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ABSTRACT. The investigation of the intermolecular interactions between platinum-based
anticancer drugs and lipid bilayers is of special relevance to unveil the mechanisms involved in
different steps of the mode of action of these drugs. We have simulated the permeation of cisplatin
through a model membrane composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine lipids by
means of umbrella sampling classical molecular dynamics simulations. The initial physisorption
of cisplatin in the polar region of the membrane is controlled, in a first moment, by long-range
electrostatic interactions with the choline groups, which trap the drug in a shallow free-energy
minimum. Then, cisplatin is driven to a deeper free-energy minimum by long-range electrostatic
interactions with the phosphate groups. From this minimum to the middle of the bilayer the
electrostatic repulsion between cisplatin and the choline groups partially cancels out the
electrostatic attraction between cisplatin and the phosphate groups, inducing a general drop of the
total interaction with the polar heads. In addition, the attractive interactions with the non-polar
tails, which are dominated by van der Waals contributions, gain significance. The large energy
barrier found when going from the global minimum to the middle of the membrane indicates that
the non-electrostatic interactions between the drug and the non-polar tails are badly reproduced by
the fixed point-charge force field used here, and that the introduction of polarization effects are

likely necessary.



INTRODUCTION

The biological activity of cis-diamminedichloroplatinum (II) (cisplatin) was accidentally
discovered in 1965 while investigating the role of electromagnetic radiation in bacterial cell
division.” Subsequent tests in mice bearing sarcoma and leukemia showed remarkable tumor
regression after administration of cisplatin and other platinum complexes.’ The first clinical tests
in patients were conducted in 1971 and just seven years later cisplatin was approved by the U.S.
Food and Drug Administration.> ¢ Since then, an impressive amount of experimental® /7 and
theoretical’?/” work has been carried out to elucidate the mechanism of action of cisplatin, which
is widely employed as chemotherapeutic drug in the treatment of patients with bladder, ovarian,
head and neck, lung, testicular, cervical, esophageal, breast and brain cancers.’® Moreover, the
success shown by cisplatin motivates the design and investigation of many other platinum-based

compounds with improved biophysiological properties in the last decades.’*?

The first step of the mode of action of cisplatin and related compounds is the entry of the drug in
the cancer cells. This occurs by passive diffusion through the cell membrane and by facilitated
transporters, such as the CTR1 copper transport protein.” 2% Despite its hydrophilic nature,
permeability assays have shown that cisplatin is able to diffuse through the lipid bilayer due to its
small size and neutral charge.?” Once in the cytosol, cisplatin is activated by the hydrolysis of the
Pt-Cl bonds, in which one or two chloride ligands are replaced by water to form the mono-aqua
[Pt(NH3)2(OH2)CI1]* or the diaqua [Pt(NH3)2(OH,):2]** platinum complexes.?® The dissociation of
the chloride ligands is favored inside the cell due to the low chloride ion concentration, which is
around 13 times lower than in the extracellular fluid.”” After hydrolysis, the cationic platinum
species are able to enter the cell nucleus and react with nucleophilic molecules, e.g., DNA

strands. Specifically, the platinum atom of the hydrolyzed drug undergoes a nucleophilic attack



by the N7 atoms of the purine bases, especially guanine, to form different types of DNA lesions,
including monoadducts, intrastrand crosslinks and interstrand crosslinks.” 7 The most common
DNA damage is given by the formation of 1,2-d(GpG) intrastrand crosslinks and, to a lesser
extent, 1,2-d(ApG) intrastrand crosslinks, where cisplatin binds to two adjacent guanine
nucleobases or to a adenine-guanine stacked pair, respectively. The formation of adducts
between DNA and cisplatin — or other platinum complexes — induces structural distortions in the
DNA helix. These helical alterations are recognized by several cellular proteins, which can

initiate different complex cellular processes, including programmed cell death or apoptosis.” 7 %

One of the key steps in the mode of action of cisplatin is the transport of the drug across the
membrane of the tumor cells. In fact, one possible mechanism by which cancer cells develop
resistance to the chemotherapy treatment is a reduced accumulation of cisplatin, in which
different cell-membrane processes are involved.” 73 In some cancer cells, the membrane-
related resistance pathways are more important than the DNA-related ones and may represent
90% of total resistance.”” A reduced drug accumulation may be caused either by a decrease in
drug uptake or by an increase in drug efflux. The passive permeation of the drug through the
bilayer depends on several factors. For example, molecular dynamics simulations have
evidenced that the lipid composition, the cholesterol content and the curvature of the membrane
drastically affect the permeation of cisplatin.’® /7 Membrane fluidity also plays a relevant role in
the passive diffusion mechanism; it has been suggested that a decrease in membrane fluidity
hampers the entry of cisplatin into the cells.’’ The fluidity of the bilayers depends, among other
factors, on the insertion of molecules into the bilayer and the interactions between those
molecules and the lipids.” Atomic force microscopy experiments have revealed that cisplatin-

encapsulated liposomes are significantly stiffer and more stable than cisplatin-free liposomes.??



Therefore, it could be hypothesized that the presence of cisplatin into the membrane might affect

its own diffusion and uptake efficacy.

The interaction between cisplatin and membrane rafts, which can induce changes in the
biophysical properties of the membrane, is not only involved in resistance mechanisms but also
in different apoptotic routes.” ¥ Although it was generally assumed that cisplatin-induced
apoptosis occurs mainly through DNA adduct formation, the consideration exclusively of these

3334 and other

DNA-mediated pathways is not enough to explain the toxicity exerted by cisplatin,
mechanisms have to be invoked, including those where the lipid membrane plays a central role.
Drug-lipid interactions are also relevant in the liposomal formulations of the drugs aimed to
enhance the control over the delivery process and to reduce side effects and resistance of the
anticancer compounds.’ The encapsulation of drugs inside vesicular lipid bilayers facilitates the
transport of both hydrophilic and hydrophobic species, which are integrated in the polar and in
the lipophilic region of the vesicle, respectively. The liposomal formulation of cisplatin, called
lipoplatin, has been successfully developed and administered in clinical trials showing lower side
effects than cisplatin.’” One possible mechanism for the delivery of the encapsulated cisplatin is
the fusion of the membrane of the transport vesicle with the membrane of the cancer cell

followed by the release of the drug. The efficiency of this process is largely regulated by the

interactions between cisplatin and the lipids of both the carrier and the target cell.

Since cisplatin/lipid interactions play a decisive role in the initiation of apoptotic routes,
resistance mechanisms and delivery of the drug from liposomal carriers, the rigorous
characterization of these interactions is a necessary step towards a comprehensive understanding
of the role played by lipid membranes in the mode of action of cisplatin and related species. In

the present study, we unveil the intermolecular interactions that regulate the integration of



cisplatin inside a model membrane composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) lipids by means of umbrella sampling classical molecular dynamics simulations. The
DOPC membrane was chosen as a model because phosphatidylcholine is one of the major
phospholipids components of the plasma membrane and in the membrane of endoplasmic
reticulum, Golgi apparatus, mitochondria, endosomes and lysosomes.®® It has been recently
stated that a single-component DOPC membrane does not reproduce with accuracy the features
of cisplatin permeation into more realistic cell membranes.'® However, a detailed analysis of
cisplatin/membrane interactions has never been performed even for such a simplified membrane
model. Therefore, the investigation presented here is an inescapable step before tackling an
analysis of the interactions between cisplatin and more complex bilayers. In addition, the use of
simplified models facilitates the evaluation of the theoretical methods employed in the

simulations, e.g., the accuracy of the force field.

COMPUTATIONAL METHODS

The lipid bilayer formed by 144 molecules of DOPC per layer with a 25 A of water thickness on
each side was built with the help of the CHARMM-GUI website.’” Furthermore, a concentration
of 0.15 M of KCl was added to reproduce the physiological concentration of this salt. Then,
cisplatin was manually placed at a distance of 35 A from the centre of mass of the membrane
using the tleap module of AmberTools19,%® resulting in a system of 34535 atoms. The lipid
bilayer was described by the Lipid17 force field, which is an update of the previously developed
Lipid11°? and Lipid14 force fields for lipids. Water molecules were described by the TIP3P

model*’ and the K* and CI" ions by suitable Amber parameters.*’ The bond, angle and dihedral



parameters of cisplatin were obtained using the MCPB.py module? of AmberTools19,’® whereas
the restrained electrostatic potential charges of cisplatin were calculated by B3LYP using the
LANL2DZ effective core potential for the platinum atom and the 6-31G* basis set for the other
atoms. The charges were computed for the geometry optimized at the same level of theory, using
the Gaussian16 software.”” The Lennard-Jones parameters for the platinum atom were taken
from a previous parameterization”’ of metal cations in oxidation state II, which were developed
to reproduce the experimental properties, including hydration free energies and coordination
numbers. The Lennard-Jones parameters for the rest of the cisplatin atoms were taken from the
general Amber force field.?0 All the simulations described below have been evolved by the

pmemd CUDA implementation?” of the Amber18 program.*®

Once the system was set up, the following step was to equilibrate the structure and the density of
the solvated bilayer. At first, the whole system was minimized using the steepest descent method
for 5000 steps, and the conjugate gradient method for another 5000 steps. Then, it was gradually
heated in the canonical (NVT) ensemble, employing a Langevin thermostat with a collision
frequency of 1 ps™!, to 300 K for 300 ps. Positional restraints were imposed on the lipid bilayer
and on the cisplatin molecule during the heating process, by applying force constants of 10
kcal/(molA?) and 5 kcal/(molA?), respectively. Once the system was at 300 K, three consecutive
molecular dynamics simulations of 4 ns each were performed at constant pressure (isothermal-
isobaric NPT ensemble), in which the positional restraints on the lipid were gradually decreased
by applying force constants of 10 kcal/(molA?), 5 kcal/(molA?) and 0 kcal/(molA?),
correspondingly, whereas the force constant of 5 kcal/(molA?) applied on the cisplatin molecule
was kept throughout the three NPT simulations. The Berendsen barostat with a pressure

relaxation time of 1 ps was employed to maintain the pressure around 1 bar. Finally, a 100 ns



production simulation was performed in the NPT ensemble where the restrain force constant of
the cisplatin was maintained at 5 kcal/(molA?). For all the steps of this protocol the Particle
Mesh Ewald method”® was used to calculate the Coulomb interactions, where the direct-space
sum was limited to a cutoff of 10 A. For the computation of van der Waals interactions the same
cutoff was applied. In addition, bond distances involving H atoms were restrained by using the

SHAKE algorithm?’ and a time step of 2 fs was employed.

After the equilibration of the system, the permeation of cisplatin through the DOPC lipid bilayer
was simulated by umbrella sampling molecular dynamics. The reaction coordinate was defined
as the distance between the centre of mass of cisplatin and the centre of mass of the membrane
along the z axis (normal to the membrane), as schematically shown in Figure 1A. The initial
value of the reaction coordinate was 34.5 A. This distance was divided into 69 windows
separated by 0.5 A. A molecular dynamics simulation of 15 ns was carried out at constant
pressure (NPT) on each of the windows applying a harmonic bias potential with a force constant
of 5 kcal/(molA?) on the reaction coordinate. Therefore, a total time of 1035 ns was run to
simulate the permeation of cisplatin. These simulations were performed sequentially, i.e., the
initial conditions (geometry and velocities) of a window were selected from the last snapshot of
the previous window. The same technical parameters employed for the 100 ns production
described above were used in the simulation of each window. The free-energy profile was
obtained by means of the Weighted Histogram Analysis Method (WHAM).* >/ The energy-
decomposition and the interaction-energy analyses were performed using the cpptraj module’ of

the AmberTools19 suite.”® Visual Molecular Dynamics™ was used to visualize the trajectories.



RESULTS AND DISCUSSION

Equilibration and Umbrella Sampling Setup

The diffusion of cisplatin through a lipid DOPC bilayer has been simulated by umbrella
sampling molecular dynamics simulations. This enhanced-sampling approach is widely
employed for modelling the slow diffusion process of small molecules across membranes’® /7 7+
36 because it allows an efficient sampling along the permeation process, which is usually very
hard to simulate by conventional molecular dynamics simulations. As first step, a conventional
molecular dynamics simulation has been run to equilibrate the structure and the density of the
solvated membrane and to evaluate its stability. The electron density through the lipid bilayer
was the first property to be computed to characterize the membrane structure, and it is plotted in
Figure 1B. The two peaks of the profile that appear at around -18 and 18 A in the z axis indicate
the position of the polar head groups of the lipid chains, which present heteroatoms (O, N and P)
with a relatively large number of electrons, while the valley at 0 A corresponds to the centre of
the bilayer, where the electron density is lower. As can be seen in Figure 1B, the electron
densities computed for the first 10 ns of the simulation and for the entire simulation time (100
ns) are virtually the same. This indicates that the lipid molecules of the bilayer do not suffer
important diffusion processes along the simulation. The area per lipid, which is defined as the
average area that a single lipid molecule occupies on the interface, is the second property
analysed to evaluate the stability of the system. Figure 1C shows that the area per lipid oscillates
around a constant value of 70.5 A2 along the 100 ns simulation, with oscillations between 69 and
72 A? and a standard deviation of 0.73 A2. This small oscillation amplitude also corroborates the

high stability of the solvated membrane and the robustness of the theoretical model employed. In

addition, the small variation underwent by both the electron density and the area per lipid with



time indicates that the initial structure was already close to be equilibrated. Therefore, the
solvated structure after the 100 ns molecular dynamics simulation is a good initial structure for

the subsequent umbrella sampling simulations.
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Figure 1. Analysis of the equilibration process of the DOPC membrane. (A) Schematic

representation of cisplatin and the DOPC membrane. Several reference values along the z axis



are shown. (B) Electron density profile through the membrane computed for the first 10 ns (blue)
and for 100 ns (green) during the equilibration molecular dynamics simulation. (C) Time

evolution of the area per lipid along the equilibration.

As mentioned above, the reaction coordinate was defined as the separation between the centre of
mass of cisplatin and the centre of mass of the DOPC membrane along the z axis (see Figure
1A). The initial value of the reaction coordinate was set to 34.5 A, which corresponds to a
separation of around 10 A between cisplatin and the top of the surface of the bilayer. The
reaction coordinate was divided into 69 windows separated by 0.5 A such that the drug diffused
from the bulk solvent across half of the membrane and reached the centre of the bilayer in the
last window. A value of 5 kcal/(molA?) was chosen as force constant for the bias potential to
keep the system inside each window while allowing overlap with the neighbouring windows. It
is well known that the number of windows and the force constant of the bias harmonic potential
must be properly chosen to have a good overlap among the reaction-coordinate probability
distributions of consecutive windows. Such a good overlap is required to obtain an accurate free-
energy profile along the reaction coordinate, also called potential of mean force, from the biased
probability distributions, especially when the WHAM approach is employed.’” Figure 2A shows
the computed probability distributions for the umbrella sampling windows centred at 10.0, 10.5,
11.0, 11.5 and 12.0 A as example windows. It can be seen that the distributions of neighbouring
windows present a strong overlap, which indicates a good sampling along the reaction coordinate

and validates the choice of the simulation parameters employed.

Two additional important factors that determine the accuracy of the calculated free energy are
the number of snapshots considered per window and the way they are chosen. When the reaction

coordinate is modified to drive the system from one window to the next one, it is usually
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necessary a short equilibration process in the new window such that the system accommodates to
the new value of the reaction coordinate. It is advisable to compute the free-energy profile
without considering those snapshots that belong to the equilibration stage. Moreover, an accurate
free-energy profile is obtained only if the simulation in each window has been run for sufficient
time. These two important issues are discussed in the following analysis. Figure 2B displays the
potential of mean force computed for the whole simulation time (15 ns per window) and for
different time intervals where the initial steps of each window were not considered; specifically,
the initial 1, 2, 3, 4 and 5 ns were removed from the analysis. Note that in the profile plotted in
Figure 2B the reactants (cisplatin in the bulk solvent) and the products (cisplatin integrated inside
the bilayer) are located on the right and on the left side of the plot, respectively. Therefore, the
uptake of cisplatin in the membrane occurs from right to left. As can be seen in the inset of
Figure 2B, it is necessary to eliminate the first 2 ns of simulation to obtain a converged profile
around the free-energy minimum located at 26 A and the maximum located at 20 A. Therefore,
in this case, the system adapts to the new reaction coordinate value when it migrates from one
window to the next one only after 2 ns are elapsed. However, just to be on the safe side, in the
subsequent analyses the first 3 ns of each window will not be considered. Next, we analyse for
how long each window must be evolved to get a converged free-energy profile. Figure 2C shows
that convergence is achieved after running 8 ns (from 3 ns to 11 ns) of dynamics simulation per
window. Therefore, it is not necessary to extend the simulations for longer time than the 15 ns
per window initially run. The energetic analysis discussed below will be performed by taking

into account snapshots from the time interval from 3 to 15 ns in each window.
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Figure 2. Convergence analysis of the umbrella sampling simulations. (A) Reaction coordinate

probability distributions for the windows centered at 10.0, 10.5, 11.0, 11.5 and 12.0 A. (B)
Potential of mean force computed by removing different time intervals from the beginning of
each window. (C) Potential of mean force computed for different computational times from the

initial time of 3 ns.
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Characterization of Intermolecular Interactions

The potential of mean force presents two energy minima and two energy maxima — called Min1,
Min2, Max1 and Max2 in Figure 2C — that will be analysed in detail in the following. When
cisplatin approaches the membrane, there is an initial attraction between the drug and the bilayer
which results in a free-energy minimum (Min1) at 26 A of 0.5 kcal/mol depth with respect to the
energy of cisplatin located in the bulk solvent. This free-energy minimum corresponds to a weak
physisorption of cisplatin on the top of the membrane. Then, a deeper minimum (Min2) at 14 A
is reached after overcoming a free-energy barrier (Max1) of 1.5 kcal/mol located at 20 A. This
second minimum is 1.5 kcal/mol lower in energy than the first one, indicating that cisplatin is
more stabilized at Min2. If cisplatin continues the diffusion pathway towards the centre of the
bilayer the free energy steadily increases until achieving its absolute maximum (Max2) in the
middle of the membrane, which is 34 kcal/mol higher than the energy of the global minimum
Min2. This energy barrier is higher than expected for a molecule which is capable of diffusing
through lipid bilayers. This suggests that the interactions between the drug and the nonpolar tails
could be wrongly described by the force field employed here. This will be discussed in more

detail below.

A visual inspection of the umbrella sampling windows located at the two minima Minl and
Min2 reveals that the environment and the behaviour of cisplatin is completely different in both
minima. While cisplatin is located at the water/membrane interface at Minl (Figure 3A), it is
completely inside the polar region of the bilayer formed by the phosphocholine (PC) groups at
Min2 (Figure 3B). This situation results in a higher mobility and a shorter interaction time with
the lipids when the drug is located at the more external minimum Minl than when it is at Min2.

To illustrate this, we show in Figure 3C,D the time evolution of the number of interatomic

14



contacts between cisplatin and the lipid residue that presents the highest interaction energy with
the drug, which in both minima corresponds to PC residues (PC175 for Minl and PC223 for
Min2). A contact between a cisplatin atom and a lipid atom is arbitrarily considered when the
separation between both atoms is lower than 5 A. As can be seen, interatomic contacts between
cisplatin and PC175 are present only during the last 2.5 ns of the simulation in the umbrella
sampling window corresponding to Min1. This means that the rest of the time cisplatin is located
at other positions interacting with different lipid residues. On the contrary, the interaction
between cisplatin and PC223 exists almost along the entire time window corresponding to Min2,
which indicates that the motion of the drug is restrained to a small region of the bilayer
surrounding PC223. Moreover, the fact that Min2 is deeper than Min1 points out that the
diffusion of the drug from water to the polar region of the bilayer is thermodynamically
favourable and that the attractive interactions with the PC heads are stronger than those with the

solvent.
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Figure 3. Analysis of the two free-energy minima Minl and Min2. Representative snapshot of
cisplatin interacting with the residue PC175 at Minl (A) and with the residue PC223 at Min2
(B). Cisplatin is represented with van der Waals spheres with the following atom color code:
ochre for Pt, blue for N, white for H and cyan for CI. The residues PC175 and PC223 are
represented by magenta van der Waals spheres. The polar heads (PC) and the nonpolar tails (OL)
of the membrane are represented by blue and red sticks, respectively. Time evolution of the
number of contacts between cisplatin and the residue PC175 at Min1 (C) and the residue PC223

at Min2 (D).

To get more insight on the nature of the intermolecular interactions that drive the diffusion of
cisplatin through the lipid bilayer the interaction potential energy between cisplatin and the
membrane was decomposed into different contributions along the permeation pathway. First, we
analyze the contribution of the polar PC heads and nonpolar dioleoyl (OL) tails to the total
interaction energy. The different chemical groups that belong to these two regions of the lipid
chains are shown in Figure 4A. In addition, each of these contributions (PC heads and OL tails)
can be further decomposed into van der Waals and electrostatic interactions, which in the force
field employed here are described by Lennard-Jones and Coulomb potentials, respectively. As
seen in Figure 4B,C the interaction energy between cisplatin and the PC head groups dominates
along the entire reaction coordinate over the interaction between cisplatin and the OL tails,
except in the region of the absolute energy maximum (Max2), where both PC and OL

contributions to the total energy are similar.
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Figure 4. Contribution of phosphocholine (PC) head groups and dioleoyl (OL) tails to the
cisplatin/membrane interaction energy along the reaction coordinate. (A) Different chemical
groups of the DOPC lipid chains. (B) Interaction energy between cisplatin and the PC groups,
and decomposition into electrostatic (Elec) and van der Waals (vdW) contributions. (C)
Interaction energy between cisplatin and the OL groups, and decomposition into electrostatic

(Elec) and van der Waals (vdW) contributions.
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The cisplatin/PC interaction energy steadily increases (in absolute value) along the permeation
pathway until the drug reaches the absolute minimum (Min2), where the attractive interaction
between the drug and the head groups achieves a value around -40 kcal/mol. Then, along the
pathway from Min2 to Max2, the cisplatin/PC interaction becomes less attractive until it reaches
a value between -15 and -10 kcal/mol in the middle of the bilayer. Figure 4B also shows that the
interaction between the drug and the polar heads is clearly dominated by electrostatic
interactions, which represent 84% of the cisplatin/PC interaction energy (as average along the

entire permeation pathway), while the van der Waals contribution represents only 16%.

The absolute value of the cisplatin/OL interaction energy continuously increases when the drug
diffuses from the bulk solvent to the middle of the membrane, where it reaches a value of around
-10 kcal/mol. Contrary to the cisplatin/PC energy, the most important contribution to the
interaction between cisplatin and the nonpolar tails is given by the van der Waals interactions,
which constitute 81% of the total energy. Since the cisplatin/OL attraction steadily increases
along the diffusion pathway, but the cisplatin/PC attraction first increases until Min2, and then
decreases from Min2 to Max2, the first half of the permeation pathway is regulated by
electrostatic interactions, while in the second half of the pathway van der Waals interactions gain
relevance. Specifically, the van der Waals interaction represents only 25% of the total interaction
energy at the umbrella sampling window that corresponds to Min2, while it is 40% of the total
energy at Max2. Such an increase of the van der Waals contribution — and the consequent drop of
the electrostatic component — may have important consequences in the accuracy of the

theoretical model employed.

Usually, fixed point-charge force fields, as the one used here, provide accurate results when

modeling systems and processes that are largely dominated by electrostatic interactions.
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However, when non-pairwise interactions, such as exchange-repulsion, polarization, and
dispersion, become important it is necessary to include additional terms, e.g., polarizable terms,
in the force field able to describe the deformation of the electronic structure of the different
molecules. Therefore, in these situations dominated by non-electrostatic interactions the use of
fixed point-charge force fields may fail. We have seen in the previous analysis that the
interaction energy between cisplatin and the bilayer is largely controlled by electrostatic
interactions along the first half of the permeation pathway. Therefore, the force field is likely
providing reliable results within this region. However, in the second half of the permeation
pathway, where cisplatin is integrated into the nonpolar region of the bilayer, electrostatic
interactions decrease while van der Waals interactions increase, and the total energy presents
almost even contributions from both terms at the end of the pathway. Thus, it is very likely that
the free-energy profile around the absolute maximum is not well described by the force field. In
fact, our simulations predict an energy barrier of 34 kcal/mol for going from Min2 to Max2. If
this were the case, cisplatin would be able to diffuse through lipid bilayers only in a very long-
time scale of several years; and, obviously, this is not the case. Previous molecular dynamics
simulations using a different fixed point-charge force field have provided an energy barrier for
the cisplatin diffusion through a DOPC membrane of around 10 kcal/mol,’® ¢ which is a more
reliable value. However, those simulations did not show a clear free-energy minimum on the
polar region of the bilayer associated with an initial physisorption process, which is likely the
first step of the permeation pathway due to the neutral charge of the drug, but an uphill pathway
from the solvent to the middle of the membrane. Therefore, it seems that the simultaneous
correct description of the electrostatic interactions with the polar heads and the non-electrostatic

interactions with non-polar tails is very challenging for a fixed point-charge force field. The
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development of a polarizable force field is likely required to accurately describe the full

permeation pathway.

Figure 5. Decomposition of the interaction energy between cisplatin and phosphocholine (PC)
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Since the PC heads are formed by different chemical groups, namely choline, phosphate, and
glycerol groups (see Figure 4A), it is interesting to evaluate the contribution of each of these
moieties to the cisplatin/PC interaction energy along the reaction coordinate and, especially,
around the Min1-Max1-Min2 free-energy curve region, where the initial physisorption process
occurs. Such an energy decomposition is displayed in Figure 5. Although this energy analysis
contains some noise, clear trends can still be extracted. As can be seen, the glycerol groups play
an almost irrelevant role along the entire reaction pathway in comparison to the choline and
phosphate groups. For these last two groups, the electrostatic interactions with cisplatin largely
surpass the van der Waals ones, as was already evidenced when discussing the interaction energy
of the entire PC head (Figure 4B). When cisplatin is initially trapped on the top of the membrane
around the region from Minl to Max1, the attraction with the choline groups counteracts the
repulsion with the phosphate units, stabilizing the system. Then, when the drug moves deeper in
the bilayer, i.e., from Max1 to the end of the diffusion pathway going through the Min2
minimum, the cisplatin/choline repulsion and the cisplatin/phosphate attraction steadily increase.
At the global minimum Min2, the attractive interactions between cisplatin and the phosphate
groups clearly dominate the system. Therefore, it can be stated that the electrostatic attractive
interactions between cisplatin and choline drive the initial approach of the drug to the bilayer
and, then, the electrostatic attraction with the phosphate moieties is responsible for the deeper
integration of cisplatin in the absolute free-energy minimum. From Min2 to Max2, the attraction
exerted by the phosphate groups is partially compensated by the repulsion with the choline units,
while the van der Waals interactions with the nonpolar tails gain importance, as seen on Figure

4B.
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Finally, the large number of heteroatoms present in the PC heads (see Figure 4A) could lead to
the formation of hydrogen bonds with cisplatin, especially at Min1 and Min2, where the
electrostatic attractive interactions with the choline and phosphate moieties, respectively, are
important. The occurrence of hydrogen bonding was analysed at Minl and Min2 assuming that a
hydrogen bond is formed when the distance between the hydrogen donor and the hydrogen
acceptor is shorter than 3.0 A, and the angle formed by the hydrogen donor, hydrogen, and
hydrogen acceptor is larger than 135°, which are arbitrary criteria commonly used in the
literature.>® 8% At Min1, hydrogen bonds between cisplatin and the lipids lasting for more than
1% of the simulation time were not found. This behaviour agrees with the large mobility
observed for cisplatin when it is located at the water/membrane interface, as was seen in Figure
3C when analysing the time evolution of the number of contacts with the lipid chains. The
formation of hydrogen bonds is slightly more relevant at Min2. Specifically, hydrogen bonding
formed by the interaction of the hydrogen atoms of the amino groups of cisplatin with the
oxygen atoms of phosphate groups and of the carbonyl groups of the glycerol units have been
identified. However, none of these hydrogen bonds has a lifetime longer than 5% of the
simulation time. Therefore, one can conclude that hydrogen bonding is not relevant for the
permeation of cisplatin through the DOPC membrane. Thus, the electrostatic interactions with
the choline and phosphate groups that regulate the integration of cisplatin into the bilayer are of

long-range character.
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CONCLUSION

The intermolecular interactions between cisplatin (and other platinum-based drugs) and cell
membranes play an important role on different steps of the mode of action of these anticancer
drugs, including the uptake process, resistance mechanisms and initiation of apoptosis. In
addition, these interactions are also relevant on the delivery of the drug from liposomal carriers
of encapsulated formulations. Therefore, the investigation of the nature of the intermolecular
interactions present in cisplatin/membrane systems is crucial to gain knowledge that can
contribute towards the understanding of the molecular mechanism behind the mode of action of
platinum drugs and towards the design of new compounds with improved properties. In this
work, we have simulated the diffusion process of cisplatin trough a DOPC lipid bilayer by means
of umbrella sampling molecular dynamics simulations to unveil the mechanism of permeation of
cisplatin through the lipid membrane and to characterize the intermolecular interactions which

regulate this mechanism.

Cisplatin is first weakly trapped on a free-energy minimum of 0.5 kcal/mol depth that
corresponds to the physisorption of cisplatin at the interface between the aqueous solvent and the
polar region of the membrane. At this minimum, the mobility of cisplatin is very high and the
interaction with specific residues lasts for short time (less than 3 ns). This minimum is stabilized
by long-range electrostatic interactions with the choline groups of the polar region of the
membrane, while hydrogen bonding is negligible. Then, the drug is driven to a deeper free-
energy minimum, which is 1.5 kcal/mol lower in energy than the previous minimum, by the
long-range electrostatic interactions with the phosphate groups. In this minimum, which is the
global one, cisplatin is more spatially restrained and the interaction with specific residues are

present for a longer time. The formation of hydrogen bonds with the oxygen atoms of phosphate
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groups and of the carbonyl groups of the glycerol units occurs, although the life time of these
hydrogen bonds is always shorter than 5% of the simulation time and, therefore, represents a
non-relevant fraction of the total interaction energy. Along the first half of the permeation
pathway, which includes the two free-energy minima and the barrier of 1.5 kcal/mol between
them, the interaction of cisplatin with the glycerol moieties of the polar heads and with the non-
polar tails is insignificant. In addition, the more important interactions with the choline and
phosphate units are largely dominated by the electrostatic component (around 85%), while the

van der Waals contribution is only minor (around 15%).

Along the second half of the permeation pathway, from the global minimum to the global
maximum located at the middle of the membrane, the cisplatin/choline repulsion and the
cisplatin/phosphate attraction steadily increase and partially cancel each other out. This partial
cancelation induces a reduction of the total interaction energy between cisplatin and the head
groups. This is accompanied by an increase of the attractive interactions between cisplatin and
the non-polar tails, which is dominated by the van der Waals contribution, contrary to the
interaction with the polar heads. Therefore, van der Waals interactions gain importance in the
non-polar region of the membrane and represent 40% of the total cisplatin/membrane interaction
energy. The energy barrier that the system must overcome to reach the global maximum is 34
kcal/mol, a value which is likely an overestimation of the real free-energy barrier. The inability
of the force field to provide a more accurate value for the barrier is likely related with the drop of
the electrostatic interactions in the middle of the membrane, and the consequent increase of non-
electrostatic interactions, which are represented in the force field employed here by simple

Lennard-Jones potentials. An accurate description of non-electrostatic interactions requires the
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use of more sophisticated force fields able to describe, for example, polarization effects, which

are likely very important when cisplatin interacts with the non-polar tails of the bilayer.
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