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Abstract. Molecular dynamics (MD) simulations and biased MD simulation were carried out for the neutral
form of Paracetamol inserted in fully hydrated dipalmitoylphosphatidylcholine (DPPC) and dimyristoylphos-
phatidylcholine (DMPC) lipid bilayers. For comparison, fully hydrated DMPC and DPPC lipid bilayers were
also simulated separately without Paracetamol. The simulation time for each system was 50 ns. At two concen-
trations of Paracetamol, various properties of the lipid bilayer such as area per lipid, order parameter, diffusion
coefficient, radial distribution function, electrostatic potential, mass density and hydrogen bonds have been cal-
culated. Also, the convergence in time of the free energy profile of the Paracetamol along a DPPC bilayer nor-
mal was calculated by umbrella sampling method. From the obtained results, it can be concluded that neutral
form of Paracetamol shows a generally similar behaviour in DPPC and DMPC lipid bilayers. It was shown that
the addition of Paracetamol causes a decrease in tail order parameter of both DPPC and DMPC lipid bilayers
and the tail of Paracetamol adopts an inward orientation in the lipid bilayers. Also from the free energy profile,

the high penetration barrier in the bilayer centre was determined.
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1. Introduction

Drugs often interact with cell membranes in their path-
way of final action. Equilibrium position of specific
drugs in target membranes also affects their metabolism
and transport.! The most important membrane for drug
administration is the plasma membrane, through which
drugs must penetrate to reach the internal milieu of the
target cells.” Among various related factors that govern
the behaviour of drugs in the cell membranes; shape,
size, hydrophobicity and pK, are the most influential.’
Understanding the underlying interaction between the
drug and lipid is important for improving the efficacy
and viability of many drugs. The most abundant lipids
in mammalian membranes are phosphatidylcholines
(PC);* and therefore PC bilayers are commonly used as
simple membrane models.

In this study, the free energy profile of Paracetamol
in dipalmitoylphosphatidylcholine (DPPC) lipid bilayer
and the interaction between Paracetamol (acetamino-
phen) and phospholipid membranes by using molecular

*For correspondence
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dynamics (MD) simulation and biased MD simulation
are investigated.

Paracetamol has been used as an analgesic and
antipyretic agent since 1950.% In combination with opi-
oid analgesics, Paracetamol can also be used in the
management of more severe pain such as post-surgical
pain and providing palliative care in advanced cancer
patients.® Compared to other non-steroidal analgesic,
it has an enviable safety profile, and apart from well-
known dose-dependent hepatotoxicity, it is generally
considered a safe drug.” It has a plasma half-life of
around 2 h.® Paracetamol, as shown in figure 1(a), con-
sists of a benzene ring core, substituted by one hydroxyl
group and the nitrogen atom of an amide group in
the Para (1, 4) pattern.” It has a pK, value of 9.5
and is therefore largely unionized over the physiologi-
cal range of pH.!” It was proposed that Paracetamol
exerted its analgesic action by inhibition of centrally
situated isoforms of the cyclooxygenase enzyme.'' The
concept of Paracetamol as a centrally acting cyclooxy-
genase inhibitor is probably incomplete, and the true
mechanism of analgesia may be far more complex.!?
Metabolism of the drug is primarily in the liver,
via conjugation with glucuronic (60%) and sulphuric
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(35%) acids, or cysteine (3%)."* To bring molecular-
level insight into the interaction between Paracetamol
molecules and liver, it is imperative to understand in
detail the thermodynamics and transport properties of
Paracetamol with lipid membranes. Molecular dyna-
mics simulations may provide valuable complementary
to experiments information about details of interactions
between the molecules.>'* However, despite enormous
growth of the number of studies on computer simula-
tions of lipid bilayers and utilizing GROMACS package
for MD simulations (for example, see recent reviews,
15-18) there are no investigations on computer mod-
elling of analgesics in lipid bilayers. Also the inter-
action between Paracetamol (acetaminophen) and two
model membranes made of DPPC and dimyristoylphos-
phatidylcholine (DMPC) molecules in their liquid crys-
talline states has been probed. To the best of our
knowledge, there are no published results on molecular
dynamics simulations of Paracetamol in a lipid bilayer.
Therefore, the aims of this study can be expressed as
follows: First, various characteristics of the behaviour
of the neutral forms of Paracetamol in a model lipid
membrane such as Paracetamol preferential localiza-
tion, hydrogen bond formation, diffusion, etc. will be
examined. Second, the effect of Paracetamol on differ-
ent membrane properties will be investigated. Third, the
mean position of Paracetamol in DPPC lipid bilayer
is identified from calculation of free energy profile by
using umbrella sampling method.

2. Methodology
2.1 Molecular structures

Simulations were performed on six different simulation
systems. Three of these systems contained 128 DPPC
lipids, which were hydrated by 3871 water molecules,
and the next three simulation systems contained 128
DMPC lipids, which were hydrated by 3846 water
molecules arranged in a bilayer with 64 lipids in each
leaflet. Four of these simulation systems contained 4
and 8 neutral molecules of Paracetamol. Two systems
which contained only lipid molecules and water were
used as reference. Molecular structures of DPPC and
DMPC lipids as well as neutral Paracetamol molecule
are shown in figure 1 (a, b and c). For lipid bilayers and
Paracetamol molecules, the united atom model based on
the GROMOS force field with modification by Berger
was used.'”? This force field has been validated pre-
viously by other researchers.?!~>* For water molecules,
the simple point charge (SPC) model was applied.**
The topology and coordinates file of Paracetamol based
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on the GROMOSS87 force field was obtained from
PRODRG server.?

2.2 Simulation details

Simulations were carried out in the NPT (an ensemble
with constant Number of particles, Pressure and Tem-
perature) ensemble using GROMACS4.5.2.% The tem-
perature was kept constant at 323 K and 310 K, respec-
tively for DPPC and DMPC by coupling the simu-
lations cell to a velocity rescale (v-rescale) thermo-
stat with a coupling time of 0.1 ps.?’ All the bonds
were kept constant with LINCS algorithm.?® The pres-
sure was kept constant at 1 bar by a compressibil-
ity of 4.5 x 107> bar™! and by coupling the simula-
tions cell to a Parrinello-Rahman barostat, with a cou-
pling time constant of 5.0 ps, which was applied semi-
isotropically with two degree of freedom, one in the Z
direction and another in the XY direction.” The inte-
gration step was 2 fs. Non-bonded interactions were
calculated using a cutoff of 12 A. Long-range electro-
static interactions are important for correct description
of the lipid bilayer, and they were calculated by Par-
ticle Mesh Ewald summation (PME) algorithm, which
was updated every 10th time step with grid spacing
of 1.2 A and by cubic interpolation.*® The eventual
centre of mass motion of the system was removed
every 100 steps. The initial structure for DPPC lipid
bilayer was taken from the biocomputing group at the
University of Calgary (http://moose.bio.ucalgary.ca/).
The drug molecules were added in equal amount (two
and four drug molecules in the simulation systems)
to each side of the bilayer and then, water molecules
were added by using the tools included in the GRO-
MACS package. Steepest descent energy minimization
was used to remove bad contacts and settle down the
water molecules within the system.’! All simulations
were run for 50 ns from their initial conditions and
the coordinates of the atoms were stored each picosec-
ond for further analysis. For free energy calculations,
in the biased MD simulation, pre-equilibrated simula-
tion starting frames were generated. The starting frames
for biased MD simulation were obtained by pulling
the centre-of-mass (COM) of Paracetamol against the
COM of DPPC lipid bilayer. Paracetamol was pulled
along the bilayer normal (the z-axis) by using a pulling
force constant of 500 KJ mol~! nm~2 and pulling rate
of 0.03 nm ps~'. Pulling exerts a harmonic potential
on the drug molecule and moves the potential centre
with a given pull rate. From the pulling simulation, the
snapshots were obtained and among them 16 windows
(~0.2 A apart) along the z-axis, ranging from the bulk


http://moose.bio.ucalgary.ca/

Paracetamol in lipid bilayers

(cA)
(0ACQ)
O (©0.197)
!
(a) (0.41) (0.20)
O (oH)
(0B)  (0G)
O
(OA) 1t (op) = OE
\N",'/\/O—l?-b Jo8)
.-', 0-
(0Q) O (or)

(b)

V0o 0 08
07\
0
(c) (os) -

Figure 1.

(NAH)

639

(0.004)

| (0.12)  (0.095)
(0.358)

O (-0.706)
(OAB)

OJ\/\/\/\/\/\/\/\

\/\/O\H/W\/\/\N\/

Molecular structure of Paracetamol molecule with partial atom charges and

atom names referred in the text (a), DPPC lipid (b) and DMPC lipid (c).

water to the middle of the DPPC lipid bilayer, were
selected. Each window was explored in a separate simu-
lation (10 ns run time each) to avoid any drug inter-
actions. The two monolayers in the lipid bilayer mem-
brane were assumed to be symmetric and the potential
of mean force (PMF) was calculated for one of them
and then applied to the other one.

3. Result and discussion
3.1 Mass density

The calculated mass densities of the neutral Paraceta-
mol, water and DPPC molecules for the simulation
systems are shown in figure 2. Results indicate that
Paracetamol molecules are located inside the bilayer
under the lipid head groups in a similar manner as previ-
ously reported for alcohols.'®-?* Paracetamol molecules
have maximum density at a distance of 21 A from the
bilayer centre in the area where the lipid head groups
and esters are located. Similar effects are observed for

systems with the DMPC lipid bilayer (see supplemen-
tary data S1). An important result is that; DPPC lipids
in the reference system have higher maximum den-
sity comparing to its density in the systems containing
Paracetamol molecules.

3.2 Order parameter

The lipid tails in the bilayer membrane are highly
dynamic and many movements on different time scales
can take place such as rotation around chemical
bonds and trans/gauche isomerization, rotation around
lipid axis, lateral diffusion and some other motions.!®
The order parameter value of the lipid tails can be
used to study the chain mobility in the lipid mem-
brane systems.’? Lipid acyl chain order parameters
are obtained easily from deuterium NMR quadrupole
splittings as well as simulations.'® The orientation and
ordering of lipid molecules in a bilayer are commonly
represented by using the C-deuterium order parameter,
which is determined by the tensor S in the following
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Figure 2. Mass density of different components for DPPC
lipid bilayer systems: 4 Neutral Paracetamol system (-), 8
Neutral Paracetamol system (+), DPPC reference system
(%), DPPC system containing 4 Paracetamol (*), DPPC
system containing 8 Paracetamol (_._), water (<>).

equation:'¢

1 2
S_2(3c059 1), (1)
where 6 is the angle formed between the Z direction and
the outward pointing normal of the bilayer. The angle
brackets imply averaging over time and molecules. To
calculate the orientation of Paracetamol in the lipid
bilayer, the molecular vector is defined by two chosen
atoms. The vector NAH-CAJ (see figure 1) can be asso-
ciated with the Paracetamol long axis. Order parame-
ters for carbons of snl chain of DPPC lipids are shown
in figure 3 (calculations for the sn2 chain shows simi-
lar result). Calculated values for the reference bilayer
agree with the experimental and previous simulation
results.?’-33 Results in figure 3 show a decrease in the
order parameter of DPPC, for the system containing
neutral form of Paracetamol and also the same effects
have been observed in DMPC lipid bilayers. It has been
shown that various inclusions into the membrane have
different effects on the order parameters of the lipid
tails.'* For example, it is proven that, both from molecu-
lar dynamic simulations and experiments that the addi-
tion of cholesterol leads to an increase in the order
parameters, and addition of the local anesthetics ben-
zocaine and charged articaine causes a decrease of the
order parameters in lipid bilayers.'*'%3> An increase
or decrease of the order parameters do not necessar-
ily represent the trend of change in the membrane flui-
dity. The reason can be explained by considering the
fact that addition of some drugs such as the neutral form
of articaine, which increases the order parameter of the
lipid bilayers leads to a faster diffusion of the lipids.'*
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Results of this study indicate that the addition of neu-
tral form of Paracetamol decreases the order parameter
and leads to slower diffusion of the lipid molecules (see
table 1). Angular distribution of the vector angle ® for
the long axis (the axis NAH-CAJ in figure 1a) of Para-
cetamol in DPPC lipid bilayer membrane is shown in
figure 4, where the zero angle (® = 0) corresponds to
the direction outward of the bilayer. From figure 4 it is
seen that the most probable angle is ® = 103.2° in the
DPPC lipid bilayer and @ = 104.1° in the DMPC lipid
bilayer (see supplementary data S2), which indicates
preferential inward pointing of the NAH-CAJ vector in
the lipid bilayers.

3.3 Hydrogen bonds

Hydrogen bonds can be formed between Paraceta-
mol molecules with water and different polar head
groups of the lipid as well as between lipids and
water. The presence of hydrogen bonds was determined
with a maximum distance of 2.5 A between acceptor
and hydrogen and with the maximum angle of 30°
between the acceptor-hydrogen and donor —hydrogen
vectors.*-37 Here, several hydrogen bonding forms have
been explored: between Paracetamol molecules and the
lipids, between water and the lipids as well as between
water and Paracetamol. Results are summarized in
table 2.

Results show that Paracetamol molecules form
almost the same number of hydrogen bonds with
DMPC lipids and DPPC lipids (see supplementary data
S3). Hydrogen bonding between water molecules and
Paracetamol shows similar trends in presence of DMPC
and DPPC lipid bilayers. Most of such hydrogen bonds
are formed between carbonyl oxygen (OAB) of the drug
molecules (see figure 1a) and water; also a few hydro-
gen bonds were formed with other polar atoms such
as OAC or NAH. Effect of Paracetamol on hydrogen
bonding between the lipids and water is low, and no
noticeable decrease is observed (see table 2).

3.4  Area per lipid

One of the important quantities in describing the
behaviour of lipid bilayers is the average area per
lipid. It provides a measure for tuning the force
fields and other parameters for the lipid systems
and is used for quantitative description of lipid
bilayer behaviour by MD simulations. In this study,
the average area per lipid molecule was calculated
by multiplying the XY dimensions of the simula-
tion box and dividing the result by the number
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Figure 3. CH bond order parameters for different carbon atoms in the snl chain of lipids.
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of lipid molecules present in one leaflet of the evolution of the area per lipid for different simulated
bilayer. The average area per lipid for different simu-  systems, and therefore, the systems were considered to
lations are shown in table 1. Results show no drift in  be in equilibrium. From table 1, the calculated area per
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Table 1.
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Important quantitative properties of the simulated bilayer systems: Area per lipid; D Paracetamol lateral diffusion

coefficient; Dy, lipid lateral diffusion coefficient; wpig electrostatic potential in the middle of membrane; wy.x maximum

electrostatic potential in the membrane.

System DPPC in DPPC in DPPC reference DMPC in DMPC in DMPC reference
presence of 4 presence of 8 (without drug) presence of 4  presence of 8 (without drug)
neutral drug neutral drug neutral drug neutral drug

A(A?) 64.96 65.55 64.20 61.25 61.80 61.03

D (108 CTZ) 64.10 108.70 - 17.90 33.20 -

Da (108 CTZ 8.30 7.90 23.80 5.60 4.80 18.60

@mid(V) 0.58 0.61 0.58 0.54 0.57 0.56

@max(V) 0.78 0.79 0.80 0.75 0.77 0.82

V = volt

lipid of DPPC reference system is 64.20 A2, which is
close to the experimental value of 62 A? at 323 K and
1 bar, and is in agreement with the values obtained
in previous simulations.*®=* The experimental value of
area per lipid for DMPC at 297 K and 1 bar is 60.6 A2,*
and is in close agreement with the calculated value of
61.03 A2 in this study. The area per lipid which is in the
range of 61-67 A2 corresponds to the liquid crystalline
phase.'

Results show that both membranes in presence of the
drug molecules have larger area per lipid compared with
the reference system. The reason can be explained by
the fact that the drug molecules occupy some spaces
between the lipid molecules and thereby increase the
average area per lipid.

3.5 Radial distribution function

In order to obtain a better insight into the coordina-
tion, hydration, and probability distribution of water
molecules around the lipid bilayer, and to examine the
effect of the drug on these parameters, the radial dis-
tribution function (RDF) analysis has been utilized.
Figure 5 displays the RDF of oxygen atom in water
around oxygen atom in phosphate lipid bilayers. All
the RDFs, presented in figure 5 display their first mini-
mum at about 3.2 A, which shows the hydrogen bond-
ing of water to phosphate oxygen, and also display the
second maximum at about 5 A. It is seen from this
figure that the systems containing neutral drugs have
somewhat higher RDF compared to the reference sys-
tems. By integration of the RDFs up to the first mini-
mum, the coordination numbers are evaluated and pre-
sented in table 3.'* These results can be explained by
considering the area per lipid in the systems containing
Paracetamol, which show an increase due to its orien-
tation in the lipid bilayers and as a result more space is
created in the lipid bilayers to allow water molecules to
enter into the lipid bilayers.

3.6 Lateral diffusion

Diffusion is one of the important dynamical proper-
ties of the lipid bilayer.'* Different membrane para-
meters can be controlled by the lateral motion of lipids.
For instance, Venable et al. proposed that there is an
intimate connection between the microviscosity of the
head group region and upper hydrophobic part of the
phospholipids, and the lateral diffusion rate.*! In this
study, the lateral dffusion coefficient of Paracetamol
molecules and lipids were calculated by using Ein-
stein’s relation based on the mean squared displacement
(MSD) of the molecules over the course of the simu-
lation. Einstein’s equation in two dimensions is in the
following form:'

D = lim Ld (lar@®) ) (2)
1—o0 4 dt ’
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Figure 4. Angular distribution of the Paracetamol long
axis in DPPC lipid bilayer.
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Table 2. Average number of different hydrogen bonds in the simulated systems.

Number Hydrogen bonds
Simulation system of drugs between:
Drug+DPPC+water 4 Drug and DPPC
Drug+DPPC+water 8 Drug and DPPC
Drug+DPPC+water 4 Drug and water
Drug+DPPC+water 8 Drug and water
Drug+DPPC+water 4 DPPC and water
Drug+DPPC+water 8 DPPC and water
Drug+DPPC+water 0 DPPC and water
Drug+DMPC+water 4 Drug and DMPC
Drug+DMPC+water 8 Drug and DMPC
Drug+DMPC+water 4 Drug and water
Drug+DMPC+water 8 Drug and water
Drug+DMPC+water 4 DMPC and water
Drug+DMPC+water 8 DMPC and water
Drug+DMPC+water 0 DMPC and water

*Time frame= data storage in 1 ps

where (|Ar(t) |2> is the MSD in the XY plane during the
time ¢, starting from the initial time #;, and D stands for
the lateral diffusion coefficient. Averaging is taken over
all molecules and over all initial time #y. In figure 6, the
time dependence of the lateral MSD of Paracetamol in
the DPPC simulations is shown.

By plotting the logarithm of MSD versus the lo-
garithm of time, the diffusion coefficient can be deter-
mined from the y-intercept of the tangent to the func-
tion where the slope equals 1 (a slope of 1 defines
the diffusive regime). As shown in figure 6 (and
supplementary data figure S4), the slope was fitted
at the time interval 5-45 ns, where the MSD curves
behaved linearly. In table 1, the computed lateral diffu-
sion coefficients for Paracetamol and lipids are listed.
The lateral diffusion coefficient for reference systems
(DPPC and DMPC) are in good agreement with previ-
ous simulations.**~** The change in lateral diffusion of
Paracetamol molecules in DPPC is much faster com-
pared to DMPC. The reason is the temperature dif-
ference of simulations, 323 K for DPPC and 310 K
for DMPC, and the fact that, the diffusion coefficient
is exponentially related to the temperature. The diffu-
sion coefficient of Paracetamol increases by increase in
the number of Paracetamol molecules in both DMPC
and DPPC, as shown in figure 6 (and supplementary
data figure S4). However, the lateral diffusion of both
DPPC and DMPC decreases with addition of Paraceta-
mol, since the drug molecules, penetrating in the lipid
membrane, occupy some of the free volume spaces in
the membrane and as a result decrease the lateral diffu-
sion of the lipids. In a membrane, the free volume frac-
tion is an estimate of the volume fraction that is acces-
sible to a small molecule. The rate of lateral diffusion

Total bonds Bonds per
per time frame* Paracetamol Bonds per lipid
0.584 0.146 -
1.326 0.166 -
8.772 2.193 -
16.637 2.080 -
788.073 - 6.157
787.178 - 6.150
789.211 - 6.166
0.795 0.199 -
1.312 0.164 -
8.958 2.239 -
17.320 2.165 -
789.617 - 6.169
788.215 - 6.158
791.121 - 6.181

controls the fluctuations of the free volume, and thus the
translational mobility of the lipids is closely connected
to the permeability of the small molecules across the
membrane. One argument that supports this hypothesis
is that the water permeability across lipids is proposed
to depend on the lateral diffusion rates of lipids.* Also,
the lateral diffusion of the DPPC is higher than that of
DMPC in presence of the same number of Paracetamol
molecules, which is due to the difference in their area
per lipid. The area per lipid in DPPC lipid bilayer has
the higher value (see table 1); therefore, it has more free
volume compared to DMPC lipid bilayer.

3.7 Electrostatic potential

One of the important properties of lipid bilayers is the
electrostatic potential across the membrane, which may
be relevant to understanding of mechanisms behind
the functioning of ion channels.*® The membrane elec-
trostatic potential arises due to specific preferential
orientations of the lipid head group dipoles and water
dipoles at the membrane—water interface.'* Hence, it is
often referred to as the bilayer dipole potential. Due
to translational symmetry in X and Y directions, the
electrostatic potential depends only on Z-coordinate. In
figure 7 (and supplementary data figure S5), the total
electrostatic potentials of the simulated systems are pre-
sented. Values for the electrostatic potential in the mid-
dle of the membrane (wy,;q), as well as the maximum
potential values (@) are given in table 1. For refer-
ence systems, the results show a positive dipole poten-
tial of 500-600 mV in the middle of the bilayer, which
is in good agreement with previous simulation results
using GROMOS force field.*”**® Obtaining accurate
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Figure 5. RDF of water oxygen around phosphate oxygen of DPPC (a) and DMPC (b) lipid bilayers.

experimental determination of the electrostatic poten-
tial is difficult and there are different reported values.
However, most of the (wn;q) values are in the range of
300-800 mV.* Other experimental studies have shown
a lower value for (wp,e) in the range of 220-280 mV.*
From the result obtained, it can be seen that Paraceta-
mol causes a slight decrease of about 10 mV for DPPC
and 50 mV for DMPC in the electrostatic potential in
their head group regions. As figure 7 indicates, in the
hydrocarbon region of the lipid tails in presence of four
neutral Paracetamol molecules, the electrostatic poten-
tial is almost the same as that of the reference system,
whereas the electrostatic potential slightly increases in

presence of eight neutral Paracetamol molecules. This
increase in electrostatic potential can be attributed to
deformation of lipid tails and their higher interactions in
the tail region; furthermore, the dipole moments asso-
ciated with the carbonyl groups and the reorientation of
water dipoles in presence of eight molecules cause an
increase in the electrostatic potential.'*

3.8 Potential of mean force

Partitioning of the drug and its mean position in the
membrane can be described by a free energy (AG)
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Table 3. Coordination numbers in the simulated
systems.

System Coordination number
DPPC reference 1.29

DMPC reference 1.22

4 Paracetamol in DPPC 1.30

8 Paracetamol in DPPC 1.32

4 Paracetamol in DMPC 1.26

8 Paracetamol in DMPC 1.28

profile along the normal to the lipid bilayer mem-
brane, which is also known as PMFE.!3! PMF can be
calculated by biased MD simulations. Different meth-
ods for calculation of free energy profile have been
developed, namely umbrella sampling,’~>*> and z con-
straint method.>*->* In this study, PMF was calculated by
using the umbrella sampling method. In umbrella sam-
pling, a harmonic potential is applied between COMs
of Paracetamol and DPPC lipid bilayer. The distance
between COMs of Paracetamol and DPPC lipid bilayer
was restrained by a harmonic force constant of 500
KJ mol™' nm~2. Then, the free energy profile was
calculated by the following equation:>

AG(z) = —RTLnP(z) + U(2), 3)

where P (z)and U (z) are respectively, the distribu-
tion of distance and biasing potential along the bilayer
normal. The forces exerted on the Paracetamol were
analysed, and the free energy profile was obtained
by the weighted histogram analysis method (WHAM,
g_wham program).’®->” Error estimate of the free energy
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Figure 6. Lateral mean square displacement of Paraceta-
mol in DPPC lipid bilayers.
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profile was calculated as integrated standard devia-
tions of the mean calculated over the bins of 50 boot-
straps generated by Bayesian bootstrap analysis by the
g_wham program. In figure 8, the free energy profile
of Paracetamol in DPPC lipid bilayer is shown. The
free energy decreases as Paracetamol enters the lipid
bilayer. The first minimum in figure 8 is at 1.817 nm
from the bilayer centre, which is in the thermally acces-
sible region. The thermally accessible region (1.718—
1.9 nm), is an area with an energy barrier of RT
(0.642 kcal mol~" at 323 K), which is obtained from
the energy minimization in PMF calculations.? As Para-
cetamol moves deeper into the bilayer, the free energy
rises from its minimum to a maximum. Being a polar
molecule, going deeper into the centre of the lipid
bilayer is less favourable due to the hydrophobic nature
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Figure 8. Free energy profile of Paracetamol in DPPC lipid
bilayer.
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of the lipid tails at the middle. These factors gene-
rate high energy barrier for the permeation process.
The bilayer centre barrier (AG™" = 31.01 £ 0.2 kcal
mol~!) determines the energy difference between mini-
mum and maximum values of the free energy profile.
The free energy profile shows a sharp decrease in the
middle of lipid bilayer, which is due to hydrogen bond
breaking between the drug and water molecules.

4. Conclusion

In this study, the atomistic MD with the united atom
model has been utilized to analyse the system of neutral
Paracetamol drug molecules in the lipid bilayer mem-
branes of DPPC and DMPC. The biased MD simu-
lations were used to calculate the free energies and
to study the different behaviours of neutral Paraceta-
mol drug molecules in the DPPC and DMPC lipid
bilayers as well as effect of the drug on membrane
properties. Free energy profile of the drug in the lipid
bilayer membrane was obtained and used to interpret
the drug action. From the results, it can be concluded
that neutral form of the Paracetamol shows a generally
similar behaviour in DPPC and DMPC lipid bilayers.
During simulation, the Paracetamol molecule prefers
the head group region of the bilayer (distantly located
from the bilayer centre). Neutral form of Paracetamol
decreases C-Deuterium order parameters in the lipid
tails in DMPC and DPPC. The long axis of Paraceta-
mol adopts an inward orientation pointing to the lipid
bilayer membranes. The hydrogen bonding between
water molecules and Paracetamol shows similar trends
in presence of DMPC and DPPC lipid bilayers. Most of
the hydrogen bonds are formed between carbonyl oxy-
gen of the Paracetamol molecules and water. Presence
of Paracetamol has a slight effect on hydrogen bond-
ing between lipids and water molecules. RDF of oxy-
gen atom in water around oxygen atom in phosphate
of the lipid bilayers shows somewhat higher value, in
presence of the Paracetamol, compared to the reference
systems. While Paracetamol concentration enhances its
lateral diffusion in the lipid bilayer membrane, it causes
a decrease in the lateral diffusion of the lipid molecules
in the membrane. The most interesting results deduced
from this study can be outlined as follows; (i) for the
system with four neutral drug molecules, the dipole
electrostatic potential inside the membrane has almost
the same value as that of the reference system; whereas,
for the system with eight neutral drug molecules, the
dipole electrostatic potential has higher values than that
of the reference; (ii) the variation in concentration of the
drug causes a slight change in the electrostatic potential

Yousef Nademi et al.

in the head group region of the lipid bilayers; (iii) the
free energy profile has its first minimum at 1.817 nm
from the bilayer centre and the bilayer penetration bar-
rier is observed which is due to the hydrogen bonding
between the drug and water molecules and (iv) the free
energy shows a sharp decrease in the middle of lipid
bilayer.

Supplementary information

The supplementary information figures S1-S4 and table
S1 can be seen in www.ias.ac.in/chemsci website.
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