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Adhesion forces of Dipalmitoylphosphatidylcholine (DPPC) membrane in the gel phase are
investigated by molecular dynamics (MD) simulation. In the simulations, individual DPPC
molecules are pulled out of DPPC membranes with different rates and we get the maximum
adhesion forces of DPPC membrane. We find that the maximum adhesion forces increase with
pull rate, from about 400 to 700 pN when pull rates are from 0.001 to 0.03 nm/ps. We analyze the
relationship between pull rate and adhesion forces of different origins using Brownian dynamics
and notice that viscosity of solvent plays an important role in adhesion forces. Then we simulate
the motion of a single DPPC molecule in solvent and it elucidates that the maximum drag force
is almost linear with respect to the pull rate. We use Stokes’ relation to describe the motion of
a single DPPC molecule and deduce the effective length of a DPPC molecule. Conformational
analyses indicate that the free energy variation of a DPPC molecule inside and outside of the
DPPC membrane is an essential part of adhesion energy.
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1. Introduction

Knowledge of the structure and dynamics of biomem-
brane has attracted considerable interest during the
past decades, because of its fundamental importance
in biological systems. Biological membranes enclose
every cell and numerous intracellular organelles. The
main biological functions of membranes involve var-
ious life processes, such as receiving and transduc-
ing signals between cells, separation of intracellular
compartments, and control of interactions between
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the cell and its environment. The predominant inter-
est in phospholipid bilayers arises because they are
one of the major, if not the major, structural ele-
ments of biological membranes.! DPPC is one of
the best studied lipids, both by experiment and
simulation.? ®

In our work, we assumed that the intensity of
adhesion forces of biomembranes is equal to the force
applied to drive lipids away from their equilibrium
position. The adhesion forces of biomembrane are of
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general interest to cell binding, fusion, and protein
insertion, especially important for the anchoring of
proteins to a membrane.> Some molecular devices
such as molecular motors mainly work on biomem-
brane; so adhesion forces of biomembrane are essen-
tial for the stability of these devices.

In our simulations, individual DPPC molecules
are pulled out from DPPC membranes and we get
the maximum adhesion forces of DPPC membrane in
each process, and the maximum adhesion forces with
different pull rates are found. Then we simulate the
motion of a single DPPC molecule in solvent and it
elucidates that the maximum drag forces are almost
linear with respect to different pull rates.

2. Simulation Methods

In our simulations, we apply the force field and simu-
lation parameters that have been invented by Berger
et al.* for a DPPC membrane. The DPPC membrane
is composed of 64 lipids, and there are about 5nm
length water layers on both sides of the DPPC mem-
brane. We use single point charge (SPC) water model
in the simulations, because it is proved that the effec-
tive free energy of the SPC model is close to the
experimental value than that of the extended single
point charge (SPC/E) model.®

In all simulations, a time step of 1fs is used. The
cutoff of Lennard—Jones (LJ) interaction is 1.5nm,
while the cutoff of electrostatic interaction is 2.0 nm.
All simulations are performed with NPT ensemble
and temperature coupling at 300 K, where the cou-
pling constant 7 = 0.1 ps. Since the transition tem-
perature of DPPC for the transition between the gel
and liquid crystalline phases of DPPC membrane is
315K,7 in all the simulations, the DPPC membranes
are in gel phase. Pressure coupling is used with a
coupling constant 7 = 1.0ps, at 1 bar in all three
directions. All simulations include two parts, pulling
a DPPC molecule out from a DPPC membrane and
the motion of a single DPPC molecule in solvent. In
all pulling simulations, the spring constant of virtual
spring is 1560 KJ/mol-nm?.8

At each pull rate, we perform five independent
simulations. There are two data-averaging meth-
ods, ensemble-averaged method, and individually
averaged method, respectively. In ensemble-averaged
method, we average the profile first, and then deter-
mine the maximum adhesion force or the maximum

drag force, while in individually averaged method, we
determine the maximum adhesion force or the max-
imum drag force first, and performed average after-
ward.

3. Results

In order to study the relationship between the pull
rate and adhesion force, we simulate at seven dif-
ferent pull rates: 0.001, 0.0015, 0.002, 0.005, 0.01,
0.02, and 0.03nm/ps, respectively. Figure 1 shows
the profiles of adhesion force with pulling distance at
pull rate 0.002 nm/ps. We carry out the Fast Fourier
Transform (FFT) to filter out fast frequencies aris-
ing from random thermal motion. In Fig. 1, we find
that the maximum adhesion force is reached when
a DPPC molecule is pulled out almost 2nm, and
the maximum adhesion force in the individual pro-
file (~500pN) is larger than that in the averaged
profile (~300pN). The maximum adhesion forces
in our simulations are an order larger than rupture
force (~70pN) of the lipid-membrane complex in
experiments.? One primary reason would be that the
pull rates in our simulations are much faster than
those in experiments.

Figure 2(A) shows the relationship between
the pull rate and the maximum adhesion forces,
and we find that the maximum adhesion forces
increase with pull rate. In the slow pull rate
region (<0.002nm/ps), the maximum adhesion
forces increase linearly with pull rate, but it becomes
nonlinear in high pull rate region (>0.002nm/ps).
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Fig. 1. (A) An individual profile of adhesion force; (B)

An averaged profile over five simulation times.
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Fig. 2. (A) The maximum adhesion forces; (B) The

maximum dragging forces. The dashed lines are the least-
squares linear fit of two forces profiles.

These results are in accordance with Arrink et al.’s
simulations of DPPC membrane in liquid crystalline
phase.?

Obviously, drag force of solvent is a significant
part of adhesion force. In Fig. 2(B), we notice
that the maximum drag forces of a single DPPC
molecule in solvent, both individually averaged, and
ensemble-averaged increase linearly with pull rates.
It is reasonable to use Stokes’ relation to describe this
phenomenon. The drag force of solvent is given by

F=—av=—an, (1)

where «a is the drag coefficient, v is pull rate, a is
the effective length of a DPPC molecule, and 7 is

the dynamic viscosity coefficient of solvent. In water
solvent, n ~ 1.14 x 1072 Pa-s, and we assume drag
force F' is almost equal to the maximum drag force in
Fig. 2(B). From Eq. (1), we get the effective length
of a DPPC molecule ¢ = 8.38 nm.

4. Discussions

4.1. The motion of a single DPPC
molecule

Because of the universal existence of molecular ther-
mal motion, we use Brownian dynamics to describe
the random motion in the system. For the motion of
a single DPPC molecule in the solvent, the Langevin
equation is

mz—: =F{t)+R(t)—av=F({)+ R(t) —vp, (2)

where F(t) are external forces, R(f) are random
forces of molecule in system, and —aw is the drag
force, while ¥ = «/m, and p = mv is the momen-
tum. We get the solution of Eq. (2),

p(t) = e~ [p(0) + / F(€) + REO)eMde].  (3)

There is a decay time 1/v in Eq. (3), which is a
timescale for random motion. In Eq. (1), 1/v
m/a =m/an. In our system, a ~ 8.38nm, n ~ 1.14x
1073 Pa-s, and for DPPC molecule, m = 650 g/mol
(without hydrogen atoms); so we evaluate the decay
time 1/ ~ 10713s. In our simulations, the time
step dt = 1071° s < 1/7; therefore, the random ther-
mal force would not decay remarkably in every step.
When we calculate drag force, we should include the
random thermal force of molecules.

Considering conservation of energy when pulling
a single DPPC molecule in solvent, we could use
Brownian dynamics again. Because in the direc-
tion of pulling Z, we transform Langevin equation,
Eq. (2) to
dv
F(z)= mu— + av — R(z). (4)

Integrating Eq. (4) on direction Z, we get

/0 Pz = %mv2 + /l  ods — /l "Rz (5)

The term on the left of Eq. (5) is the pulling work
of external force, while on the right, the first term
is the kinetic energy of DPPC molecule, the second
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term is the work of solvent viscosity, and the third
term is the energy of thermal motion of system.
Now we discuss about three terms on the right
of Eq. (5). For the kinetic energy term, when v =
0.03nm/ps (the fastest pull rate in all simulations),

1 0
5m02 ~ 1pN-nm < / F(2)dz ~ 10°pN-nm. (6)
1

For the work of solvent viscosity, according to Stokes’
relation, we have

0
/ avdz = anvl, (7)
!

where L = 3nm is the pull length in simulations.
When a ~ 8.38 nm and the dynamic viscosity coeffi-
cient of water ) ~ 1.14 x 1073 Pa-s, we get flo avdz ~
1000 pN-nm, which is of the same order of pulling
work of external force. In principle, the magnitude of
thermal motion energy depends on temperature only;
so for the third term, we have flo R(z)dz ~ KpT,
where Kp is Boltzmann constant and 7" = 300K is
the absolute temperature. So KT = 4.14 pN-nm <
103 pN-nm. Therefore, work of solvent viscosity plays
a dominating role in pulling work of external force,
while the kinetic energy and thermal motion energy
can be neglected.

4.2. Adhesion forces of DPPC
membrane

As to the adhesion forces of DPPC membrane, Mar-
rink et al® suggested that the total adhesion force
can be expressed as an interplay between forces of
three different origins, i.e.

Fadh :Fthd+Ffr+Frand7 (8)

where Fipq is the thermodynamic component, which
arises from the free energy barrier that exits along
the pulling path, Fy, is the friction component, which
originates from nonrandom collisions with neighbor-
ing molecules, and Fi,nq is the random component,
which arises from the random thermal motion of the
system.

Because of the thermodynamic component Fipqg,
we add the term of free energy variation of the pulled
DPPC molecule to Eq. (5) and get

0 1 0 0
/F(z)dz = §mv2+/ owdz—/ R(z)dz+AG, (9)
! ! !

to describe the pulling of a DPPC molecule out from
the DPPC membrane. The free energy variation of a
pulled DPPC molecule is

AG =~ A(z)(YpPPC—water — YDPPC—DPPC),  (10)

where A(z) is the new interface area formed between
the pulled DPPC molecule and solvent, ypppc_water
is the interface energy of DPPC molecule and sol-
vent (water in our simulations), and ypppc—pppc 18
the interface energy of DPPC molecules. Since the
main part of DPPC molecule is the two hydropho-
bic hydrocarbon chains, we get vpppc_ppprc <
YDPPC—water- 111 other words, AG > 0.

When a DPPC molecule is pulled from the DPPC
membrane into water, because of hydrophobicity of
DPPC hydrocarbon chains, a folded conformation
is energetically more favorable because it minimizes
the area of water-exposed methyl groups. However,
the friction force Fi. makes a stretched conformation
more favorable. Since F}, increases with pull rate, the
pulled DPPC molecule attains more stretched con-
formation at high pull rate (Fig. 3). As the pulled
DPPC molecule extends, the new interface area A(z)
increases, which leads to the increase of AG. From
Eq. (9), the increase of AG with pull rate is a reason
for the increase of adhesion force of DPPC mem-
brane.
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Fig. 3. Snapshots of typical conformations when pulled
out from DPPC membrane at different rates: 0.03 nm/ps
and 0.001 nm/ps, respectively.
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5. Conlusions

We provide the simulations of DPPC membrane
adhesion forces and the motion of a single DPPC
molecule in solvent. First, we estimate the effective
length of a DPPC molecule using Stokes’ relation.
And then we find that both the maximum adhesion
forces and the maximum drag forces increase with
pull rate. We analyze the forces from different origins
using Brownian dynamics and notice that viscosity of
solvent plays an important role. Besides, free energy
variation of a DPPC molecule inside and outside the
DPPC membrane also affects the maximum adhesion
force of a DPPC membrane.
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