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Abstract

The intermolecular interactions established between anticancer drugs and lipid
membranes play a key role in the permeation mechanism of the drugs inside the cells.
Herein we extend a quantum mechanical energy decomposition analysis scheme based
on deformation electron densities to a hybrid multiscale quantum mechanics/molecular
mechanics (QM/MM) framework, and apply it to characterize the interactions between
the cisplatin drug and a dioleyl-phosphatidylcholine lipid membrane. The interaction
energy decomposition into electrostatic, induction, dispersion and Pauli repulsion con-

tributions is performed for ensembles of geometries taken from molecular dynamics



simulations to account for conformational sampling and, thus, obtain a distribution of
each of the energy components. Contrary to a previous energy decomposition using
force fields, it is evidenced that the electrostatic component is predominant in both
polar and non-polar regions of the bilayer, and the repulsive component is strong when

considered quantum mechanically, while being largely underestimated by the force field.

The permeation of drugs across cell membranes is a key biological process which largely
determines the efficacy of the drugs.’? In general, the transport of small and moderately
polar molecules happens by passive diffusion through the lipid bilayer, while larger and
more polar compounds enter the cell by active transport mediated by membrane proteins. **
However, many species present intermediate size and polarity and, thus, can be uptaken
by the cells through both mechanisms, as it is the case of platinum-based agents.®’ Plat-
inum complexes are anticancer drugs employed in chemotherapy, whose cytotoxic mecha-
nisms have been intensively investigated in the last decades.®'® Among these species, cis-
diamminedichloroplatinum (II) (cisplatin) is the most frequently used compound to treat
different types of human cancers.'* 7 The interaction between the drug and lipid membranes
along the passive entrance of the compound inside cancer cells has shown to be fundamental
in the mode of action of cisplatin, including the development of resistance mechanisms by

1819 and the activation of apoptotic routes.”?° Therefore, the characteriza-

some cancer cells
tion of the interactions between cisplatin and the lipids that compose the cellular membranes
is of great relevance to get fundamental insight into the membrane processes involved in the
biological activity of cisplatin and other platinum agents.

The computer simulation of the transport of drugs through lipid membranes is usually
carried out by a combination of classical molecular dynamics and enhanced-sampling ap-
proaches.?726 Specifically, the passive diffusion of cisplatin through different lipid bilayers
has been investigated by umbrella sampling simulations.?” 3% Despite the significant mech-
anistic details obtained from the previous theoretical work, the nature of the drug/lipid

interactions has been barely characterized in terms of simple force field contributions.?"



However, a more realistic description requires the use of more accurate methodologies, such
as quantum mechanical interaction energy partitioning schemes based on variational or per-

31731 These methods provide different contributions to the total inter-

turbational approaches.
action energy, such as Pauli, electrostatic, induction and dispersion terms, some of them not
properly described by neither fixed-charge nor polarizable force fields. However, such quan-
tum mechanical approaches have not been widely applied to the investigation of biological
systems mainly due to two reasons: (i) the computational cost associated to the calculation
of the interaction energy for large systems, and (ii) the need to perform the calculations
for ensembles of geometries in order to consider conformational sampling. Thus, energy
decomposition analyses (EDA) are usually limited to the investigation of small molecular

35737 or relatively large systems (few tens of atoms) within a static framework. 3% 4!

systems
In line with these considerations, it becomes clear that a compromise between the compu-
tational cost and the level of theory implemented for the study of the interaction energies
needs to be achieved, especially on the description of complex biological systems. Herein
we characterized the interactions that drive the permeation of cisplatin through a dioleyl-
phosphatidylcholine (DOPC) lipid membrane by means of a quantum mechanics/molecular
mechanics (QM/MM) EDA approach. We focus our analysis on the minimum (Min) and
the maximum (Max) of the free-energy profile (represented in Figure 1) previously computed
by umbrella sampling molecular dynamics simulations.® The Min region is located at the

interface between the polar heads and the non-polar tails of DOCP, while the Max region is

at the center of the bilayer.
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Figure 1: Top: Schematic representation of the cisplatin molecule embedded in a dioleyl-
phosphatidylcholine lipid membrane. Bottom: Potential of mean force (PMF) profile of the
permeation of cisplatin inside the lipid membrane® displaying the two regions (Min and
Max) under study in the present work.



Our main goal is threefold: (i) to implement a QM /MM EDA able to treat large systems;
(ii) to characterize the nature of each of the components of the cisplatin/membrane interac-
tion energy on the Min and Max regions; and (iii) to evidence the importance of considering
conformational sampling in the model. The interaction energy between two fragments A and
B of a molecular system is defined as the difference between the energy of the AB complex

and the energies of the isolated A and B fragments.

Eini = Exp — (EX® 4 ESP) (1)

In Eq (1) the superscript AB indicates that the energies of A and B are calculated
considering the geometry of the monomers in the complex and the basis set of the complex.
The latter is introduced to correct the basis set superposition error.*?

In this work the system is divided into two subsystems, namely the cisplatin molecule
on the one hand and the DOPC membrane plus the water molecules and the K™ and CI-
ions on the other hand; thus, in accordance with Eq (1), these subsystems correspond to
the A and B moieties, respectively, and the AB complex is represented by the cisplatin
molecule embedded in the solvated lipid membrane. Considering this division, we adopt an
EDA scheme based on deformation electron densities, initially developed and implemented
for quantum mechanical methods.*** This methodology is based on the definition of the
one-electron and the exchange-correlation unperturbed and deformation densities, the latter

associated to Pauli and polarization effects. Thus, the one-electron density of the complex

may be written as,

p(I‘) = PA (I‘) + PB (I‘) + ApPau(r) + Appol(r) (2)

where the first two terms in the right hand side of Eq (2) are the unperturbed densities
of the subsystems A and B and the last two terms correspond to the Pauli and polarization

deformation densities. In the same way, the exchange-correlation density of the complex



may also be written as,

pxc(ri,r2) = pxca(ri, r2) + pxes(ri, r2) + pxcas(ri, r2) + Apxc(ry, r2) (3)

where the first two terms represent contributions from the isolated subsystems and the
last two terms from Pauli and polarization interactions, in this order. The definitions given
by Egs (2) and (3) allow for decomposing the total interaction energy into electrostatic,

exchange, repulsion and polarization contributions,

Eint == Eelec + Eexc + Erep + Epol (4)

Fexe and E,.p, together account for the traditional Pauli repulsion energy, Ep,,, whereas
E,q may be split into the second order induction energy, Ei,q, and dispersion energy plus
higher-order polarization terms, Egispres-pol- In What follows we will refer to the latter term
as dispersion energy, Eg;s, because this is by far the dominant contribution. Thus, with
the introduction of the perturbation expansion of the one-electron and exchange-correlation

densities, one obtains the following partition,

Eint = Eelec + EPau + Eind + Edis (5)

It should be emphasized here that the lipid membrane is composed by 128 lipid chains
formed by 138 atoms each, so that in practice only a part of the lipid membrane can be
treated at a quantum mechanical level. In order to account for the presence of the remaining
atoms an electrostatic-embedding QM /MM computational scheme has been adopted both
in the computation of the interaction energy and in the EDA, where the classical charges
of the environment polarize the QM region. A full derivation of the different energy terms
given above is provided in the Supporting Information.

Due to the large size of the system investigated here it is necessary to analyze the con-

vergence of the interaction energy and its different contributions with respect to the size of



the QM region and the number of sampled geometries considered in the calculations. For
the first purpose, we randomly selected a geometry from a 15 ns molecular dynamics run in
the Min region and in the Max region, and in each case we performed the QM/MM energy
calculations and the EDA increasing the number of DOPC molecules in the QM region.
Moreover, in order to investigate the effect of including the point charges of the classical
environment, the energy terms were obtained without (Figure 2a,b) and with (Figure 2c,d)
point charges. It can be seen that for the calculations without point charges, the dispersion,
induction and Pauli contributions converge after including at least 5 DOPC molecules in
the QM region. However, the total interaction energy does not converge even for 7 DOPC
molecules in the QM region, as can be evidenced from Figure 2a,b; this is due to the fact
that the electrostatic contribution assumes an oscillatory behavior between 3 and 7 DOPC
molecules. On the other hand, the counterpart calculations that include the point charges
that surround the QM region (Figure 2¢,d) display a good convergence for all the interaction
energy terms after including 5 DOPC molecules in the QM region. These results suggest that
although considering the entire system quantum mechanically is computationally unfeasible,
it would still be necessary to include the polarizing effect of the surrounding environment
by an electrostatic-embedding QM /MM approach. Furthermore, in the case of the system
under study, it represents an excellent compromise to incorporate the cisplatin molecule plus
6 DOPC molecules to the QM region, and consider the remaining atoms as point charges in
the MM region.

Next, we have investigated the convergence of the energies with the number of geometries.
This is done by sampling 100 geometries from a previously performed3® molecular dynamics
simulation at the Min region, and 100 geometries from a molecular dynamics simulation at
the Max region. For each of the sampled geometries, the EDA was performed considering
the cisplatin molecule plus six DOPC molecules in the QM region, with overall 839 atoms
treated quantum mechanically. In order to ensure that 100 geometries are an appropriate

statistical ensemble, we analyzed the convergence of the energy components as the number



of averaged geometries increases, selecting these geometries in an equidistant manner from
the 100 geometries of the Min and Max regions. As can be evinced from Figure 2e,f, the
induction and the dispersion energies are mostly converged after considering 25 geometries.
This, however, is not the case for the electrostatic and Pauli components, which still suffer a
moderate increase when going from 50 to 100 geometries. Although this lack of quantitative
convergence will not introduce significant errors in the analysis, it highlights the importance
of including conformational sampling in the theoretical model. In the following analyses, the

100 geometries sampled at the Min and Max regions of the membrane will be considered.
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Figure 2: Analysis of the convergence of the interaction energy and the EDA components as
the number of DOPC molecules increases without (a Min, b Max) and with (¢ Min, d Max)
point charges. Convergence of the interaction energy and the EDA components with respect
to the number of (equispaced) geometries considered in the analysis (e Min, f Max).



The probability distributions of the total interaction energies and of each of the energy
components that stem from the EDA considering the 100 geometries at Min and Max are
displayed in Figure 3a,c. It is shown that the different energy components are not distributed
similarly, but their distributions present different broadness. Furthermore, for both the
situation at Min and at Max the broadness of the distribution is seemingly associated with
the magnitude of the average value, as can be evinced from Figure 3b,d. The total energy
and the different energy components present lower average values at Max with respect to
the geometries at Min and, therefore, the distributions for the Min region are wider. This
is in agreement with the fact that the region of the membrane corresponding to Min is a
highly polar and polarizable region, and the interactions between cisplatin and the lipids are
stronger than those in the non-polar region (corresponding to Max).

The energy contributions to the interaction energy can be classified into electrostatic and
non-electrostatic (usually termed van der Waals), the latter of which corresponding to the
sum of dispersion, induction and Pauli repulsion in the present case. In regard with this
classification, we observe that at the minimum of the free-energy profile the overall non-
electrostatic interactions amount to 18.1 kcal/mol, thus resulting to be repulsive, while the
electrostatic contribution is -67.1 kcal/mol (Figure 3b). Therefore, the electrostatic interac-
tion is the main component of the interaction energy; this result is in agreement with the
EDA performed considering a classical force field,3? although it should be emphasized that in
the latter case the non-electrostatic component resulted to be attractive, unlike the quantum
mechanical analysis performed in this work. Interestingly, when analyzing the averages of
the electrostatic and the non-electrostatic components at the center of the membrane (Fig-
ure 3d), the electrostatic contribution is still predominant with -35.7 kcal/mol, whereas the
non-electrostatic component (albeit being attractive, unlike the minimum) amounts to only
-0.8 kcal/mol. These results are in contrast with those previously obtained with a classical
force field, for which the non-electrostatic interactions represented the most relevant part of

the total interaction energy in the Max region.3°
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All of this can be rationalized by examining the different energy components in terms of
attractive (the sum of the electrostatic, dispersion and induction contributions, Figure 3b,d)
and repulsive (Pauli) interactions. Specifically, when the relative contributions to the overall
attractive energy are analyzed, it can be seen that the electrostatic contribution diminishes
from 56.6% to 52.7% from the Min to the Max regions, the dispersion component increases
from 26.3% to 29.8%, whereas the induction energy barely increases from 17.0% to 17.4%.
These percentages place the electrostatic component as the main attractive contribution
in both regions of the membrane, and the fact that the van der Waals component (i.e.,
dispersion + induction + Pauli) varies when going from Min to Max is mainly associated
with the decrease in the Pauli repulsive component. These results also suggest that the
Pauli repulsion energy is underestimated by the classical force field since the classical non-
electrostatic energy resulted to be negative for both the Min and the Max situations.?® These
discrepancies between the classical force field and the present QM /MM analysis indicate that
a point-charged force field, although capable of reproducing the experimental free-energy
barrier to travel across the bilayer, is not adequate to describe the nature of the interactions

that govern the permeation of cisplatin through the lipid membrane.
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Figure 3: Energy distributions of the contributions to the total interaction energy stemming
from the EDA on 100 geometries on a) the minimum (Min) and ¢) the maximum (Max) of
the free-energy profile. Averages and standard deviations of the distributions obtained at
Min b) and Max d). The percentages are relative to the overall attractive component to the
interaction energy. Electrostatic and van der Waals energies (sum of Pauli, induction and
dispersion components) are also shown.

12



It is interesting to analyze which atoms and chemical groups of cisplatin and the DOCP
membrane are more relevant for each interaction type. Specifically, we studied the corre-
lation between the value of each energy component and the interatomic distances between
cisplatin and the bilayer. It is assumed that these energy terms follow the classical mechani-
cal dependency with the inverse of the interatomic distance (1/r"). Thus, we have computed
the linear correlation coefficient of the electrostatic, induction, dispersion and Pauli energies
with respect to 1/r, 1/r* 1/r® and 1/r'?, respectively. In order to assess the influence of
the different functional groups of the DOPC molecule we have divided it into four different
moieties, namely choline, phosphate, glycerol and oleyl. Figure 4 shows the absolute values
of the three most prominent correlation coefficients corresponding to the distance between
each cisplatin atom type and each atom of the DOPC moieties. The values of the correla-
tion coefficients for all the interatomic distances are listed in the Supporting Information.
Noticeably, in the region of the minimum the electrostatic and the induction components
present relatively strong correlations (between 0.5 and 0.65) that are spread across the dif-
ferent pairwise interactions between cisplatin and the choline group, indicating a similar
participation of these interactions to the overall electrostatic and inductive components. On
the other hand, the Pauli component presents a strongly localized correlation (whose coeffi-
cient amounts to 0.71) upon the Pt - choline pair, in particular in regard with the distance
between the Pt atom and the nitrogen of the choline group (Table S4). The dispersion
component of the interaction energy does not show a strong correlation with any pairwise
distance, but instead the correlation coefficients are uniformly distributed throughout the
four moieties of DOPC, indicating that the dispersion interaction is not dominated by any
particular pairwise interaction between cisplatin and DOPC. The situation is different when
linear correlations are analyzed at the center of the membrane (Max region), where cisplatin
is close the oleyl non-polar tails of the DOPC molecule. It can be concluded from Figure 4
(bottom) that neither of the attractive components of the interaction energy present strong

correlations with a specific pairwise distance, unlike in the case of the Min region, where

13



the cisplatin molecule was surrounded by the polar heads (choline, phosphate and glycol
moieties) of the DOPC molecules. This indicates that these energy components are not
strongly influenced by any particular pairwise interaction when cisplatin is at the center of
the bilayer. The only exception is represented by the Pauli repulsive component, for which
relatively strong correlation coefficients (between 0.50 and 0.65) are found when considering
its dependence on the pairwise distances between the cisplatin atoms and the oleyl atoms of
the DOPC molecules, a result in agreement with the short-range character of these repulsive

interactions.
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Figure 4: Absolute values of the linear correlation coefficients of the electrostatic, induction,
dispersion and Pauli energies with 1/r, 1/r%, 1/r% and 1/r'2, respectively, where all the
distances between each cisplatin moiety (Pt, Cl, N, H) and each atom in DOPC are consid-
ered, for the Min (top) and the Max (bottom) regions. For each moiety of DOPC (choline,
phosphate, glycerol and oleyl) only the three most prominent correlation coefficients are
shown.
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In conclusion, we have implemented an extension of an EDA scheme based on deforma-
tion densities?3% to include a multiscale hybrid electrostatic-embedding QM /MM approach.
We have applied this methodology to the study of the interaction energy of cisplatin with a
DOPC lipid bilayer, whose permeation pathway was previously simulated by umbrella sam-
pling molecular dynamics.3? We have evidenced the importance of considering a sufficiently
large QM region (6 DOPC molecules plus the cisplatin drug) as well as the need of includ-
ing the surrounding environment within an electrostatic-embedding QM /MM approach to
properly compute the interaction energy components. Conformational sampling needs to
be accounted for since wide distributions of energies are obtained even when considering
sampled geometries from the same region (Min and Max regions). It has been observed that
the interaction energy diminishes when moving from the polar to the non-polar region of the
bilayer, a fact that is explained by the larger decrease of all the attractive energy components
in comparison with the decrease in the Pauli repulsion. Contrary to the classical result,?"
the electrostatic component is predominant in both regions of the membrane, and the Pauli
repulsive component plays a major role in determining the overall non-electrostatic com-
ponent, suggesting that the repulsive component is underestimated by classical force fields.
Finally, we have observed that when cisplatin is closer to the polar heads, the electrostatic
and induction components display strong correlations with the distance between cisplatin
and the choline moiety of DOPC, whereas the dispersion energy does not show a strong de-
pendence on a particular distance. At the center of the membrane, when cisplatin is closest
to the oleyl moieties, neither of the attractive components display correlations with particu-
lar groups. On the other hand, the Pauli repulsive component shows strong correlations with
specific groups in both regions, in agreement with its short range dependence on the inter-
atomic distance. The methodology presented here can be applied to further drug/biomolecule
complexes where an accurate characterization of the interactions that govern the system is
desired. Moreover, comparison with results based on molecular mechanics force fields will

allow the assessment of classical methodologies to describe drug/biomolecule interactions.
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