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Abstract—The method of steered molecular dynamics was developed to evaluate the kinetic parameters of
penetration of molecules through the interface. Heterogeneous microviscosity of a membrane was calculated
for ahydrated 1-pamitoyl-2-oleyl-sn-glycero-3-phosphatidylcholine bilayer. Effects of the chemical properties
of penetrant molecule on its translocation through the membrane were studied.
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INTRODUCTION

The molecular dynamics (MD) of heterogeneous
and membrane structures is currently of great interest
and is used in fundamental studies of the dynamic
behavior of such systems. Detailed experimental inves-
tigation of local physical and chemical properties and
dynamics of biological membranesis also of consider-
ableinterest but attended with certain difficulties[1, 2].
This is especially true for microscopic considerations
of mass- and energy transfer in very anisotropic struc-
tured heterogeneous media and for the building and
equilibration of nonequilibrium supramolecular struc-
tures. In this paper, the MD method employing an all-
atom forcefield, special procedures, and relatively long
trajectories, was used for specification of the macro-
scopic picture of diffusion processes at the interface
between agueous and membrane phases [3-5]. The
investigated membrane system has a high degree of
hydration, which allowed minimization of the effects of
periodic boundary conditions. To maintain constant
temperature conditions, we used a collisional thermo-
stat [6-8], which does not lead to nonlinear attractor
regimes distorting statistical equilibrium in energy dis-
tribution by degrees of freedom [9, 10].

To estimate the microviscosity of the studied mem-
branes in various parts of the anisotropic bilayer, as
well as to study the how the structure of penetrants
affect their interactions with membrane, a modified
variant of steered molecular dynamics (SMD) was
developed [11, 12]. SMD makesit possible to quantita-
tively estimate parameters, which characterizes the
physical mechanisms of elementary actions of mass
transfer in microheterogeneous structures [13].
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EXPERIMENTAL

The molecular dynamics was calculated with the
PUMA software package (developed and supported by
IMPB RAS), which was specially modified to include
SMD. The system of classical equations for atom
movement was solved in the Amber99 force field [14].

The membrane bilayer was composed of 1-pamitoyl-
2-oleyl-sn-glycero-3-phosphatidylcholine (POPG),
which contained 64 lipid molecules (Fig. 1). Intheinitia
structure, the direction of the longest molecular dimen-
sion was perpendicular to the membrane plane. The ini-
tial surface density of lipids was 66 A2, which was close
to the experimental value (6268 A2, [15-18)).

The parameters of potentials for the double bond in
oleic residue and partial chargesin POPG (Fig. 1) were
taken from [19-22]. We used the TIP3P water model;
the valence bonds and valence angles in water mole-
cules were not fixed, but were instead determined by
the corresponding potentials. In the initial configura-
tion, water molecules were placed at a distance not less
than 2.3 A from the outermost atoms of membranes.
The degree of solvation was 44 water mol ecules per one
lipid molecule (full hydration of POPG requires at |east
27 water molecules per lipid [23]).

The cutoff for van der Waals and Coulomb interac-
tions was 16 A. The smoothing procedure for van der
Waals interactions involved multiplication of the Len-
nard-Jones potentials by the smoothing (switching)
function W(r):

M, r<R,
a 22,2 2 2
wiry= st a T T2 oy ey,
E (Roff_Ron)
[0, r=Ry



66 TOURLEIGH et al.

~ " 013 HO.I3

7013 Ho13 o -075 N 0208 L — ~
70.13 H\(I:/ OH 006 (0] U'Of’H\ ' H |,|f|0.10 \
I H (008 7 [ Il Y R
'H-C-N-C—-C-O0O_P_0—_CliCLC—
013,008 -0.16+0.03 +0.04 ~048 |13 20041 1048 1y |0.18 1
H"™_ - / I\H /
‘o3 0403/C|:\H 0"!3 0"(')6 o) oosH/ 10 QN0 2 - —
<013 130, -0.75 -0.38 ‘c=0
~opHoOB - Sz 038-038
rT=0\ [/]god
ogox | TP
efc® ATy S
*ﬁ - cZooe| L3=TM
- \0.BH/| 7 G027
- — - 6! < | ~ \
0.10 ~ iH H
T Zon8 \0.090|6|9 .09/
i / . 7z
L,
e N AT
t;.-i-. \C_H 7
. - - ="
7,
‘. :" + C _(|)_]1\2\
te e r""‘El:/l-l l
- 0.10
i~ *n'- \\70.|§H /
o 0.10 ~
'-.l. :i—."-' 7|0.09 \
.l l %0 [ clh
r-"-' . \0TI3NH/
- 6
'”""'r-%' . J— <
"\-‘ = / /C—Q27\
sl -5’ 'H | H
- 0.09 H 009,
~ 0.09 -~

\

Fig. 1. Charge distribution in alipid molecule. Electroneu-
tral groups are marked with a dashed line.

where r is the distance between the interacting atoms,
R,, parameter was 15 A, and Ry; was 16 A. The Cou-
lomb potential was scaled by the screening function:

E(l_r/Roff)za I < Ry
[0, r>Ry.

W(r) =

The dielectric constant was assumed to be unity. The
step of numeric integration was 1 fs.

Periodic boundary conditions were imposed on the
system. The calculations were performed both under
the conditions of a constant bilayer area and pressure
towards the membrane normal (NP,-AT ensemble) and
under constant pressure in al three directions (NTP
ensemble). Constant-pressure condition was achieved
by using the Berendsen barostat [24] with equal fre-
guencies in three directions, which varied from 0.1 to
1 ps™. To consider the effects of the bilayer surfaceten-
sion, the lateral component of barostatic pressure was
assumed to be negative [25]. (It should be kept in mind
that, according to the Pascal law, the pressure in the
aqueous phase of a system is equa in al directions.
Consequently, the real tension pressure in the mem-
brane is somewhat higher than the pressure applied to
the water—membrane system.) A virtua collision
medium was used for a maintaining constant tempera-
ture of 300K [7]. The mean frequency of collisionswith
virtual particles was 10 ps™, and the weight of virtual
particles was 1 amu.

RESULTS AND DISCUSSION

The POPG bilayer was subjected to multistep equil-
ibration. Preliminary equilibration of the bilayer was
performed at T= 300 K and isotope barostating at 1 atm
(barostatic frequency, 0.2 ps). Then, membrane was
deliberately stretched by linear increase in the lateral
dimensions of simulation box. This technical approach
allowed us to set the system into a state in which the
areaof the membrane corresponded to the experimental
value. Then, the system was further equilibrated for 750
ps under NP~AT-conditions. Mean lateral pressure
component at this part of the trajectory was —330 atm.
The mean membrane normal component was—118 atm.
Total equilibration time was 1 ns (then followed by the
working region of the trgjectory; in the other cases, the
duration of equilibration is implicitly stated). At the
working part of the trajectory, we performed barostat-
ing at afrequency of 1 ps™* and amean pressure of P, =
P, =-260 atm in the XY plane (which is parallel to the
membrane plane) and P, = 1 atm in the normal direc-
tion.

After the equilibration, basic membrane characteris-
tics such as surface tension, surface density of lipids,
radial distribution functions of atoms in the bilayer
plane, the width of bilayer, distribution of atomic
groups aong the membrane normal, and parameters of
order for lipid chains agree in general with the data
obtained in other computer investigations and experi-
mental data[3, 15-18, 26-34].

Heterogeneity of the membrane system affects its
interactions with penetrant molecules. For computation of
the parameters which determine diffusion of moleculesin
the membrane, we used the SMD method [11, 12]. Exter-
na forces (constant and alternating) were applied to
some parts of the system. We used testing spheres of
18 Dawithradii of 2and 4 A (i.e., an order of theradius
of the carbon atom and a small functional group,
respectively), which interact with the other atoms only
by van der Waals forces (interaction constant e,
0.15 kcal/mol). Constant external force F,; was
applied along the normal or in the membrane plane. In
the first case, the testing sphere was preliminary fixed
at 2 A from the membrane; in the second case, it was
placed in the center of the membrane, before the mem-
brane was equilibrated for 2 ps. Then, we applied aforce
of 0.3 kcal/mol A= to 4 keal/mol A (1 kcal/mol A =
7 x 107 din). In the case of the 2-A sphere, the force
value was 10 kcal/mol A1 (Fig. 2).

According to the test simulations, a constant force
of 10 kcal/mol AL drivesthe 2- and 4-A spheresin the
TIP3P water with mean rates of 10 and 2.6 A/ps,
respectively. The deviation from the hydrodynamic
Stokes equation was had two causes. First, the particle
radii exceeded the range of applicability of the homo-
geneous medium approximation. Second, the value of
applied force and, consequently, the motion rate were
relatively high, and the condition of laminar flow did
not hold as well. However, the Stokes equation could
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Fig. 2. Kinetics of movement of the testing van-der-Waals 2-A sphere, subjected to a force of 10 kcal/mol A~* applied in the direc-
tion of the normal. (a) Position of the sphere on the Z axis (normal to the membrane). The center of the bilayer islocated at z=0;
the borders, at z= +20 A. (b) The rate of sphere movement averaged over an interval of 0.1 ps.

aso provide valid quditative estimates at the
microlevel [35]. Calculation of the SMD trgectories in
the membrane system was stopped when the first van-
der-Waals sphere permeated through the membrane, but
for no longer than 2 ns. At forces of 1-10 kcal/mol A2,
the 2-A spheres penetrated through the membrane in
lessthan 2 ns. In the other cases, the spheres stacked up
a the surface or penetrated into the membrane layer
only to a certain depth. At forces below 1 kcal/mol A,
the influence of medium perturbations on the 4-A
sphere was comparabl e to the effect of the applied force
and, in some cases, the testing molecule also deviated
from the initial position, away from the membrane, to
distancesup to 2 A.

At the above-critica forces (for instance,
1 kcal/mol A2 for a 2-A sphere), the molecules pene-
trated the membrane relatively rapidly. The penetration
rate in this case is determined mainly by the external
force, whereas the contribution by diffusion is rela
tively low.

The values of laterally applied forces F,,; were 1, 2,
4, and 10 kcal/mol AL For Fg, = 1 kcal/mol AL, we
analyzed the kinetic characteristics at the 75-ps part of
the trajectory, when the particle remained at the center
of the bilayer.

The coefficient of viscous friction y was defined as
theratio of external forceto the rate of particle drift:

_ Fex

o

Formally, the friction coefficient could be redefined
in terms of diffusion coefficient, using the known Ein-
stein equation, and in terms of microviscosity of the
media using the Stokes eguation. It is noteworthy that
in this case the Stokes equation is inapplicable. As to
the Einstein equation, a special study is needed to ver-
ify its applicability in this particular situation, which is
beyond the scope of this paper.

Currently, limited data are available on the viscosity
when a particle moves along the normal to membrane
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surface or in the lateral direction in the middle of the
bilayer. Experimental averaged viscosities of the sur-
face layer range from 30 to 190 cP in various lipid
membranes [36—-38]. The experimenta estimate of the
mean viscosity of POPG is about 18 cP [39]. Since the
microviscosities are not the samein different regions of
the membrane, it is reasonable to define severa struc-
turally and dynamically inhomogeneous regions. In the
first approximation, one can distinguish the regions of
lipid heads and alkyl chains. Figure 3 showsthefriction
coefficients in terms of microviscosity for various
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Fig. 3. Effective microviscosity in the POPG—water system.
The radius of the testing van der Waals sphereis2 A. The

solid line shows the system after preliminary equilibration
for 500 ps; the dashed line, after complete equilibration
for 1 ns.
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Fig. 4. Effective microviscosity in the center of the POPG
bilayer. The radius of testing van-der-Waals sphereis 2 A.

regions of the system plotted against the external force
applied to a 2-A particle in the direction of the normal
to the membrane plane.

Calculated values of effective viscosity of water for
a2-A sphere are 0.3-0.4 cP, which istwo to three times
lower than the experimental values. These data agree
with the known estimates of water viscosity for the
TIP3P model [40]. Transverse viscosity of the mem-
brane does not exceed 6 cP. Viscosity of the central part
of the bilayer is several times lower than this value.

Data on the lateral movement of the sphere under
influence of force are presented in Fig. 4. In this case,
the effective microviscosity is very close to that mea
sured in the region of akyl tails in the direction of the
normal.

It is noteworthy that for 2-A particles, the Stokes
eguation in the region of alkyl tailsisamost inapplica
ble. In genera, the results suggest a non-Newtonian
character of the medium and a weakly nonequilibrium
state of this system at movement rates of 1-10 A/ps.

The rate of penetration of the molecule under the
influence of external force also depends on the chemi-
cal properties of the molecule. For comparison, we cal-
culated the dynamics of penetration of tryptophan
(effective radius, 4.8 A) and alanine residues (effective
radius, 3.1 A), as well as of the 2-A van-der-Waals
sphere, into the bilayer. The obtained values of effective
microviscosity are shown in Fig. 5. In the case of mul-
tiatom molecules, theforce was applied uniformly to all
the atoms of the system.

It should be noted that a more polar tryptophan res-
idue has a higher rate in the region of lipid heads than
the alanine residue, which, consequently, provides a
lower value of microviscosity. In the region of hydro-
phobic akyl chains, the situation is the reverse, with
rates differing by a factor of 15. The region of lipid
headsis most sensitive to the nature of amolecule mov-
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Fig. 5. Dependence of microviscosity on the effective radii
of testing molecules in the POPG—water system. Total
Fext = 10 kcal/mol AL Notations: 1, akyl chains; 2, lipid
heads; 3, agueous phase.

ing through the membrane. Conversely, the hydropho-
bic core of the bilayer with alarger free volume is sen-
sitive to the size of particles.

An example of forced transmembrane transport of
alanineresidue (Fig. 6) alows usto reveal the presence
of factors facilitating recurring transmembrane move-
ment related to the effects of structural memory in the
bilayer. Pore formation, which accompanies molecule
movement through the tetradecane monolayer, was
studied earlier [41]. The effect of formation of along-
living pore in lipid membranes was not observed at the
same values of external force. Both before and after the
first tranglocation through the membrane, alanine resi-
due spends a certain time in the adsorbed state and then
rapidly (compared to the movement in the water phase)
passes through the membrane.
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Fig. 6. Dynamics of movement of alanine residue through
the lipid membrane. The position of the geometric center of
the residue is shown. The borders of bilayer are located at
+22 A. At the point of sharp bend of the curve, the direction
of the force was inversed.
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CONCLUSIONS

In this paper, we developed the method of “com-
puter viscosimetry,” which makes it possible to reveal
the difference in diffusive properties of various mole-
cules and to determine the effective viscosity character-
istics in microheterogeneous structures, which are dif-
ficult to measurein conventional experiments. It should
be noted that the terms viscosity and microviscosity in
such systems require specific clarifications. In fact, we
consider a quantitative characteristic of loca dissipa-
tive properties expressed in units of viscosity. The
hydrodynamic Stokes equation can only be used for
estimating the order of magnitude of this characteristic.
Inthis case, calibration of microviscosity in the defined
range of forces is required for particles of particular
size and chemical composition.

Anisotropic microviscosity in different regions of
the bilayer can vary by an order of magnitude or even
more. Considerable rates of molecule penetration into
the bilayer in time scale of about 2 ns were found only
when the value of external force is above a critical
value. The critical force value increases with the radius
of the molecule. Nonequilibrium effects appear at rates
exceeding 1 A/ps.

The greatest difference in effective microviscosity,
depending on the chemical nature of the penetrant mol-
ecule, was found in the region of lipid heads.

The friction coefficients in the membrane normal
direction, obtained for the above-critical forces value
(approximately 1 kcal/mol/A), do not exceed 6 cP in
terms of effective microviscosity. The viscosity of the
central region of the bilayer for the van-der-Waals
sphere was found to be an order of magnitude lower
than the surface region. At forces exceeding the critical
value, there is atime delay in particle penetration into
the membrane, the delay decreasing with anincreasein
the force. The viscosity of the central region of the
bilayer in the lateral direction was closeto the viscosity
of the region of alkyl chains, when the force is applied
in the direction of the normal.
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