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Abstract

A Brownian dynamics simulation of a saturated hydrocarbon chain with simple mean-field potentials, namely anchorage,
orientation and enclosing, reproducing a biological membrane environment is presented. The simulation was performed for a
time equivalent to 1.4 ps thanks to the simplicity of our model. The results are compared with those obtained for a
hydrocarbon chain simulated in the absence of the membrane potentials but with confinement. With the appropriate choice
of parameters, equilibrium properties, such as deuterium order parameter, chain length, tilt angle and geometry, and
dynamic properties, such as dihedral angle transition rate, rotational and translational diffusion, recovered from our
simulations, correctly reproduced, are consistent with hydrocarbon-derived molecule experimental results and simulation

results obtained from other more complex studies. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Brownian dynamics simulation; Mean-field potential; Model membrane; Hydrocarbon chain

1. Introduction

Biological membranes are the selective envelope of
living cells and the understanding of their biological
functions is of crucial interest. Structural and dynam-
ic features of biological membranes and model mem-
brane systems have been studied both experimentally
and by computer simulation. Nevertheless, the diffi-
culties arising from the dynamic nature, finite dimen-
sions, heterogeneous composition and the curved in-
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terface of biological membranes make it hard to fully
understand the relative importance of different phos-
pholipid motions for the global membrane system
dynamics.

On our work, attention was focused on the dy-
namics of a simulated hydrocarbon chain embedded
in a model membrane. Recent simulation studies of
membrane structure and dynamics have been based
on intensive computation techniques such as molec-
ular dynamics (MD) ([1] and references therein). Due
to the very detailed representation, specifying all
atoms, employed by MD, only short time scale tra-
jectories, at most a few ns, are reproduced and many
significant features of membrane nature cannot be
seen because they occur on a long time scale [2]. A
more meaningful description of the membrane struc-
ture and dynamics comes from the use of Brownian
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dynamics (BD) simulation with atomic level detail.
There are examples in the literature of development
of mean-field potentials that could describe a mem-
brane environment [3] and of application of those
potentials in stochastic dynamics simulation with
atomic level detail [4,5]. There were also attempts
of combining MD and mean-field calculations [6,7].
De Loof et al. [6] simulated a central molecule with
MD and boundary molecules with stochastic dynam-
ics in a membrane environment. Fattal and Ben-
Shaul [7] calculated conformational properties of lip-
id chains using a mean-field theory of chain packing
statistics and MD. However, all these works have a
high level of complexity and general, reliable and
simple mean-field potentials suitable for stochastic
computer simulations of the membrane environment
are not yet available.

Seeking for simplicity, without sacrificing accu-
racy, in our work, only a single hydrocarbon chain
is represented in terms of a detailed atom descrip-
tion. The interactions of this molecule with the mem-
brane environment are represented by a set of ad-
equate potentials and random forces. It is our aim
to build up a general, and easy to implement, set of
mean-field potentials that would simulate the mem-
brane environment and reproduce the behavior of
equilibrium and dynamics features of membrane
components or similar molecules. The proposed
model system does not submit the simulated mole-
cules to any kind of rigid restriction like anchoring
with co-ordinate fixation or rotational limitations.
Confrontation of the results here obtained with
NMR experimental results [8,9] and results from oth-
er simulation studies of a very different type [4,6,10]
is done to ensure the validity of the system presented
here. Using simple mean-field potentials and BD sim-
ulation, it is possible to reach long time scale trajec-
tories, in the range of s, which are needed to de-
scribe membrane dynamics correctly. A drawback of
this strategy is the lack in the description of collective
motions of membrane molecules or intermolecular
interactions which may be important for knowledge
of the membrane nature.

The results presented here validate the use of the
BD technique for simulation studies of membrane
systems and could be used to predict the behavior
of molecules located within a membrane and the be-
havior of membrane components.

2. Materials and methods
2.1. Model, energetics and simulation method

The system that we consider consists of a 16 ele-
ments molecule moving in the environment of a
phospholipid bilayer of a given thickness. The simu-
lated molecule reproduces the geometry and dimen-
sions of a saturated hydrocarbon chain with 16 car-
bon atoms. The methyl and methylene groups are
represented by spheres joined by a frictionless con-
nector, of which one extremity sphere tends to be
anchored to the membrane boundary. The simulated
system is depicted in Fig. 1 along with the potential
profiles. Notice that none of the spheres of our simu-
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orientational potential
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Fig. 1. A generalized chain and the profile of external potentials
along the z axis (bilayer normal). Bending angle 6 is the angle
between vectors u and v. The torsional angle ¢ is the angle be-

tween plane s and plane ¢.
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lated chain can trespass the membrane boundaries,
meaning that the chain trajectories are confined.

2.2. Hydrocarbon chain energetics

The total intramolecular potential considered has
contributions resulting from bond length potential,
bond angle potential, torsion angle potential and
non-bonded pairwise interaction potential and their
magnitudes [11,12] are listed in Table 1.

The bond length potential, hereafter named
stretching potential, is defined by a harmonic poten-
tial that maintains the equilibrium bond length of
carbon-carbon bonds and has the following expres-
sion

Vs =0.5K,(di—d))* (1)

where K; is the spring constant, d; is the instantane-
ous distance between i (i=1, .., 15) and i+1 and 4,° is
the distance between i and i+1 in the equilibrium
conformation.

Table 1
Parameters for the simulation of hydrocarbon chain internal en-
ergy

Lennard-Jones potential

Parameter Magnitude
c 3.92 A
£ 600X 10 kJ/mol

Torsional potential

Parameter Magnitude (kJ/mol)
Co 8.113

C 15.591

C, —4.476

Cs —15.478
Cy 8.951

Cs —12.681
Bending potential

Parameter Magnitude
Bond angle 111°
Bending constant 520 kJ/mol
Stretching potential

Parameter Magnitude
Bond length 1.53 A

Stretching constant 1.044 X 103 kJ/mol/A2

The bond angle potential, hereafter named bend-
ing potential, has the same generic expression of that
of the stretching potential, meaning that it is of the
harmonic type. Its expression is

Vi = 0.5K,(60';—60)? (2)

where Ky, is the bending constant, 8% (i=1, .., 14) is
the instantaneous bending angle and 6, is the equili-
brium bending angle.

The torsional potential is given by the Ryckaert-
Bellemans potential [13] expression and it is a sum
that reads

5
Vo= Z cx (cos ¢)F (3)
=0

where ¢; is a dihedral angle (i=1, .., 13) and ¢=0°
for the trans conformation, ¢=120° and ¢=—120°
for gauche, and gauche_, respectively.

The interaction potential for non-bonded atoms is
included via a Lennard-Jones potential that has the
following expression

el ((2)

where r;; is the distance between atoms i and j, € is
the depth of the potential and o is the distance where
the Lennard-Jones potential is zero.

2.3. Membrane energetics

To confine the motion of simulated molecules to
the interior of our model membrane, we use a hard-
wall potential. This potential only acts whenever a
sphere of simulated hydrocarbon chains leaves the
allowed region of motion and its effect is to place
the mentioned sphere once again inside the model
membrane. The confinement of the chain elements
to the desired region is represented by:

{ Veont = 0if |2|= 2o } 5)

Veont = o if |z]|> zg

To describe the membrane environment, we con-
sidered three distinct potentials. The first one takes
into account the enclosure effect of the finite thick-
ness of the model membrane [14] along the z direc-
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tion and has the form

kTK,
Vena (Zi) = @ (6)

where i runs from two to 16, z; is the z co-ordinate
of the sphere i of the chain, zy is the half-width of
the membrane, k is the Boltzmann constant, 7T the
temperature and K, the magnitude of the enclosing
potential. This potential replicates in a smooth way
the behavior of the hard-wall potential. We use
this potential mainly to avoid triggering the hard-
wall potential, since discontinuities are not very
desirable. This way, and generally, the hard-wall po-
tential only acts upon sphere 1 of the simulated
chains.

The first sphere of the chain was designed to an-
chor to the membrane boundaries so it experi-
ences an anchorage potential with the following ex-
pression

Vanch = kTK ancncOS” (22171-) (7)
20

where z; is the z co-ordinate of the first sphere of the
chain and K, is the magnitude of the potential.
This potential allows for perpendicular motion which
would account for the rough membrane surface [15]
and, as a possibility for the future, investigates effects
like solute penetration.

To simulate the ordering effect induced by the
membrane environment, a Maier-Saupe orientational
potential is introduced. This potential drives the si-
mulated chain to assume a more parallel orientation
to transverse the plane of the membrane, that is to
say an orientation along the z axis. The field
strength, Ky, of this potential is not constant
throughout the membrane, reproducing the different
packing of hydrocarbon tails in biological mem-
branes determined by neutron diffraction [16], in-
stead it changes with a linear dependence according
to the distance of he membrane boundaries, meaning
Ko(z) = KY +glz|, being higher at the membrane
boundaries and lower at the membrane interior.
This linear dependence of the magnitude of the field
strength, Ky, allows for the reproduction, as shown
below, of the profile and magnitude of the deuterium
order parameter of phospholipids [8] and other hy-
drocarbon-derived molecules [9] obtained by spectro-
scopic techniques and by computer simulation [4,10].

The potential is given by
3
Vorient = =35 kTKo(2) (cos® 6,—1) (8)

where Ky(z) is the field strength of the orientational
potential, 6; is the angle formed by the z axis and
vector that joins atoms C;—; and C;; 1. All the poten-
tials and their first derivative, except the hard-wall
potential, are continuous within the domain accessi-
ble to the motion of the simulated molecule.

2.4. Simulation method

The BD trajectories of a single molecule were si-
mulated using a method based on the algorithm of
Ermak-McCammon [17] modified by Iniesta and
Garcia de la Torre [18]. Each Brownian step is taken
into account twice, in a predictor-corrector way, and
the resulting positions of the elements, r, after a time
step At are obtained from the previous ones, using
the following equations

At
r/:ro‘i'ﬁDo'FO‘l'Al(er)o—l—Ro (9)
At 1 1
0 0, 70
r=r +ﬁ§(l) -F +D/'F/)+At§[(VVD)+
(V.D)°] + R (10)

Eq. 9 is used to calculate the predictor substep
whose determination is based on quantities corre-
sponding to the initial conformation, 7. In this sub-
step, an estimate, r’, of the final conformation is
obtained and required quantities are evaluated with
that conformation. Afterwards, the corrector substep
is calculated with Eq. 10, based once again on the
initial conformation r°, but using quantities that
arise from the mean of those obtained with confor-
mations * and #’. Although one step in the proce-
dure here described is equivalent to two steps in the
Ermak-McCammon algorithm and consequently it
takes about double of the CPU time of the latter,
we can use longer time steps and there is an increase
of efficiency [19].

The 3N vectors r and F are the co-ordinates and
mechanical forces on the N beads, D is the 3N X3N
diffusion supermatrix whose ij blocks are the diffu-
sion tensors, D;;. R* and R’ are random vectors with
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a covariance matrix equal to 2A¢tD° and 2AtD’, re-
spectively. They are obtained from Gaussian-distrib-
uted vectors, with zero mean and unitary variance, ¢
and ¢', as R = v2At6% or R’ = 2At0'q, where o
is a 3N X 3N supermatrix obtained from the square
root of D [20].

When simulating dynamic properties, hydrody-
namic interaction (HI) between elements of the sys-
tem must be adequately taken into account. We use
the modified Oseen tensor [21,22], which corrects the
effects of a non-point like nature of frictional ele-
ments and eventual overlapping. The inclusion of
HI is done setting, for i#j, D;=kTTj;, where T} is
the modified Oseen tensor. On the other hand, when
simulating equilibrium properties, HIs can be ne-
glected because they do not have any dependence
on the rate of dynamic processes. The BD without
HI is less computational time consuming than BD
with HI and is the most adequate to spawn the entire
conformational range of simulated molecules. The
exclusion of HI is done setting, for i##j, D;; =0 in
Eq. 9. Note that in both cases, HI or no-HI,
D;; = (kTIE)I, where [ is a unit 3X3 matrix and &
the friction coefficient of the ith element.

In the present work, we followed the above strat-
egy, meaning that equilibrium properties were ob-
tained from no-HI BD trajectories and that dynamic
properties and features were obtained from HI BD
trajectories.

2.5. Parametrization of simulated system

The parameters of the potentials used in the simu-
lated trajectories are the ones described here. The
parameters for the stretching, bending, torsional
and Lennard-Jones potential appear in Table 1.

A systematic search of appropriate potential mag-
nitudes was performed and the obtained results, with
each different choice of magnitudes, confronted with
experimental data. Our search shows that a higher
value of the orientational potential will lead to a
general raise of —Scp(i) parameters, a higher value
of the anchorage potential will produce a small raise
of —Scp(i) parameters near the interface and a high-
er value of the enclosing potential has an effect of
diminishing the values of —S¢p(i) near the mem-
branes mid plane. Of course, the effects of these po-
tentials are interwoven and it is not possible to ob-

tain at will the desired reproduction of experimental
data. The anchorage potential constant, K,nc,, used
was 9.7X 1072 kJ/mol, the enclosing potential con-
stant, K., has a value of 19.38 kJ A2/mol and the
orientational potential constant, Ky(z), was set to
6.2x 1072 kJ/mol, at |z| =zy, and 5.2x 1072 kJ/mol
at z=0. The potentials were set to these particular
values in order to recover the characteristic deute-
rium order parameter profile and magnitude of a
phospholipid in a membrane [§] and other derived
hydrocarbon molecules [9].

The simulations were done with a 16 element
chain, a membrane half-thickness, zy,, of 20 A [8],
at 324 K, well above the transition phase tempera-
ture (314 K) of 1,2-dipalmitoyl-3-sn-phosphatidyl-
choline, which is the most widely used phospholipid
in model membrane studies, with a viscosity of 2.5 cP
[4], with A¢=70 fs and a total trajectory time of 1.4
us. The trajectories thus generated were analyzed to
recover equilibrium properties, as averages over each
trajectory. The correlation functions were also recov-
ered from simulated trajectories. The rotational cor-
relation functions, (P(z)), where P,(¢) is the second
Legendre polynomial, were build up as

(Pa(1)) = (P2(u(7) o u(0))) (11)

u(0) being an unitary vector along the extremities of
the analyzed bond at one chosen initial time and u(z)
being the unitary vector along the same extremities
after a time gap 7. The brackets represent an average
over every possible choice of the initial time. The
(P>(1)) functions were fitted to a multi-exponential
with DISCRETE [23,24] and the resulting function
is

(Py(1)) = ap + a1 4+ aye ™) 4 (12)

The kinetics of the (P»(¢)) decay can be expressed by
two characteristic relaxation times. One of them is
the initial relaxation time, 7,;, which describes the
initial rate of decay and is given by the following
expression

Tini = (a1b1 + arby + ...)71 (13)

and the other one called mean relaxation time, Tmean,
is expressed as
(al/bl + az/bz + )

Tmean = (1_a0) (14)




136 M.X. Fernandes et al. | Biochimica et Biophysica Acta 1463 (2000) 131-141

and is an indication of an average rate of a normal-
ized decay along the whole curve.

The translational dynamics can be asserted by the
mean square displacement of the hydrocarbon chain
mass center. For the co-ordinate ¢, where o could be
any of the three Cartesian co-ordinates, and for a
time ¢, the mean square displacement is

(la(r)=a(0)?) (15)

where the average is done over any possible choice of
the initial time.

3. Results and discussion

In our presentation, we will show the effects, at the
molecular level, of anchorage and orientation effects
comparing the results of confined simulated chains
submitted to these effects with results of confined
simulated chains not submitted to these effects. So,
when we say afterwards that a hydrocarbon chain
experiences membrane potentials, we mean that all
effects are present (confinement, orientation, anchor-
age and enclosing) and when we say that a simulated
molecule does not experience membrane potentials,
we mean that only the confinement effect is present.

3.1. Equilibrium properties

Fig. 2 shows the deuterium order parameters,
—Scp(i), as a function of the carbon position ex-
tracted for a confined hydrocarbon chain simulated
in the presence and in the absence of membrane po-
tentials. The order parameter determined from NMR
experiments gives an indication of the order in a
membrane. It is associated with the orientation of
the deuterium of a CD, group with respect to the
transverse plane of the membrane. Since in our sim-
ulations we do not represent explicitly the hydrogen
atoms, the —Sc¢p(i) parameter associated to the ith C
atom can be calculated as

—Sepli) = <3cosz%> (16)

where f3; is the angle between the membrane normal,
meaning the z axis, and the plane spanned by the two
C-D vectors of the ith C atom, which is parallel to
the vector defined from the i—1 to the i+1 C atoms.

1.00
—e— with membrane potentials
—O— without membrane potentials
.75 - A experimental results®
.50
S
@ M
0.00 - O—W_%—O—O—O
-25 -
-.50 T T T

0 4 8 12 16

C atom number
Fig. 2. Deuterium order parameter of simulated hydrocarbon
chains and experimental results, obtained in similar conditions,
from [8].

The —Scp(i) parameter can assume values between
—0.5 (orientation parallel to the membrane interface)
and one (orientation perpendicular to the membrane
interface). The average presented in Eq. 16 is done
over the entire trajectory.

Fig. 2 shows that the —Scp(i) order parameters,
for the case of the chain simulated in the absence of
membrane potentials, are in the vicinity of zero for
all carbon positions and that they have a flat profile.
This indicates that the chain has not any preference
for a particular orientation. The values of the
—Scp(i) order parameter along the hydrocarbon
chain, simulated in the presence of membrane poten-
tials, present a relatively flat profile at the beginning
of the chain and then, they decrease as we move far
away from the membrane interface. This result indi-
cates that the ordering effect of the phospholipid
bilayer environment is more strongly felt near the
interface regions. The calculated —Scp(i) order pa-
rameters for the hydrocarbon chain, simulated in the
presence of membrane potentials, show that it prefers
an orientation that is more parallel to the transverse
plane of the membrane, as it is indicated by a higher
value of —Scp(i), compared with the orientation as-
sumed by the chain simulated in the absence of mem-
brane potentials. The recovered values of —Scp(i)
are in close agreement with the ones found by other
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authors [6,8,10], for related molecules, in both exper-
imental or simulation approaches.

The percentages of the conformations for each di-
hedral angle of the simulated hydrocarbon chains are
presented in Table 2. The dihedral angle was consid-
ered to be in one particular conformation when it
assumed values of the mentioned conformation mini-
mum = 60° meaning until it crossed the dihedral
potential barrier. It can be seen that the percentage
of trans conformation of dihedral angles of hydro-
carbon chain increases slightly when the simulation
was performed in the presence of membrane poten-
tials. This indicates that when there are external po-
tentials applied, the simulated chain tends to be more
stretched. In simulations performed in the presence
of membrane potentials, there is a clear odd-even
effect, i.e. the odd number dihedral angles have high-
er percentages of frams configuration than the even
number dihedral angles. This effect is not so remark-
able when simulation is performed in the absence of
membrane potentials.

The tilt angle, here defined as the angle that the
end-to-end vector makes with the z axis, of the hy-
drocarbon chain along the simulated trajectory in the
presence of membrane potentials has an average val-
ue of approximately 37°. The magnitude of this an-
gle, along the trajectory, has values from 0 to 90°.
An average tilt angle different from 0° indicates that

Table 2

A2

c
094

.06 -

.03

C16

Probability

.09 -

.06

.03

0.00 -+ \ T T ;
-20 -10 0 10 20

z co-ordinate (A)

Fig. 3. Transverse position of C atoms for a simulated hydro-
carbon chain without membrane potentials.

the simulated chain on the average is not parallel to
the z axis.

The tilt angle of the hydrocarbon chain obtains an
average value of 87°, along the simulated trajectory
in the absence of membrane potentials. The magni-
tude of this angle, along this trajectory, obtains val-
ues from 0 to 180°. An average tilt angle close to 90°
implies that the hydrocarbon chain covers the entire
domain of possible conformations since this chain is

Dihedral angles population for a hydrocarbon chain simulated in the presence of membrane potentials and in the absence of mem-

brane potentials

Dihedral angle With membrane potentials

Without membrane potentials

% of trans state % of gauche state

% of trans state % of gauche state

1 64 37
2 71 29
3 63 37
4 74 26
5 55 45
6 75 25
7 58 42
8 69 31
9 64 36
10 61 39
11 67 33
12 66 33
13 61 39

61 39
66 34
66 34
59 41
57 43
63 37
62 38
62 38
69 31
62 38
63 37
69 30
56 44
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Fig. 4. Transverse position of C atoms for a simulated hydro-
carbon chain with membrane potentials. The dashed vertical
lines represent the positions of Cs, Cj; and Cis in a full ex-
tended hydrocarbon chain with C; placed at the membrane in-
terface.

not submitted to any orientational potential and can
move freely within the membrane.

The hydrocarbon chain end-to-end length has an
average value of 13.70 A along the simulated trajec-
tory in the presence of membrane potentials. This
value is in very good agreement with the value of
13.15 A obtained experimentally [8] and can be com-
pared with the value of 16.08 A for the full extended
hydrocarbon chain. A shorter chain length is due to
bends and tilts. The average hydrocarbon chain end-
to-end length obtained from simulation in the ab-
sence of membrane potentials is 12.55 A, smaller
than the average length obtained for the hydrocar-
bon chain simulated in the presence of membrane
potentials, but similar to the average end-to-end
length, 12.29 10\, extracted from the simulation of a
not confined free hydrocarbon chain. This similarity
of results obtained for the confined hydrocarbon
chain and the free hydrocarbon chain is due to the
small effect of confinement, since the hydrocarbon
chain average length is small compared to the mem-
brane thickness.

When the hydrocarbon chain was simulated in the
absence of membrane potentials, we obtained a pro-
file for the transverse position of atoms C; and Cig,
which is shown in Fig. 3. We can see that any of the
considered atoms share the same distribution profile

and that on average, they tend to be located in the
middle of the membrane.

Fig. 4 shows the z co-ordinate, that is to say the
transverse position, of atoms C;, Cs, Ci; and Cig,
extracted from the simulated trajectory of a hydro-
carbon in the presence of membrane potentials. It is
perceptible that the Cj¢ tends to be closer to the
membrane interface, the C;, does not have a note-
worthy change and C; and Cs tend to be further
away from the membrane interface, when the posi-
tions are compared with the ones of the full extended
chain with C; positioned at the membrane interface,
that are drawn as dashed vertical lines.

3.2. Dynamic properties

A study of dihedral angle conformation transition
rates, trans-gauche, gauche-trans and gauche-gauche,
was performed and the extracted values for all dihe-
dral angles in simulation performed with membrane
potentials appear in Fig. 5. The same study was done
for the hydrocarbon chains simulated in the absence
of membrane potentials and similar results were ob-
tained. We considered a transition when the dihedral
angle value overcame the potential barrier and
crossed the corresponding dihedral potential local
minimum. This way, we do not count temporary
leaps as true transitions. Assuming that the transi-
tions are independent, the transition rate is obtained

.30
—e— lrans-gauche

—O— gauche-trans

.25 A

.20

A5 4

10 4

Transition rate (ns™)

.05

0.00 T \ T
0 4 8 12

Dihedral angle number

Fig. 5. Dihedral angle transition rate for a hydrocarbon chain
simulated with membrane potentials.
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by dividing the number of transitions from a partic-
ular conformation by the total time spent in that
conformation. The transition rates between the dif-
ferent dihedral angle conformations along the simu-
lated trajectories show remarkable differences if we
compare extremity dihedral angles with inner dihe-
dral angles. The extremity dihedral angles present
higher transition rates than inner angles and as in
the case of the trans/gauche population percentage,
there is an odd-even effect, which cannot be assigned
to statistical fluctuations. This effect was also re-
ported before in other kind of simulation [9]. The
gauche-trans rate is higher than the trans-gauche
rate, which is logical since the potential barrier in
the first situation is lower than in the second. The
gauche-gauche rate is for all dihedral angles in the
vicinity of zero. The counted number of these tran-
sitions was generally zero or at most one.

Results for the rotational correlation analysis of
the C-C bonds are shown in Table 3 and the corre-
sponding (P,(?)) correlation functions in Fig. 6. Ta-
ble 3 shows that the 7,; and Tpean parameters show a
trend to increase from the extremities to the middle
of the simulated hydrocarbon chains in the presence
and in the absence of membrane potentials, meaning
that extremities have a higher rotational freedom.

Table 3

Rotational correlation analysis results of C-C bonds for hydro-
carbon chains simulated in the presence and in the absence of
membrane potentials

Bond With membrane Without membrane

potentials potentials
Tini Tmean Tini Tmean
1 0.518 1.370 0.480 1.231
2 0.574 1.788 0.568 4.908
3 0.902 2.356 0.616 2.170
4 0.716 2.631 1.666 3.464
5 1.135 2.879 1.663 2.933
6 0.806 3.886 2.060 3.651
7 1.300 3.241 1.166 2.861
8 1.475 3.317 1.214 2.971
9 1.374 3.488 1.229 2.946
10 1.073 2.672 1.282 3.066
11 0.709 2.649 1.294 2.904
12 1.918 3.788 1.119 2.630
13 0.708 1.849 0.921 2.207
14 0.717 1.669 0.576 1.527
15 0.401 1.102 0.486 1.378

1.0 1 A 1st bond
—— - 8th bond
8 - - - - 15th bond

________ =

1st bond

—— - 8th bond
- - 15th bond

time (ns)
Fig. 6. Rotational correlation analysis of C-C bonds: (A) Simu-
lations with membrane potentials, (B) simulations without
membrane potentials.

This tendency is very sharp when we consider the
simulated chain in the presence of membrane poten-
tials. The tendency is not so sharp for the situation
of the chain simulated in the absence of membrane
potentials. We cannot reach definite conclusions be-
cause the associated errors to these values are around
10%. The extremities of the hydrocarbon chain are
not equivalent, what concerns rotational properties,
for the situation where the chain experiences the
membrane potentials, the Cj¢ extremity having
more rotational freedom, meaning faster relaxation,
than the C; extremity. When simulated in the ab-
sence of membrane potentials, the C; and Ci4 ex-
tremities of the hydrocarbon chain have an equiva-
lent degree of rotational freedom.

The results of correlation analysis for the trans-
lation along the x axis and along the y axis are
equivalent for the hydrocarbon chains simulated in
the presence and in the absence of membrane poten-
tials. Along these directions, the hydrocarbon chain
behaves like a free moving particle, meaning that the
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Fig. 7. Translational correlation analysis of hydrocarbon mass

center: (A) results for x co-ordinate, (B) results for z co-ordi-
nate.

mean square displacement is invariant with time
which is presented in Fig. 7A. We extracted lateral
diffusion coefficients from the mean squared dis-
placement of the mass center of the hydrocarbon
chain, using

}Lrg<a2(l)> = 4Dt (17)
with
o (1) = (1) =x(0)] + [y(1)—p(0))? (18)

and obtained values around 1.6 X 107 cm?/s for both
cases. This value agrees well with values obtained
experimentally [25,26].

The correlation analysis of translation along the z
axis does not produce equivalent results for the sim-
ulated hydrocarbon chains in the presence and in
the absence of membrane potentials. The theoretical
treatment of the diffusity which deals with the ques-
tion of anisotropic translation of a particle was pre-
sented elsewhere [14]. Since the movement along this

direction is restricted, due to the finite thickness of
the simulated membrane, the z mean square displace-
ment reaches a plateau. This plateau is reached ear-
lier, and it is lower, for the hydrocarbon chain simu-
lated in the presence of membrane potentials than for
the chain simulated in the absence of membrane po-
tentials as it is shown in Fig. 7B. This last result
happens due to the presence of the anchorage poten-
tial which restricts furthermore the motion along the
z direction.

4. Conclusions

We propose a simple mean-field approach to sim-
ulate, by BD, a biological membrane environment
and the properties of a hydrocarbon chain confined
therein. The simplicity of our proposal allows for a
feasible, long time range and easy to implement sim-
ulation from which we recover equilibrium properties
such as geometry, atom distribution, chain length,
tilt angle and deuterium order parameter of the sim-
ulated chain. The recovered values agree quite well
with experimental and simulation results obtained by
other techniques.

Dynamic properties such as transition rates, corre-
lation functions for rotation, (P()), and correlation
functions for translation, ([e(7)—0(0)]*), can also be
obtained from our simulations. The recovered values
for the lateral diffusion coefficient are in close agree-
ment with those obtained experimentally.

The simulation of hydrocarbon chains with and
without membrane potentials did not produce re-
markable effects on the internal dynamics of the hy-
drocarbon chains whose results in both situations are
quite similar. The presence or absence of membrane
potentials only affects in a noteworthy way the local-
ization, orientation and other whole chain properties
like diffusion or geometry.

In summary, we can say that the proposed model
can be used to predict the equilibrium properties,
dynamic properties and behavior of a hydrocarbon
chain or derived molecules confined in a biological
membrane. This way could be a helpful tool to bring
light on some subjects such as localization, orienta-
tion and dynamics of membrane components or de-
rived probes which are crucial for correct knowledge
of biological membranes structure and dynamics.
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