.24 18.85 21.49 22.48
of DPPC molecule
(Debye)
Dihedral angle o —118.80 —159.80 153.23 —128.80
o —101.74 —76.48 —74.47 —107.27
o3 162.48 173.29 171.85 —172.12
oy 119.62 146.73 166.87 —179.08
o5 —70.00 —62.04 —68.13 —78.81
o6 —163.08 —163.16 —167.53 —179.87

In Mulliken population analysis, charges are in electron units. Dihedral angle is in
the range of —180° to 180°.

polyhydration is the variation of P---N distance. In these calcula-
tions, P---N distance becomes longer when more water molecules
are hydrated. Not only polar effect of water, but also steric hin-
drance makes DPPC headgroup extended. Of course, dipole mo-
ments of DPPC molecules increase when DPPC headgroup extends.
No intramolecule hydrogen bonds form when 010 is polyhydrated.

4. Summary

This work is focused on hydration phenomena of DPPC head-
group. Because its hydrocarbon chain affects DPPC hydration
slightly, the hybrid QM/MM method is used, where DPPC polar
headgroup and water molecules are put into QM region.

The QM region is extended to four different models for compu-
tations. It is demonstrated that the QM/MM division in this work
is accurate enough to investigate the conformation of DPPC polar
headgroup. In gas phase, intramolecule hydrogen bonds are found
in DPPC headgroup. In monohydration simulation, it is shown that
ester oxygen atoms of phosphate group have stronger hydration
effect than other groups in DPPC headgroup, and hydration en-
ergy exceeds binding energy between water molecules obviously.
Through relaxed PES scan method, it can be estimated that the
hydration force of oxygen atoms in phosphate group is in the or-
der of 10% pN. In polyhydration simulation, hydration energy per
water molecule is a little lower than monohydration energy. Ex-

tended headgroup structures are found when DPPC is polyhydrated
and intramolecule hydrogen bonds are ruptured. The charge trans-
fer phenomenon is noticed in all hydration calculations.
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