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10.0, 10.5, 11.0, 11.5 and 12.0 Å. . . . . . . . . . . . . . . . . . . . . . . . . 251

B.2 Z-dependent diffusion coefficient of cisplatin. . . . . . . . . . . . . . . . . . 252

10



List of Tables

4.1 SMO analysis on the overall set of sampled geometries for all five canonical

nucleobases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

A.1 Atomic orbital contributions to the molecular orbital 28 of the large reference

active space of thymine. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

A.2 Excitation energies and configuration weights for the excited states of

thymine with the large active space . . . . . . . . . . . . . . . . . . . . . . . 246

A.3 Excitation energies and configuration weights for the excited states of

thymine with the small active space . . . . . . . . . . . . . . . . . . . . . . 247

A.4 Difference between the weights of the dominant configuration of the S1 state

for the corrected and uncorrected active spaces for two geometries of uracil. 249

B.1 Force field parameters for cisplatin . . . . . . . . . . . . . . . . . . . . . . . 253

C.1 Absorption spectrum and configuration weights for the excited states of

rubiadin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

C.2 Absorption spectrum and configuration weights for the excited states of

soranjidiol. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

11



12



13



List of Abbreviations

AIMD Ab Initio Molecular Dynamics.

AO Atomic Orbital.

CASPT2 Complete Active Space Second-order Perturbation Theory.

CASSCF Complete Active Space Self Consistent Field.

CI Configuration Interaction.

DFT Density Functional Theory.

DOPC 1,2-Dioleoyl-sn-Glycero-3-Phosphocholine.

EDA Energy Decomposition Analysis.

HF Hartree-Fock.

MCSCF Multiconfigurational Self Consistent Field.

MD Molecular Dynamics.

MO Molecular Orbital.

MP2 Møller-Plesset Second-order Perturbation Theory.

PDT Photodynamic Therapy.

PS Photosensitizer.

14



QM/MM Quantum Mechanics/Molecular Mechanics.

TD-DFT Time-Dependent Density Functional Theory.

15



16



Acknowledgements

Todos sabemos que las posiciones más importantes (es decir, las primeras que las personas

buscan al leer los agradecimientos) son la primera y la última. Aśı, pues, no puedo no
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gracias a todos los miembros del Departamento de Qúımica de la UAM, por la buena
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Abstract

This thesis presents a systematic theoretical study on some anticancer molecules to gain

unprecedented insights on some of the key steps in their mechanism of action. The anti-

carcinogenic molecules under study consist of cis-diaminedichloroplatinum(II) (cisplatin),

anthraquinone and some of its derivatives, which present different mechanisms of action.

Specifically, although both molecules permeate the cell membrane of a cancer cell prior to

triggering their anticancer activity, the main difference resides in the fact that cisplatin

is active at the electronic ground state, whereas the anthraquinone molecules need to be

photoexcited by irradiating them with a suitable wavelength of electromagnetic radiation

to trigger their anticancer activity. The mechanism of action also depends on the target

tissue of the drug, which could involve the cellular lipid membrane or the DNA present in

some organelles such as the cell nucleus or the mitochondria. Cisplatin is perhaps the most

representative – as well as the most widely used – compound of a family of Pt(II) and Pt(IV)

chemotherapeutic drugs, which present a common mechanism of action consisting of the

permeation of the drug inside the carcinogenic cell followed by binding to a DNA strand, in

a process that ultimately leads to the cell death. As such, cisplatin is used as scaffold that

can be tailored by modifying its functional groups to tune its cytotoxic activity, selectivity,

specificity, and other chemical and biological properties. Likewise, anthraquinone can be

considered as the “progenitor” of a family of anticancer chromophores which bears its

name, that are active following photoexitation towards a certain electronic excited state.

The mechanism of action of anthraquinones differs from that of the platinum drugs, in

that they react with the neighbouring tissues (usually the lipid membrane or DNA) by

means of either electron transfer or energy transfer reactions that generate reactive radical

species, ultimately disrupting the structure of these tissues and inducing cell death. As
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such, anthraquinone also represents a scaffold prone to chemical modification to obtain

more efficient drugs. Thus, it is the fact of cisplatin and anthraquinone of being the

“progenitors” of the corresponding families, that poses the need for studying to a great

detail the key features of the mechanisms of action of these drugs, so that future tailoring

of anticancer derivatives can be performed in an efficient manner.

For this reason, the present thesis focuses on modeling at an atomistic scale the

permeation of these drugs into a lipid membrane, as well as the interactions of the

drugs with a model of a double strand of DNA. These studies involve state-of-the art

computational techniques that include classical molecular dynamics (MD) to study the

conformational motion of the systems of inderest and quantum mechanics to describe at a

high level of accuracy the electronic structure of the drugs under study, which ultimately

is the main feature that determines the chemistry of these drugs, and therefore their

cytotoxic activity. In this work, a large amount of effort is dedicated to obtaining an

accurate description of the interactions between the above mentioned tissues and the

drugs, in particular the influence the complex biological environment that surrounds the

drug has upon the electronic structure of the latter. Therefore, sophisticated quantum

mechanics/molecular mechanics (QM/MM) techniques are employed to accurately compute

physical observables, such as interaction energies and electronic absorption spectra, which

give an account on the nature of the interactions established between the drug and the

target tissue. In this thesis, the approach adopted is to interface the generation of an

ensemble of geometries via classical MD to account for conformational motion, with the

calculation of a given observable on top of each sampled geometry by means of QM/MM

so that the observable of interest is obtained as an ensemble average. Although nowadays

there are a manifold of software available to either perform the classical MD simulations or

the QM/MM calculations, the resources at hand to readily interface both methodologies in

the manner described above are limited, and in most cases lack of the generality (in the

observables to be computed, the systems to be treated, the difficulty in their application,

etc.) required by the present thesis. Therefore, part of this thesis has been dedicated to

the development of a set of computational tools that interfaces the MD and the QM/MM

methodologies in a straightforward manner, and with the degree of generality required by

the systems under study. The present thesis consists of 8 Chapters, plus the conclusions and
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perspectives, which are organized as follows: Chapter 1 provides a general introduction on

the mechanism of action of cisplatin and anthraquinone derivatives, and the state-of-the-art

of the computational techniques employed in the study of analogous anticancer drugs.

Chapter 2 gives an overview of the theoretical methods used in the present thesis, spanning

from the equations of motion in classical MD to the electronic structure theory to describe

ground and excited states of molecular systems at different levels of approximation. The

main results of this thesis are presented from Chapter 3 to Chapter 8. In particular,

Chapters 3 and 4 introduce the computational tools developed to facilitate and automatize

the procedure to perform QM/MM computations. A particular emphasis is done in the

application of wavefunction methods, such as the Complete Active Space Self Consistent

Field (CASSCF), on ensembles of geometries, for which an algorithm has been proposed

to preserve the active space along the ensemble of geometries. Chapter 5 focuses on

the study of the permeation mechanism of cisplatin through a lipid membrane model, in

which classical MD simulations using a force field were performed in conjunction with

an enhanced sampling technique called umbrella sampling, to compute the energetics

of the permeation process. The interaction energies (and their decomposition in energy

components) between cisplatin and the lipid membrane were also computed using a force

field. Chapter 6 represents a follow-up of the work in Chapter 5, where the interaction

energy and the energy decomposition were computed using a QM/MM version of an energy

decomposition analysis based on electron densities. Chapter 7 presents a conformational

study of the anthraquinone molecule when intercalated in a double strand of DNA, in which

two predominant orientations of the anthraquinone molecule relative to the surrounding

nucleobases were identified. The conformational analysis was followed by the computation

of the excited states of the anthraquinone molecule on different orientations, whereby the

excited states were characterized in terms of their charge transfer and delocalization nature.

Chapter 8 provides some results of a work currently in progress, in which the permeation

mechanism of some derivatives of the anthraquinone molecule into a lipid membrane model,

and the excited states of these molecules in the presence of the lipid environment, have

been studied. Finally, Chapter 9 provides some general conclusions and perspectives of the

present thesis work.
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Resumen

En esta tesis se presenta un un estudio teórico sistemático de algunas moléculas anti-

canceŕıgenas para obtener información relevante sobre los pasos clave de su mecanismo

de acción. Las moléculas anticanceŕıgenas estudiadas son el cis-diaminodicloroplatino(II)

(cisplatino), la antraquinona y algunos de sus derivados, las cuales presentan diferentes

mecanismos de acción. En particular, si bien ambas moléculas permean la membrana

liṕıdica de una célula canceŕıgena antes de desencadenar su actividad, la diferencia principal

reside en que el cisplatino es activo en el estado electrónico fundamental, mientras que las

antraquinonas debe ser fotoexcitadas mediante radiación electromagnética a una longitud

de onda propicia para desencadenar su actividad anticanceŕıgena. El mecanismo de acción

también depende del tejido diana del fármaco, lo que podŕıa involucrar a la membrana

liṕıdica de la célula o el ADN presente en algunos organelos tales como el núcleo celular o

las mitocondrias. El cisplatino es probablemente el compuesto más representativo – aśı

como el más ampliamente empleado – de una familia de medicamentos de Pt(II) y Pt(IV)

empleados en quimioterapia, los cuales presentan un mecanismo de acción común; éste

consiste en la premeación del medicamento al interior de la célula canceŕıgena seguida de

su asociación con una hélice de ADN, en un proceso que conlleva a la muerte celular. Como

tal, el cisplatino es utilizado como andamio que puede ser confeccionado modificando sus

grupos funcionales para modular su actividad citotóxica, selectividad, especificidad, y otras

propiedades qúımicas y biológicas. Análogamente, la antraquinona puede ser considerada

como “progenitora” de una familia de cromóforos anticanceŕıgenos que comparte su nombre,

los cuales son activos tras haber sido fotoexcitados a un espećıfico estado electrónico exci-

tado. El mecanismo de acción de las antraquinonas difiere de aquel del cisplatino, en cuanto

a que las primeras reaccionan con los tejidos adyacentes (usualmente la membrana liṕıdica
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o el ADN) mediante reacciones de transferencia electrónica o transferencia de enerǵıa que

generan especies de radicales libres activos, alterando la estructura de dichos tejidos y,

como consecuencia, induciendo la muerte celular. Como tal, la antraquinona también

representa un andamio que puede ser modificado qúımicamente para obtener medicamentos

más eficientes. Por tanto, el hecho de que tanto el cisplatino como la antraquinona sean

los progenitores de sus correspondientes familias conduce a la necesidad de estudiar con

detalle las caracteŕısticas clave de los mecanismos de acción de dichos fármacos, de manera

que moléculas anticanceŕıgenas derivadas de ellas puedan ser diseñados de forma eficiente.

Por este motivo, la presente tesis se concentra en la modelización a una escala atómica

de la permeación de dichos fármacos al interior de una membrana liṕıdica, aśı como sus

interacciones con un modelo de doble hélice de ADN. Estos estudios involucran técnicas

computacionales de vanguardia que incluyen dinámica molecular clásica (MD) para estudiar

el movimiento conformacional de los sistemas estudiados, y mecánica cuántica para describir

la estructura electrónica de los fármacos estudiados a un elevado nivel de exactitud; ésta

es, a fin de cuentas, la caracteŕıstica principal que determina la qúımica de dichos fármacos

y, por consiguiente, su actividad citotóxica. En este trabajo, una gran cantidad de esfuerzo

es dedicada a la obtención de una descripción exacta de las interacciones entre los tejidos

diana mencionados anteriormente y los fármacos, en particular la influencia del ambiente

biológico complejo que rodea al fármaco sobre su estructura electrónica. A tal efecto,

técnicas sofisticadas de mecánica cuántica/mecánica molecular (QM/MM) son empleadas

para calcular de forma exacta observables f́ısicos tales como enerǵıas de interacción y

espectros de absorción electrónicos, las cuales proveen información acerca de la naturaleza

de las interacciones que se establecen entre el medicamento y el tejido diana. En esta

tesis, la estrategia adoptada consiste en interrelacionar la generación de un conjunto de

geometŕıas a través de MD clásica para considerar el movimiento conformacional de las

moléculas, con el cálculo de un observable f́ısico sobre cada una de las geometŕıas del

conjunto mediante QM/MM de manera que el observable de interés sea obtenido como

una media estad́ıstica. Si bien hoy en d́ıa hay una variedad de programas disponibles

para llevar a cabo las simulaciones MD o los cálculos QM/MM, los recursos a disposición

para interrelacionar ambas metodoloǵıas con la estrategia mencionada anteriormente son

limitados, y en la mayor parte de casos no son suficientemente generales (en los observables
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que deben ser calculados, en los sistemas tratados, en la dificultad de su aplicación, etc.)

con respecto de lo requerido por la presente tesis. Por este motivo, una parte de esta

tesis ha sido dedicada al desarrollo de un conjunto de herramientas computacionales que

conectan las metodoloǵıas MD y QM/MM de manera fácil y suficientemente general con

respecto de los sistemas estudiados. La presente tesis consiste en 8 Caṕıtulos, más las

conclusiones y las perspectivas, que están organizados de la forma siguiente: el Caṕıtulo

1 proporciona una introducción general sobre el mecanismo de acción de los derivados

del cisplatino y de la antraquinona, y de las técnicas computacionales a la vanguardia

empleadas en el estudio de fármacos anticanceŕıgenos análogos. El Caṕıtulo 2 da una

visión general de los métodos teóricos usados en la presente tesis, abarcando desde las

ecuaciones del movimiento de la MD hasta la teoŕıa de la estructura electrónica molecular

para describir el estado fundamental y los estados electrónicos excitados de los sistemas

moleculares a diferentes niveles de aproximación. Los resultados principales son presentados

desde el Caṕıtulo 3 hasta el 8. En concreto, los Caṕıtulos 3 y 4 introducen las herramientas

computacionales desarrolladas para facilitar y automatizar el procedimiento para llevar

a cabo cálculos QM/MM en un conjunto de geometŕıas. Se hace particular énfasis en la

aplicación de métodos de función de onda, tales como el complete active space self consistent

field (campo auto-consistente con espacio activo completo, CASSCF), en conjuntos de

geometŕıas, para los cuales un algoritmo ha sido propuesto para preservar el espacio

activo a lo largo del conjunto de geometŕıas. El Caṕıtulo 5 se concentra en el estudio

del mecanismo de difusión del cisplatino a través de una membrana liṕıdica, en el cual

simulaciones de dinámica molecular clásica han sido llevadas a cabo utilizando campos de

fuerza, junto con una técnica de muestreo eficiente, llamada umbrella sampling, para calcular

las enerǵıas involucradas en el proceso de permeado. Las enerǵıas de interacción (aśı como

su descomposición en componentes energéticas) entre el cisplatino y la membrana liṕıdica

también han sido calculadas utilizando un campo de fuerzas. El Caṕıtulo 6 representa

una continuación del Caṕıtulo 5, en donde las enerǵıas de interacción y la correspondiente

descomposición han sido calculadas mediante una versión QM/MM de un análisis de la

descomposición de la enerǵıa basado en densidades electrónicas. El Caṕıtulo 7 presenta un

estudio conformacional de la molécula de antraquinona cuando ésta se encuentra intercalada

en una doble hélice de ADN, en el cual dos orientaciones de la antraquinona relativamente a
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las bases nitrogenadas alrededor de esta, han sido identificadas. El análisis conformacional

ha sido seguido por el cálculo de los estados excitados de la molécula de antraquinona, en

donde se ha evidenciado que el carácter de transferencia de carga (entre el medicamento y

una base nitrogenada) de los estados excitados depende de la orientación relativa entre la el

fármaco y las bases nitrogenadas. El Caṕıtulo 8 presenta algunos resultados de un trabajo

aún en curso, en el cual se ha estudiado el mecanismo de difusión de algunos derivados

de la molécula de antraquinona al interior de un modelo de membrana liṕıdica, aśı como

los estados electronicos excitados de dichas moléculas en presencia del ambiente liṕıdico.

Finalmente, el Caṕıtulo 9 proporciona algunas conclusiones generales y perspectivas del

presente trabajo de tesis.
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Chapter 1

Introduction

1.1 Overview of the Research in Anticancer Agents

The research for more efficient anticarcinogenic agents still represents a topic of intense

research since, despite the progress that has been made in the last decades, cancer still

represents one of the most significant causes of death worldwide.1,2 Some of the treatment

methodologies consist of targeting the carcinogenic cells and inducing the cell death by

means of apoptosis. Although two main mechanisms of cell killing have been devised,

namely apoptosis and necrosis,3,4 the former is preferred as in this case cell death occurs

in an ordered manner and without involving adjacent tissues that are non-carcinogenic,

unlike in the case of necrosis. The development of anticancer drugs that lead to apoptosis

needs to account for several factors, such as the biocompatibility, and the mechanism of

transport towards the affected tissue, the mechanism of action, among others. One way of

classifying the compounds that have shown interesting anticancer activity, is by identifying

them as active in the electronic ground state or in a specific excited state. In this regard,

two families have shown promising anticancer activity: platinum-based compounds5–7 and

organic photosensitizers (PSs),8–10 respectively. The goal of the present thesis work is to

explore some fundamental steps of the mechanism of action and the relationship between

the structure and the chemical properties of some of the most representative compounds of

these two families of anticancer drugs, namely cisplatin and anthraquinone, respectively.

For this reason, in what follows some of the main features of these compounds will be
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introduced.

The family of platinum-based compounds is represented by Pt(II) complexes, which are

active at the ground state. These compounds in general display a square planar geometry,

and present two firmly bound cis amino groups (which could either be chelating groups or

different ligands), and two labile ligands with good leaving groups. Among these complexes,

perhaps the most widely used is cis-diamminedichloroplatinum (II) (cisplatin), which was

approved by the Food and Drug Administration in 1978,11 and has been since then used

for treating several types of cancer, such as testicular, cervical, head, neck, lung and breast

cancer, among others.12 Other examples of extensively used Pt(II) complexes include

oxaliplatin and carboplatin.8,9 The general mode of action of cisplatin-like complexes to

induce apoptosis consists of four steps: i) cell uptake, ii) hydrolysis/activation, iii) DNA

binding an iv) DNA processing, thus leading to cell death.13 Despite it is still object of

debate, it is widely agreed that the mechanism of cisplatin uptake can occur either via

a passive transport mechanism, in which the drug diffuses across the lipid bilayer of the

carcinogenic cell, or via active transport, whereby a transmembrane protein plays a key

role in the diffusion of cisplatin through the lipid membrane (Figure 1.1a).14 An example

of these protein facilitators is represented by the CTR1 copper transport protein.15 After

the cisplatin molecule has permeated the lipid membrane, it undergoes a hydrolysis of

one (or both) of the two Pt-Cl labile bonds and forms a mono-aqua or a di-aqua Pt(II)

derivative. It is at this point that the Pt aqua derivative enters the cell nucleus and

eventually reacts by means of nucleophilic substitution with the imidazole N atoms of the

DNA purine moieties, especially of the guanine residues.11,16 The formation of a Pt-DNA

adduct induces structural distortions of the DNA double helix which are recognized by some

intracellular proteins (Figure 1.1b, right). These proteins trigger cellular processes that

ultimately give rise to apoptosis or programmed cell-death.17 There are several drawbacks

stemming from using Pt(II) complexes for anticancer therapy which are mainly associated

with their toxicity, low kinetic inertness and the method used for their administration

(mainly intravenous infusion).9,10 For these reasons, there has been interest in developing

Pt(IV) complexes as precursors (or prodrugs) of the above mentioned Pt(II) drugs.18 Their

chemistry is significantly different from that of their Pt(II) counterparts, in particular

because their saturated coordination sphere is kinetically more inert, and thus they are less

27



prone to ligand substitutions than the Pt(II) complexes.19 This makes them more resistant

towards undesired biochemical side-reactions that can occur prior to the formation of the

Pt-DNA adduct, and therefore, are suitable for oral administration.20 As a result, there

have been efforts in tailoring Pt(IV) complexes that can be activated once in the presence

of the target tumor cell, by triggering in a controlled manner their reduction to the active

Pt(II) complexes.

Figure 1.1: a) Schematic representation of the two possible permeation mechanisms of
anticancer molecules inside a cell, that are mentioned in the main text: active transport
(mediated by transmembrane proteins) and passive transport (through the lipid bilayer).
b) Left: Molecular structure of the cisplatin molecule. Right: Representation of the DNA
helix distortion induced by the binding of cisplatin. Notice the distortion of the helix
induced by the drug. c) Molecular structure of the anthraquinone molecule, which is active
following photoexcitation towards an electronic excited state.

The treatment of cancer by using PSs, which trigger apoptosis following photoexcitation

towards electronic excited states, falls in the field of photodynamic therapy (PDT). One of

the main reasons for which PDT is nowadays widely diffused in the treatment of different

types of cancer,8–10 is the fact of being a non invasive technique in which the activation of

the PS occurs locally. This implies that the cell death is triggered exclusively within the

region comprising the carcinogenic tissue.21 Although the mechanism of apoptosis depends
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on the nature of the tissue where the PS accumulates, and on the PS itself,22,23 there

is consensus in regard with the mechanism of action of the PS following the irradiation

with a suitable wavelength to promote its photoexcitation. Specifically, the excited PS

undergoes nonradiative decay followed by intersystem crossing towards the triplet state

manifold. It is at this point that the PS induces oxidative stress on the molecules present

in the surrounding environment (e.g., phospholipids or DNA), either by means of electron

transfer to these molecules to produce reactive radical species (type I mechanism) or via

energy transfer towards nearby oxygen molecules to produce singlet oxygen, which can

react with the biomolecules surrounding the PS (type II mechanism). It has been observed

that several tumors develop hypoxia,24 which induces conditions of low flux of oxygen.

As a result, there is great interest in studying PSs that induce apoptosis through the

type I mechanism. This has been the case for photosensitizers such as transition metal

complexes,25,26 nanoparticles,27,28 and organic-based compounds.29,30

As stated above, the mechanism of cell death depends to a great extent on the tissue

the PS accumulates on. In particular, it has been evidenced that it can accumulate

on cell components such as the plasma membrane, lysosomes, the Golgi apparatus, the

endoplasmic reticulum or the mitochondria.23 Of particular interest are the latter, since

following photoexcitation of the PS and subsequent rupture of the mitochondrial membrane

or mutations in the mitochondrial DNA, they release pro-apoptotic components to the

cytosol such as cytochrome-c and the pro-apoptosis inducing factor.31–33 Some examples

of families of PSs studied for PDT comprise phenotiazinium dyes, cyanines, porphirins,

phenantridinium dyes, acridines, and anthraquinones, among others.34 Among these,

anthraquinone derivatives (Figure 1.1c), which are one of the families of anticarcinogenic

molecules studied in the present thesis, have displayed promising activity in vitro on

human carcinogenic tissues, especially on breast cancer cells.35 The interactions established

between some of these PSs and the lipid bilayer, as well as their interactions with DNA have

been a relevant object of study, as they provide information regarding the mechanism of

apoptosis induced by the PS under study. For example, the mechanism of oxidative stress

of DNA induced by the photoexcited PS depends on the binding mode of the latter,36–38 so

that the PSs can be tailored by modifying their substituents39 in order to induce oxidative

stress on DNA in a specific manner.
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The previous paragraphs highlight the importance of tailoring anticancer drugs in order

to enhance their cytotoxic activity or to favor a specific mechanism of action depending on

the target tissue. To this aim, it is however of utmost importance to deeply understand the

properties of the precursor drugs, as well as the nature of the interactions that establish

between these precursors and the target tissue, so as to being able to propose structural

modifications for these drugs in the most efficient manner, by exploiting the cytotoxic

properties inherent to these precursors.For this reason, the objective of the present thesis

is to gain unprecedented insights on the mechanism of action of cisplatin, anthraquinone

and some derivatives of the latter, in the presence of different biological targets, by means

of state-of-the-art computational modeling techniques. To this end, a secondary objective

is to develop a set of computational tools that facilitate and automatize the application of

such modeling techniques. As will be evidenced in the following sections, computational

modeling has been thoroughly used in the study of anticancer drugs, since it provides

information at an atomistic level of the structure and the mechanism of action of these

drugs40 that can improve the interpretation of the experimental results,41 or even validate

the usage of experimental model systems.40,42
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1.2 Computational Techniques Applied on Related Anti-

cancer Systems

The previous section has evidenced in a summarized manner the main features of some

representatives of two families of anticancer drugs. It has been highlighted the interest

for tailoring the drug to enhance its anticarcinogenic activity while reducing potential

undesired effects stemming from their mode of action. On equal footing is the interest for

understanding the underlying principles of the mechanism of action of these representatives.

Computational methodologies have been extensively used to gain insights on the modes of

action of anticarcinogenic drugs in the presence of a complex biological environment.40,43

The methodologies that are employed to describe such systems mainly consist of MD

simulations44 in conjunction with enhanced sampling techniques such as US,45 as well as

multiscale hybrid QM/MM techniques.46,47 The main goal of classical MD is to explore

the configurational space of the system under study. This exploration is required when

studying complex biological systems consisting of several thousands of atoms, like those

which are the object of study in the present thesis, since the potential energy landscape of

these systems could present several minima that can contribute to the properties under

study.48 For example, the permeation mechanism of cisplatin through a lipid membrane

has been studied to some extent in the past at the classical MD level of theory.49,50 In

particular, the authors have evidenced that the composition of the lipid membrane and

its curvature play a major role in determining the thermodynamics of the permeation

itself. As previously discussed, the mechanism of action of the PSs that induces damage in

the DNA structure depends on the binding mode of the PS. In this regard, classical MD

has also been employed to study the binding modes and the relative binding energies of

some of the PSs mentioned in the previous section with DNA. For example, the energetics

of the noncovalent binding process of anthraquinone derivatives with DNA, such as the

intercalation binding mode, have been performed in several MD studies.51–54

Multiscale hybrid QM/MM methodologies have also been employed in conjunction with

classical MD to explore the electronic structure properties of anticancer molecules in the

presence of complex biological media modeling the target tissues. QM/MM methodologies

allow for the subdivision of the system under study into different subsystems, each described
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at a different level of theory. The simplest case consists of two subsystems (or regions),

whereby the region of chemical interest is described at a QM high level of theory, whereas

the environment that surrounds the QM region is described at a lower level of theory, usually

employing a classical potential.46,47 The QM/MM methodology can be devised depending

on the manner in which the interaction between the QM and the MM subsystems is

described. One of the most widely used QM/MM approaches is the electrostatic embedding

QM/MM, where the MM subsystem atoms are described as fixed point charges, which

polarize the QM subsystem by entering the QM potential as an electrostatic perturbation.

This framework has been extensively applied in the study of several complex biological

systems, to determine both electronic ground55–59 and excited state30,60–70 properties.

Within the context of anticancer drugs interacting with target cellular tissue, one example

is represented by the work of Nogueira et. al., in which the authors have combined

QM/MM MD with X-ray absorption spectroscopy to elucidate the mechanism of hydrolysis

and binding with DNA of a cisplatin-alike Pt(II) complex,41 and have evidenced that

selective binding of Pt compounds to adenine or to guanine could be attained by tuning the

electron donating/accepting character of the hydrolyzed compounds. The photophysics of

several organic PS has also been explored by using QM/MM and MD methodologies. For

example, the excited states of methylene blue have been computed in the presence of a DNA

strand,71,72 and in the presence of a lipid membrane,73 in both cases evidencing the impact

of the biological environment on the character of these states. Huix-Rottland et. al. have

investigated the fast intersystem crossing that the acetophenone photosensitizer undergoes

in the presence of a DNA strand following UV irradiation.74 Gattuso and co-workers have

studied the binding modes of nile blue and nile red with a DNA strand, and have simulated

the absorption and emission spectra of these chromophores for each of the binding modes.75

Other examples include chelerythrine,54 palmatine76 and porphyrines.77

1.3 Objectives of the Thesis

The present thesis aims at gaining insights on the mechanism of action of two anticarcino-

genic drugs in the presence of different biological targets. Specifically, the cisplatin molecule,

which is active at the ground electronic state, and the anthraquinone molecule, which
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is cytotoxic following photoexcitation to an electronic excited state, will be investigated

when interacting with a lipid bilayer and with DNA, respectively. Two derivatives of

the anthraquinone molecule will also be studied in the presence of a lipid bilayer. The

methodologies adopted to investigate these drugs consist of classical MD to account for the

conformational motion of the complex biological systems under study, and electrostatic

embedding QM/MM to compute electronic ground and excited state properties of the

drug at a high level of theory while accounting for the polarization due to the environment

surrounding the drug. In particular, the studies on the cisplatin molecule mainly focus on

the simulation of the permeation mechanism of the drug into a dioleyl phosphatidylcholine

model of a lipid membrane bilayer by means of classical MD in conjunction with the

umbrella sampling technique, and the subsequent computation of the interaction energy

between the drug and the lipid membrane within a novel QM/MM framework. In regard

with the anthraquinone molecule, the intercalation binding mode has been studied in a

dG-dC (guanine-cytosine) double strand model of DNA, and subsequent QM/MM calcula-

tions have been performed to analyze the effect of the DNA environment on the character

of the excited states of the anthraquinone molecule. The permeation mechanism of some

natural derivatives of the anthraquinone molecule that have shown promising anticancer

activity78 has also been studied, and the excited states of these molecules in the presence

of the lipid membrane are currently work in progress.

The practical problem posed by the computation of physical properties within a

QM/MM framework on an ensemble of configurations of the systems of interest is also

addressed in the present thesis work. This has derived in the development of a software

(MoBioTools)79,80 that allows for the generation of QM/MM inputs for an ensemble of

geometries in an automatic manner, irrespective of the physical property under study. In

this context, for systems whereby the QM region is described using a wavefunction method

such as the CASSCF,81–83 an algorithm to automatically correct the CAS active space on

an ensemble of geometries has also been developed.84

In summary, the thesis is organized as follows:

1. Chapter 2 presents an overview of the theoretical methodologies applied in the present

thesis.
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2. Chapter 3 introduces the MoBioTools software: a program developed to set up in

an automated manner QM/MM input files from an ensemble of geometries. This

software has been used to some extend throughout the entire thesis.79,80

3. Chapter 4 treats an algorithm developed to correct in an automatic manner the

CASSCF active space of an ensemble of geometries to compute electronic excited

state properties of complex biological systems.84

4. In Chapter 5 the permeation mechanism of the cisplatin molecule is studied by means

of classical MD and US simulations.85

5. Chapter 6 is a follow-up of Chapter 5, whereby the interaction energies between

the cisplatin molecule and the lipid membrane are computed at a QM/MM level

of theory, and a QM energy decomposition approach of the interaction energy is

extended to the QM/MM framework.86

6. In Chapter 7, the intercalation binding mode of the anthraquinone molecule in a

dG-dC DNA model is studied via classical MD simulations, and the excited states of a

QM region including the photosensitizer and a guanine molecule are characterized.87

7. Chapter 8 shows the permeation mechanism of two derivatives of the anthraquinone

molecule into a lipid membrane, and the subsequent study of the electronic excited

states of these systems in the presence of the lipid bilayer.

8. Finally, some general conclusions and perspectives are presented in Chapter 9.
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Chapter 2

Theoretical Methods

2.1 Electronic Structure Theory: Ab Initio Methods

2.1.1 The Born-Oppenheimer Approximation

One of the main problems in quantum chemistry consists of finding approximate solutions

to the time-independent Schrödinger equation,

HΨ = EΨ (2.1)

where Ψ is the wavefunction of the system under study, E is the energy and H is the

non-relativistic time-independent Hamiltonian operator (in atomic units),

H(r,R) = −
M∑

A=1

1

2
∇2

A +
M∑

A=1

M∑
B>A

ZAZB

|RA −RB|
+

−
N∑
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1
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i +
M∑

A=1

N∑
i=1
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|RA − ri|
+

N∑
i=1

N∑
j>i

1

|ri − rj |

(2.2)

where RA and RB represent nuclear coordinates, ri and rj represent electron coordinates,

ZA (ZB) is the nuclear charge of the atom centered at RA (RB), M is the number of

nuclei and N is the number of electrons. In Equation 2.2, the first term represents the

nuclear kinetic energy, the second term the nucleus-nucleus coulombic repulsion, the third

term the kinetic energy of the electrons, the fourth one represents the nuclear-electron

attraction and the last term corresponds to the electron-electron coulombic repulsion. At
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the beginning of the paragraph it was stated that the main goal is to find approximate

solutions for Equation 2.1; the main reason is because no analytic solutions are known

even for a system containing three particles, let alone a complex molecular system. In

this regard, it represents a formidable task to seek for solutions for a system consisting

of 3M nuclear coordinates and 3N electron coordinates, so that it is desirable to apply

approximations that have a physical meaning to tackle the problem of solving Equation

2.1. One example consists of evidencing the fact that, since the nuclei are heavier than the

electrons, it is expected that the former move slower than the latter. Thus, the motion of

the electrons can be considered to occur in the presence of a potential generated by fixed

nuclei, so that in practice the positions of the nuclei are considered to be constant. This is

the core of the so-called Born-Oppenheimer (BO) approximation,88 and its implications can

be evidenced in Equation 2.2: if the positions of the nuclei are considered to be constant,

then the first sum in the equation can be neglected, and the second sum represents an

additive constant. With this approximation, the total molecular wavefunction Ψ(r,R) can

be separated into an electronic wavefunction Φ(r;R), which depends parametrically on the

nuclear positions, and a nuclear wavefunction Ω(R):

Ψ(r,R) = Φ(r;R)Ω(R) (2.3)

Besides, the last three terms in equation 2.2, which are those displaying a dependence

on the electron coordinates, can be gathered into a single operator, which is called the

electronic Hamiltonian operator (Hel)

Hel(r;R) = −
N∑
i=1

1

2
∇2

i +
M∑

A=1

N∑
i=1

ZA

|RA − ri|
+

N∑
i=1

N∑
j>i

1

|ri − rj |
(2.4)

Having considered the nuclear positions fixed, the electronic part of the total wavefuncion

is determined by solving the electronic Schrödinger equation:

Hel(r;R)Φ(r;R) = Eel(R)Φ(r;R) (2.5)

Where Eel(R) is the electronic energy that depends on the nuclear coordinates. It

should be emphasized that in order to determine the potential energy, the nuclear-nuclear
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repulsion term, which in the context of the BO approximation is a constant term, needs to

be accounted for. Thus, the potential energy is obtained by adding to the Eel(R) energy

this nuclear contribution:

Uel(r;R) = Eel(R) +
M∑

A=1

M∑
B>A

ZAZB

|RA −RB|
(2.6)

If the electronic Schrödinger equation is solved for different nuclear positions R, one

obtains the potential energy surface (PES) of the electronic state of interest. It should

be emphasized that within the BO approximation, it is assumed that the nuclei move on

the PES of a specific electronic state. Once the electronic Schrödinger equation has been

solved and the potential energy Uel has been determined, it is possible to determine the

nuclear part of the molecular wavefunction, Ω(R), by solving the corresponding nuclear

Schrödinger equation, whose Hamiltonian consists of the nuclear kinetic energy (first term

in Equation 2.2) plus the total electronic energy:

[
−

M∑
A=1

1

2
∇A + Uel(R)

]
Ω(R) = EΩ(R) (2.7)

This equation accounts for the vibrational, rotational and translational motion of the

nuclei. At this point, the total molecular wavefunction within the BO approximation is

given by Equation 2.3, and the total energy is given by E(R). It should be emphasized that

the BO approximation results to be a formidable approach for several systems of chemical

interest, whereby different electronic states are far from one another from an energetic

viewpoint. This is the case of the present thesis, in which physical observables such as

the interaction energy, electronic energy, absorption spectra and others were computed

within this framework. However, there are situations in which the motion of the nuclei

and the electrons need to be accounted for simultaneously, for example, in situations of

non-radiative decay of a molecule from an electronically excited state to one at a lower

energy. These situations formally occur whenever the electronic wavefunction strongly

varies as the nuclear positions vary, so that a parametric dependence of the electronic

wavefunction on the nuclear coordinates (as in Equation 2.5) is no longer viable. In these

situations, the time-dependent molecular Schrödinger equation needs to be solved:
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iℏ
∂

∂t
Ψ(r,R, t) = H(r,R)Ψ(r,R, t) (2.8)

where Ψ(r,R, t) is the time-dependent molecular wavefunction. A description of the

methods to solve Equation 2.8 is beyond the scope of the thesis, and several accounts in

that regard can be found elsewhere.89–95 In what follows, different approximate numerical

techniques (within the framework of the BO approximation) to solve the time-independent

Schrödinger equation will be discussed.

2.1.2 The Hartree-Fock Approximation

Solving the electronic time-independent Schrödinger equation (Equation 2.5) for a molecular

system implies considering a system consisting of N interacting electrons. One of the most

important features of a wavefunction describing a system of N electrons is that it must

obey the antisymmetric property with respect to a permutation of two electrons or, what

amounts to the same thing, an exchange in the coordinates of two electrons:

Φ(x1, x2, ..., xi, ..., xj , ..., xn) = −Φ(x1, x2, ..., xj , ..., xi, ..., xn) (2.9)

where xi and xj represent the coordinates of two electrons which have been exchanged;

xi not only consists of the cartesian coordinates of the ith electron, but also its intrinsic

spin. Since the only ”molecular” systems for which analytic solutions of the corresponding

Schrödinger equations consist of hydrogen-like atoms, and the wavefunctions that describe

the electronic states are (clearly) one-electron wavefuntions, an approach to obtain a

wavefunction for a molecular system consists of using a superposition one-electron wave-

functions (each of which formally describing an electron in the molecule) which obeys

the antisymmetry principle. One of the simplest molecular wavefunctions proposed is the

Slater determinant,

Φ0 =
1√
N

∣∣∣∣∣∣∣∣∣∣∣∣

ϕ1(x1) ϕ2(x1) ... ϕN (x1)

ϕ1(x2) ϕ2(x2) ... ϕN (x2)

... .... ... ...

ϕ1(xN ) ϕ2(xN ) ... ϕN (xN )

∣∣∣∣∣∣∣∣∣∣∣∣
(2.10)
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where each ϕi(xj) is a one-electron wavefunction called a spin orbital. The Hartree-Fock

(HF) method consists of introducing the N -electron Slater determinant into the electronic

Schrödinger equation (Equation 2.5), after which the variation theorem88 is applied to

determine the spin-orbitals that minimize the Rayleigh ratio:

E =

∫
Φ∗
0HΦ0dx1dx2...dxN∫
Φ∗
0Φ0dx1dx2...dxN

(2.11)

The application of this procedure provides a set of one-electron Schrödinger-type

equations, whose solutions provide the set of spin orbitals that minimize E in Equation

2.11:

f1(x1)ϕi(x1) = ϵiϕi(x1) (2.12)

where f1(x1) is the Fock operator:

f1(x1) = h1(x1) +
∑
i

(Ji(x1) −Ki(x1)) (2.13)

in which h1(x1) is the core hamiltonian

h1(x1) = −1

2
∇2

1 +
N∑

A=1

ZA

|RA − r1|
(2.14)

Ji(x) represents the classical Coulomb repulsion between electrons

Ji(x1)ϕa(x1) =

∫
ϕi(x2)

∗ϕi(x2)

|r1 − r2|
dx2ϕa(x1) (2.15)

and Ki(x) represents the exchange interactions between electrons, that arise due to the

antisymmetric character of the wavefunction,

Ki(x1)ϕa(x1) =

∫
ϕi(x2)

∗ϕa(x2)

|r1 − r2|
dx′ϕi(x1) (2.16)

The set of equations 2.12 provide the spin orbitals that minimize the energy. Thus,

according according to the variation principle, these spin orbitals give the least upper

bound of the (non-relativistic) exact electronic energy. These equations represent a set of
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nonlinear equations, since the solutions are the spin orbitals, but at the same time the Fock

operator depends on these spin orbitals. As a result, these equations need to be solved in

an iterative manner, starting from a trial set of spin orbitals until a certain convergence

criterion is attained. This iterative procedure is known as the self-consistent field (SCF).

It should be emphasized that alhough, in principle, the Fock equations could have infinite

solutions, in practice it is possible to solve them for M spin orbitals, of which N will

correspond to spin orbitals occupied by an electron. A very common strategy adopted to

solve these equations consists of expressing each spin orbital as a linear combination of

known basis functions χj , usually called atomic orbitals (LCAO)

ϕi(x1) =

k∑
j=1

Cijχj(x1) (2.17)

so that in practice the problem of determining the optimal set of spin orbitals becomes

the problem of determining the optimal coefficients Cij in Equation 2.17. This method

was devised by Roothaan in 1951,96 and transforms the analytic problem of solving for

a set of functions ϕi(x) into an algebraic problem: if the spin orbitals in Equation 2.12

are expanded using Equation 2.17, and then one multiplies to the left by a given χj and

integrates over x (including the spin coordinates), one obtains the Rootaan-Hall matrix

equations:

FC = SCϵ (2.18)

where C is the matrix of the atomic orbital coefficients, ϵ is a diagonal matrix containing

the eigenvalues of the spin orbitals, and

Fij =

∫
χi(r1)

∗f1(r1)χj(r1)dr1

Sij =

∫
χi(r1)

∗χj(r1)dr1

(2.19)

where the spin coordinates have been integrated out, so that the matrix elements

are represented solely in terms of the spatial coordinate r1. The main approximation on

the HF method stems from the assumption of the form of the wavefunction (as a Slater

determinant, Equation 2.10), which in turn derives in the assumption that each electron
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interacts with an average potential generated by the other N − 1 electrons (Equations

2.15 and 2.16). This introduces an error in the energy with respect to what would be the

exact energy obtained by solving accurately Equation 2.5 - this error is referred to as the

correlation energy. This terminology however does not imply that HF lacks of electron

correlation; indeed, the Slater determinant obeys the antisymmetry principle, which in

turn accounts for a type of correlation between electrons of the same spin, whereby no

two electrons having the same spin can occupy the same position in space – the Fermi

hole. However, no correlation is accounted for between electrons having opposite spin –

the Coulomb hole. Another problem could arise whenever an electronic configuration is

close in energy to the ground state configuration, so that the description of the system

with a single Slater determinant would no longer be accurate. The correlation energy is

defined as the difference between the exact non-relativistic electronic energy of a molecular

system (Eexact) and the HF energy:

Ecorr = Eexact − EHF (2.20)

Several methodologies have been devised to recover the correlation energy using the

HF wave function as a starting point. In most cases, these could be either variational

(configuration interaction) or perturbative (perturbation theory). These two cases will be

explored in what follows.

2.1.3 Møller-Plesset Perturbation Theory

In this section, perturbation theory is applied to the ground state HF energy and wavefunc-

tion to obtain an estimate for the correlation energy.88 In this approach, the unperturbed

Hamiltonian, H0, is taken as the sum of the Fock operators (fi in Equation 2.13) over a

set of N occupied spin orbitals:

H0 =
N∑
j=1

fj

=

N∑
j=1

[
−1

2
∇j +

M∑
A=1

ZA

|rj −RA|
+

N∑
i=1

[Ji(xj) −Ki(xj)]

] (2.21)

The HF wavefunction, Φ0, is an eigenfunction of the unperturbed Hamiltonian, with
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eigenvalue
∑N

i=1 ϵi. On the other hand, the perturbed Hamiltonian is given by Hel in

Equation 2.4. Thus, the perturbation is given by the difference Hel −H0, that is

H ′ =Hel −H0

=
N∑
j=1

N∑
i>j

1

|ri − rj |
−

N∑
j=1

N∑
i=1

[Ji(xj) −Ki(xj)]

=
N∑
j=1

N∑
i>j

1

|ri − rj |
−

N∑
j=1

vHF (xj)

(2.22)

where vHF (xj) =
∑N

i=1[Ji(xj)−Ki(xj)]. In the case of the HF wavefunction (the Slater

determinant Φ0), the first order correction to the energy – considering the unperturbed

Hamiltonian H0- is given by:

E
(1)
0 = ⟨Φ0|H ′ |Φ0⟩

= ⟨Φ0|
N∑
j

N∑
i>j

1

|ri − rj |
|Φ0⟩ − ⟨Φ0|

N∑
j=1

vHF (xj) |Φ0⟩

=

N∑
j

⟨Φ0|
N∑
i>j

r−1
12 |Φ0⟩ − ⟨Φ0|

N∑
j=1

vHF (xj) |Φ0⟩

=
1

2

N∑
j=1

⟨ϕj | vHF (xj) |ϕj⟩ −
N∑
j=1

⟨ϕj | vHF (xj) |ϕj⟩

= − 1

2

N∑
j=1

⟨ϕj | vHF (xj) |ϕj⟩

(2.23)

where the Slater-Condon rules have been used to compute the first term on the r.h.s. of

Equation 2.23, and r−1
12 = 1

|ri−rj | Thus, the perturbed energy (to the first order) is given by

E0 =E
(0)
0 + E

(1)
0

=
N∑
j=1

ϵj −
1

2

N∑
j=1

⟨ϕj | vHF (xj) |ϕj⟩
(2.24)

which is precisely the HF energy. Thus, a second-order correction to the energy is

required to improve the HF energy. The second-order correction (using again the HF

wavefunction) is given by
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E
(2)
0 =

∑
J ̸=0

∣∣∣〈Φ
(0)
J |H ′|Φ0

〉∣∣∣2
E

(0)
0 − E

(0)
J

(2.25)

in which Φ
(0)
J are all possible Slater determinants that can be constructed from the

unperturbed wavefunction Φ0. The Slater-Condon rules can be used to compute the

integrals at the numerator in Equation 2.25. In particular, integrals involving singly

excited, as well as levels of excitation above 3 vanish. Thus, Equation 2.25 becomes:

E
(2)
0 =

∑
a

∑
b>a

∑
r

∑
s>r

| ⟨ϕaϕb| r−1
12 |ϕrϕs⟩ − ⟨ϕaϕb| r−1

12 |ϕsϕr⟩ |2

ϵa + ϵb − ϵr − ϵs
(2.26)

where the sum runs over all occupied a and b, and all virtual r and s spin orbitals.

Thus, the total energy corrected up to the second order is given by

E0 = E
(0)
0 + E

(1)
0 + E

(2)
0 (2.27)

2.1.4 Configuration Interaction

The correlation part of the energy missing on the HF method can also be recovered to

some extent using variational methods. An example of such methods is the configuration

interaction method (CI),88 in which the wavefunction is expressed as a linear combination

of Slater determinants (configurations):

Ψ0 = Φ0 +
1

1!

∑
ar

Cr
a +

1

2!

∑
abrs

Crs
ab +

1

3!

rst∑
abc

Crst
abc + ... (2.28)

where, for a given set of N electrons and 2K spin orbitals, Φ0 is the ground state

HF wavefunction, Φr
a(a = 1, ..N ; r = (N + 1), .., 2K) are all possible singly excited Slater

determinants that can be formed from any occupied spin orbital a to any virtual spin

orbital r; Φrs
ab are all possible doubly excited Slater determinants, and so on. The factors 1

n!

are included so that each determinant be counted only once. It should be emphasized that

in principle, for a complete basis set (2K → ∞), the sum in Equation 2.28 is infinite. This

implies that when the expression for Ψ0 in Equation 2.28 is used as a trial wavefunction to

minimize the Rayleigh ratio (Equation 2.11; variation method), the energy obtained is, in
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principle, the exact non-relativistic energy of the ground state for the system under study,

within the BO approximation. If one represents the CI expansion (as in Equation 2.28) for

any given electronic state S, as follows:

ΨS =
∑
J=0

CJSΦJ (2.29)

where J = 0 corresponds to the HF wavefunction, and J > 0 represents all determinants

having at most J excitations, then the problem of variationally determining the coefficients

CJS becomes that of solving the set of equations:

∑
J=0

HIJCJS = ES

∑
J=0

SIJCJS I = 0, 1, ... (2.30)

where

HIJ =

∫
Φ∗
IHΦJdx1...dxN

SIJ =

∫
Φ∗
IΦJdx1...dxN

(2.31)

In practice, however, only a finite basis set can be used, so that the sums in Equations

2.28 (for the ground state) of 2.29 are finite, and the number of determinants present

depends on the number of basis functions used (which in turn determines the number of

spin orbitals under consideration). If all possible excited determinants are considered in

the CI expansion, for a set of N electrons and 2K spin orbitals, the obtained wavefunction

is referred to as the full CI wavefunction. The lowest eigenvalue obtained by solving

Equations 2.29 within the full CI framework is an upper bound for the ground state energy

of the system, and represents a benchmark for a given finite basis set, as it is the best

possible approximation to the exact ground state energy for that basis set. However, the

number of determinants scales dramatically fast with the size of the set -the scaling factor

is
(
N
K

)
-of spin orbitals, so that the full CI calculations are practicable only for small

systems and basis sets. Therefore, the expansion in Equation 2.29 is usually truncated

to consider determinants having at most a certain number L of excitations. One such

example of truncated CI consists of an expansion considering only singly and doubly excited

configurations, which is referred to as CISD. A shortcome of the truncated CI approach

however, is the lack of size consistency. A method is said to be size consistent whenever the
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computation of the energy of two infinitely separated molecular systems A and B, E(AB),

is the same as the sum of the energies of the two systems computed separately, that is

E(AB)RAB→∞ = E(A) + E(B) (2.32)

For example, CISD is not size consistent, since the computation of the energy for

each of the molecules involves at most doubly excited configurations for each of the

monomers; when CISD is applied to the supermolecule AB, the situation in which both

monomers are simultaneously doubly excited is not accounted for, as this would imply to

consider a quadruple excitation in the supermolecule AB. One example of a method that

overcomes the size consistency problem when employing a truncated CI expansion is the

multiconfigurational self-consistent field method, which will be further explored in the next

section.

2.1.5 Multiconfigurational Self-Consistent Field Methods

In the multiconfigurational self-consistent field (MCSCF)82 method, the wavefunction is

represented as a linear combination of Slater determinants, or alternatively of configuration

state functions (CSFs), which are spin-adapted linear combinations of determinants. Thus,

the MCSCF ground state wavefunction is a CI-like expansion of determinants:

Ψ0 =
∑
J

C0
JΦJ (2.33)

for the ground state, and

ΨK =
∑
J

CK
J ΦJ (2.34)

for any given excited state K. The main difference between the CI and the MCSCF

approaches lies on the fact that in the MCSCF case not only the CI coefficients (C0
J in

Equation 2.33), but also the spin orbital coefficients (the Cij coefficients of the LCAO

in Equation 2.17), are variationally optimized during the minimization of the energy.

This implies that the reduction in the number of determinants considered to describe the

wavefunction does not occur by setting an upper bound to the number of excitations to

consider, as in the case of the truncated CI approach, but instead by limiting the number
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of spin orbitals involved in the electronic excitations. This approach has the advantage of

reducing considerably the number of configurations at hand, while making the method size

consistent. For simplicity, in what follows, both the MCSCF ground state wavefunction and

the determinants (or CSFs) in Equation 2.33 will be represented as ket vectors: Ψ0 = |0⟩

and ΦJ = |J⟩. Thus, Equation 2.33 becomes:

|0⟩ =
∑
J

C0
J |J⟩ (2.35)

In order to minimize the energy, both the CI coefficients and the spin orbital coefficients

need to be varied. These variations are described by rotations of the MCSCF wavefunction.

The orbital rotations are described by the unitary operatior exp(T ) on the wavefunction

|0⟩, where T is an anti-Hermitian operator:

T =
∑
p>q

tpq(Epq − Eqp) (2.36)

where Epq is the spin-averaged excitation operator, defined in terms of the creation

and anihilation operators a†pσ and apσ, respectively:

Epq =
∑
pq

a†pσaqσ (2.37)

The operator T can be shown to be anti-Hermitian by using the algebra rules of creation

and anihilation operators, a topic widely covered in the literature.82,88 On the other hand,

in order to describe the variations in the CI coefficients of Equation 2.35, the orthogonal

complement of |0⟩ (i.e., the subspace spanned by all the states orthogonal to the ground

state |0⟩) is introduced:

|K⟩ =
∑
J

C
(K)
J ΦJ K ̸= 0 (2.38)

Notice that each state |K⟩ is also spanned by the basis of determinants ΦJ . In this way,

the rotation describing the variations in the CI coefficients of Equation 2.35 is given by

another exponential unitary operator, exp(S), in which S is given by the anti-Hermitian

operator
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S =
∑
K ̸=0

sK0(|K⟩ ⟨0| − |0⟩ ⟨K|) (2.39)

where the sum runs over all multiconfigurational states but the ground state. Thus,

a rotation in the CI and the orbital coefficients is given by the composition of the two

exponential operators described above:

∣∣0′〉 = exp(T )exp(S) |0⟩ (2.40)

Thus, the energy of the MCSCF expansion is given by the following expression:

E(s, t) = ⟨0| exp(−S)exp(−T )Hexp(T )exp(S) |0⟩ (2.41)

which is a function of the parameters tpq and sK0 which determine the orbital and

state rotations, respectively. By using a power series expansion for each of the exponential

operators in Equation 2.41, in conjunction with the definitions of the operators S and T

(Equations 2.36 and 2.39), it can be shown that the following conditions of stationarity

hold:

⟨0|H |K⟩ = 0 K ̸= 0 (2.42)

⟨0|H(Epq − Eqp) |0⟩ = 0 (2.43)

A widely used MCSCF method is the complete active space self-consistent field

(CASSCF),81,83 in which the orbital space is subdivided into three different subspaces:

inactive, active ans secondary orbitals. Within this framework, a full CI is performed

considering exclusively determinants deriving from excitations of orbitals within the active

orbital space, whereas the inactive orbitals are kept doubly occupied and the secondary

orbitals are kept unoccupied. It can be shown that, for rotations within the inactive and

the secondary subspaces, an application of the spin-averaged excitation operator (Equation

2.37) upon the CASSCF wavefunction provides precisely the occupation number if p = q

and zero otherwise. On the other hand, any excitation within the active orbital subspace

provides a linear combination of all the state vectors |K⟩, since the CSF space is complete
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in the active orbital subspace.

Etu =
∑
K

⟨K|Etu |0⟩ t, u = active (2.44)

Furthermore, if the orbitals are real, then

Eut =
∑
K

⟨K|Etu |0⟩ t, u = active (2.45)

so that, if one computes ⟨0|H(Etu−Eut) |0⟩, the second condition of stationarity (Equation

2.42) is satisfied. This implies that the energy is invariant under rotations within the same

orbital subspace, so that in practice only rotations occurring between different orbital

subspaces are considered during the optimization process. An advantage from this feature

is represented by the fact that no redundant parameters are obtained from the application

of two different rotations: redundancies can arise when, for example, two different rotations

(either from applying Equation 2.39 or 2.36, or different combinations of both) give rise

to the same state |0′⟩. This does not happen if the CSF basis is complete within the

active orbital space. For this reason, CASSCF is perhaps the most widely used MCSCF

method in the literature. The feature that requires the most attention when applying it on

molecular systems is the choice of the active orbital subspace, which in general requires

chemical intuition, depending on the system under study, although some strategies have

been recently devised to allow for an automatic selection of the active space.97,98

2.1.6 Complete Active Space Perturbation Theory

A caveat of the MCSCF method in general, and the CASSCF method in particular, resides

on the fact that only a limited amount of configurations (out of the entire set of excited

configurations present on the full CI expansion) is considered in the determinant expansions

in Equations 2.33 and 2.35. This implies that there is a remaining part of the correlation

energy that is not recovered with the MCSCF wavefunction. The unrecovered correlation

energy is associated with the regions in the many-electron coordinate space whereby the

distance between two electrons is small.99 Several approaches have been devised to overcome

this caveat, for example using truncated CI expansions of a MCSCF wavefunction, extended

basis sets100 or applying perturbation theory on top of a reference MCSCF wavefunction.

In the present thesis, the CASSCF method has been used in conjunction with perturbation

theory, since it has provided an accurate description for ground and excited state properties
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of molecular systems similar to the anticancer molecules treated here.54,71,74,75 This

approach is widely known as the complete active space second order perturbation theory

(CASPT2).99 Within the framework of CASPT2, the Hamiltonian is partitioned into a

zeroth-order part H0 and the perturbation H ′ (cf. Equation 2.22):

H = H0 +H ′ (2.46)

Likewise, the Hilbert space is partitioned into a reference space P , and a secondary

space Q,

P +Q = 1 (2.47)

whereby the reference space P is spanned by the (single) CASSCF reference state |α⟩,

P = |α⟩ ⟨α| (2.48)

which is an eigenfunction of the zeroth-order Hamiltonian,

H0 |α⟩ = E0
α |α⟩ (2.49)

Let Ωα be the operator that generates the exact wavefunction upon acting on the

reference state |α⟩. It can be expanded as an order-by-order expansion series,

Ωα = 1 + Ω1
α + Ω2

α + ... (2.50)

In particular, the first order term, Ω1
α corresponds to the operator that generates the

first order correction of the wavefunction when acting on |α⟩. The corresponding first order

equation is

(E0
α −H0)Ω1

α |α⟩ = QH |α⟩ (2.51)

The first and the second order corrections of the energy (E
(1)
α and E

(2)
α , respectively)

are given by
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E(1)
α = ⟨α|H ′ |α⟩

E(2)
α = ⟨α|H ′Ω1

α |α⟩
(2.52)

The zeroth-order Hamiltonian for the reference CASSCF state |α⟩ is given by

H0
α = |α⟩ ⟨α|Fα |α⟩ ⟨α| +QKFαQK +QsdFαQsd +Qtq...FαQtq... (2.53)

where Fα is a one-electron operator, QK is a projector into the orthogonal complement

of |α⟩ within the CASSCF space of wavefunctions (cf. Equations 2.38 and 2.39),

QK =
∑
κ̸=α

|κ⟩ ⟨κ| (2.54)

Qsd is a projector into the space of functions |pqrs;α⟩ generated by applying single

and double excitations to |α⟩,

Qsd =
∑
pqrs

|pqrs;α⟩ ⟨α; pqrs| (2.55)

where the basis functions of this subspace, |pqrs;α⟩ are given by,

|pqrs;α⟩ = EpqErs |α⟩ (2.56)

Qtq... is a projector into the space spanned by higher order excitations on |α⟩. The choice

of the operator Fα is somewhat arbitrary, however it is required that it be such that the

zeroth-order Hamiltonian is equivalent to the Møller-Plesset Hamiltonian in the limit of a

single determinant reference state (Equation 2.21). An example of one such operator is

given by

Fpqσ = apσ[H, a†qσ] + a†pσ[H, aqσ] (2.57)

It can be shown101 that the first order equation 2.51 can be written in terms of solely

Qsd as follows:

(E0
α − Fα)Ω1

α |α⟩ = QsdH |α⟩ (2.58)

where |α⟩ is projected solely into Qsd, and Fα is the one-electron operator in Equa-

tion 2.53. This equation is solved iteratively for Ω1
α by using states obtained from the

orthogonalization of |pqrs;α⟩, which span the space Qsd.

There are some situations where a strong mixing between the reference |α⟩ state
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and other CASSCF states. For such situations, CASPT2 has been extended to a multi-

dimensional perturbative approach where the reference space is spanned by different

state-averaged CASSCF (SA-CASSCF) wavefunctions. This approach is referred to as

multi-state CASPT2 (MS-CASPT2).101 In MS-CASPT2, the reference space is spanned

by d SA-CASSCF wavefunctions (cf. Equation 2.48),

P =

d∑
α=1

|α⟩ ⟨α| (2.59)

where the SA-CASSCF states |α⟩ are eigenfunctions of the zeroth-order Hamiltonian

H0
α. Again, Q spans the rest of the Hilbert space. The approach is similar to the state-

specific CASPT2 (SS-CASPT2), however the reference states span a subspace of dimension

d. These reference states are eigenfunctions of the zeroth-order Hamiltonians,

H0
α |α⟩ = E(0)

α |α⟩ (2.60)

Let Ψp be the exact state of interest, and consider its projection into the P space Ψ0
p,

given by,

PΨp = Ψ0
p (2.61)

This projecton is clearly spanned by the vectors |α⟩ (α = 1, ..., d). The exact state of

interest Ψp is generated by an operator ΩP analogous to the one defined in Equation 2.50,

however it does not act anymore upon a single CASSCF state |α⟩, but upon the entire

space generated by the SA-CASSCF reference states, as follows,

ΩpΨ
0
p = Ψp (2.62)

The operator ΩP can be expanded in an order-by-order series expansion, analogously

to the case of Ωα for the SS-CASPT2 approach (Equation 2.50). In relation with Equation

2.60, whereby there is a zeroth-order Hamiltonian for each reference state, a partitioning

needs to be performed for each reference state |α⟩,

H = H0
α + Vα (2.63)

51



The zeroth-order Hamiltonian is analogous to the SS-CASPT2 case, but now the first

term accounts for the projection into the d-dimensional space P ,

H0
α =

d∑
β=1

|β⟩ ⟨β|Fα |β⟩ ⟨β| +QKFαQK +QsdFαQsd +Qtq...FαQtq... (2.64)

where Fα, QK , Qsd and Qtq... have the same meaning as in Equation 2.53. It can be

shown that the first-order term Ω1
P can be determined by solving the equations,

(E0
α − Fα)Ω1

P |α⟩ = QsdH |α⟩ (2.65)

which are analogous to Equation 2.58. This analogy indeed allows for expressing ΩP as

a linear combination of all of the Ω1
α, as

Ω1
P =

d∑
α=1

Ω1
α |α⟩ ⟨α| (2.66)

An effective Hamiltonian Heff is defined for the MS-CASPT2 problem as follows,

Heff = PHΩPP (2.67)

Heff acts exclusively on the P subspace. The projections of the exact states into P ,

Ψ0
p, are the eigenfunctions of the effective Hamiltonian,

HeffΨ0
p = EpΨ

0
p (2.68)

where Ep is the exact energy of the state Ψp,

HΨp = EpΨp (2.69)

Considering Ωp up to the second order, the effective Hamiltonian is given by

H2nd
eff = PHP + PHΩ1

PP (2.70)

Since the Ω1
P is a linear combination of the first order state-specific operators Ω1

α, it is

easy to construct the effective Hamiltonian matrix by using Equation 2.70 and the SA-
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CASSCF reference states: the diagonal elements of the matrix are given by the SS-CASPT2

energies,

⟨α|H2nd
eff |α⟩ = E2nd

α

(α = 1, ..., d)
(2.71)

whereas the off-diagonal elements are given by,

⟨β|H2nd
eff |α⟩ = ⟨β|HΩ1

α |α⟩

(α, β = 1, ..., d)
(2.72)

The effective Hamiltonian matrix constructed this way need not be symmetric. Thus,

to obtain the MS-CASPT2 energies and eigenstates, it suffices to symmetrize the matrix,

after which the symmetrized matrix is diagonalized.

2.2 Electronic Structure Theory: Density Functional Theory

An alternative to the ab initio methods, explored in the previous sections to recover the

correlation energy that the HF approach lacks, relies on two theorems first introduced and

proved by Hohenberg and Kohn in 1964,102 whereby it was determined that the wavefunction

and the energy of an N -electron system can in principle be uniquely determined by the

electron density ρ(r) of that system. Formally, these results reduce the complexity of

determining the wavefunction of a system under study – which depends on 4N coordinates

including cartesian and spin coordinates – to the problem of determining its electron density,

which is a function of three spatial coordinates (r =
√
x2 + y2 + z2, in the present thesis

represented as r1). These two theorems are of existence and uniqueness of a functional

relation between the electron density and the energy of the system, although in practice

they provide no hints regarding the form of such a relation. Thus, the real problem of

density functional theory (DFT) is that of determining an approximate expression for

a functional E[ρ] of the electron density (a functional in the mathematical sense of a

function from a space of functions V to the real numbers, E : V → R). Still, the popularity

of the DFT method stems from the fact that several functionals of the electron density

have been proposed with various degrees of success. Besides, the formalism employed to
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determine the electron density that provides the best approximation to the exact energy

given a specific approximate functional, devised by Kohn and Sham,103 consists of solving

a set of one-electron Schrödinger type equations analogous to the HF approach, so that

the computational cost is analogous to the HF method while having the advantage of

accounting for part of the correlation energy that is missing within the HF framework.

2.2.1 The Hohenberg-Kohn Theorems

The first theorem102 states the existence of an electron density ρ(r) which uniquely

determines the exact wavefunction and energy of the system under study. In other words,

“Any observable can be written as a functional of the electron density of the [stationary

non-degenerate] ground state”. Given an N -electron system of interest, characterized by

the wavefunction Ψ(x1, ..., xN ), the corresponding electron density is given by,

ρ(r1) = N

∫
|Ψ(r1, r2, ..., rN )|2dr2...drN (2.73)

where the spin coordinates have been integrated out. In what follows, the electron

density will be expressed as ρ(r) instead of ρ(r1), unless the coordinates of two or more

electrons need to be accounted for simultaneously. This electron density, which is also

positive definite, must be such that its integral over R3 provides the number of electrons

N of the system,

∫
ρ(r1)dr1 = N (2.74)

Thus, the first Hohenberg-Kohn theorem states, in particular, that the electron density

uniquely determines the external potential v(r) that acts upon a system of N electrons.

This implies that, for a molecular system, the electronic energy is a functional of the

electron density,

E[ρ] = T [ρ] + Vee[ρ] + VeN [ρ] (2.75)

where T [ρ] is the kinetic energy, Vee[ρ] is the electron-electron repulsive potential and

VeN [ρ] is, in the simplest case, the nuclear-electron attractive potential. The first two
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terms in Equation 2.75 are usually gathered into the so-called Hohenberg-Kohn functional

FHK [ρ].

If the VeN term is represented in terms of the external potential v(r) (for example, in

the case of the classical electron-nuclei attractive term) as,

VeN =

∫
v(r1)ρ(r1)dr1 (2.76)

then it can be shown that v(r) is precisely the functional derivative of VeN [ρ],

δVeN
δρ

= v(r1) (2.77)

Thus, Equation 2.75 can be rewritten as follows:

E[ρ] = FHK [ρ] +

∫
ρ(r1)v(r1)dr1 (2.78)

The second Hohenberg-Kohn theorem is an immediate consequence of the more general

variation principle, and states that “the electron density of a non-degenerate ground state

can be calculated by determining the density that minimizes the energy of the ground state”.

In other words, for a given trial density ρ(r̃1), the following inequality holds:

E0 ≤ E[ρ(r̃1)] (2.79)

where E0 is the exact energy of the ground electronic state and E[ρ(r̃1)] is computed

using Equation 2.78. Thus, the ground state energy of a molecular system can be determined

by finding the electron density for which E[ρ] is stationary, with the constraint in the

electron density given by Equation 2.74. The stationary condition is given by,

δ

δρ

{
E[ρ] − τ(

∫
ρ(r1)dr1 −N)

}
=0

δFHK [ρ]

δρ(r1)
+ v(r1) =τ

(2.80)

where the Lagrange multiplier τ has been introduced to account for the constraint in

Equation 2.74.

Again, the main problem of the DFT framework is the fact that no analytic expression
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is known for the FHK [ρ] functional of the exact density. However, approximate expressions

can be proposed, so that the problem in practice becomes that of determining the density

that minimizes E[ρ] for a given molecular system. It is important to emphasize that,

strictly speaking, DFT is variational only if the exact functional is known. This implies

that when using approximate functionals, DFT formally no longer respects the variational

principle.

2.2.2 The Kohn-Sham Equations

The problem of determining the electron density ρ which minimizes the energy in Equation

2.78 was tackled by Kohn and Sham103 by considering a system of non-interacting electrons.

This system was used as reference to develop the working equations to determine ρ. For

a system of non-interacting electrons subject to an external potential vr(r), where the

subscript r is used to denote the reference system, the Hamiltonian is given as a sum of

one-electron operators consisting of the kinetic energy plus the external potential,

Hr =
∑
i

hi(r1) (2.81)

with

hi(r1) = −1

2
∇2

i + vr(r1) (2.82)

(cf. Equation 2.14 for the case of the core Hamiltonian in the HF framework). The

exact wavefunction obeying the antisymmetry principle is given by the Slater determinant

Φ0 = |ϕ1(r1)ϕ2(r2)...ϕN (rN )| (2.83)

analogous to that of Equation 2.10 except for the fact that the spin part of the

spin orbitals has been integrated out. Thus, the (orthonormal) set of molecular orbitals

{ϕi}i=1,...,N that provides the wavefunction Φ0 is obtained by solving the one-electron

Schrödinger equations:

[
−1

2
∇2

i + vr(r1)

]
ϕi = ϵiϕi (2.84)
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The electron density and the kinetic energy for the non-interacting system are given by

ρ(r1) =

N∑
i=1

|ϕi(r1)|2 (2.85)

and

Tr[ρ] =
N∑
i=1

[
⟨ϕi| −

1

2
∇2

i |ϕi⟩
]

(2.86)

respectively. The total energy of the non-interacting system is obtained by using

Equation 2.78, excluding the electron-electron repulsive term,

Er[ρ] = Tr[ρ] +

∫
ρ(r)vr(r1)dr1 (2.87)

The electron density of the non-interacting system is precisely the one that minimizes

the energy in Equation 2.87, so that it satisfies Equation 2.80, again excluding the electron-

electron repulsion term,

δ

δρ

{
Er[ρ] − τ(

∫
ρ(r1)dr1 −N)

}
=0

δTr[ρ]

δρ(r1)
+ vr(r1) =τ

(2.88)

Now, let E[ρ] be the energy functional of an interacting system of N electrons. Then,

by considering Equations 2.75 and 2.78 E[ρ] can be written as follows:

E[ρ] = T [ρ] + Vee[ρ] +

∫
v(r1)ρ(r1)dr1 (2.89)

This expression can be rewritten by adding and subtracting the functional Tr[ρ], which

corresponds to the exact kinetic energy of the non-interacting system, and the coulomb

repulsion term J [ρ],

E[ρ] = Tr[ρ] + J [ρ] +

∫
v(r)ρ(r)dr + [T [ρ] − Tr[ρ]] + [Vee[ρ] − J [ρ]] (2.90)

where J [ρ] is given by
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J [ρ] =

∫
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2 (2.91)

and the last two terms in squared brackets,

TC [ρ] =T [ρ] − Tr[ρ]

WXC [ρ] =Vee[ρ] − J [ρ]
(2.92)

are referred to as the correlation kinetic energy and the exchange correlation potential,

respectively. They are embedded in a single term, referred to as the exchange correlation

energy,

EXC [ρ] = TC [ρ] +WXC [ρ] (2.93)

If ρ(r) is sufficiently slowly varying in space, it can be shown that the exchange

correlation energy can be expressed as follows,

EXC [ρ] =

∫
vxc[ρ(r1)]ρ(r1)dr1 (2.94)

where the functional derivative of EXC [ρ]

δEXC [ρ]

δρ
= vxc[ρ(r1)] (2.95)

is termed the exchange correlation potential of the interacting system. Applying the

stationarity condition on the energy of the interacting system (as in Equation 2.80) under

the constraint 2.74, one obtains,

δTr[ρ]

δρ
+ vc(r1) + µxc[ρ(r1)] = τ (2.96)

where

vc(r1) = v(r1) +

∫
ρ(r2)

|r1 − r2|
dr2 (2.97)

and
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µxc[ρ(r1)] =
δvxc[ρ]

δρ
(2.98)

corresponds to the exchange an correlation contribution of the potential. It should be

emphasized that Equation 2.96 is analogous to Equation 2.88, apart from the fact that

the term vc(r) + µxc[ρ(r)] appears instead of the external potential for the non-interacting

system vr(r). This implies that the density that satisfies Equation 2.96 can be obtained by

solving the one-electron Schrödinger equations:

{
−1

2
∇i + [vc(r1) + µxc[ρ(r1)]

}
ϕi(r1) = ϵiϕi(r1) (2.99)

which are referred to as the Kohn-Sham (KS) equations. The electron density is

computed from the molecular orbitals ϕi by using Equation 2.85. This equations are

analogous to the HF equations (cf. Equations 2.12 and 2.13), but now the exchange

correlation potential µxc[ρ] appears instead of the exchange operator K. Thus, the

equations can be solved self-consistently in a similar manner as in the HF approach, usually

employing a set of basis functions (Equation 2.17) to expand the molecular orbitals, so

that the problem again becomes that of determining the optimal expansion coefficients

for these molecular orbitals. Since the exact exchange correlation functional is unknown,

approximate functionals need to be employed .

2.2.3 Exchange Correlation Functionals

As stated above, a caveat for the application of the KS approach lies on the fact that, as no

explicit representation for the exact exchange correlation functional exists, an approximate

expression must be employed. Different functional expressions for EXC [ρ] have been

provided, depending on the properties of interest. In most cases, these functionals are

provided with a set of parameters that are tuned by fitting with experimental data or ab

initio calculations. There are four main approaches that have been adopted to propose

functional expressions for the exchange correlation energy, depending on the form of the

dependence of the potential on the electron density. Perhaps the simplest one is the local

density approximation (LDA), where EXC [ρ] depends exclusively on the electron density of

a uniform gas that has the same density as the system under study. A generalized version
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of this approach is the local spin density approximation (LSDA), in which different electron

densities are given to electron with different spins. In general, LDA and LSDA are suitable

for systems whose electron densities are not expected to undergo significant variations in

space.

The LDA scheme needs to be improved whenever the non-uniformity of the electron

density is to be accounted for. A direct extension consists of considering an explicit

functional dependence of EXC [ρ] on the gradient of the electron density, ∇ρ(r). This

approach is referred to as the generalized gradient approximation (GGA). Natural extensions

to the GGA approach are obtained by considering higher order terms of the Taylor series

expansion of the electron density, for example, the meta-GGA approaches, which consider

the laplacian ∇2ρ(r1) of the electron density. The fourth category of widely employed

functionals is the so-called det of hybrid functionals. These are the result of a further

extension to the GGA (or meta-GGA) hybrid approach, in which a portion of the exact

exchange K from the HF theory is incorporated into the analytic expression of the functional.

Some examples of these functinoals are the B3LYP,104–106 the CAM-B3LYP107 and the

M062X,108 which have been extensively used throughout the present thesis.

2.2.4 Time-Dependent Density Functional Theory

Formalism

The main limitation of the DFT framework explored in the previous sections stems from

the fact that it regards exclusively systems in the electronic ground state. Therefore, it was

subsequently extended to a time-dependent framework in what is known as time-dependent

density functional theory (TD-DFT), which gave rise to the possibility of studying electronic

excited states.109–111 TD-DFT relies on an extension of the first Hohenberg-Kohn theorem

to case in which the external potential – hereby represented as v(r1, t) – is time-dependent,

the Runge-Gross theorem.112 It states that the initial state Ψ0, as well as the initial

density ρ0 are determined at the initial time t0. Besides, the time-dependent density ρ(t)

determines the wavefunction up to a time-dependent phase factor,

Ψ(t) = e−iξ(t)Ψ[ρ,Ψ0](t) (2.100)
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As a consequence, there is a one-to-one correspondence between the time-dependent

density ρ(t) and the external potential v(r1, t). In the time-dependent case, there is a

variational theorem which provides a stationarity (but not a minimum) condition, which

involves the action A,

A =

∫ t1

t0

⟨Ψ(t)| i ∂
∂t

−H(t) |Ψ(t)⟩ dt (2.101)

The (unconstrained) stationarity condition upon A implies that its functional derivative

with respect to the density ρ(r, t) vanishes in the case of the true density of the system.

The action can be split into two separate terms,

A[ρ] = B[ρ] −
∫ t1

t0

∫
v(r, t)drdt (2.102)

where B[ρ] is a universal functional, and v(r, t) is the time-dependent external potential.

As in the time-independent case, it is assumed that there exists an effective (reference)

potential vc(r1, t) for a non-interacting system, whose orbitals ψi(r1, t) give the same

electron density as that of the real (interacting) system,

ρ(r1, t) =
N∑
i=1

|ψi(r1, t)|2 (2.103)

Under this assumption, the universal functional B[ρ] can be split as follows:

B[ρ] =
∑
i

∫ t1

t0

⟨ψi(t)| i
∂

∂t
− 1

2
∇2

i |ψi(t)⟩ dt

− 1

2

∫ t1

t0

∫
ρ(r1, t)ρ(r2, t)

|r1 − r2|
dr1dr2dt−AXC [ρ]

(2.104)

where the (unknown) exchange correlation functional AXC [ρ] has been defined. If the

action is minimized under the constraint 2.103, one obtains a set of one-electron Schrödinger

equations analogous to the KS equations in the time-independent case,

{
−1

2
∇2

i + vc(r1, t)

}
ψi(r1, t) = i

∂ψi(r1, t)

∂t
(2.105)

where
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vc = v(r1, t) +

∫
ρ(r2, t)

|r1 − r2|
dr2 + vxc(ρ, t) (2.106)

and vxc(ρ, t) is the functional derivative of the exchange correlation action functional

AXC ,

vxc(ρ, t) =
δAXC

δρ(r1, t)
(2.107)

An approximation is made in the case of an external potential which varies slowly with

time: it is the adiabatic local density approximation (ALDA), in which the functional

AXC [ρ] is expressed in terms of EXC , the exchange correlation functional of the time-

independent KS theory,

AXC =

∫ t1

t0

EXC [ρt]dt (2.108)

where ρt indicates the electron density evaluated at time t. This approximation provides

the following expression for vxc(ρ, t),

vxc[ρ](r1, t) =
∂AXC [ρ]

∂ρ(r1, t)
≈ ∂EXC [ρt]

∂ρ(r1, t)
= vxc[ρt](r1) (2.109)

where the term to the right corresponds to the exchange correlation of the time-

independent KS theory, and thus does not display an explicit dependence on t. It should

be emphasized that within the ALDA, the exchange correlation potential depends on time

only in the sense that it depends on the electron density computed at a specific time t, but

does not depend on the density at previous times. Thus, it is assumed that the potential

changes instantaneously following a change in the electron density.

Linear Response TD-DFT

The working equations in TD-DFT are determined using a perturbative approach. The

starting point are the time-dependent KS equations (Equation 2.105), although it is

convenient to rewrite the external potential v(r1, t) as follows:

v(r1, t) → vN (r1) + v(r1, t) (2.110)
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where vN (r1) is the electron-nuclear attraction potential, and v(r1, t) now represents the

time-dependent external potential for which the response of the system will be computed.

At this point, the KS Hamiltonian in Equation 2.105 becomes

F = −1

2
∇2

i + vN (r1) + v(r1, t) + vJ(r1) + vxc(ρ, t) (2.111)

where

vJ(r1) =

∫
ρ(r2, t)

|r1 − r2|
dr2 (2.112)

The time-dependent molecular orbitals in 2.105 are expanded in the basis of M time-

independent KS orbitals (ϕi in Equation 2.99),

ψr =
M∑
j=1

Crj(t)ϕj(r1) (2.113)

where the time-dependent coefficients Crj(t) are to be determined. If Equations 2.111

and 2.113 are inserted in Equation 2.105, one obtains,

F
∑
j

Crj(t)ϕj(r) = i
∑
j

Ċrj(t)ϕj(r) (2.114)

where Ċrj is the time derivative of the coefficient Crj . If then one multiplies to the left

by ϕi(i = 1, 2, ..M), where M is the total number of time-independent KS orbitals, and

then integrates, the following matrix equation is obtained,

FC = iĊ (2.115)

If the density matrix is defined as

D = CC† (2.116)

and if suitable matrix manipulations are employed on Equation 2.115, the latter can be

rewritten as follows:

63



FD−DF =iḊ

[F,D] =i
∂D

∂t

(2.117)

which corresponds to Liouville’s equation in the KS case.110

A perturbative approach up to the first order is adopter for the operators F (t) (cf.

Equation 2.111) and D(t), associated with the matrices F and D, respectively, in which

one considers the parameter λ ∈ [0, 1]:

D(t) = D(0) + λD(1) (2.118)

F (t) = − 1

2
∇2

i + vN + v
(0)
J + λv

(1)
J + v(0)xc + λv(1)xc + λv(t)

=F (0) + λ(v
(1)
J + v(1)xc ) + λv(t)

=F (0) + λF (1)

(2.119)

where

F (0) = − 1

2
∇2 + vN + v

(0)
J + v(0)xc

F (1) =v
(0)
J + v(1)xc + v(t)

(2.120)

Now, let ρ(r1, r
′
1) be the one-particle density matrix, defined in terms of the N-electron

wavefunction Ψ(x1, x2, ..., xN ),88

ρ(r1, r
′
1) =

∫ ∫
Ψ∗(r1, σ1, x2, ..., xN )Ψ(r′1, σ1, x2, ..., xN )dσ1dx2...dxN (2.121)

where xi = (ri, σi), {i = 1, ..., N} indicate the joint spatial and spin coordinates, and r1

and r′1 indicate two different spatial integration variables. ρ(r1, r
′
1) is a generalization of

the ordinary electron density ρ(r1) (Equation 2.85). The unperturbed density matrix D(0)

trivially corresponds to the identity matrix in the basis of the M time-independent KS

spin orbitals. This implies that the (unperturbed) one particle density matrix ρ(r1, r
′
1)(0) is

just the ordinary electron density obtained from the Slater determinant constructed with

these orbitals,

ρ(r1, r
′
1)

(0) =
M∑

r,s=1

ϕr(r1)
∗D(0)

rs ϕr(r
′
1) =

N∑
j=1

ϕr(r1)
∗ϕj(r

′
1) (2.122)
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for an N -electron system. The main goal is to solve Equation 2.117 for D, which up to

a first order perturbation (in the operators F(t) and D(t)) is given by

[(F(0) + λF(1)), (D(0) + λD(1))] = i
(
Ḋ(0) + λḊ(1)

)
(2.123)

This equation can be solved by imposing some constraints on the density matrix D. In

particular, if the matrix D is required to be idempotent (in the sense that DD = D) to

the first order, then it can be easily shown that

D(0)D(1) + D(1)D(0) = D(1) (2.124)

An expression for D(1) is obtained by considering the matrix D as a 4-block square

matrix having blocks OO, OV, VO and VV, where O=occupied and V=virtual orbitals. In

this representation, the matrices D(0) and D(1) are given by

D(0) =

I 0

0 0

 D(1) =

A B†

B C

 (2.125)

The matrix D(1) is determined by using Equation 2.124,

D(1) =

0 P†

P 0

 (2.126)

so that the linear response (of the one-particle density matrix) to the perturbation

v(r1, t) is given by,

ρ(1)(r1, r
′
1, t) =

∑
µν

ϕµ(r1)Pµνϕ
∗
ν(r′1) +

∑
µν

ϕν(r1)Pνµϕ
∗
µ(r′1) (2.127)

with P Hermitian. On the other hand, by computing the functional variations of v
(1)
J

and v
(1)
xc it can be shown that their matrix elements in the basis of time-independent KS

orbitals are given by

⟨ϕr| v(1)J + v(1)xc |ϕs⟩ =
∑
µν

Pνµ(t) ⟨rµ| g + gxc |sν⟩ +
∑
µν

P ∗
νµ(t) ⟨rν| g + gxc |sµ⟩ (2.128)

where
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g =
1

|r1 − r2|

gxc =
δ2EXC [ρ]

δρ(r1)δρ(r2)

(2.129)

so that the first order perturbation of the KS Hamiltonian is given by

F (1) = ⟨ϕr| v(1)J + v(1)xc |ϕs⟩ + V (2.130)

where V depends on the perturbation v(r1, t). Finally, introducing Equations 2.128

and 2.130 in Equation 2.123, applying the Fourier transform to move to the frequency

domain ω, and considering a negligible perturbation (V → 0), one obtains the working

equations for TD-DFT,

M− Iω Q

Q M + Iω

X
Y

 = 0 (2.131)

with Xµν = Pνµ(ω), Yµν = P ∗
νµ(−ω) = Pµν(ω) as functions of the frequency ω. M and

Q are given by

Mjµ,kν =δjkδµν(ϵµ − ϵν) + ⟨jν| g + gxc |µk⟩

Qjµ,kν = ⟨jk| g + gxc |µν⟩
(2.132)

It can be shown that the eigenvalues of Equation 2.131 correspond to the electronic

excitation energies of a molecular system.

2.3 Electronic Structure Theory: Energy Decomposition

Analysis

Most of the work presented in this thesis is dedicated to the study of the interactions

between some anticancer drugs and the biological environment they are embedded in. For

example, in Chapter 6 the interaction energies between cisplatin and a lipid membrane –

considered as two subsystems, or fragments, of the entire system – have been computed at

a quantum mechanical/molecular mechanical (QM/MM) level of theory (an introduction to

the QM/MM framework is provided in section 2.5), and an interaction energy partitioning
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scheme into physically meaningful terms has been employed to study the most important

energy contributions to the interaction energy between cisplatin and the lipid membrane.

This section aims at introducing the theoretical framework that was applied in Chapter

6 to perform an energy decomposition analysis (EDA) of the interaction energy. There

are several different EDA schemes present in the literature based on either variational or

perturbative approaches.113–116 In the present thesis, a perturbative approach based on

electronic deformation densities (which describe the first order perturbation of the electron

density) devised by Marcos Mandado and collaborators has been employed.117,118 Consider

the case of a quantum mechanical system consisting of two interacting subsystems A and

B. The interaction energy between A and B is defined as the difference between the energy

of the complex AB (i.e., the entire system) minus the energies of the subsystems A and

B, computed at the exact geometries as they appear in the geometry of the complex, and

using the basis functions of the complex. The latter is done in order to correct for the

basis set superposition error,119,120

Eint = EAB − (EAB
A + EAB

B ) (2.133)

where the superscript AB indicates that the basis set of the complex is being used. Let

Ψ(x1, ..., xN ) be the wavefunction describing an N -electron molecular system. Recall that

the one-particle density matrix is given by (cf. Equation 2.121),

ρ1(r1, r
′
1) =

∫ ∫
Ψ∗(r1, σ1, x2, ..., xN )Ψ(r′1, σ1, x2, ..., xN )dσ1dx2...dxN (2.134)

where xi = (ri, σi), {i = 1, ..., N} indicate the joint spatial and spin coordinates, and

r1 and r′1 are two different coordinate variables. ρ1(r1, r
′
1) is useful to represent non-

multiplicative operators in terms of electron densities (e.g., the kinetic energy operator).

The two-particle density is defined as follows,

ρ2(r1, r2) = N(N − 1)

∫ ∫
|Ψ(r1, σ1, r2, σ2, x3, ..., xN )|2dσ1dσ2dx3...dxN (2.135)

ρ2(r1, r2) can be seen as the probability density of finding an electron at r1 and at

the same time another electron at r2. As a result, ρ2(r1, r2) implicitly accounts for the

electron correlation between pairs of electrons. Thus, the total energy of a molecular
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system consistng of N electrons and M nuclei can be expressed in terms of ρ1(r1, r
′
1) and

ρ2(r1, r2), as follows,

E = ⟨Ψ|H |Ψ⟩

=

∫
h(r1)ρ1(r1, r

′
1)|r′1=r1dr1 +

∫ ∫
ρ2(r1, r2)

|r1 − r2|
dr1dr2+

+
M−1∑
I=1

M∑
J>I

ZIZJ

|RI −RJ |

(2.136)

where h(r1) is the usual one-electron Hamiltonian representing the kinetic energy plus

the electrostatic potential of the nuclei νN (cf. Equation 2.14)

h(r1) = −1

2
∇2 + νN (2.137)

in which the spin coordinate σ1 has been integrated out, and the last term in Equation

2.136 is the nucleus-nucleus Coulomb repulsion. The two-particle density can be represented

as a sum of an uncorrelated term (the product of the ordinary electron densities ρ(r1) and

ρ(r2) at r1 and r2, respectively) plus a term bearing the exchange and correlation effects

between pairs of electrons,

ρ(r1, r2) = ρ(r1)ρ(r2) + ρxc(r1, r2) (2.138)

The total energy can now be written as follows,

E = −
∫

1

2
∇2ρ1(r1, r

′
1)|r′1=r1dr1 +

∫
νNρ(r1)dr1 +

1

2

∫ ∫
ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2+

+
1

2

∫ ∫
ρxc(r1, r2)

|r1 − r2|
dr1dr2 +

N−1∑
I=1

N∑
J>I

ZIZJ

|RI −RJ |

(2.139)

The first term on the rhs of Equation 2.139 should be interpreted as follows: the kinetic

energy operator acts upon ρ1(r1, r
′
1), after which the coordinate r′1 is set equal to r1. In

what follows, a perturbative approach is adopted for some of the operators and for the

electron densities in Equation 2.139. Specifically, they will be represented as a sum of

contributions from a hypotetical system consisting of two non-interacting fragments A

and B, plus some perturbative terms that account for the interactions between the two

fragments. In this regard, the nucleus-nucleus repulsion can be written as follows,
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M−1∑
I=1

M∑
J>I

ZIZJ

|RI −RJ |
=

MA−1∑
I=1

MA∑
J>I

ZIZJ

|RI −RJ |
+

M−1∑
I=MA+1

M∑
J>I

ZIZJ

|RI −RJ |
+

+

MA∑
I=1

M∑
J=MA+1

ZIZJ

|RI −RJ |

(2.140)

or more succinctly,

VM,M = VMA,MA
+ VMB ,MB

+ VMA,MB
(2.141)

where MA and MB is the total number of nuclei in fragments A and B, respectively,

VM,M is the total molecular nucleus-nucleus repulsive potential, VMA,MA
(VMB ,MB

) is the

nuclear repulsive potential involving exclusively nuclei of fragment A (B), and VMA,MB
is

the nuclear repulsive potential involving nuclei of both fragments. The nuclear electrostatic

potential operator νN (present in the second term of the rhs of Equation 2.139) can be

split into two terms,

νN = νNA
+ νNB

(2.142)

The electron density and the (two-particle) exchange correlation density are given by,

ρ(r) = ρA(r1) + ρB(r1) + ∆ρPau(r1) + ∆ρpol(r1) (2.143)

and

ρxc(r1, r2) = ρxc,A(r1, r2) + ρxc,B(r1, r2) + ∆ρx,AB(r1, r2) + ∆ρxc(r1, r2) (2.144)

respectively. The first two terms on the rhs of Equations 2.143 and 2.144 represent

unperturbed one and two-particle electron densities for each of the fragments. ∆ρPau(r1)

and ∆ρpol(r1) are referred to as Pauli and polarization deformation densities, respectively,

and the last two terms in Equation 2.144 are the interfragment exchange (only) and

exchange correlation densities. The integrands in the second and third terms in the

rhs of Equation 2.139 (associated with the electrostatic nucleus-electron attraction and

the electron-electron repulsion) can be embedded into two fragment-wise unperturbed

potentials,
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νA(r1) =νNA
(r1) +

∫
ρA(r2)

r2 − r1
dr2

νB(r1) =νNB
(r1) +

∫
ρB(r2)

r2 − r1
dr2

(2.145)

where ρA(r2) and ρB(r2) are the unperturbed electron densities of fragments A and

B. At this point, using the expression of the energy in Equation 2.139 to compute the

energy terms in Equation 2.133, and including Equations 2.140-2.145 in the expression of

the energy, one obtains the following partitioning of the interaction energy:

Eint = Eelec + Eexch + Erep + Epol (2.146)

whose explicit expressions are given by Equations 2.147-2.150

Eelec =

∫
νNA

ρB(r1)dr1 +

∫
νNB

ρA(r)dr +

∫ ∫
ρA(r1)ρB(r2)

|r2 − r1|
dr1dr2+

+

NA∑
I=1

N∑
J=NA+1

ZIZJ

|RI −RJ |

(2.147)

Eexch =
1

2

∫ ∫
ρx,AB(r1, r2)

|r2 − r1|
dr1dr2 (2.148)

Erep = − 1

2

∫
∇2∆ρPau(r1, r

′
1)|r′1=r1dr1 +

∫
νA∆ρPau(r1)dr1 +

∫
νB∆ρPau(r1)dr1+

+
1

2

∫ ∫
∆ρPau(r1)∆ρPau(r2)

|r2 − r1|
dr1dr2

(2.149)

Epol = − 1

2

∫
∇2∆ρpol(r1, r

′
1)|r′1=r1dr1 +

∫
νA∆ρpol(r1)dr1 +

∫
νB∆ρpol(r1)dr1+

+
1

2

∫ ∫
∆ρpol(r1)∆ρpol(r2)

|r2 − r1|
dr1dr2 +

∫ ∫
∆ρPau(r1)∆ρpol(r2)

|r2 − r1|
dr1dr2+

+
1

2

∫ ∫
∆ρxc(r1, r2)

|r2 − r1|
dr1dr2

(2.150)

The exchange and repulsion terms of Equations 2.148 and 2.149 both arise as a

consequence of the Pauli exclusion principle, so that they are merged into the single

term EPau. The polarization energy includes the classical induction energy and the

inherently quantum mechanical dispersion energy. These two contributions can be separated
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exactly within the second-order perturbation theory framework considering the molecular

wavefunction Ψ(x1, ..., xN ).121 Within that framework, it can be shown that the induction

energy is given by,

Eind =
∑
m̸=0

[
∫
νAρ

m0
B (r1)dr1]

2

Em
B − E0

B

+
∑
n̸=0

[
∫
νBρ

n0
A (r1)dr1]

2

En
A − E0

A

(2.151)

where ρn0A and ρm0
B are the induced transition one-electron densities within each fragment

from the ground state configuration 0 to the excited state m or n. The denominators

contain the corresponding energy differences.

At the second order perturbation theory, the first order correction to the electron

density ∆ρ(r1) (the deformation density) is required to obtain the second order correction

for the energy. It can be shown that ∆ρ(r1) is given by121

∆ρ(r) = ∆ρA(r) + ∆ρB(r)

= 2
∑
n ̸=0

∫
νBρ

n0
A (r)dr

En
A − E0

A

ρn0A + 2
∑
m ̸=0

∫
νAρ

m0
B (r)dr

Em
B − E0

B

ρm0
A

(2.152)

Equation 2.152 represents the polarization densities of fragments A and B. Within the

framework presented in this section, it is possible to obtain an expression for the induction

energy starting from the expression of the deformation density in Equation 2.152 and

the polarization contribution to the interaction energy in Equation 2.150. At first, one

defines the charge induction energy as the sum of the second and third terms in the rhs of

Equation 2.150,

Ech-ind =

∫
νA∆ρpol(r)dr +

∫
νB∆ρpol(r)dr (2.153)

Then, by introducing Equation 2.152 in Equation 2.153, one obtains

Ech-ind =2
∑
m ̸=0

[
∫
νAρ

m0
B (r1)dr1]

2

Em
B − E0

B

+ 2
∑
n̸=0

[
∫
νBρ

n0
A (r1)dr1]

2

En
A − E0

A

+

+ 2
∑
m̸=0

∫
νAρ

m0
B (r1)dr1

∫
νBρ

m0
B (r1)dr1

Em
B − E0

B

+ 2
∑
n̸=0

∫
νBρ

n0
A (r1)dr1

∫
νAρ

n0
A (r1)dr1

En
A − E0

A

(2.154)

At this point, the induction energy stemming from second order perturbation theory on
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the molecular wavefunction121 (Equation 2.151) can be identified as one half times the first

two terms in the rhs of Equation 2.154. Thus, by introducing Equation 2.151 in Equation

2.153 and solving for Eind, one obtains,

Eind =
1

2

Ech-ind − 2
∑
m ̸=0

∫
ν̂Aρ

m0
B (r1)dr1

∫
ν̂Bρ

m0
B (r1)dr1

Em
B − E0

B

−

−2
∑
n ̸=0

∫
ν̂Bρ

n0
A (r1)dr1

∫
ν̂Aρ

n0
A (r1)dr1

En
A − E0

A

 (2.155)

Now, if the expression for the first-order density (Equation 2.152) is introduced in the

last two terms of Equation 2.155, the following expression for Eind is obtained,

Eind =
1

2

[
Ech-ind −

∫
ν̂A∆ρA(r1)dr1 −

∫
ν̂B∆ρB(r1)dr1

]
(2.156)

Finally, introducing the definition of the charge induction energy (Equation 2.153) in

Equation 2.156, the induction energy becomes,

Eind =
1

2

[∫
ν̂A∆ρB(r1)dr1 +

∫
ν̂B∆ρA(r1)dr1

]
(2.157)

which is in agreement with the classical result for the induction energy.118 At this point,

the energy decomposition of the interaction energy can be expressed in terms of a sum of

electrostatic (Eelec), Pauli (EPau), inductive (Eind) and dispersive (Edisp+respol) terms,

Eind = Eelec + EPau + Eind + Edis+respol (2.158)

In Equation 2.158, the second order dispersion energy represents the highest contri-

bution to the Edis+respol. The EDA scheme presented above has been extended to the

QM/MM framework (Chapter 6). A specific situation in which the fragments A and

B consisted of a substrate and the environment, respectively, was considered. In this

case, the environment presented both atoms represented quantum mechanically and atoms

represented as molecular mechanics fixed point charges. The interactions between the MM

region and fragment A are introduced in the calculation of the different energy terms in

Equation 2.149 by adding the potential generated by these point charges, VFF , to the

potential generated by the nuclei of fragment B,
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ν
QM/MM
NB

(r) = νNB
(r) + V̂FF (2.159)

VFF is also included in the calculation of the nucleus-nucleus interactions in the Eelec

term of the EDA scheme (last term in Equation 2.147).

2.4 Classical Molecular Dynamics

The study of the time evolution of a molecular system would in principle require to solve

the time-dependent version of the Schrödinger equation (Equation 2.8), as both the nuclei

and the electrons are treated quantum mechanically. The propagation of Equation 2.8 to

obtain a time-dependent wavefunction Ψ(r,R, t) is embedded in the framework of quantum

dynamics, which however is limited to systems consisting of a small number of atoms

due to its computational cost. It was pointed out in section 2.1.1 that the fact that the

nuclei are much heavier than the electrons could allow for an approximation to the form

of the wavefunction Ψ(r,R, t) in which the motion of the nuclei was decoupled from the

motion of the electrons, so that Ψ(r,R, t) could be represented as a product of an electronic

wavefunction (which depends parametrically on the nuclear coordinates) times a nuclear

wavefunction (which depends on the nuclear coordinates but is influenced by the potential

generated by the electrons)–this was the BO approximation, represented in Equation

2.3. Within the BO approximation, one solves two separate Schrödinger equations, and

both electrons and nuclei are treated quantum mechanically. However, even with this

approximation, the solution of a time-dependent nuclear Schrödinger equation to study

the motion of the nuclei with time is affordable for a limited number of atoms, and thus it

is impracticable for model systems of complex environment media, which could involve

tens to hundreds of thousands of atoms. To overcome these limitations, an approximation

widely adopted consists of assuming that the nuclei behave as structureless particles

that interact via a potential V and obey the laws of motion of a classical mechanical

system: this approach is referred to as the classical MD methodology.122,123 The equations

of motion that govern the time evolution of a system of classical nuclei have a general

character – in the same way as the Schrödinger equation does for a quantum mechanical

system –, and derive from fundamental Laws of nature (the next section is dedicated to
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the derivation of the classical equations of motion from one such principle) although the

motion of the particles is defined once the potential V is known. In the simplest case,

V can be described as an empiric analytic expression consisting of physically meaningful

terms bearing parameters that are fit to experimental of quantum mechanical data – a

force field (section B.3). The usage of a force field drastically simplifies the description of

the system at hand, although it has been widely used with success to determine properties

that depend on the motion of a system consisting of several thousands of atoms at an

affordable computational cost.124 The usage of a classical force field to describe the

potential V of a system is suitable whenever the exploration of the configurational space is

required. However, there are situations in which the description of the time evolution of

the system needs to account for chemical reactivity, that is bond breaking and formation

events: these phenomena are not properly described by using an analytic force field. To

overcome this limitation, a methodology termed ab initio molecular dynamics (AIMD) has

been devised by Helgaker125 et. al., in which the nuclei are treated classically, but the

potential V is obtained by considering the electrons quantum mechanically. AIMD provides

a less expensive approach with respect to the solution of the time-dependent Schrödinger

Equation as the nuclei are treated classically; however, since the electrons of the system

are treated quantum mechanically, this approach is limited to at most a few hundreds

of atoms. This approach is explored in section 2.4.4. Finally, there may be situations

in which there is the need to describe the configurational space of a system consisting of

thousands of atoms, but the most interesting part of the system (for example in the case of

a chemical reaction), which may consist of tens or at most a few hundreds of atoms, would

require the usage of quantum mechanical methods to describe it. These are the situations

considered in most of the systems studied in the present thesis. For these situations, an

approach first proposed by Warshel and Levitt,126 in which the part of chemical interest is

described quantum mechanically, whereas the atoms surrounding the region of interest are

described with a classical potential, and polarize the quantum mechanical part. It should

be emphasized that the BO approximation is assumed, so that only the electrons of the

region of interest are described quantum mechanically (Equation 2.5), whereas the motion

of the nuclei is described classically. These methodologies will be explored in section 2.5.
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2.4.1 Classical Equations of Motion

The classical equations of motion provide the relation between the interactions (forces,

in classical mechanics) that act upon a set of (non)interacting atoms and the positions

and momenta of these atoms. These equations can be derived for a general system of N

interacting particles using the Lagrangian formulation of classical mechanics, based on the

principle of least action,122,127,128 which states that ”the motion of the system from an

initial time t0 to a final time t1 is such that the action integral A has a stationary value for

the actual path of the motion”. In this context, action is a functional A of the generalized

coordinates q (that describe the degrees of freedom of the above mentioned particles, for

example the coordinates in the cartesian space), their time derivatives q̇ and time.

A =

∫ t1

t0

L(q, q̇, t)dt (2.160)

Applying the stationarity condition upon Equation 2.160 provides the Euler-Lagrange

equations,

d

dt

(
∂L
∂q̇k

)
=
∂L
∂qk

k = 1, 2, ..., 3N

(2.161)

satisfied by any system of N particles. The Lagrangian is defined as the difference

between the kinetic and the potential energies,

L = T − V (2.162)

One then proceeds to define the Hamiltonian H, which in the most general case, is

given by,

H =
3N∑
k

q̇kpk − L(qk, q̇k, t) (2.163)

where the momenta pk have been introduced. Within the Lagrangian formalism, the

momenta are defined as
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pk =
∂L
∂q

(2.164)

If the potential V depends exclusively on the positions q and the kinetic energy is

expressed as,

T =
p2k

2mk

where mk is the mass of the particle associated with the kth coordinate, then the

Hamiltonian assumes the form,

H =
3N∑
k=1

p2k
2mk

+ V (qk) (2.165)

and the Euler-Lagrange equations in 2.161 provide Hamilton’s equation of motion,

q̇k =
∂H(qk, pk)

∂pk
=
∂T (qk)

∂pk

ṗk = − ∂H(qk, pk)

∂qk
= −∂V (qk)

∂qk

(2.166)

In cartesian coordinates, q̇k can be represented as,

q̇k = pk/mk (2.167)

Introducing this Equation in the expression involving ṗk in Equation 2.166, one can

identify the Newton’s equations of motion,

mkq̈k = −Fk (2.168)

with ṗk = mkq̈k and -∂V (qk)
∂qk

= Fk, the force along the kth coordinate. Thus, once

the initial conditions are given, one can proceed to solve a either set of 6N first-order

differential equations (Equation 2.167) or a set of 3N second-order differential equations

(Equation 2.168). In either case, the main problem lies on the fact that for a system of

N particles, with N > 2, no analytic solutions exist. As a consequence, the equations of

motion need to be integrated numerically.
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2.4.2 Integration Methods

In general the numerical method adopted to solve either Equation 2.166 or Equation 2.168

is the so-called finite differences method. Given the 3N coordinates (or 6N coordinates and

momenta) of the system of particles at time t, one proceeds to determine the positions

(and momenta) at a time t+ ∆t, for a time step ∆t sufficiently small. The equations of

motion are then solved in an iterative fashion one time step at a time. It is important that

the time step ∆t be sufficiently small (at least smaller than the time scale of the process

under study). The following development will focus on the solution of Equation 2.168, for

which the positions are represented in cartesian cordinates. Therefore, in what follows

the positions and velocities will be represented using the more customary r(t) and v(t),

respectively, instead of the generalized coordinates q(t) and q̇(t). The general idea consists

of obtaining an estimate for the coordinates and the velocities at the time t+ ∆t by means

of a Taylor expansion of these quantities,

rk(t+ ∆t) =rk(t) + ṙk(t)∆t+
1

2
r̈k(t)∆t2 + ...

vk(t+ ∆t) =vk(t) + v̇k(t)∆t+
1

2
v̈k(t)∆t2 + ...

(2.169)

The first and the second derivatives of the positions rk are the velocities vk and the

accelerations ak, respectively. Perhaps one of the most widely used algorithms to integrate

the equations of motion is the Störmer-Verlet algorithm,122 which provides an estimate for

the positions up to the ∆O(t4) order. The expression for r(t+ ∆t) is obtained by adding

together the Taylor expansions for rk(t+ ∆t) and rk(t− ∆t) and truncating the resulting

series at the fourth order term, thus obtaining

rk(t+ ∆t) = 2rk(t) − r(t− ∆t) + ∆t2ak(t) (2.170)

so that the position at times t− ∆t and t needs to be known to determine rk(t+ ∆t).

The acceleration ak(t) is determined by using Equation 2.168 (with rk(t) instead of qk(t)),

so that it depends on the specific form of the potential V (r). Although the velocity at

time t is not necessary to determine the position rk(t+ ∆t), it is still useful to compute

the kinetic energy. It can be determined by subtracting rk(t + ∆t) and rk(t − ∆t), and

truncating at the second order term,
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vk(t) =
rk(t+ ∆t) − rk(t− ∆t)

2∆t
(2.171)

The main problem with the Störm-Verlet algorithm lies on the fact that it needlesly

introduces some numerical imprecision due to the addition of a small term (O(∆t2)) to

a difference between two large terms (O(∆t0)).122 Another problem is associated with

the fact that the velocity at time t can be computed only after rk(t + ∆t) is know. To

overcome these issues, a modified version of the Störm-Verlet has been proposed, in which

“mid-step” velocities are computed to determine rk(t+ ∆t),

rk(t+ ∆t) =rk(t) + vk(t+
1

2
∆t)∆t

vk(t+ ∆t) =vk(t− ∆t) + ak(t)∆t

(2.172)

This algorithm is known as the leap-frog.129 The velocities are computed as follows:

vk(t) =
1

2
[vk(t+

1

2
∆t) + vk(t− 1

2
∆t)] (2.173)

Although it represents an improvement over the Störm-Verlet algorithm, the velocity is

not handled satisfactorily, in the sense that the computation of v(t+ ∆t) is not involved

in the main loop (Equation 2.172), but instead requires an external step to be computed

(Equation 2.173). In other words, to compute the position at rk(t + ∆t) only the mid-

step velocity vk(t + 1
2∆t) (but not the velocity at the time t + ∆t) is necessary, so that

Equation 2.173 represents an extra step in the propagation of the leapfrog algorithm,

which is necessary only if the velocities are required. Another modification of the Störm-

Verlet algorithm, which unlike the leapfrog algorithm does include the computation of the

velocities in the main loop, is the velocity-Verlet,130 where the acceleration, the velocity

and the position related to the same time step t are available simultaneously and are used

to compute rk(t+ ∆t),

rk(t+ ∆t) =rk(t) + vK(t)∆t+
1

2
ak(t)∆t2

vk(t+ ∆t) =vk(t) +
1

2
[ak(t) + ak(t+ ∆t)]

(2.174)

This methods is perhaps the most widely used due to its numerical stability, convenience

and simplicity.122 At this point, the last ingredient necessary to integrate the equations of
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motions is the potential V (rk), whose form depends on the level of accuracy required to

describe the system.

2.4.3 Classical Potentials: Force Fields and Molecular Mechanics

Considering the fact that in classical MD each atom is described as a structureless particle

interacting with the other atoms present in the system under study, it comes natural to

employ an analytic expression that depend on empirical parameters that are tuned using

experimental data or quantum mechanical calculations as reference. They are constructed

based on classical energy terms that describe the interactions that the atoms of the system

under study undergo. These analytic expressions are termed force fields although, strictly

speaking, a force field would not refer to the expression of the potential V (r) (a scalar

field), but to its gradient ∇V (r) (a vector field), which is the actual force term appearing

in the equations of motion 2.168. The advantage of these force fields consists of the fact

that they allow for the description of systems consisting of several thousands – and even a

few millions – of atoms at an affordable computational cost. In general these force fields

consist of additive terms describing bonded contributions to the potential that model

covalent bonds between atoms, and non-bonded terms which account for the electrostatic

interactions, as well as non-electrostatic terms that model interactions between atoms that

are intrinsically quantum mechanical (exchange repulsion, dispersion, induction). A very

popular functional form of such a potential is provided by the AMBER force field,131 which

is implemented in the AMBER132 software, and has been thoroughly used throughout the

present thesis work to generate ensembles of geometries. The AMBER force field has the

following structure:133

V AMBER =
∑

i∈bonds
Kbi(bi − b0i )

2 +
∑

i∈angles
Kθi(θi − θ0i )2+

+
∑

i∈torsions

∑
n

1

2
Ki,n[1 + cos(nϕi + γi)] +

∑
i<j

[
Aij

R12
ij

− Bij

R6
ij

+
qiqj
Rij

] (2.175)

where b0i , θ0i and ϕi are the equilibrium values for the bonds, bond angles and dihedral

angles respectively, and Kbi, Kθi and Ki,n are force constants for the same terms. n

describes the periodicity of the torsional angle and γi is the phase angle of the ith torsional
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angle (used so that a minimum of the corresponding torsional energy occurs at 180 degrees).

Rij describes interatomic distances; Aij and Bij are parameters that account for the

exchange repulsion and non-electrostatic attraction between atoms i and j, respectively,

and qi and qj represent atomic charges. Although this is a general analytic form that

describes the energetics governing the interactions established in a system of N atoms, the

terms mentioned above are parameters that need to be tuned depending on the system

under study. In practice in molecular mechanics (MM) it is customary to define different

atom types and the tuned parameters are associated with a specific set of atom types.

These atom types characterize elements present on a specific atomic environment, so that

the same parameters can be used for different systems that present atoms with similar

atomic environments. Thus, in practice, whenever one refers to a specific force field, what

is actually referred to is not only the analytic expression in Equation 2.175, but also to a

set of atom types and parameters characterizing the system under study. In the present

thesis different sets of force fields have been used to describe different biological systems.

Specifically, the generalized amber force field (GAFF)131 has been used to describe small

organic molecules, whereas the lipid17134,135 force field has been used to describe a model

of a cellular lipid bilayer, the CHARMM36136 force field has been used to describe proteins,

the TIP3P137 to describe water molecules and the OL15138 to describe nucleotides.

2.4.4 Ab Initio Molecular Dynamics

The force fields described in the previous section are suitable to explore the conformational

space of a system consisting of hundreds of thousands of atoms. However, the form of

the potential in Equation 2.175 is not suitable to study phenomena which involve, for

example, bond breaking and formation. As the BO approximations is implicit on the

classical MD framework, the motion of the nuclei is inherently decoupled from that of

the electrons. Therefore, within the law of motion that describes the motion of the nuclei

(Equation 2.168), the potential on which the nuclei move can be given by the potential

generated by the electrons surrounding the nuclei, whereby this potential is obtained by

describing quantum mechanically the electrons. This strategy to solve the equations of

motion is referred to as ab initio molecular dynamics (AIMD),125 in which the potential

energy V (r), r = (r1, r2, ..., r3N ) is computed quantum mechanically by solving the time-
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independent Schrödinger equation 2.1, after which its gradient ∇V (r) is computed and

introduced in Equation 2.168. As the classical equations of motion are solved for the

coordinates r(t), they are propagated numerically by using any of the algorithms presented

in section 2.4.2, so that at every time step t, the coordinates r(t) are used to compute the

energy and the gradient – V (r(t)) and ∇V (r(t)), respectively – with a suitable quantum

mechanical method, which in turn is used to determine the position of the atoms at

time t+ ∆t. Some examples of applications of AIMD include the exploration of reaction

pathways and the research of transition state structures,139,140 and the computation of

thermodynamic properties at a high level of theory.56,57,141

2.4.5 Enhanced Sampling: the Umbrella Sampling Technique

The classical MD methodology introduced in the previous sections allows for an exploration

of the configurational space of the molecular system of interest. This exploration is

necessary whenever one is interested in computing thermodynamic properties (e.g., Gibbs

or Helmholtz free energies), which are obtainable as ensemble averages over contributions

due to different minima on the potential energy landscape which can be populated at

the temperature of interest. In order to explore different minima on the potential energy

landscape via classical MD, the energetic barriers that separate these minima from one

another need to be overcome as the equations of motion are integrated. However, there

may be situations in which the barrier separating two minima are high in energy (much

higher than kBT , where kB is the Boltzmann constant and T is the temperature), so that

in practice it is unlikely that two minima are thoroughly sampled in a finite amount of

time when such a high barrier separates the two minima. Another example of a problem

due to the presence of high energy regions in the potential energy surface may arise

when one is interested in studying the energetics of a chemical process along the entire

reaction pathway separating two energy minima: for a finite simulation time, the region

around either of the minima would be sampled well, whereas the regions of higher energy

would be sampled rarely. To overcome these difficulties and to thoroughly sample high

energy regions along the potential energy surface, different computational techniques

– termed Accelerated Sampling Techniques – have been devised. In the most general

case, these techniques can be classified in two categories: collective variable based and
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collective variable free methods.142 The collective variable based techniques include umbrella

sampling,45,143 hyperdynamics,144 metadynamics,145,146 potential smoothing method,147

variational enhanced sampling,148 among others. As the name of the category suggests,

these techniques rely on the definition of some pre-defined collective variables (also termed

reaction coordinates) along which to guide the simulation. For those situations for which

the reaction coordinate of the process under study is not known, the collective variable free

category comes into play. Some examples include replica exchange molecular dynamics,149

temperature-accelerated dynamics,150 accelerated molecular dynamics simulation,151,152

integrated tempering sampling,153,154 among others.

In the present thesis, the umbrella sampling technique was employed to study the

permeation mechanism of cisplatin into a lipid membrane. As stated above, in umbrella

sampling, a reaction coordinate ξ is defined a priori, so that the objective is to compute

the potential of mean force (PMF, which corresponds to the free energy function A(ξ)

defined below) along the reaction coordinate. Let Z be the canonical partition function,

which contains all the necessary information to compute the thermodynamic properties of

the system,

Z =

∫
exp[−βV (r)]d3Nr (2.176)

where β = (1/(kBT )), V (r) is the potential energy and the integration is done over the

entire coordinate space. The Helmholz free energy is, by definition,

A = − 1

β
lnQ (2.177)

now, to study the energetics of the chemical process under study along the reaction

coordinate ξ, it is required to compute the probability distribution of the system along ξ,

defined by,

P (ξ) =

∫
δ[ξ(r) − ξ]exp[−βV (r)]d3N

Z
(2.178)

where the integration is done over all degrees of freedom but ξ. At this point, the PMF

is defined as the free energy along the reaction coordinate,
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A(ξ) = − 1

β
lnP (ξ) (2.179)

Therefore, in order to obtain the free energy along the reaction coordinate ξ, the

reaction pathway would need to be thoroughly sampled to obtain P (ξ). In practice, the

reaction coordinate is subdivided in different windows (Figure 2.1a), and a bias potential

wi(ξ) is included in the potential term for each of these windows,

V b(r) = V u(r) + wi(ξ) (2.180)

where the b superscript refers to biased quantities and the u superscript refers to unbiased

quantities. The main role of the bias potential consists of restraining the system to a

neighborhood of ξi for some window i, so that it samples exhaustively the remaining degrees

of freedom within the window of interest.

At this point, a MD simulation is performed on each of the windows using the biased

potential V b(r). Thus, one obtains the probability distribution of the reaction coordinate

ξ for each window i. It should be emphasize that the distributions obtained are the

biased distributions P b
i (ξ) associated with the biased potential V b(r); however, in order

to compute the PMF using Equation 2.179, the unbiased potential P u
i (ξ) associated with

E(r) (Equation 2.178) is required. It can be shown45 that P u
i (ξ) can be obtained from

P b
i (ξ) by

P u
i (ξ) = P b

i (ξ)exp[βwi(ξ)]⟨exp[−βwi(ξ)]⟩ (2.181)

where ⟨exp[−βwi(ξ)]⟩ indicates an ensemble average. The PMF associated with the ith

window is then given by,

Ai(ξ) = − 1

β
lnP b

i (ξ) − wi(ξ) + Fi (2.182)

where Fi = ln(⟨exp[−βwi(ξ)]⟩). If only a single window spanned the entire reaction

coordinate, then the PMF would be given by Equation 2.182, so that Fi would consist

of an arbitrary additive constant. However, when different Ai(ξ)s are used to compute

the total PMF, the Fis would need to be computed. However, they cannot be directly
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Figure 2.1: a) Schematic representation of a free energy profile along the reaction coordinate
ξ. The dashed vertical bars indicate the subdivision of the reaction coordinate into different
windows, and the red parabolas indicate the bias potential applied on each window. b)
Probability distributions of the reaction coordinate ξ obtained from the (biased) sampling
performed on each window.
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computed from the sampled distributions, since their dependence on the ensemble average

⟨exp[−βwi(ξ)]⟩ implies that the unbiased probability distributions P u
i (ξ) would need to be

known a priori (Equation 2.178). There are several methods in the literature to obtain

estimates for Fi,
155,156 of which one of the most popular being the weighted histogram

analysis approach (WHAM).157,158

2.5 Multiscale Hybrid Methods: Quantum Mechanics/Molec-

ular Mechanics

The previous sections have evidenced the application of classical mechanics methodologies

to study the time evolution of a molecular system (Equation 2.168) and the interactions

that occur among the atoms of the system under study (e.g., Equation 2.175). A hybrid

quantum/classical framework has also been explored in section 2.4.4, namely AIMD, in

which, basen on the BO approximation, the motion of the nuclei is treated classically

(again Equation 2.168), whereas the electrons are described quantum mechanically. In

this framework, it is possible to describe bond breaking and formation events, which

would not be possible to account for with a harmonic analytic potential like that of

Equation 2.175, without the need to solve the time-dependent Schrödinger equation.

However, the applicability of AIMD is limited to at most a few hundreds of atoms and

short timescales (hundreds of picoseconds) due to the computational cost of the quantum

mechanical computations, so that it would not be feasible to apply AIMD on systems

modeling biological media, consisting of several thousands – to a few millions – of atoms

and relatively long times (tens of microseconds). This problem would be alleviated if

only a portion of the system were to be treated quantum mechanically: this is precisely

the approach adopted by the multiscale hybrid QM/MM methods in which, in the most

elementary case, the system is partitioned into two subsystems: an inner region (I, Figure

2.2), which usually corresponds to the region of chemical interest and is described quantum

mechanically, and an outer region (O), which is described using a classical potential (e.g.,

a force field).

The QM/MM methodology can be subdivided into different partition schemes, depend-

ing on how the interaction between the inner region and the outer region is accounted
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Figure 2.2: Representation of the QM/MM partitioning scheme of a molecular system
consisting of an anthraquinone molecule (inner region, red) intercalated in a double strand
of DNA (outer region, blue).

for.47,48,159 In the subtractive scheme, the total energy is determined as the difference

between the energy of the inner region computed quantum mechanically (EQM (I)), plus

the energy of the entire system computed at a molecular mechanical level of theory

(EMM (I +O)) minus the energy of the inner region, again computed using a MM method

(EMM (I)),

E = EQM (I) + EMM (I +O) − EMM (I) (2.183)

where the last term is included to avoid counting twice the energy of the inner subsystem.

The main problem of this subtractive scheme consists of the fact that the QM calculation

of the inner region is not influenced in any manner by the presence of the atoms belonging

to the outer region, so in practice this subtractive scheme consists of including an additive

term to the QM energy that accounts for the interactions between the inner and the

outer region in a classical manner via the EMM (I + O) term in Equation 2.183. A

substantial improvement to the subtractive approach can be made by explicitly including

the electrostatic potential generated by the point charges in the outer region inside the

86



Hamiltonian of the quantum mechanical inner region; thus, an effective Hamiltonian is

used in the QM computation involving the inner region,

HeffΨI = (H0
I +HI/O)ΨI = EΨI (2.184)

where H0
I is the Hamiltonian of the (unperturbed) inner region, and HI/O is a pertur-

bation term that describes the electrostatic interactions between the outer region point

charges and the electrostatic potential of the inner region,

HI/O =
N∑
i=1

M∑
J=1

qJ
|ri −RJ |

(2.185)

where qJ is the point charge centered at the J th outer atom, in RJ , and ri indicates

the position of the ith inner electron. This approach explicitly considers the polarization of

the QM inner region due to the presence of the atoms in the outer region. The energy is

then computed as follows:

E = EQM
q(O)(I) + EMM (I +O) − EMM

q(O) (I) (2.186)

where the term EQM
q(O)(I) is computed by solving Equation 2.185, and the subscript q(O)

indicates that the point charges of the outer region are being included in the computation

of the inner region energy term. The term EMM
q(O) (I) is subtracted so that the electrostatic

interactions (at a MM level of theory) between the inner and the outer region are accounted

for only once.

Another scheme for computing the total energy is the additive scheme, in which the

energy is given by the sum of the energies of the inner and the outer regions, computed at

the QM and MM level of theory, respectively, plus an additive term that accounts for the

interaction of the two regions (EQM/MM (I/O)),

E = EQM (I) + EMM (O) + EQM/MM (I/O) (2.187)

where the coupling term is given by

EQM/MM (I/O) = EMM
bonded(I/O) + EMM

vdW (I/O) + Eel(I/O) (2.188)
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where the first two terms on the rhs describe the bonded and the van der Waals

interactions between outer and inner region atoms. These terms are described using a

classical MM force field. At the same time, additive schemes can be subdivided depending

on the methodology used to compute the term EQM/MM (I/O) in Equation 2.188. The

mechanical embedding approach is perhaps the simplest one, in which the electrostatic

term is described as a classical Coulomb term. Some of the main drawbacks of mechanical

embedding include the fact that the inner region is not polarized by the outer region, and

vice versa, the inner region QM charge density does not interact with the outer region

atoms. A more sophisticated approach is the electrostatic embedding scheme, in which

the polarization of the QM inner region due to the presence of the outer region charges

is accounted for by employing an effective Hamiltonian analogous to the one in Equation

2.185. This is the most widely used scheme to study chemical processes in complex media,

as effectively no extra computational cost is present, other than the cost of the QM part

of the system itself. This is the approach that has been adopted throughout the present

thesis work. It should be emphasized that also in this case the polarization of the outer

region due to the inner region is not accounted for in the electrostatic embedding scheme.

The mutual polarization between the outer and the inner regions is accounted for by the

more sophisticated polarizable embedding scheme,160–162 in which this mutual polarization

is computed in a self-consistent manner. In that case, an effective Hamiltonian is used as

in Equation 2.184 to compute the electronic wavefunction of the inner region, but this time

not only an electrostatic term is included in HI/O (as in Equation 2.185), but an extra

term is also included to account for the polarization of the outer region charges due to the

electric field generated by the charge density of the inner region,

HI/O =Helec
I/O +Hpol

I/O

=
M∑
J=1

q0J(RJ)V I(RJ) −
M∑
J=1

µ0J(RJ)EI(RJ)
(2.189)

where both sums run over the set of M outer region point charges, V I(RJ) is the

electrostatic potential generated by the inner region charge density at RJ , and EI(RJ)

is the electric field generated by the same charge density at RJ . µ0J(RJ) is the classical

electrostatic dipole centered at RJ . In Equation 2.189, the classical dipoles µ0J(RJ) in the
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outer will react to changes in the charge density of the inner region, so that it will be the

term accounting for the polarization of the outer region. Some methodologies to describe

this polarization effect include using induced point dipoles,163 fluctuating charges164 and

Drude oscillators.161 For example, in the case of induced point dipoles, the atomic dipole

moments µ0J(RJ) of the outer region are expressed in terms of the atomic polarizabilities

αJ and the total electric field, which is the sum of the electric field due to the inner region

(EI(RJ)) plus the electric field of the outer region, E0(q0J , µ
0
J , ):

µ0i (RJ) = αJ [EI(RJ) + E0(q0J , µ
0
J , )] (2.190)

It should be emphasized that the electric field of the classical region depends on the

dipoles µi, which in turn depend on the electric field: this is the reason why Equations

2.189 and 2.190 need to be solved in a self-consistent manner.
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In this Chapter a toolkit that allows for the preparation of QM/MM input files from a

conformational ensemble of molecular geometries is presented. This toolkit is extensively

used throughout the thesis to set up the QM/MM computations. It can be used in command

line, so that no programming experience is required, although it presents some features that
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can also be employed as a python application programming interface. In the present Chapter,

the toolkit is applied in four situations in which different electronic-structure properties

of organic molecules in the presence of a solvent or a complex biological environment are

computed: the reduction potential of the nucleobases in acetonitrile, an energy decomposition

analysis of tyrosine interacting with water, the absorption spectrum of an azobenzene

derivative integrated into a voltage-gated ion channel, and the absorption and emission

spectra of the luciferine/luciferase complex. These examples show that the toolkit can be

employed in a manifold of situations for both the electronic ground state and electronically

excited states. It also allows for the automatic correction of the active space in the case

of CASSCF calculations on an ensemble of geometries, as it is shown for the azobenzene

derivative photoswitch case.

3.1 Introduction

Multiscale hybrid quantum/classical methods have gradually gained popularity since

their introduction,126,165 and are nowadays used routinely for the description of chemical

processes that involve complex media.48,159,166–168 These methods consider the partitioning

of the system under study into two (or more) fragments: a quantum mechanical (QM)

subsystem, which is the region of chemical interest, and a region described classically, which

interacts with the QM subsystem. These multiscale approaches have been classified into

two different categories in a recent review47 depending on the description of the classical

subsystem. In the first category, the atoms of the classical region are explicitly represented

as point-wise particles in a classical potential, for example, a molecular mechanics (MM)

analytic potential, that polarizes the quantum mechanical subsystem. The second category

uses an implicit continuum description,169–172 where the classical region is represented as a

mean potential that polarizes and is polarized by the quantum mechanical subsystem.

The classification of the paradigms described above can be further branched into

different methodologies, depending on the way in which the interaction between the two

subsystems is established.46 For example, within the quantum QM/MM framework, one

of the most widely used schemes is the electrostatic embedding, in which fixed-point

charges of the classical atoms polarize the QM subsystem by entering the one electron
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part of the Hamiltonian as an electrostatic perturbation. This approach accounts for the

polarization of the QM region due to the classical point charges, but does not consider

the polarization of the classical region by the QM one; however, it has been widely

employed in a manifold of situations, such as the study of catalytic reactions,166,173–179

thermodynamic quantities55–59 and excited state properties41,54,60–67,70,73 in biologically

and technologically relevant systems. An embedding scheme which accounts for the mutual

polarization of the QM and the MM subsystems is the polarizable embedding approach,168

whereby the classical region is described in terms of fixed point charges plus higher order

multipoles. For example, the polarization of the environment can be accounted for by

assigning polarizability tensors to the polarizable sites that give rise to an induced charge

distribution in the environment. This methodology has been employed in the study of

ground state161,162 and excited state160 properties of complex biological systems. Its main

drawback is the computational cost that arises as self consistency needs to be attained

simultaneously for the wavefunction of the QM region and the polarizabilities of the MM

region.

An issue that needs to be addressed in the study of complex biological media is that

of conformational sampling. Indeed, when the system under study consists of several

thousands of atoms, the potential energy landscape often presents several minima that

can be populated at the temperature of interest, and conformations corresponding to

these minima can contribute to a great extent to the property under study.48 Thus,

this situation is most accurately represented as a statistical distribution arising from the

individual conformations, rather than a value due to a specific conformation. In this regard,

the application of sampling methods, such as MD,44 Monte Carlo (MC),180 and Wigner

sampling,181 is crucial to obtain an accurate description of the system. In this Chapter, the

main focus will regard sampling by means of MD. However, whenever generic ensemble of

geometries is referred to, and unless otherwise stated, it is implicit that it may be generated

by any of the sampling methodologies mentioned above.

The potential energy or the potential energy gradient of the system (or part of it) along

the sampling process can be computed by a QM method, for example, in ab initio MD or

QM/MM MD simulations.125 However, in most cases, using a high level QM potential to

perform the conformational sampling is unfeasible. In these situations, a less sophisticated
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potential is used to perform the exploration of the potential energy surface, for example, a

cheap QM/MM MD approach or MD using analytic force fields.48 Then, once the sampling

is completed, an ensemble of geometries is fetched from the trajectory obtained, and single

point QM or QM/MM computations - using a high level QM method of interest - are

performed on top of each of these geometries.62,73 The setup of the hundreds, or even

thousands, of single point QM/MM calculations that need to be performed to obtain

converged values of the property of interest is an arduous task that has to be automatized.

Nowadays, the computational chemistry community can exploit a manifold of quantum

chemistry software that include the electrostatic embedding scheme to perform QM/MM

calculations on the one hand, and software aimed at performing sampling at different levels

of theory on the other hand, in some cases interfaced with the QM software. There are also

packages that act as interfaces between the QM programs and the MD or MC programs,

which are either distributed as application programming interfaces (APIs),182–186 or as

executables that require little to no programming experience and solely depend on input

files provided by the user. Some examples of the latter case are the Cobramm187 software,

whose main purpose is to interface the Gaussian188 program and several other QM software

with Amber, and the SHARC189,190 and Newton-X191 packages which act also as interfaces

between QM and MD software but have the main purpose of performing nonadiabatic MD

simulations. Each of the paradigms presented above bears several advantages. On the one

hand, the usage of APIs in most cases provides a high degree of versatility in the setting up

of the QM/MM calculations, but its main drawback is that some degree of programming

experience is required. On the other hand, the executables mentioned above are either

usable for very specific tasks or require some degree of training before the user gets fully

acquainted with them.

Herein, MoBioTools is presented, a simple package that allows for setting up electrostatic

embedding QM/MM calculations in an automatic and simple fashion from an ensemble of

geometries. Although it is by no means intended to substitute the interfaces cited above,

it aims at presenting an interface that requires only familiarity of the user with a specific

quantum mechanical software but, at the same time, attempts to be as general as possible

in the input. In this way, specialized tasks, for example, the computation of the interaction

energy between two monomers, can be performed with all the QM software MoBioTools
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is interfaced with, considering as less variation of the input format as possible for the

different QM interfaces. Currently the package requires a trajectory and a topology file

in an Amber192 compatible format, and has the possibility to generate QM/MM input

files for Gaussian (09 and 16), Orca (≥ 4.0),193 NWChem194 and (Open)Molcas.195,196

However, the interface is under constant development and further compabilities with

additional QM software are yet to come. The main feature of the package is the generation

of the input files for the QM/MM computations, and not the computations themselves.

Therefore, in practice, neither of the QM software are required to execute MoBioTools -

the only exception is for (Open)Molcas in the case that the active space of a CASSCF

calculation81,83 needs to be corrected on-the-fly using an algorithm proposed by some

of us involving the computation of the overlap matrix between orbital spaces (Chapter

4).84 In the following, the main structure of MoBioTools is explained and the versatility

of the algorithm is shown by applying it to four different situations: the computation of

the reduction potential of the nucleobases in acetonitrile, the interaction energy between

tyrosine and water and its energy decomposition analysis, the absorption spectrum of

an azobenzene derivative integrated into a voltage-gated ion channel, and the emission

spectrum of the luciferine/luciferase complex.

3.2 Methodology

As stated above, the main purpose of the MoBioTools package is to extract an ensemble of

geometries that have been previously sampled by means of MD, MC or any other sampling

approach, and automatically generate a QM/MM input file for each of these geometries

in accordance with the QM software and methodology requested by the user. Figure 3.1

shows a schematic representation of the geometry extraction process and the applicability

of the QM/MM single point computations, which are performed on top of the selected

snapshots to obtain the desired properties. Some examples of these properties include

absorption spectra, interaction energies, free energies, among others (Figure 3.1b-d). In

the case in which the property of interest needs to be computed by means of CASSCF (or

a related wavefunction method),81–83 the toolkit performs the automatic correction of the

active space for those geometries for which the active space differs from that of a reference
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structure (Figure 3.1e).

Figure 3.1: Schematic representation of the working principle of the MoBioTools toolkit
and its applicability. a) The extraction of an ensemble of geometries (snapshots) from a
trajectory obtained by means of MD, MC or other technique. The QM/MM single point
calculations performed using the input files generated provide a distribution of the property
of interest AN , for example, b) the absorption spectrum, c) the reduction free energy, or
d) an energy decomposition analysis of the interaction energy between two molecules of a
complex. e) Representation of the automatic correction of the CASSCF active space for a
specific sampled geometry.

The MoBioTools package is subdivided into two main drivers depending on the task to

be performed: a general purpose QM/MM input generator (main qminputs.py), which

is executed in command line and requires two input files; and a program to carry out

CASSCF computations with an on-the-fly correction of the active space (pyoverlaps.py),

which works in command line. Although both drivers in principle work similarly, as in

both cases a set of QM/MM inputs is generated from an ensemble of geometries, their

functionalities and the QM programs they are interfaced with differ considerably, as will
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be explored in the following sections.

3.2.1 The General Purpose QM/MM Input Generator

The script main qminputs.py is the driver that currently provides an interface to generate

a sequence of input files for a set of geometries provided as input in the form of an Amber

topology/parameters and an Amber trajectory files. The script works in command line

and needs to be provided with two input files: a general input file, which does not depend

on the QM software to be used and contains information about the set of geometries to be

fetched and settings on how to perform the QM/MM partitioning, and a template file for

the QM calculations to be performed. Figure 3.2 shows a schematic representation of the

options featured by each of these files. Both files are subdivided in sections, introduced by

an ampersand symbol (&) and enclosed by an &end statement.
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Figure 3.2: Schematic representation of the contents of the two files provided as input to
the main qminputs.py driver. Red ovals represent files and yellow rectangles represent
input sections – introduced by an & symbol – and/or the options these sections enclose.
See the text for a detailed description on each of these options.
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The general input file (hereby and in listing3.1 referred to as main.inp) consists of a

single section (&main...&end), in which up to seven options can be provided as input

by the user on how to treat the ensemble of geometries at hand to generate the input

files. In particular, five of these options are mandatory for the software to successfully

generate the QM/MM input files: the QM software name (tpl), the trajectory (traj) and

the topology (top) file relative to the ensemble of geometries at hand, the definition of

the QM region (qmmask) and the geometry indices of the geometries for which to generate

the input files. The options solvmask and closest are not mandatory, and refer to the

mask of atoms or residues to be treated as solvent molecules, and the number of solvent

molecules closest to the QM region, which also need to be treated quantum mechanically,

respectively. This is useful whenever a part of the environment that surrounds the quantum

mechanical part of the system needs to be included in the QM region, but the indices of the

molecules of interest are unknown to the user or they change along the sampled geometries.

Here, by mask it is intended the atom or molecule selection, as referred to in the Amber

terminology.192 For the selection mask, the Amber syntax is used so that, for example, @

refers to atom selection or a colon refers to residue selection. This syntax is used in the

general input file as well as in the template file (see listings 3.1 and 2). The discussion

above may seem to imply that the system is treated as a solute-solvent system, where the

solute is represented by the qmmask entry and the solvent is (if requested) introduced by

means of the solvmask and the closest keywords. It should be emphasized that this is

purely a notational convention and it by no means implies that only systems in solution

can be studied. This is the notation employed by the cpptraj and the pytraj software,197

whose machinery is employed by MoBioTools to perform operations on the trajectory

objects. However, complex systems containing, for example, proteins and lipid membranes

– and not only solvent – can be treated by MoBioTools, as will be evidenced by some

of the examples below. If the solvmask and the closest keywords are not included, a

QM/MM calculation (or even a gas phase QM calculation) can be set up for the geometries

of interest, where only the qmmask entry is treated quantum mechanically.

The template file is also subdivided in sections, some of which are common to all the

QM software interfaced with MoBioTools (header, basis, chgspin, bsse and externchg),

whereas some others are exclusive to the QM software under consideration (see Figure
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3.2 for reference). An example of the template for setting up an ensemble of (QM/MM)

calculations using the Gaussian software is provided in listing 3.2. In this example, three

common sections are featured: the head section, which corresponds to the Link0 commands

in Gaussian (general instructions); the chgspin section, which features the charge and

the spin multiplicity of the system; and the externchg section, which does not take

arguments and essentially informs the script that a QM/MM input is requested, so that

the point charges that surround the QM region (defined by the qmmask keyword in the

main input file) also need to be included in the input file. The route section is unique to

the Gaussian software, and includes the route commands that define the methodology, the

basis set and the type of calculation to be performed, among others. The execution of the

script main qminputs.py with the files main.inp and template.inp (listings 3.1 and 3.2,

respectively) as arguments will generate a gaussian QM/MM input file for the geometry

having index 3 in the GUA O2.inpcrd trajectory file.

The example above describes a simple task of extracting a geometry from a coordinate

file and generating a QM/MM input file with the desired methodology and settings. Its

usefulness stems from the fact that the same operation can be performed for any of the

QM software MoBioTools is interfaced with, and from the ease it is scaled to an ensemble

of geometries. The keywords basis and bsse of the template file provide a further degree

of flexibility: within the section basis the user can employ customized basis sets (for

example, different basis sets for different atoms), and the bsse keyword provides a way

to subdivide the system into two subsystems to request either a fragment calculation or

the computation of a property that involves the two subsystems, such as the interaction

energy, for which the basis set superposition error (BSSE)119,120 needs to be corrected.

This procedure has been extensively used for generating input files in the past,86 and in

the following section this approach will be applied to a system of chemical interest.

Listing 3.1: Example of the general input file to generate a set of input files from an

ensemble of geometries. The sections in square brackets refer to optional features. In this

example, it is requested to generate an input file for the geometry having index 3 in the

GUA O2.inpcrd coordinate file. The qmmask “:1,2” indicates that molecules 1 and 2 are
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to be considered as QM molecules.

# Name f i l e : main . inp

&main

t p l = gauss ian

t r a j = GUA O2. inpcrd

top = GUA O2. prmtop

qmmask = : 1 , 2

geoms = 3 [ s ta r t , [ stop , s tep ] ]

[ solvmask = :WAT]

[ c l o s e s t = 5 ]

&end

Listing 3.2: Example of a template file for a Gaussian QM/MM calculation. The common

sections head, chgspin and externchg, are included, as well as the Gaussian specific route

section.

# Name f i l e : template . inp

&head

%NprocShared=4

%mem=4GB

&end

&route

#p M062X/cc−pVTZ Charge

&end

&chgspin

0 ,1

&end

&externchg

&end
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3.2.2 The Active Space Automatic Preservation

When CASSCF-based calculations are performed for an ensemble of geometries, it is

desirable that the computations of all the geometries include similar molecular orbitals

within the active space.84 If this is the case, the same reference wavefunction is employed

along the ensemble of geometries and the different computations can be directly compared

or convoluted to obtain, for example, the absorption or emission spectra. The script

pyoverlaps.py is the driver of the software that allows for the automatic correction of

the active space in a CASSCF computation on an ensemble of geometries by comparing,

as will be explained below, the orbitals of the active space of the sampled geometries with

the orbitals of the active space of a reference geometry. It performs a similar task to the

main qminputs.py of the previous section, in that it also generates a set of QM/MM input

files from an ensemble of geometries. However, it also presents several differences with

respect to the general input generator, perhaps the most important one being the fact that

the script pyoverlaps.py does not only generate the input files, but it also controls the

execution of the QM software, which in this case is the OpenMolcas program. The script

works exclusively in command line interface, and requires the presence of four files in the

working directory: the trajectory and the topology/parameters files of the ensemble of

geometries under study, a molden198 file bearing the molecular orbitals used as reference to

preserve the active space on the single point CASSCF calculations throughout the selected

geometries and a template file for the Molcas inputs. An example of the execution of the

script is given by the command pyoverlaps.py -h, which prints a list of arguments it can

be provided with, the most important of which are shown in listing 3.3. Apart from the

four files that need to be present in the working directory, the user needs to provide the

indices of the molecular orbitals (in the reference geometry) that need to be considered

as the reference active space (-ref option), the mask of the QM atoms (-qm), and the

index of the geometry for which to perform the CASSCF calculations and the active space

correction, if needed. The execution is related to a single geometry, however, it can (and

should) be easily executed in parallel.
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Listing 3.3: Mandatory arguments for the execution of the pyoverlaps.py script.

−p TOP Topology f i l e

−c CRD Tra jec tory f i l e

−r REFERENCE Reference molden f i l e

−t p l TEMPLATE Molcas template f i l e

−rng RNG [RNG . . . ] Range o f MOs in the a c t i v e space

( e . g : 30 43)

−qm QMMASK QM mask

−−i g IGEOM S p e c i f i c frame f o r which to generate

an input f i l e . De fau l t = 0

The driver pyoverlaps.py presents the implementation of an algorithm84 proposed by

some of the authors that automatically corrects the active space of a specific geometry.

This is achieved by computing and analyzing the overlap matrix (SMO) between the set of

CASSCF molecular orbitals (MOs) of the reference geometry and that of the geometry of

interest. The algorithm and its implementation are described in full detail in Chapter 4.

In this section only the main features are briefly summarized. The script pyoverlaps.py

performs a CASSCF calculation on the sampled geometry, after which it computes the

overlap matrix SMO and analyzes its column maxima. The column labels of SMO represent

the MOs of the sampled geometry, whereas the row labels represent the MOs of the

reference geometry. In this framework, it is assumed that there exists a bijection between

the set of reference MOs and the set of MOs of the sampled geometry (sampled MOs for

simplicity). Thus, the maximum value of each column represents the reference orbital

that is the most similar to the MO of the sampled geometry for that column. If there

is a sampled MO outside of the active space, whose maximum value in SMO coincides

with a MO in the active space of the reference geometry, that MO should be included in

the active space of the sampled geometry (see the matrix element SMO[4][5′] on Figure

3.3). If, on the other hand, the maximum value of a sampled MO that belongs to the

active space coincides with a reference MO outside the active space, that sampled MO

should be removed from the active space. The correction occurs when at least two MOs

are each in one of the two situations above, in which case the two MOs are swapped, thus,
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creating a new guess wavefunction, and a new CASSCF optimization is performed. This

procedure is carried out iteratively by the program until the MOs in the active space of

the sampled geometry are in a one-to-one correspondence with the MOs in the active space

of the reference geometry. Figure 3.3 shows a schematic representation of the situation in

which the positions of two MOs need to be swapped to correct the active space of sampled

geometry 3.

Figure 3.3: Schematic representation of the working principle of the algorithm to correct
the active space on an ensemble of sampled geometries.84 Top: the set of MOs of the
reference geometry and the MOs of a sampled geometry (Geom. 3). Bottom: the overlap
matrix SMO between the two MO orbital sets. The column maxima are highlighted in pink.
In this example, the maximum of column 4’ (that is, MO 4’ of geometry 3) coincides with
MO 5 from the reference set of MOs, so that it has to be removed from the active space
(hence the R label). On the other hand, the maximum of column 5’ (MO 5’ of geometry 3)
coincides with reference MO 4, which is inside the reference active space, and it should be
included in the active space (hence the I label). Thus, MOs 4’ and 5’ need to be swapped
to correct the active space of geometry 3.

Although the execution of pyoverlaps.py occurs in the command line, with little to

no interaction of the user with the code, the script itself relies on a framework that can

also be exploited by the user to some extent as an API as well. The general structure
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and dependencies of the pyoverlaps.py script are shown in Figure 3.4. In synthesis, the

driver carries out two main tasks: on the one hand, it is responsible for most of the input

and output operations, as well as the operations that regard the reading and handling of

the trajectory (and topology files), including the definition of the QM and MM regions.

On the other hand, and as explained above, it bears the implementation of the active

space correction algorithm. However, the machinery for reading and operating with the

atomic orbital (AO) and MO information of the two geometries, whose orbital spaces are

to be compared, is present in the parse molden.py module. Its most important feature

is the class Mol(), from which an object is created by providing it with a molden file as

an argument. During the execution of pyoverlaps.py, two Mol() objects are created at

each iteration: one for the reference geometry and one for the geometry under study, but

no trace of these objects remains at the end of the execution. If the user is interested in

analyzing the data of each molden file or computing the SMO matrix without executing the

pyoverlaps.py, the parse molden.py module can be executed interactively on a python

shell; this will create the two Mol() objects and perform the computation of the atomic

orbital overlap matrix SAO and the SMO matrix. Alternatively, the user can import the

Mol() class and compute these matrices by their own. An important feature is that the

Mol() class is similar (although less sophisticated) to the pyscf.gto.M class from the

PySCF199 software, in particular it bears the attributes bas, env and atm that can be

employed to use the machinery of the PySCF to compute molecular integrals for a given

molecular species.199,200

Figure 3.4 shows the dependencies of the parse molden.py script/API. These depen-

dencies are modules that provide a lower level framework for the treatment of a Mol()

object and for the computation of the SAO and SMO matrices. The Align.py module

aligns the sampled geometry with the reference one prior to the computation of the overlap

matrices. The permutations.py module allows the reordering of the AO basis functions

between the PySCF ordering and that from Molcas (and other QM software such as Gaus-

sian or Orca), and the ovlp wrapper.py module is a wrapper for the C++ implementation

of the AO overlap integrals, present in the library intwrap.so. These AO integrals have

been implemented formally using the Obara-Saika recursion relations201 in an iterative

fashion, a procedure which is routinely performed in the literature.200,202 The reason for
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implementing the AO integrals stems from the fact that, to our knowledge, there are no

APIs that allow for the computation of AO overlap integrals between two different atom

centered basis sets, a crucial feature to compare the MO sets of two different geometries

of the same molecular species, as in principle the atom centers will not be equal for both

structures.

Figure 3.4: Schematic representation of the structure and main dependencies of the
pyoverlaps.py script for the automatic correction of the active space on an ensemble of
geometries. The red ovals represent a script or a program, the blue rectangles represent
some functions and classes that can be used as an API, and the yellow boxes provide a
brief description of the function of each script.
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3.3 Applications

In this section, the application of the MoBioTools toolkit to set up the QM/MM input

files for four different systems is illustrated. Specifically, the toolkit was employed to

compute the reduction potential of the five nucleobases in acetonitrile, the interaction

energy between tyrosine and water and its energy decomposition analysis, the absorption

spectrum of an azobenzene derivative integrated into an voltage-gated ion channel, and

the emission spectrum of the luciferine chomphore embedded in the luciferase protein. In

the following subsections, for each of the four applications, first, the computational details

are introduced, and then the results are briefly discussed.

3.3.1 Reduction Potential: Canonical Nucleobases in Acetonitrile

Protocol. In this section the application of the toolkit to compute reduction potentials

from an ensemble of geometries is discussed. The reduction potential associated with the

half reaction of oxidation of each one of the five canonical nucleobases (adenine, guanine,

thymine, cytosine and uracil) has been computed in a solution of acetonitrile. The reduction

potential is associated with the free energy of the reduction half reaction ∆Gred by means

of:

∆E0
red =

∆Gred

nF
− E0

red,SHE (3.1)

where F is the Faraday constant, n is the number of exchanged electrons and E0
red,SHE is

the potential of the standard hydrogen electrode (SHE).203–206 A value of 4.28 V determined

in an earlier work is used as E0
red,SHE . In the present work the Marcus theory207–210 has

been employed in a framework first introduced by Warshel,211,212 in which it was shown

that within a linear response regime, the vertical energy difference between the oxidized

and the reduced states could be defined as the reaction coordinate of the redox process to

compute the free energy. In this context, two MD simulations were performed: one for

the reduced state (rR) and one for the oxidized state (rO). In what follows, the energy

differences between the two states computed on top of geometries of the phase space of rR

(∆ER→O{rR}) will be referred to as the vertical ionization energy (VIE) and the energy

differences computed on top of geometries of the phase space of rO (∆EO→R{rO}) will be

referred to as the vertical attachment energy (VAE). If the linear response conditions are
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satisfied, it can be shown that the free energy in Equation 3.1 can be determined from the

averages of the VIE and the VAE, as follows:

∆Gred =
1

2
(⟨∆ER→O{rR}⟩ − ⟨∆EO→R{rO}⟩) −Ge(g)

=
1

2

(
⟨V IE⟩R − ⟨V AE⟩O

)
−Ge(g)

(3.2)

where the subscripts on the averages refer to the phase space from which the geometries

were extracted to compute the vertical energy differences. The term Ge(g) = −0.867

kcal/mol213,214 is the free energy of the electron in the gas phase according to the Fermi-

Dirac statistics. It has to be included in the equations because the reference SHE potential

value of 4.28 V215 also includes this contribution. This methodology has been widely used

to compute redox potentials of redox half reactions in the past.56,57,59,141

For each of the five nucleobases, a classical MD simulation was performed on each of

the two oxidations states under study. The system setup for each MD simulation was done

using the AmberTools20192 package and a set of different homemade scripts. For both the

oxidized and the reduced forms a geometry optimization was performed at the PBEOP/6-

311G(d)216–218 level of theory using the NWChem194 software. Implicit solvation effects

were introduced by means of the COSMO219 solvation model, using acetonitrile as solvent.

Electrostatic potential (ESP) charges were obtained from the same DFT calculation. Bond

and bond angle parameters were obtained using the Hessian matrix of the optimized

geometry by means of the Semiario method.220 Parameters for dihedral angles, improper

torsions and van der Waals non-bonded terms were taken from the generalized amber force

field (GAFF).131 Each nucleobase was solvated in a truncated octahedron with a buffer of

25.0 Å with approximately 1200 acetonitrile molecules by using the packmol221 software.

For the oxidized form, a chloride anion was also added to neutralize the system. The force

field parameters for acetonitrile were obtained in the same manner as in the case of the

five nucleobases.

Each system (for both oxidation states) was minimized for 10000 steps using the steepest

descent algorithm222 for the 5000 first steps and the conjugate gradient algorithm223 for

the last 5000 steps. Afterwards, a progressive heating to 300 K was performed for 1 ns at

constant volume (NVT). The first 500 ps were employed to drive the system to the desired

temperature and the last 500 ps were destined to equilibrate the structure of the system.

The Langevin thermostat224 was applied to control the temperature taking into account a
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collision frequency of 2 ps−1. After that, the volume of the system and the appropriate

density were equilibrated carrying out a 1 ns simulation in the NPT ensemble. Finally, an

additional 500 ns production simulation was performed in the NPT ensemble. The pressure

was maintained constant at 1 bar employing the Berendsen barostat225 with isotropic

position scaling and a pressure relaxation time of 2 ps. The electrostatic interactions were

computed during the full protocol using the particle-mesh Ewald method226 with a grid

spacing of 1.0 Å. In the case of the nonbonded interactions a 10 Å cutoff was chosen. The

SHAKE227 algorithm restrained the bonds involving hydrogen atoms and a time step of 2

fs was used during the heating, equilibration and production stages.

For each of the trajectories in the oxidized and in the reduced states, 200 snapshots

were fetched randomly from the last 450 ns of the production trajectories. The script

main qminputs.py was employed to select the snapshots and to automatically generate the

input files for the sampled geometries in two situations: one to compute the vertical energy

differences within an electrostatic embedding QM/MM framework, in which the nucleobases

represented the QM part and the acetonitrile molecules were present as fixed-point charges,

and one in which the point charges were removed and replaced by COSMO to compute

the vertical energy differences by QM/COSMO computations. In what follows the former

and the latter situations will be referred to as the dynamic Marcus explicit (DME) and

the dynamic Marcus implicit (DMI) approaches, respectively, to compute redox potentials.

In both cases the QM subsystem was described at the PBEOP/6-311G(d) level of theory.

Results. In this section, the computed reduction potentials of the five canonical

nucleobases in a solution of acetonitrile are analyzed. As said above, the computations have

been performed within the framework of the Marcus theory using two different solvation

models for the acetonitrile solvent: explicit solvation (direct Marcus explicit - DME) and

implicit solvation (direct Marcus implicit - DMI). Figures 3.5a,b show the main input and

the template files used to generate the QM/MM input files for the DME calculations. It

should be emphasized that the same ensemble of geometries was employed for the DMI

apporach, whereby the explicit point charges were replaced by an implicit solvation cavity.

To generate the inputs for the DMI approach, it suffices to replace the

&externchg
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&end

entry with the following section:

&cosmo

d i e l e c 37 .5

&end

Figure 3.5: a) Main input file for the MoBioTools input generator. b) Template file for
the NWChem software used to generate a set of 200 QM/MM input files for each of the
nucleobases. The QM/COSMO inputs are generated using the &cosmo section instead of
the &externchg entry. c) One electron reduction potentials obtained using the direct Marcus
explicit (orange) and the direct Marcus implicit (green) approaches. The experimental
results by Seidel228 and the computational results by Crespo-Hernández229 (blue) are also
reported for comparison. The black lines represent standard deviations.
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Figure 3.5c shows the reduction potentials of an ensemble of 200 geometries for each

one of the nucleobases computed using the DME and the DMI approaches. For comparison,

the experimental redox potentials determined by Seidel and co-workers,228 and the redox

potentials computed at the B3LYP/6-31++(d,p) using a thermodynamic cicle by Crespo-

Hernández and co-workers,229 have been reported. It can be evidenced that the DMI

approach underestimates the oxidation potentials for all five nucleobases, whereas the DME

computations provide the most accurate results, with values that differ at most by 0.1 V

from the experimental values. Interestingly, the opposite situation had been previously

evidenced by some of the authors59 in the case of the reduction potentials computed in

water, for which the DMI approach had outperformed the DME results. This could indicate

that the implicit solvation model performs better for aqueous solvent than for acetonitrile.

However, additional calculations and analyses would be necessary to corroborate it.

3.3.2 Energy Decomposition Analysis: Tyrosine in Water

Protocol. This section aims at illustrating the ability of the MoBioTools toolkit to easily

process MD trajectories into input files for the calculation of interaction energies and their

different quantum mechanical energy contributions of a system consisting of two fragments,

at the QM/MM level of theory. The chosen test system consists of the aminoacid tyrosine

in a water solution, which undergoes configurational sampling by means of classical MD,

followed by the Energy Decomposition Analysis (EDA) of the resulting geometry ensemble.

An electron density based QM/MM-EDA scheme86,117,118 is used for such purpose, allowing

the decomposition of the total interaction energy in its electrostatic, polarization (induction

and dispersion), and Pauli or exchange-repulsion components.

The geometry of tyrosine was taken from reference 230. Then, the antechamber and

tleap modules from AmberTools20192 were employed to solvate the aminoacid in a truncated

octahedron simulation box with a buffer of 22.0 Å. The tyrosine was described by the

GAFF131 force field, and the water molecules were described by the TIP3P137 model. Once

the system was set up, the next step was to minimize, heat and equilibrate the structure

and density of the solvated tyrosine by classical MD using the AMBER20192 package. At

first, a minimization was carried out using the steepest descent method for 5000 steps and

the conjugate gradient method for another 5000 steps. Then, the system was heated in
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the NVT ensemble applying a Langevin thermostat224 with 1.0 ps−1 of collision frequency

from 0 to 303.15 K for 1 ns. After the heating process, a production simulation of 100 ns

was run in the NPT ensemble applying the Monte Carlo barostat to keep the pressure at

1.0 bar. For all these steps, the cutoff and switching distances for nonbonded interactions

were limited to 12.0 and 10.0 Å, respectively. During the whole protocol, a time step of 2

fs was employed and the bonds involving hydrogen atoms were constrained by using the

SHAKE227 algorithm.

After the equilibration of the system, single point QM/MM calculations for 100 equally

spaced snapshots selected from the last 50 ns of the simulation were performed with

Gaussian16188 using the M062X108 functional and the cc-pVDZ231 basis set. The QM

region included the tyrosine molecule and the 10 water molecules closest to tyrosine, with

the remaining solvent included as point charges assigned by the TIP3P model. To perform

the EDA, three single point QM/MM calculations were carried out for each snapshot,

corresponding to the full system (QM region and MM point charges) and the fragments on

which to compute the interaction energy. The first fragment consisted of the QM solute

in the presence of the basis set of the QM water molecules, whilst the second fragment

included all QM water molecules as well as the basis set from the solute surrounded by

the MM electrostatic embedding. Basis functions of absent atoms are aimed at accounting

for the basis set superposition error (BSSE) by means of the Counterpoise correction

(CPC).119,120 The script main qminputs.py was used for the selection of the snapshots

from the MD trajectory, the definition of the QM and MM regions, and the automatic

generation of the three input files required by the EDA calculation.

Results. In what follows the energy decomposition analysis of the interaction energy

of tyrosine in water is discussed. Figures 3.6a,b show the main input and the template files

used to generate the QM/MM input files from an ensemble of 100 MD geometries with

the size of the QM region set to fit 10 water molecules. In this case, the two subsystems

for which the interaction energy was computed are the tyrosine molecule on the one hand,

and the 10 QM water molecules plus the water molecules defined in the MM region on

the other hand. Thus, three input files are generated for each geometry to correct for the

BSSE: one for each subsystem (with the basis set of the other subsystem) and one for the

complex. This option is enabled by including the &bsse section in the template file (Figure
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3.6b), where the two subsystems can be defined by using Amber masks. In the present

case no arguments were provided, so that the toolkit will assume that the two subsystems

consist of the qmmask argument on the one hand, and the combination of the solvmask

and the closest arguments on the other hand.

Figure 3.6c shows the normal probability distribution of each interaction energy com-

ponent for the ensemble of 100 MD geometries. The Kolmogórov-Smirnov test232 (5%

significance level) was used to test for normality. In regard with the width of the energy

distributions, the relatively large standard deviations observed (electrostatic 11.94 kcal/-

mol, Pauli 16.08 kcal/mol, polarization 7.92 kcal/mol, dispersion 4.68 kcal/mol, induction

3.60 kcal/mol, total 7.46 kcal/mol) restate the importance of the carried conformational

sampling even for simple systems like the one studied here. In addition, as can be seen from

the averaged values, the Pauli component is the main energy contribution for tyrosine in

water, whilst the electrostatic energy is the most relevant among the attractive components,

followed by dispersion and induction. This qualitative distribution of the interaction energy

components is in consonance with the structural features of tyrosine and their interaction

with a highly polar solvent like water.

3.3.3 Absorption Spectrum: p-Diaminoazobenzene Integrated into the

Human NaV1.4 Channel

Protocol. In this section the machinery of the MoBioTools toolkit has been used to

generate the input files for the calculation of the absorption spectrum of a photoswitch

bound to a protein ion channel at the QM/MM MS-CASPT299,101,233,234 level for an

ensemble of geometries. In this regard, the script pyoverlaps.py was used to perform the

generation of the CASSCF input files for the different snapshots selected, the CASSCF

calculations themselves via its interface with the OpenMolcas196 software, and the correction

of the active space for the ensemble of geometries. The script main qminputs.py was

employed to generate the input files for the CASPT2 calculations for those geometries for

which the active space was successfully recovered.

The system under study consists of the p-diaminoazobenzene (p-DAZ) molecule inside

the human’s brain voltage gated ion channel NaV1.4. An ensemble of geometries by means

of a 100 ns classical MD simulation has been obtained, for which the initial geometry was
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Figure 3.6: a) Main input file for the MoBioTools input generator. b) Template file for the
Gaussian software used to generate a set of 100 QM/MM input files for the tyrosine molecule
in water. c) Normal probability distributions for each interaction energy component in
kcal/mol obtained from a sample of 100 geometries from a MD trajectory. The Pauli
exchange-repulsion is represented with opposite sign. The average value of each distribution
is reported in kcal/mol
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retrieved from a previous work.235 For completeness, in what follows the preparation of

the initial geometry and the obtainment of the force field parameters are reported. A

truncated pore model of the NaV1.4 was constructed in VMD236 based on the cryo-electron

microscopic structure file of the channel in complex with its β1 subunit (PDB ID: 6AGF).237

The simulation comprised only the S5-S6 subunits of each domain, that form the central

pore. The protein was aligned along the z-axis using the Positioning Proteins in Membrane

(PPM) web server,238 placed inside a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

(POPC) lipid bilayer (xy length: 100 x 100 lipid components) and solvated in a rectangular

box with aqueous solvent and NaCl at a concentration of 0.15 mol/L using CHARMM-

GUI Bilayer Builder.239 The potential parameters for the protein and lipids were taken

from the CHARMM36m force field,136 and the TIP3P model was employed for the water

molecules.137 The ligand p-DAZ was constructed with the IQmol molecular viewer,240 the

geometry was optimized at MP2/6-31G∗ level of theory and used for the calculation of

the electrostatic potential (ESP) charges at the Hartree-Fock/6-31G∗ level of theory. The

ligand force constants for the dihedral angles –C–N=N–C– and -C–C–N=N– were taken

from a previous work,241 while the rest of the parameters were taken from CGenFF.242

After the system set up, in a previous work Gaussian accelerated MD simulations were

run to identify the possible binding pockets of p-DAZ into the NaV1.4 channel.235 In the

present work, one snapshot from the most stable binding pocket was selected as initial

snapshot for a 100 ns MD simulation.

The 100 ns MD simulation of this work was run in the isothermal–isobaric ensemble

(NPT) with a Monte Carlo barostat and a semiisotropic pressure scaling at 303.15 K and

1.01 bar. A timestep of 2 fs was used and the bond lengths involving hydrogen atoms were

constrained using the SHAKE algorithm. The nonbonded interactions cutoff radius and

switching distance were set to 12.0 Å and 10.0 Å, respectively. A force constant of 20

kcal/(mol Å2) was imposed on top of the –C–N=N–C– and -C–C–N=N– dihedral angles to

avoid unrealistic torsion motions and to keep the photoswitch on the trans configuration.

The script pyoverlaps.py was employed to fetch 100 equidistant geometries from the MD

trajectory to perform the state average (SA) CASSCF computations with an eventual

correction of the active space. For each geometry, equal weights of the first 10 states

has been used to generate the reference wavefunction for the MS-CASPT2 single point
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calculations to compute the absorption spectrum. The active space included a total of 12

electrons in 10 orbitals (12,10), which comprises two doubly occupied nitrogen lone pairs,

four doubly occupied π orbitals and four unoccupied π∗ orbitals, as shown in Figure 3.7.

Figure 3.7: Representation of the molecular orbitals included in the active space. The n+

and n− orbitals are the lone pairs of the central diazine bond, π1−4 are four occupied π
orbitals and π∗1−4 are four unoccupied π∗ orbitals.
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The cc-pVDZ231 basis set was used, and the Resolution of Identity approach was used

to treat the two electron integrals.243 In the MS-CASPT2 calculations, an imaginary shift

of 0.2 Ha was added to the zero order Hamiltonian to preclude the inclusion of intruder

states,244 with an IPEA value of 0.0 Ha as previously recommended.245 The restricted

active space interaction (RASSI) protocol was used to compute the transition oscillator

strengths to compare transition probabilities among the states studied.

Results. As described above, the software was used to calculate the absorption

spectrum of an ensemble of geometries obtained from 100 ns of a classical MD trajectory

of the photoswitch embedded in the protein. The script pyoverlaps.py allowed to correct

the active space in correspondence with a reference vacuum calculation. Figure 3.8a,b

shows the main input and template files used to generate the QM/MM input files from

an ensemble of 100 MD geometries with the size of the QM region set to contain only

p-diaminoazobenzene. The absorption spectrum displays a strong UV band (λmax = 383

nm) which arises from a symmetry allowed π → π∗ transition. Intensity borrowing is

observed for higher-energy lying ππ∗ states at 220-330 nm as well as for the symmetry

forbidden n → π∗ transition appearing at 550-550 nm. This coupling between different

electronic states of different symmetry shows the importance of sampling an ensemble of

geometries around the equilibrium geometry, instead of computing the absorption spectrum

only at the minimum-energy geometry.
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Figure 3.8: a) Main input file for the MoBioTools input generator. b) Template file for
the OpenMolcas software used to generate a set of 100 QM/MM input files for the p-
diaminoazobenzene molecule embedded in the Nav1.4 ion channel. c) Absorption spectrum
of p-diaminoazobenzene molecule embedded in the Nav1.4 ion channel. d) Example of a σ
orbital swapped for a π orbital corresponding to the reference wavefunction.

3.3.4 Emission and Absorption Spectra: Luciferine/Luciferase Complex

Protocol. As evidenced in the previous sections, the MoBioTools toolkit can be employed

to compute electronically excited states for an ensemble of geometries of a molecular system.

As a final example, its application is illustrated to compute the absorption and the emission

spectra of the oxyluciferin chromophore in the luciferase enzyme system. In this case, two

classical MD simulations were evolved using the AMBER20192 software to generate the

ensemble of geometries for the electronic ground state and for the first excited state, as

explained below. These trajectories were proccesed by the main qminputs.py script to

generated the QM/MM input files for the subsequent excited state calculations.

The luciferine/luciferase complex was constructed using PyMol246 based on the X-ray
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diffraction structure file of firefly luciferase crosslinked in the second catalytic form (PDB

ID: 4G37247). The complex was solvated with the tleap module of AmberTools20192 by

TIP3P137 water molecules within a truncated octahedral box, ensuring a solvent shell of

at least 12 Å from any solute molecule. The luciferase enzyme was described using the

ff19SB force field,248 whereas the GAFF force filed was used to describe the dihedral and

improper torsions and Lennard-Jones parameters of the chromophore. Bond and bond

angle parameters for both the S0 and S1 electronic states of the oxyluciferin molecule

were obtained by the Seminario method. The optimized geometries and the Hessian

matrices were obtained using the Gaussian16188 software by means of DFT and TD-DFT

calculations, respectively. In particular, for both ground and excited state calculations the

B3LYP104–106/6-311G(2d,p)249–251 level of theory was employed. The ESP charges for the

two electronic states were computed using the same level of theory.

A minimization was performed for 5000 steps using the steepest descent algorithm, and

for another 5000 steps using the conjugate gradient algorithm. Afterwards, a progressive

heating was performed from 0 to 300 K for 500 ps in the NVT ensemble using a timestep

of 2 fs , followed by a constant temperature simulation for another 500 ps in the same

ensemble, using a Langevin thermostat224 with 1.0 ps−1 of collision frequency. Then, a

production simulation of 100 ns was performed in the NPT ensemble, again with a timestep

of 2 fs. A Berendsen barostat225 and thermostat were used throughout the simulation to

keep the pressure at 1.0 bar and the temperature at 300 K, respectively. The electrostatic

interactions were computed using the particle-mesh Ewald226 method, with a grid spacing

of 1.0 Å. For the non-bonded interactions cutoff and switching distances of 9.0 and 7.0

Å were chosen, respectively. Bonds involving hydrogen atoms were constrained using the

SHAKE227 algorithm.

For both MD simulations in the S0 and S1 states, the first 25 ns of the produc-

tion run were discarded as the equilibration time of the protein structure. The script

main qminputs.py was used to randomly extract 200 geometries from the last 75 ns of

the MD trajectory, and to generate the QM/MM input files to compute the absorption

spectrum (for the S0 trajectory) and the emission spectrum (for the S1 trajectory) of

the chromophore. The QM/MM calculations were performed by Gaussian16,188 where 10

excited states were computed at the B3LYP/6-311G(2d,p) level of theory for each of the
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snapshots.

Results. As stated above, the toolkit was used to generate 200 Gaussian16 input

files from the last 75 ns of the classical MD trajectory in the S0 state (for the absorption

spectrum) and in the S1 state (for the emission spectrum). As the structure of the input

files for the toolkit is the same in both situations, for simplicity only the main and the

template files for the computation of the absorption spectrum of the oxyluciferin molecule

are reported in Figures 3.9a,b. Figure 3.9c shows the computed absorption and the

emission spectra of the oxyluciferin/oxiluciferase complex. In the case of the absorption

spectrum, two bands can be observed, which correspond to transitions to the S1 and S3

electronic states. The orbitals involved in the first one are shown in Figure 3.9d. The

emission spectrum present a band centered at 567 nm, which is in good agreement with

the experimental value of 553 nm.252

Figure 3.9: a) Main input file for the MoBioTools input generator. b) Template file for the
Gaussian16 software used to generate a set of 200 QM/MM input files for the oxyluciferin
molecule embedded in the luciferase enzyme system. c) Emission and absroption spectra of
the oxyluciferin/luciferase solvated complex. d) Orbitals that participate in the transition
from the S1 and to the S1 state.
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3.4 Conclusions

In this Chapter the MoBioTools toolkit has been introduced. It allows for a straightforward

setting up of a set of QM/MM calculations from an ensemble of geometries, so as to

compute various physical properties at a high level of accuracy, while accounting for

conformational sampling. The toolkit has been applied to four different situations, showing

a large degree of versatility. Specifically, it has been used to set up the calculations of the

reduction potentials of the five canonical nucleobases in acetonitrile and the interaction

energies (and corresponding energy decomposition analysis) of a system consisting of

tyrosine solvated by water. In the latter application, it has been evidenced how the toolkit

defines the environment for cases in which part of it needs to be included within the

quantum mechanical subsystem. MoBioTools has also been used to compute electronically

excited state properties, such as the emission and absorption spectra of some chromophores

embedded in complex biological media. In the case that a multiconfigurational method,

such as CASSCF, is employed to compute the excited states of the chromophore, it has

been shown that the toolkit can also be used to automatically correct the active space for

those geometries of the ensemble in consideration for which a first CASSCF wavefunction

optimization has provided a different active space from the one used as reference. The toolkit

developed and presented here will be useful for the computational chemistry community,

as it attempts to carry out in an automatic way tasks that need to be performed within

the framework of QM/MM, but that otherwise would be tedious and time consuming.

120



Chapter 4

Active Space Preservation for

CASSCF Calculations on

Ensembles of Geometries

Gustavo Cárdenas1, Juan J. Nogueira1,2

1 – Department of Chemistry, Universidad Autónoma de Madrid, 28049, Madrid, Spain

2 – Institute for Advanced Research in Chemistry (IAdChem), Universidad Autónoma

de Madrid, 28049 Madrid, Spain

This Chapter has been published in:

International Journal of Quantum Chemistry, 2021; 121:e26533.

DOI: 10.1002/qua.26533

When the excitation energies of an ensemble of geometries, computed by the CASSCF or

other CAS-based methods, are convoluted to obtain the absorption spectrum, it is advisable

that all the considered geometries have the same molecular orbitals within the active space.

This Chapter presents an algorithm that evaluates the molecular orbital overlap matrix

between a previously selected reference geometry, with the desired active space, and each of

the sampled geometries. Based on the value of the overlap matrix elements, the algorithm

determines whether one or more pairs of molecular orbitals of the sampled geometry have

to be swapped for a subsequent CASSCF calculation. The developed algorithm has been
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applied to CASSCF and CASPT2 calculations for sets of geometries of the five canonical

nucleobases in vacuum and in solvent. The algorithm shows a very good efficacy since

it recovered the correct active space for 90% of the geometries which presented undesired

molecular orbitals in the active space after the first CASSCF wavefunction optimization.

In addition, the importance of having the same orbitals within the active space for all the

geometries is discussed based on the corrected and uncorrected density of states for the

nucleobases.

4.1 Introduction

Multiconfigurational self-consistent field (MCSCF)82 methods represent nowadays a stan-

dard ab initio tool used by computational chemists to study systems in situations that

cannot be properly described by a single Slater determinant (single reference methods),

such as bond dissociations, vertical electronic excitations, and photochemical reaction

pathways, among others. Of these methods, the CASSCF81,83 is perhaps the most popular

method due to its conceptual simplicity and the development that it has undergone since its

introduction. The CASSCF wavefunction is constructed by first subdividing the molecular

orbital (MO) space into three subspaces: inactive, active and secondary orbitals. During

the optimization of the wavefunction the inactive and secondary orbitals are assumed

to be doubly occupied and completely empty, respectively, whereas the active orbitals

are allowed to assume all possible occupations, as long as the overall spin and spatial

symmetry of the wavefunction is conserved. Thus, the problem of selecting the most

suitable configurations for the chemical problem at hand reduces to that of choosing the

set of MOs that compose the active space. This is mainly a problem that involves a

strong chemical intuition; however, the size of the set of orbitals is also limited by the

size of the system, and in some cases not all suitable orbitals can be incorporated in the

active space due to the huge amount of obtainable configurations. Once the CASSCF

wavefunction has been obtained, it can be used as the reference wavefunction for methods

that recover the so-called electron dynamical correlation due to electrons not present in the

active space, such as the CASPT2233,234 method, the restricted active space second-order

perturbation theory (RASPT2),253 or the n-electron valence second-order perturbation
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theory (NEVPT2).254 In the last decades, these quantum mechanical methods that rely

on a CASSCF reference wavefunction have been extensively employed to unravel a large

list of photochemical and photophysical processes.255–260

When the photoinduced behaviour of a chromophore is theoretically investigated,

for example, by computing the potential-energy curves that connect different stationary

points71,261,262 or by evolving dynamic trajectories,263–266 it is usually necessary to compare

excitation energies or other electronic properties for different geometries of the chromophore.

This is also the case when the absorption spectrum is calculated by considering an ensemble

of geometries which are generated by, e.g., MD simulations.73,267–271 If the electronic-

structure calculations are based on the complete active space (CAS) approach, it is advisable

to use very similar orbitals from a qualitative perspective – although they present slightly

different coefficients – in the active space for all the geometries that are considered. This

is especially true when studying non-reactive processes such as nuclear dynamics at the

Franck-Condon region, where there is no bond breaking or formation and, thus, new MOs

are not formed or destroyed. Although the vibrational motion of the chromophore will

modify the coefficients of the MOs, and the active spaces of different geometries will be

quantitatively different, the qualitative nature of the MOs should not be altered since

a drastic change of the electronic wavefunction is not expected. If a chemical reaction

or a non-adiabatic process occurs, where the electronic wavefunction suffers important

alterations, the modification of the active space must be done smoothly along the reaction

pathway to avoid discontinuities in the potential-energy surfaces and sudden changes of

the electronic properties. However, to preserve the same orbitals inside the active space

is a very challenging task in many cases, especially when the molecular motion and the

solvent or biological environments have to be explicitly considered in the theoretical model.

In this situation it might happen that for some of the geometries the optimized active

space differs from that of the desirable reference wavefunction, which could be, for example,

the active space of the equilibrium geometry in vacuum. In such cases, a second (or even

further) CASSCF optimization needs to be performed using the previously optimized active

space as the initial guess but swapping the problematic MOs, in the hope that the desired

reference active space is obtained along the different optimizations. The usual way to

tackle the problem is to visually assess for each of the failed geometries which orbitals are
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within the active space and which of them need to be swapped by inactive or secondary

orbitals.71,73,272 However, this becomes a formidable task when considering a large amount

of sampled geometries which, in many cases, is disregarded.

In this Chapter, an approach to compare the active spaces of a set of geometries

with the one of a reference geometry is proposed. This approach, whenever required,

swaps the problematic MOs and performs further CASSCF calculations to correct for the

wavefunctions of the sampled geometries. The method is based on the calculation of the

MO overlap matrix between the CASSCF optimized orbitals of the reference geometry and

each of the sampled geometries. The criterion for swapping the MOs will, thus, depend on

the value of the overlap integrals of the above mentioned matrix. Although there are several

efficient methods for calculating overlap integrals between many-electron wavefunctions in

the literature,273,274 they have not been applied with the aim of selecting or preserving the

MOs of the active space along an ensemble of conformers for a given molecular species. In

this work, the comparison between the wavefunction of the reference structure and that

of a given sampled geometry via the MO overlap integrals will prove to give satisfactory

results by recovering the desired active space for most of the sampled geometries presented..

Density Matrix Renormalization Group methods275 have been used in conjunction with

entropy based MO entanglement selection methods97,276,277 to choose in an automated

and black-box manner the active space for a given molecular structure. The problem

of choosing a consistent active space for a set of geometries connected along a specific

reaction pathway has been faced by means of the previously mentioned entropy based

entanglement approaches,98 and more recently by analyzing the atomic orbital coefficients

and the overlap matrix of the MOs exclusively within the active space of the geometries

along the reaction pathway.278 The approach introduced in the present Chapter aims at

preserving the previously selected active space of a given molecular structure - considered

to be the reference active space - along several conformers of the same molecular species,

which are not necessarily close to each other within the space of coordinates, as it is the

case in the computation of the absorption spectrum. Thus, our approach could somehow

be regarded as complementary to the methods mentioned above if one aims at a fully

automated approach using CAS methods upon an ensemble of geometries.

It should be pointed out that it is not expected that two different geometries of the same
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molecular species possess exactly the same wavefunction – the configuration-interaction

(CI) coefficients and the MO coefficients will inevitably be different. However, it is desirable

that they be qualitatively similar in terms of the nature of their active spaces. As evidenced

in the present work, for a given geometry different minima of the energy (as a function

of the CI and MO coefficients) can be obtained for different initial guess active spaces.

Being the CASSCF method a variational one, it is thus of utmost importance to tackle

this potential ambiguity by attempting to attain the minimum-energy wavefunction, which

is the most suitable CASSCF wavefunction for a given geometry.

In this work the theoretical insights and the implementation of the approach mentioned

above are presented, followed by an application on an ensemble of force field MD sampled

geometries for each of the five canonical nucleobases in vacuum and in explicit water.

Nucleobases represent a suitable test case set as their photophysical and photochemical

properties have been thoroughly studied both in vacuum and with implicit solvation models

within several different MCSCF approaches.279–282 Thus, our goal is not to reproduce

accurate vertical excitation energies, but rather to show the effectiveness of our approach in

recovering the appropriate CASSCF active space of an ensemble of geometries. Moreover,

we seek to stress the importance of describing in a proper manner the wavefunction for

each of these geometries by comparing the uncorrected CASSCF calculations with their

corrected counterparts.

4.2 Theory and Implementation

4.2.1 Calculation of the MO Overlap Matrix

In the CASSCF (or in general MCSCF) framework, the wavefunction is represented as a

superposition of Slater determinants that span the configuration space that is most adapted

for the system under study

Ψ0 =
∑
j

CjΦj (4.1)

where each Slater determinant Φj is constructed from a set of N MOs {ψjki}i∈{1..N}

Φj = |ψjk1 ...ψjkNψjk1 ...ψjkN | (4.2)
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To construct the Ψ0 wavefunction, both the expansion coefficients Cj and the MOs

{ψjki}i∈{1..N} are variationally optimized.

In what follows a method to recover the active space in an ensemble of sampled geome-

tries of a molecular species is presented; it uses a specific geometry and the corresponding

active space as the reference. For simplicity, the Slater determinant index j will be omitted

in the MO representation (Equation 4.2) as we will refer to the entire orbital space of a

geometry, for which one index suffices. The orbital indices p and q will be used instead of

ki, and the MO space of the reference geometry will be represented as {ψp}, and that of

any sampled geometry for which to recover the active space as {ψ′
q}; thus, throughout the

present Chapter, MOs without a prime (′) will represent reference MOs, and those with a

prime (′) will represent MOs of a sampled geometry. The method we propose consists of the

computation of the MO overlap matrix
〈
ψp

∣∣∣ψ′
q

〉
(for simplicity SMO) between the reference

geometry and any of the ensemble geometries. The molecular orbitals are expanded in an

atomic orbital (AO) basis

ψp =
∑
µ

Cµpϕµ (4.3)

so that the MO overlap matrix is given by〈
ψp

∣∣∣ψ′
q

〉
=

∑
µν

CµpC
′
νq

〈
ϕµ

∣∣∣ϕ′
ν

〉
(4.4)

where Cµp and C
′
νq are the MO coefficients of the reference and the sampled geometries,

respectively, and
〈
ϕµ

∣∣∣ϕ′
ν

〉
is the corresponding AO overlap matrix SAO.

The SMO matrix could be easily determined from the expansion coefficients of the

reference {ψp} and the sampled geometry {ψ′
p} MO sets283 (Cµp and C

′
νq in equation 4.4,

respectively), assuming that the AOs are equal for the different geometries. However,

the AO basis sets used in the present work comprise atom-centered functions, and since

two different geometries of the same molecular system are compared, no such assumption

can be made. The only assumption made – for the sake of comparing calculations at the

same level of theory – is that the contraction schemes of both AO basis sets are the same.

Therefore, the SAO needs to be calculated explicitly.

To this end, at first the basis set of atom-centered functions is considered; these

functions are linear combinations (contractions) of spherical harmonic Gaussian primitive
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functions of the type

ϕ̃(ζ, l,m, n, r) = Ñ(n, ζ)Y l
mr

ne−ζ(r−R)2 (4.5)

where Ñ denotes the normalization constant, ζ is the orbital exponent, n is the principal

quantum number, Y l
m is the spherical harmonic having orbital and magnetic angular

momentum numbers l and m, respectively, r denotes the electron coordinates, and R

denotes the atomic coordinates on which the Gaussian primitive is centered. However,

several integral calculation algorithms rely on the usage of Cartesian Gaussian functions

instead

ϕ(ζ, lx, ly, lz, r) = N(lx, ly, lz, ζ, n)(x−Rx)lx(y −Ry)ly(z −Rz)lze−ζ(r−R)2 (4.6)

where N is the normalization constant, lx, ly, lz are three non negative integers such that,

for the orbital angular momentum number, l = lx + ly + lz, whereas ζ, R, r and n have the

same meaning as before. In the present implementation, Cartesian Gaussian functions are

used, so that instead of calculating the overlap matrix SAO of spherical harmonic Gaussians

directly, the Cartesian overlap matrix SAO
xyz is computed.

In what follows, a shell will correspond to a set of Cartesian Gaussian functions having

the same principal (n) and orbital angular momentum (l) numbers, and the components of

a shell will be the set of basis functions belonging to it. Each Cartesian Gaussian function

will be represented as a vector a = (ax, ay, az) having as components the three numbers

lx, ly, lz mentioned above. Having adopted a vector description for the components of a

shell, they will be represented using vector notation. Thus, the single component of an s

shell having angular momentum l = 0 is given by s = (0, 0, 0). To represent each of the

three components of the p shell (px, py and pz), and each of the six components of a d

shell (dx2 , dxy, dxz, dy2 , dyz, dz2) the unit vector 1i (i = x, y, z), will be employed. This

vector is given by

1i = (δix, δiy, δiz) (4.7)

in terms of Kronecker deltas. In that case, the pi and the dij components of the p and

d shells, respectively, will be given by
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pi =1i

dij =1i + 1j

(4.8)

so for example, px = (1,0,0), dxy = (1,1,0) and dz2 = (0,0,2). Given two Cartesian

Gaussian functions a and b centered at A and B, respectively, there are several algorithms

that allow for the calculation of the overlap integral ⟨a|b⟩ – that is, an arbitrary element

of the SAO
xyz matrix – in a recursive manner,284–286 starting from integrals of low angular

momentum functions to obtain higher angular momentum integrals. In all such cases,

the recursion begins with the analytic expression for the overlap integral between two s

functions:

⟨sa|sb⟩ = (
π

ζ
)
3
2 e−ξ(A−B)2 (4.9)

where

ξ =
ζaζb
ζa + ζb

(4.10)

In the present implementation, the Obara-Saika recursion relation201 is used to compute

the integral ⟨a + 1i|b⟩ from the lower angular momentum integrals ⟨a|b⟩ and ⟨a− 1i|b⟩

⟨a + 1i|b⟩ = (Pi −Ai) ⟨a|b⟩ +
1

2ζ
Ni(a) ⟨a− 1i|b⟩ +

1

2ζ
Ni(b) ⟨a|b− 1i⟩ (4.11)

in which a, b and 1i have the same meaning as before and Ni is the projection operator

on the ith component of a vector. P and ζ are defined as follows

ζ = ζa + ζb (4.12)

P =
ζaA + ζbB

ζa + ζb
(4.13)

so that Pi and Ai represent the ith components of P and A in equation 4.11, respectively.

The recursion in equation 4.11 stops once a component of either a - 1i or b - 1i is negative

(specifically -1), and the value of the corresponding integral is set to zero. Once the

SAO
xyz matrix has been determined, it is transformed into the AO matrix SAO of spherical

harmonic Gaussians as follows

SAO = TTSAO
xyzT (4.14)

The transformation matrix T is constructed by using the expansion coefficients of spher-
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ical harmonic Gaussians in terms of Cartesian Gaussian functions reported elsewhere.287

Finally the molecular orbital overlap matrix SMO is computed using equation 4.4, which

in matrix notation reads

SMO = CTSAOC
′

(4.15)

where C and C
′

are the expansion coefficient matrices of the {ψp} and {ψ′
q} spaces,

respectively.

It must be pointed out that to have a meaningful comparison between the MO sets of

the reference and the sampled geometries, these need to be aligned prior to calculating

the SMO matrix. Therefore, the center of mass of the sampled geometry is first translated

so that it coincides with the center of mass of the reference geometry. Afterwards, the

alignment is accomplished by determining the optimal rotation matrix W that minimizes

the root mean square deviation between the two structures, using the algorithm developed

by Kabsch288 and implemented in the quaternion algebra reformulation due to Coutsias et

al .289 A comprehensive description of the alignment procedure for obtaining the matrix

W is presented elsewhere;289–291 here we present only the basic insights. Considering two

geometries of the same molecular system of Na atoms, let X and Y be the two Nax3

matrices containing the coordinates of the two geometries, with X being the structure to

be superimposed (by means of a rotation W) to the structure Y. The rotation matrix W,

which provides the best superposition between the structures X and Y, is the one that

minimizes the following residual function:

E =
1

Na
tr((XW−Y)T (XW−Y))

=
1

Na
(GX +GY − 2tr(MW))

(4.16)

where GX is the inner product of structure X

GX = tr(XTX) =

Na∑
i

(x2X,i + y2X,i + z2X,i) (4.17)

with xX,i yX,i and zX,i being the x, y and z coordinates of the ith atom of structure X,

and M is the matrix product

M = XTY =


Sxx Sxy Sxz

Syx Syy Syz

Szx Szy Szz

 (4.18)
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with

Sxy =
N∑
i

xY,iyX,i (4.19)

Thus, it can be shown289 that the optimal rotation matrix W, in the quaternion

representation, corresponds to the eigenvector having the largest eigenvalue of the following

matrix:

SW =


Sxx + Syy + Szz Syz − Szy Sxz − Szx Sxy − Syx

Syz − Szy Sxx − Syy − Szz Sxy + Syx Sxz + Szx

Szx − Sxz Sxy + Syx −Sxx + Syy − Szz Syz + Szy

Sxy − Syx Sxz + Szx Syz + Szy −Sxx − Syy + Szz


(4.20)

so that the resulting 4-component eigenvector, which represents the above mentioned

quaternion, needs to be transformed into the corresponding 3x3 matrix by a suitable

transformation for quaternions.289 In the case of a QM calculation including point charges,

or in general an electrostatic embedding QM/MM calculation, the W matrix is determined

for the QM part (which coincides in the number of atoms with the reference geometry),

and the point charges are rotated using the same W matrix.

4.2.2 Comparison between the MO Sets

Once the SMO matrix has been calculated, the comparison between the reference orbital

space {ψp} and the orbital space of the sampled geometry {ψ′
q} proceeds as follows: for

each column of the SMO, the absolute value of the maximum element is fetched and its

matrix element indices recorded (the row indices of the SMO matrix correspond to the

MO labels of the reference structure and the column indices represent the MOs of the

sampled geometry). This maximum value is chosen since it qualitatively represents which

orbital of the reference space is the most similar to the MO of the sampled geometry under

consideration. In what follows we will refer to this analysis as the column-wise analysis.

The orbitals to be swapped for the sampled geometry are determined by generating

two lists of orbitals, one for orbitals that need to be removed from the active space (lrem)

and the other one for orbitals to be added to the active space (ladd). An example of

the outcome of the column-wise analysis is displayed in Figure 4.1a, in which we consider
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the hypothetical situation of a 4-dimensional MO space [MOs 1-4] and a 2-dimensional

active space [2,3], so an overall 4x4 SMO matrix is considered. In this situation, each

matrix element is represented with a letter that indicates what would be done with the

corresponding MO of the sampled geometry (column label) if the maximum value of that

column were to happen on that matrix element position (A = add to the active space, K

= keep within the active space, I = ignore, R = remove from the active space), and in

green are shown the matrix elements that effectively correspond to the column maximum.

Thus, it is clear that the lists ladd and lrem are built depending on the position of the

maximum value of each column of SMO; specifically, they are generated as follows (see

Figure 4.1a):

i If the column index is outside of the range of the reference active space, but the row

index is inside the range of the reference active space, the orbital corresponding to

that column index is added to the ladd list.

ii If both the row and the column indices are within the range of the reference active

space, the orbital is kept inside the active space.

iii If the column index is inside the range of the reference active space, but the row

index is outside, the orbital corresponding to that column index is removed from the

active space, i.e., it is added to the lrem list.

iv Finally, if both the row and the column indices are outside the range of the reference

active space, then the orbital corresponding to that column index is ignored, i.e., it

is kept outside the active space.

The algorithm described above - the column-wise analysis - provides by itself an excellent

insight on which reference MO is equivalent to each one of the MOs of the sampled geometry

(Figure 4.1a). However, some problematic situations could arise because the columns are

analyzed independently of one another, and, therefore, the column-wise algorithm needs to

be extended to treat these situations, as exemplified in Figure 4.1. Before proceeding, and

to facilitate the explanation below, we emphasize the fact that for most of the situations

described in Figure 4.1, independently of where the green matrix elements are, the four

corner elements have letter I, the four center elements have letter K, the four middle
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Figure 4.1: Schematic representation of the algorithm for comparing the active space of a
reference geometry with the active space of a sampled geometry via the SMO matrix, in
this case represented by a 4x4 matrix. Each matrix element is represented with the letter
A, K, R or I indicating that the MO orbital of the sample geometry would be added to
the active space, kept within the active space, removed from the active space or ignored,
respectively, if the maximum value of that column were on that matrix element position.
The matrix elements that effectively correspond to the column maximum are shown in
green.
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Figure 4.1: a) The outcome of the column-wise algorithm, in which a one-to-one correspon-
dence is obtained between the reference MO and the sampled MO sets. b) and c) represent
cases for which such one-to-one correspondence is not immediately obtained. The row
maximum stemming from the row-wise algorithm is indicated in orange.

elements of rows 1 and 4 have letter R and the four center elements of columns 1’ and 4’

have letter A. The only exception to this trend is represented by step c6 in Figure 4.1c, on

which the element S33′ changes from K to R (see below for details). First of all, a situation

could occur in which two columns present a maximum overlap integral with the same

reference MO. For example, the step b1 in Figure 4.1b shows that the MOs 1’ and 4’ of the

sample geometry present a large overlap with the reference MO 2. Similarly, the step c1 in

Figure 4.1c shows a large overlap of MOs 1’ and 2’ with the reference MO 2. To avoid

such situations and guarantee that the most similar MO (according to the criterion of the

overlap integral value) to a given reference MO is being considered, the absolute values

of the two column maxima associated with the same reference MO are compared, and

only the matrix element with the highest value is considered. Thus, since |S21′ | > |S24′ |

in Figure 4.1b and |S21′ | > |S22′ | in Figure 4.1c, only the MO 1’ is is added to the ladd

list. This comparison is performed whenever such situation occurs during the column-wise

analysis, and is in practice an integral part of the column-wise algorithm. In most cases,

it brings the analysis to a situation analogous to the one shown in Figure 4.1a, that is,

one in which there is a one-to-one correspondence between the reference MOs and the

MOs of the sampled geometries, and in line with this, the number of elements of the ladd

list (Nadd) equals the number of elements of the ldel list (Nrem). However, following the

column-wise algorithm, there might be situations in which Nadd ̸= Nrem (for example, the

situations displayed in the steps b2 and c2 of Figures 4.1b,c). In such cases, we perform a

row-wise analysis (i.e., row by row) by determining the maximum value of each row of the

SMO matrix corresponding to a reference MO, so as to guarantee a one-to-one relation

between the reference orbital space {ψp} and the orbital space of the sampled geometry

{ψ′
q}, and proceed depending on the relation between Nadd and Nrem. Specifically, the

row-wise analysis proceeds as follows:

i Nrem > Nadd (Figure 4.1b, steps b3-b6): If the column label of the row maximum is

outside of the sampled active space (S34′ of step b3), add the corresponding MO to
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the sampled active space (MO 4’) provided it had not been added to ladd before;

in the specific case of steps b3-b4, the sampled MO 4
′

is added back to ladd, as it

clearly presents high MO overlaps with MOs of the reference active space. If on the

other hand the column label of the row maximum is within the sampled active space

(S33′ of step b5), keep the sampled MO whose column label corresponds to the row

maximum within the active space (MO 3’) (i.e., remove it from the lrem list - step

b6). The latter situation implies that MO 3
′

has a high overlap with an MO within

the reference active space but also with an MO outside of the reference active space.

ii Nrem < Nadd (Figure 4.1c, steps c3-c6): For each row corresponding to a reference

MO, compare the absolute value of the row maximum with the absolute value of the

element whose column label was determined to be equivalent to that reference MO by

the column-wise criterion (steps c3 and c5). If the row maximum is within the active

space of the sampled geometry (S23′ of step c3), and the element whose column label

was determined to be equivalent to that reference MO (S21′ of step c3) is outside

of that active space - so that it is a member of the ladd list, remove the element

corresponding to that column label from ladd (step c4). If, on the other hand, the

row maximum is outside of the active space of the sampled geometry (S31′ in step

c5), and the element whose column label was equivalent to that reference MO (by

the column-wise criterion) is within the active space (S33′ of step c5), include such

element in the lrem list and ignore the maximum located by the row-wise analysis.

Notice that the label of the element S33′ has changed from K to R in the step c6.

The row-wise analysis (analogously to the column-wise analysis) occurs one row at

a time until the criterion Nadd = Nrem is satisfied, so that on Figures 4.1b,c, row 2 is

analyzed before row 3 in all cases. This implies that if the criterion is satisfied after the

analysis of row 2, the algorithm stops and row 3 is not analyzed. Thus, the column-wise

analysis followed by the row-wise analysis guarantees a consistent selection of MOs to be

swapped at every SA-CASSCF wavefunction optimization, until the desired active space

has been attained for each sampled geometry.
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4.3 Computational Details

The ensembles of geometries for each nucleobase were generated by force field MD sim-

ulations performed using the AMBER18 package.132 An octahedral water solvation box

of 20 Å from the center of the box to either of the faces was built around each one of

the nucleobases using the tleap program of AmberTools19,132 and the potential of the

water molecules was described by the TIP3P137 solvation model. The intramolecular and

van der Waals parameters for all nucleobases were taken from the general amber force

field (GAFF) for organic molecules.131 The geometries for all nucleobases were retrieved

from Thiel’s benchmark set282 except for guanine, whose geometry was obtained from

the work of Wiebeler et al.281 These geometries were reoptimized at the MP2/6-31G*

level of theory using the Gaussian16188 software, and restrained electrostatic potential

(RESP) charges of all the nucleobases were calculated at the B3LYP104–106/6-31G* level

of theory using the same software. For each solvated nucleobase, the system was at first

minimized for 5000 steps using the steepest descent algorithm, after which the conjugate

gradient algorithm was used for another 5000 steps. Afterwards, a constant volume (NVT)

heating to 300 K was performed for 300 ps using a time step of 2 fs, in which positional

restraints were imposed to the geometry of the nucleobase by applying a force constant

of 10 kcal/mol. Three consecutive MD simulations of 1 ns each were run in the NPT

ensemble to equilibrate the density and to gradually remove the positional restraints

previously applied, so that force constants of 10 kcal/mol, 5 kcal/mol and no force constant

were applied correspondingly. Finally, a 100 ns production simulation was run in the

NPT ensemble using a Langevin thermostat to keep the temperature constant, and the

SHAKE227 algorithm was used to maintain fixed the bond lengths of bonds involving

hydrogen atoms as required when using the TIP3P solvation model; a time step of 2 fs

was selected for all the NPT simulations. For each nucleobase, 100 snapshots were fetched

from the last 50 ns of the production run to compute the CASSCF/CASPT2 vertical

energies and perform the MO analysis described above. For each of the geometries taken

from the dynamics the excitation energies were computed in solvent by the electrostatic

embedding QM/MM scheme implemented in OpenMolcas,195,196 where the nucleobases

were included in the QM region and the water molecules in the classical region. The
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excitation energies were also computed for the nucleobases in vacuum by using the same

ensemble of geometries as for the QM/MM calculations but removing the solvent molecules.

Then, the MOs for each of the geometries were analyzed by the algorithm, as explained

above, to evaluate whether the active space corresponds to the active space of the reference

geometry or whether one or more pairs of orbitals need to be swapped and a second (or

more) CASSCF calculation is required to obtain the desired active space. The reference

geometries employed for the MO overlap analysis correspond to the equilibrium geometries

of the nucleobases in vacuum; the corresponding CASSCF MOs were optimized by means

of the state average (SA) CASSCF with the triple-ζ basis set developed by Alrichs,292

using the OpenMolcas software.195,196 For all nucleobases, no symmetry was used in the

CASSCF calculations to have a better comparison with the sampled geometries, as it is

expected that the Cs symmetry breaks down during the MD sampling. For most of the

nucleobases, the same active spaces and number of roots as used in a previous study281

were considered for the SA-CASSCF calculations. Specifically, for uracil we computed

the first 10 roots using a (14,10) active space which included all π electrons plus the four

nonbonding electrons of the oxygen atoms; for cytosine we computed the first 8 roots

with a (14,10) active space. For adenine 11 roots were computed with a (18,13) active

space and for guanine we considered a (20,14) active space and computed the first 9 roots.

In the case of thymine, an active space smaller than the one reported before281,282 was

used, that is a (14,10) active space, in which we have excluded the molecular orbital

localized on the methyl group (See Supporting Information for more details), and the first

10 roots were computed in the SA-CASSCF calculations. The MOs analyzed with the MO

overlap algorithm correspond to the state-averaged natural orbitals, as provided by the

OpenMolcas SA-CASSCF calculations. To further investigate the effect of the variation

of the CASSCF active space on the ensemble of geometries we performed MS-CASPT2

on top of the SA-CASSCF optimized wavefunctions with the undesired active spaces, as

well as on top of the SA-CASSCF wavefuctions with the corrected active spaces, using the

same number of states as in the SA-CASSCF calculation for each nucleobase, an imaginary

level shift of 0.2 Eh
244 and no IPEA correction;245 otherwise the default parameters of the

OpenMolcas software were used. All MO figures were made using the molden software.198
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4.4 Results and Discussion

In what follows the algorithm is presented in a visual and schematic way for an example

geometry for uracil in water taken from the force field MD simulations. Figure 4.2a shows

the orbitals of the active space –orbitals (23) to (32)– for the reference geometry of uracil,

which corresponds to the optimized geometry in vacuum. The orbitals after the first

CASSCF calculation for the geometry labeled as geometry 29, and those corresponding

to the same geometry, but after performing the SMO analysis and the second CASSCF

wavefunction optimization are also shown. As can be seen, the active space resulting from

the first CASSCF calculation for the sampled geometry contains two molecular orbitals,

namely (24’) and (31’), which should not be part of the active space. Consequently, there

are two orbitals – (19’) and (37’) – which erroneously lie outside the active space. The

developed algorithm is able to detect these two pairs of orbitals, which need to be swapped

in the subsequent CASSCF calculation, by computing the overlap matrix between the

MOs of the sampled and reference geometries, whose relevant rows and columns are shown

in Figure 4.2b. The elements of the matrix columns (24’) and (31’), which represent the

overlap between the orbitals (24’) and (31’) of the geometry 29 and the orbitals of the

active space of the reference geometry, have very small absolute values, indicating that

the MOs (24’) and (31’) have to be removed from the active space. On the contrary, the

matrix columns (19’) and (37’) present large overlap values with the reference MOs (23)

and (31) and, therefore, orbitals (19’) and (37’) have to be included in the active space.

For each of the geometries of the ensemble, the algorithm analyzes the MO overlap matrix

after the CASSCF computation to determine whether there are orbitals that have to be

swapped. If this is the case, a new CASSCF calculation is performed with the modified

active space, and this procedure is repeated until the appropriated active space is obtained

or until the maximum number of iterations of the SMO analysis algorithm is reached. In

the example shown in Figure 4.2a the MOs inside the active space for the geometry 29

are the same as the MOs of the active space of the reference geometry after the second

iteration of the algorithm and, therefore, the CASSCF optimization is converged.

The algorithm is not only useful to perform the swapping of the MOs in an automatic

way along all the geometries of the ensemble, but also to identify the orbitals to be swapped
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Figure 4.2: An illustration of the working principle of the SMO analysis algorithm for
sampled geometry 29 of uracil. (a) A comparison among the reference active space, the
active space of geometry 29 after the first SA-CASSCF calculation - displaying the MOs
that need to be removed (green) and added (orange) to the active space-, and the active
space of geometry 29 after the second SA-CASSCF calculation (i.e., following the SMO

analysis). (b) A portion of the SMO matrix showing the absolute values of the overlap
integrals. It can be clearly evidenced that MOs 24’ and 31’ display negligible overlap
integrals with the MOs of the reference active space, whereas MOs 19’ and 37’ show
significant overlaps with at least one MO in the reference active space.
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in a quantitative and easy way. In some cases, the identification of the undesired and

desired orbitals is straightforward and could be done just by visualisation. For example, as

seen in Figure 4.3a, it is relatively easy to directly identify the MO (22’) of the geometry

55, which lies outside the active space after the first CASSCF calculation, as the equivalent

counterpart of the orbital (26) of the reference geometry. Thus, it should be included

in the active space. Moreover, the orbital (24’), included in the active space by the first

CASSCF wavefunction optimization, is clearly different from all the active-space MOs of

the reference geometry of uracil plotted in Figure 4.2a and, therefore, has to be removed

from the active space. However, in many other cases, the visual characterization of the

MOs is an impossible task if the optimization process did not reach the global minimum

and the wavefunction is not converged with respect to the wavefunction of the reference

geometry. For example, our algorithm has identified the orbital (37’) of the geometry

27, shown in Figure 4.3b, as being equivalent to orbital (31) of the reference geometry.

Therefore, orbital (37’) needs to be included in the active space in replacement of the

Figure 4.3: Two examples of geometries of uracil whose active spaces were recovered after
a SMO analysis. For geometry 55 (a), the algorithm correctly identifies MO 22’ as being
equivalent to the reference MO 26, as can be verified by simple inspection. For geometry 27
(b), the algorithm identifies MO 37’ as being equivalent to the reference MO 31, although
their similarity is not qualitatively straightforward.

orbital (32’). This assignment would have been impossible to do by simple visualization

since both orbitals (32’) and (37’) significantly differ from the reference orbital (31), and it

would be hard to decide which one should be included within the active space.

Although the main goal of the algorithm presented here is for it to be applied in multi-

scale QM/MM calculations, it can also be employed in calculations where the chromophore

is in vacuum. Thus, 100 geometries have been considered for each of the five nucleobases
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(deriving from the previously mentioned MD simulations) to perform CASSCF calculations

in vacuum (for which the water point charges have been removed) and CASSCF/MM

calculations in water (considering the solvent point charges). This was done in order to

evaluate whether there are differences in the efficacy of the algorithm associated with the

presence of the point charges. In both vacuum and solvent calculations, the initial MOs

were taken from the previous CASSCF calculations for the optimized nucleobases in vacuum.

Since large geometrical alterations with respect to the vacuum optimized geometries should

not occur along the ground-state classical MD simulations, it could be expected that the

orbitals of the optimized nucleobases in vacuum is a good initial guess for the calculations

of the geometries from the MD simulation. Therefore, it would be reasonable to assume

that the vast majority of the CASSCF calculations finish correctly with the right active

space. However, as Table 4.1 shows, this is partially true only for adenine, for which 97 out

of 100 sampled geometries in the absence of the point charges (vacuum) and 82 out of 100

geometries in the presence of the water point charges present the right active space after

the CASSCF calculation. However, for the other canonical nucleobases a large amount

of geometries have undesirable MOs in the active space. Specifically, for the sampled

geometries in vacuum, 24 geometries for uracil, 20 for cytosine, 36 for thymine and 63 for

guanine have an undesired active space after the first CASSCF calculation. In the case

of the sampled geometries in the presence of point charges, 39 geometries for uracil, 37

for cytosine, 34 for thymine and 77 for guanine do not present the desired active space

after the first CASSCF calculation. Therefore, for all these geometries it was necessary to

swap some orbitals based on the analysis of the MO overlap matrix. In the case of the

geometries in vacuum, the algorithm introduced here shows an outstanding efficacy since

for most of the geometries initially presenting inappropriate MOs within the active spaces,

the corresponding active spaces were successfully corrected as can be seen in Table 4.1

(vacuum). In particular, 100%, of the geometries with undesired MOs within the active

space have been corrected by the algorithm for uracil, cytosine, thymine, adenine, and 87%

of the wrong geometries for guanine. For all the nucleobases, the right active space for

the recovered geometries has been achieved, on average, after carrying out one additional

CASSCF calculation, in which two pairs of orbitals have been swapped.

To investigate whether there exists a correlation between the degree of geometrical
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distortion of the sampled geometries with respect to the reference geometries, and the

efficacy of the algorithm, we have calculated for each nucleobase the root mean square

deviation (RMSD) of the atomic displacements with respect to the corresponding reference

geometry. We have evidenced an average RMSD (averaging over the sampled geometries)

of 0.10 Å, 0.44 Å, 0.54 Å, 0.37 Å and 0.47 Å for uracil, cytosine, thymine, adenine and

guanine, respectively. Interestingly, in spite of the fact that guanine - the only nucleobase

which did not present a 100% success rate after the SMO analysis - presents a higher average

RMSD than uracil, cytosine and adenine, thymine presents an even higher average RMSD

with respect to its reference geometry. Therefore, no evident correlation has been observed

between the degree of the global geometrical variations of the sampled geometries with

respect to the reference geometries and the efficacy of the SMO analysis algorithm. However,

we do not exclude that specific distortions (e.g., particular normal modes of vibration)

play a role in the difficulty with which the desired active space of a sampled geometry

is recovered and investigations in this regard need to be done in a systematic manner in

the future. When analyzing the results of the calculations regarding the same geometries

but in the presence of the point charges, the results are still very satisfactory: 100%, 92%,

91%, 94% and 74% of the wrong geometries have been corrected by the algorithm for

uracil, cytosine, thymine, adenine, and guanine, respectively. Noteworthy, the number of

geometries that needed to be recovered after the first CASSCF calculation is higher in the

presence of point charges, and also the percentages of the recovered geometries were lower

than in the case of the geometries in vacuum. This implies that the point charges play a

non-negligible role in determining whether it is possible to recover the active space of a

given geometry. Since the calculations in the presence of the solvent environment have

shown to be more challenging, the QM/MM computations will be analyzed in more detail.

Interestingly, for most of the geometries that were not corrected after five iterations

of the SMO analysis (and therefore after five consecutive SA-CASSCF wavefunction

optimizations), the algorithm identified, outside of the active space, MOs presenting lone

electron pairs (associated either with an oxygen atom of a carbonyl group or with a

pyridinic nitrogen) that needed to be included in the active space. Specifically, for all the

non recovered geometries of cytosine, the MOs to be added to the active space were MOs

equivalent to the reference MO 26 /Figure A.2 in Appendix A.1), associated with the lone
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pairs of the carbonyl oxygen and the pyridinic nitrogen. In the case of thymine, the MOs to

be recovered were all equivalent to the reference MO 28 (lone pairs of the carbonyl oxygen

atoms, (Figure A.3 in Appendix A.1). For the sole non recovered geometry of adenine such

MO was equivalent to the reference MO 31 (lone pairs of pyridinic nitrogen atoms, Figure

A.4 in Appendix A.1. Despite guanine represents a special case in terms of the higher

number of non recovered geometries, for most of these the algorithm identified MOs that

needed to be added to the active space which, again, were associated with reference MOs

presenting lone pairs (specifically, MOs equivalent to MO 30, MO 33 and MO 37 on Figure

A.5 in Appendix A.1). This might indicate a correlation between the difficulty of recovering

the active space in some cases and the MOs that need to be recovered. These orbitals are

usually nonbonded MOs centred at the heteroatoms, which are more exposed to the solvent

than other orbitals. Therefore, this suggests that the interaction between the nonbonded

MOs and the MM point charges is not properly described by an electrostatic-embedding

approach. However, this is not the only reason behind the failure in recovering the active

space since the algorithm was not able to correct 13% of the failed geometries for guanine

in vacuum, where there is not interaction with the environment. Further calculations and

analyses, which are beyond the scope of the present work, would be necessary to unveil all

the factors that influence the MO analysis.

The preservation of the active space along all the geometries of the ensemble is

very important. Different CASSCF – or in general CAS-based calculations – can be

combined, for example, to obtain the absorption spectrum or the density of states, only

when all the computed geometries have qualitatively similar active spaces. Otherwise,

different geometries would have electronic properties, such as excitation energies and

oscillator strengths, which rely on qualitatively (in some cases drastically) different CASSCF

wavefunctions. The convolution of these energies based on very different wavefunctions

to obtain the spectrum would be equivalent to the convolution of energies computed at

different levels of theory. The importance of preserving the active space is exemplified in

the following analyses. Figure 4.4 displays, for each of the recovered geometries for the

five solvated nucleobases, the difference in excitation energies for the S1 state between the

wrong and corrected active-space CASSCF calculations, against the variation of the CI

coefficient of the most representative determinant in the corrected active-space calculation.
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Phase Nucleobase Correct Wrong Recovered Average Number Average Number
Geometriesa Geometriesb Geometriesc of Iterations of Swaps

Vacuum Uracil 76 24 24 (100%) 1.04 1.46
Cytosine 80 20 20 (100%) 2.00 1.00
Thymine 64 36 36 (100%) 1.00 1.69
Adenine 97 3 3 (100%) 1.00 1.67
Guanine 37 63 55 (87%) 1.09 2.29

Water Uracil 61 39 39 (100%) 1.05 2.07
Cytosine 63 37 34 (92%) 1.00 1.88
Thymine 66 34 31 (91%) 1.22 2.19
Adenine 82 18 17 (94%) 1.00 1.76
Guanine 23 77 57 (74%) 1.12 2.22

Table 4.1: Results of the SMO analysis on the overall set of sampled geometries for
all five canonical nucleobases, considering the ensemble of geometries in vacuum (i.e.
removing the point charges of the solvent), and in the presence of the solvent. The
wrong geometries represent those for which the active space differed from the reference
active space. The recovered geometries are represented with the percentage over the
whole set of geometries presenting the wrong active space after the first SA-CASSCF
iteration.

a Geometries presenting the desired active space after the first SA-CASSCF iteration
b Geometries presenting an undesired active space after the first SA-CASSCF iteration
c Geometries for which the desired active space was recovered after performing the SMO analysis. They are
recovered in the sense that they do not need to be discarded for studying the ensemble properties of the
system.

It should be clarified that for the uncorrected CASSCF calculation the configuration under

consideration will not be identical to that of the corrected calculation, since they will differ

in the MOs that have been swapped to correct the calculation, not to mention that the

ordering of the MOs need not be the same in both calculations. However, for the MOs

that were not swapped - and thus, that were equivalent between the two configurations -

eventual differences in ordering have been accounted for by ensuring that the occupations

of equivalent MOs were the same in both configurations under comparison. As can be seen

in Figure 4.4, many geometries present large energy deviations – in some cases larger than

0.5 eV – after the MO swapping to attain the desired active space, especially for uracil,

cytosine, and guanine.

It is also interesting to see in Figure 4.4 that there is no correlation between the

difference in excitation energy and the difference in the CI coefficients. This means that

large excitation energy variations are not always originated by a significant alteration of the

electronic wavefunction. In other words, an important error in the electronic properties can

be obtained even when the undesired orbitals in the active space are not orbitals involved

in the main electronic transitions of the electronic state under study. Two specific cases
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Figure 4.4: Difference in Excitation Energies towards the S1 state between SA-CASSCF
calculations with the corrected and the uncorrected active spaces for uracil (a), cytosine
(b), thymine (c), adenine (d) and guanine (e), vs the difference between the coefficient
of the most representative determinant in the corrected active space calculation with its
corresponding coefficient in the uncorrected calculation
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are discussed in more detail in Table A.4 in Appendix A.1.

Although it is evident that swapping the problematic MOs to preserve the active space

of the reference geometry provides significantly different results than the first SA-CASSCF

wavefunction optimization, this does not directly imply that the result with the swapped

orbitals is better. However, this can be easily investigated by comparing the SA-CASSCF

energies of the electronic states obtained with the corrected and uncorrected active spaces.

The active space that provides the lowest energies, and thus that approaches more to the

full-CI result, contains the most suitable MOs. Figure 4.5a-e shows the energy difference

for the six lowest-lying electronic states between the corrected and uncorrected active-space

SA-CASSCF calculations for the geometries whose active space were successfully recovered

by the algorithm. As can be seen, the energies of the vast majority of electronic states

obtained by employing the corrected active space are lower than the energies of the states

obtained after the first SA-CASSCF wavefunction optimization. Specifically, the use of

the corrected orbitals gives electronic energies that are, in average, 0.59, 0.72, 0.85, 0.61,

and 0.66 eV lower than those of the uncorrected calculations for uracil, cytosine, thymine,

adenine, and guanine, respectively. Therefore, the wavefunction corrected by the algorithm,

which is composed by the same MOs of the active space of the reference geometry, is

more accurate than the wavefunction obtained after the first CASSCF calculation. Since

the energies between the corrected and uncorrected calculations are clearly different, the

density of states presents also important differences as is shown in Figures 4.5f-j. The

band structure of both calculations clearly differs with different number of peaks located

at different positions for the five solvated nucleobases.

It is interesting to see that the large energy differences displayed between the cor-

rected and uncorrected SA-CASSCF calculations partially disappear when MS-CASPT2

calculations are performed on top of the SA-CASSCF wavefunctions. Figure 4.6a-e shows

that the MS-CASPT2 energies based on the corrected SA-CASSCF wavefunction can be

lower or higher than the MS-CASPT2 energies based on the uncorrected SA-CASSCF

wavefunction depending on the geometry considered. This is an expected result due to the

non-variational nature of the MS-CASPT2 approach, which can provide a better result even

when a worse reference wavefunction is employed or vice versa. On average, the absolute

energy difference between the corrected and uncorrected MS-CASPT2 calculations, taking
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into account only the solvated geometries for which the active space was recovered, is

around 0.1 eV for the five nucleobases. Despite this fortuitous error cancellation observed

when a large number of geometries is considered, the band structure of the density of states

suffers important modifications after the swapping of the MOs to keep the same orbitals

of CASSCF wavefunction of the reference geometry, as can be seen in Figure 4.6f-j. In

addition, when individual geometries are considered, the error in the CASPT2 excitation

energies is larger than 0.50 eV for several geometries. These errors in the electronic

properties introduced by the presence of undesired MOs in the active space are not only

relevant when investigating the photoabsorption of the chromophores at the Franck-Condon

region by means of static calculations. It is evident that these errors can also be present in

excited-state dynamics simulations and, thus, artificially alter the conclusions about the

photophysics and photochemistry of the chromophores extracted from the dynamics.
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Figure 4.5: (Left). Absolute energy differences DE for the ground state and the first five
singlet excited states between the SA-CASSCF calculations for the uncorrected and the
corrected active spaces for uracil (a), cytosine (b), thymine (c), adenine (d) and guanine
(e). (Right) Comparison of the density of states (SA-CASSCF) obtained with the active
space stemming from the first SA-CASSCF wavefunction optimization (blue), and the
density of states (SA-CASSCF) obtained using the target active space (red) for uracil (f),
cytosine (g), thymine (h), adenine (i) and guanine (j). Only those geometries for which
the active space was successfully recovered are considered.
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Figure 4.6: (Left). Absolute energy differences for the ground state and the first five
singlet excited states between the MS-CASPT2 calculations for the uncorrected and the
corrected active spaces for uracil (a), cytosine (b), thymine (c), adenine (d) and guanine
(e). (Right) Comparison of the density of states (MS-CASPT2) obtained with the active
space stemming from the first SA-CASSCF wavefunction optimization
(blue), and the density of states (MS-CASPT2) obtained using the target active space
(red) for uracil (f), cytosine (g), thymine (h), adenine (i) and guanine (j). Only those

geometries for which the active space was successfully recovered are considered.
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4.5 Conclusions

The analysis and comparison of electronic properties computed by CAS-based approaches

for different geometries of the same chromophore requires the use of the same MOs in

the active space for all the geometries. This issue is often ignored when, for example,

the absorption spectrum or the density of states is computed by selecting an ensemble

of geometries which was generated by a sampling technique, such as classical MD. It is

generally assumed that the sampled geometries keep the same active space as the reference

active space provided as initial guess in the CASSCF calculation. However, in this Chapter

it has been demonstrated that this is not necessarily true by performing CASSCF/MM

and CASPT2/MM computations for the five canonical nucleobases in vacuum and in water.

Specifically, 146 (in vacuum) and 205 (in water) out of the 500 geometries employed in

the calculations presented undesired orbitals inside the active space after the CASSCF

wavefunction optimization. The correction of the active space by swapping the undesired

MOs by the desired ones would be a tremendous task if one aims at performing it manually

after visual inspection of the orbitals for all the failed geometries.

In this Chapter it has been presented an algorithm which automatically assesses

whether the sampled geometries display the desired active space and, when this is not the

case, identifies the MOs that have to be swapped in subsequent CASSCF wavefunction

optimizations. The MOs to be swapped are selected based on the computation of the

overlap matrix between the MOs of a reference geometry and the MOs of the sampled

geometries. The algorithm was able to correct, in average, the orbitals of 95% (in vacuum)

and 87% (in water) of the geometries that presented a undesired active space after the

first CASSCF calculation. The efficacy of the algorithm was lower for guanine than for the

other nucleobases, indicating that the preservation of the active space along the ensemble

could be more difficult to achieve for large chromophores. In addition, the visual inspection

of the non-recovered geometries showed that nonbonded MOs centred at the heteroatoms,

which are directly exposed to the solvent, are usually the problematic orbitals. This could

indicate that the interaction of these orbitals with the point charges of the water molecules

is not properly described and hinders the insertion of the nonbonded orbitals inside the

active space.
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The importance of having the correct active space was also demonstrated. Specifically,

it has been shown that the SA-CASSCF energy of the electronic states is lower, and

therefore more accurate, when the orbitals of the active space of the reference geometry

are employed than when undesired orbitals appear in the active space. It has also been

discussed that the excitation energies can suffer artificial and large shifts when undesired

orbitals enter the active space during the wavefunction optimization, even when these

orbitals are not involved in the excitation that dominates the electronic state. These energy

shifts have induced important modifications on the shape of the density of states bands at

both SA-CASSCF and MS-CASPT2 levels. Therefore, the amendment of the active space

for all the geometries of the ensemble is highly advisable.

The algorithm has been applied to the calculation of the density of states of the five

canonical nucleobases in vacuum and in aqueous solution showing a good performance.

However, more challenging situations need to be investigated in the future to assess the

robustness of the implemented algorithm. For example, chromophores that undergo larger

geometrical alterations within the Franck-Condon region, biological environments that

strongly interact with the chromophore, or chemical reactions that modify the relevant

orbitals that should be included in the active space along the evolution of a reaction

coordinate are more difficult scenarios that could be addressed. In addition, the current

algorithm will allow the systematic investigation of the factors that can potentially mess

up the active space along a set of sampled geometries, such as the size of the chromophore,

the nature of its chemical substituents, the presence and description of environments, and

the sampling approach, among others.

Despite in this Chapter the presented algorithm has only been applied to the study

of some organic molecules, it is expected that it works with other kinds of molecules, for

example transition metal complexes, as the usage of a consistent active space for transition

metal complexes along a specific potential-energy surface has already been evidenced in the

literature.278 The reason is that the efficacy of the algorithm mainly depends on a careful

selection of the reference active space, as evidenced in the present work in the case of

thymine, for which a different active space from that reported in the literature281,282 needed

to be used. Thus, the method can be used in a black-box manner once a suitable reference

active space for the system under study has been selected. The current implementation
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can also be adapted to be used in excited-state MD codes. If the electronic structure is

described by a CAS-based method along the excited-state dynamics, it is important to keep

the same active space along the trajectories to avoid discontinuities on the potential-energy

surfaces and on the electronic properties of the chromophore. This can be achieved by

comparing the orbitals of the active space of the current time step with those of the

previous time step, and perform orbital swapping based on the analysis of the MO overlap

matrix when required.
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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 anticancer mode of action of these drugs. This Chapter presents the simulation

of the permeation of cisplatin through a model membrane composed of 1,2-dioleoyl-sn-glycero-

3-phosphocholine lipids by means of umbrella sampling classical MD simulations. The

initial physisorption of cisplatin into the polar region of the lipid membrane is controlled by

long-range electrostatic interactions with the choline groups in a first step and, in a second

step, by long-range electrostatic and hydrogen bond interactions with the phosphate groups.
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The second half of the permeation pathway, in which cisplatin diffuses through the nonpolar

region of the bilayer, is characterized by the drop of the interactions with the polar heads and

the rise of attractive interactions with the non-polar tails, which are dominated by van der

Waals contributions. The permeation free-energy profile is explained by a complex balance

between the drug/lipid interactions and the energy and entropy contributions associated with

the dehydration of the drug along the permeation pathway and with the decrease and increase

of the membrane ordering along the first and second half of the mechanism, respectively.

5.1 Introduction

The biological activity of cisplatin was accidentally discovered in 1965 while investigating

the role of electromagnetic radiation in bacterial cell division.293 Subsequent tests in mice

bearing sarcoma and leukemia showed remarkable tumor regression after administration

of cisplatin and other platinum complexes.294 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.11 Since then, an impressive amount of experimental16,295–300

and theoretical8,49,50,301–303 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.12 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.41,304–309

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.15,298 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.310 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)Cl]+ or the diaqua

[Pt(NH3)2(OH2)2]
2+ platinum complexes.311 The dissociation of the chloride ligands is

favored inside the cell due to the low chloride ion concentration, which is around 13 times
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lower than in the extracellular fluid.310

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.11,16 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 an 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.11,16,17

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.16,310,312 In some cancer cells, the

membrane-related resistance pathways are more important than the DNA-related ones

and may represent 90% of total resistance.17 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, MD simulations

have evidenced that the lipid composition, the cholesterol content and the curvature of

the membrane drastically affect the permeation of cisplatin.49,50 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.313 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.298 Atomic force microscopy

experiments have revealed that cisplatin-encapsulated liposomes are significantly stiffer and

more stable than cisplatin-free liposomes.314 Therefore, it could be hypothesized that the

presence of cisplatin in 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
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but also in different apoptotic routes.298,315 Although it was generally assumed that

cisplatin-induced apoptosis occurs mainly through DNA adduct formation, the consideration

exclusively of these DNA-mediated pathways is not enough to explain the toxicity exerted

by cisplatin,315 and other 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.13 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.316 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 charac-

terization 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 MD simulations. Moreover, we

unveil the role played by the dehydration process of the drug and the change in the ordering

of the bilayer in the permeation process. Although 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,49 a DOPC membrane was chosen as a model

because phosphatidylcholine is one of the major phospholipid components of the plasma

membrane and of the membrane of endoplasmic reticulum, Golgi apparatus, mitochondria,

endosomes and lysosomes.317 Due to the biological relevance of phosphatidylcholine lipids,

DOPC membranes are widely employed as model in experimental and computational

investigations.298 However, despite the use of DOPC in a large number of publications,
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including theoretical modelling of the diffusion of cisplatin through the membrane,13,318

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.

5.2 Computational Details

The lipid bilayer formed by 64 molecules of DOPC per layer with a 25 Å of water thickness

on each side was built with the help of the CHARMM-GUI website.239 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 32 Å from the centre of

mass of the membrane using the tleap module of AmberTools19,132 resulting in a system

of 35451 atoms. The lipid bilayer was described by the Lipid17 force field, which is an

update of the previously developed Lipid11134 and Lipid14135 force fields for lipids. Water

molecules were described by the TIP3P model137 and the K+ and Cl− ions by suitable

Amber parameters.319 The bond and angle parameters of cisplatin were obtained from

the Cartesian Hessian matrix through the Seminario method220 employing the MCPB.py

module320 of AmberTools19.132 The dihedral potentials of cisplatin were neglected because

metal-ligand torsion barriers are usually below the thermal energy.321 Bonded parameters

for cisplatin had been previously parameterized based on quantum dynamics trajectories.318

However, we have chosen to develop new parameters using a simpler methodology that can

be easily applied to future research of new metal complexes, allowing a direct comparison

with the results presented here. The atomic charges and Lennard-Jones parameters were

taken from previous simulations.322 All the parameters for cisplatin are listed in Table B.1

of Appendix B.3. All the simulations described below have been evolved by the pmemd

CUDA implementation323 of the AMBER18 program.132

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
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5000 steps. Then, it was gradually heated in the canonical (NVT) ensemble, employing a

Langevin thermostat with a collision frequency of 1 ps−1 , 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/(molÅ2) and 5 kcal/(molÅ2 ),

respectively. Once the system was at 300 K, three consecutive MD 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/(molÅ2), 5 kcal/(molÅ2) and 0 kcal/(molÅ2), correspondingly, whereas the force

constant of 5 kcal/(molÅ2) 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/(molÅ2). For all the steps of this protocol the Particle Mesh Ewald

method226 was used to calculate the Coulomb interactions, where the direct-space sum was

limited to a cutoff of 10 Å. 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 algorithm227 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 MD. 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

5.1a. The initial value of the reaction coordinate was 32.0 Å. This distance was divided

into 65 windows separated by 0.5 Å. A MD 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 2.5 kcal/(molÅ2) on the reaction coordinate. Therefore, a total time of 975

ns was run to simulate the permeation of cisplatin. These simulations were performed

sequentially, textiti.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. In order to investigate the convergence of the results the umbrella sampling

simulation was extended from the middle of the membrane through the lower leaflet
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by running additional 65 umbrella sampling windows for 15 ns each. The free-energy

profile was obtained by means of the WHAM approach.157,158 The energy-decomposition,

interaction-energy, hydrogen bonding, radial distribution function and SCD analyses were

performed using the cpptraj module197 of the AmberTools19 suite.132 Visual Molecular

Dynamics236 was used to visualize the trajectories.

5.3 Results and Discussion

5.3.1 Equilibration and Umbrella Sampling Setup

The diffusion of cisplatin through a lipid DOPC bilayer, schematically represented in

Figure 5.1a, has been simulated by umbrella sampling MD simulations. This enhanced

sampling approach is widely employed for modelling the slow diffusion process of small

molecules across membranes49,50,73,324,325 because it allows an efficient sampling along

the permeation process, which is usually very hard to simulate by conventional dynamics

simulations. As first step, a conventional MD simulation has been run for 100 ns 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 5.1b. The

two peaks of the profile that appear at around 18 and 18 Å 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 Å corresponds

to the centre of the bilayer, where the electron density is lower. As can be seen in Figure

5.1b, 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 and that the

bilayer is well equilibrated.

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, after a strong drop during the first 5 ns, the area per

lipid oscillates around a constant value of 69.6 Å2 along the 100 ns simulation in good

agreement with the experimentally determined value of 67.4 Å2.326 In addition, the area
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Figure 5.1: 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 MD simulation. c) Time
evolution of the area per lipid along the equilibration.
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compressibility modulus was computed from the average area per lipid and its variance (see

reference327 for more details) providing a value of 156.5 dyn/cm. Different experimental

values have been reported in the literature ranging from 188 to 300 dyn/cm,328–330 showing

the difficulty to obtain an accurate value of the area compressibility modulus. However,

the value predicted in the present Chapter is of the same order of magnitude as the

experimental findings. In summary, 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. In addition, the good agreement of the simulations presented here

with experimental properties validates the accuracy of the theoretical model employed.

Therefore, the solvated membrane structure after the 100 ns MD simulation is a good

initial structure for the subsequent umbrella sampling simulations.

The reaction coordinate was defined as the separation between the center of mass of

cisplatin and the center of mass of the DOPC membrane along the z axis (see Figure 5.1).

The initial value of the reaction coordinate was set to 32.0 Å, which corresponds to a

separation of around 10 Å between cisplatin and the top of the surface of the bilayer. The

reaction coordinate was divided into 65 windows separated by 0.5 Å 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 2.5 kcal/(molÅ 2 ) was chosen as force constant for

the bias potential to keep the system inside each window while allowing overlap with the

neighbouring windows. As shown in Figure B.1 of Appendix B.1, the reaction coordinate

distributions of consecutive windows show a good overlap and, thus, validate the umbrella

sampling parameters employed.

Two important factors that determine the accuracy of the calculated free energy from

umbrella sampling simulations 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 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 2A displays the potential of mean
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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

5.2a 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 5.2a, it is necessary to eliminate the first 3 ns of simulation

to obtain a converged profile for the relevant free-energy region located around 12–24 Å,

which contains the very small energy barrier (named Top in Figure 2B) at the entrance of

the bilayer and the minimum (Min).

In this case, the system adapts to the new reaction coordinate value when it migrates

from one window to the next one only after 3 ns are elapsed. Therefore, 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 5.2b 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. In order to further analyse the convergence of the results, the

umbrella sampling simulations were extended through the lower leaflet of the membrane

and the free-energy profile along the permeation pathway through the whole bilayer was

obtained. As Figure 5.2c shows, the free-energy profile is not completely symmetric with

respect to the centre of the membrane, as could be expected for a symmetric bilayer as the

DOPC one employed here. However, the observed asymmetry is not too pronounced and

is within the error of the force field. In addition, the important features of the profile are

well reproduced at both sides of the centre of the bilayer: a nearly flat region leading to

a minimum located at 15 Å from the center of the membrane. In summary, the results

indicate that a reasonably good convergence was achieved. Thus, the energetic analysis

discussed below will be performed by considering snapshots from the time interval between

3 ns and 15 ns in each window of the simulation through the upper leaflet of the membrane.
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Figure 5.2: Convergence analysis of the umbrella sampling simulations. a) Potential of
mean force computed by removing different time intervals from the beginning of each
window. b) Potential of mean force computed for different computational times from the
initial time of 3 ns. c) Potential of mean force computed along the two leaflets of the
bilayer for reaction coordinate values from 32 to 32 Å considering the simulation time from
3 to 15 ns for each umbrella sampling window.
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5.3.2 Characterization of the Intermolecular Interactions

The potential of mean force presents one energy minimum and two energy maxima-called

Min, Max and Top in Figure 2B-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 (Min) at 15 Å of 0.65 kcal/mol depth with

respect to the energy of cisplatin located in the bulk solvent. This free-energy minimum

corresponds to the physisorption of cisplatin on the polar region of the membrane. The

minimum is reached after overcoming a very small free-energy barrier of around 0.2 kcal/mol

extended along the free-energy curve region located between reaction coordinate values

of 19 and 23 Å. However, it is not clear whether this slight energy increase corresponds

to an actual energy barrier or whether it is noise whose fluctuations lie within the error

of the method, especially considering that it is not present in the left part of the profile

in Figure 5.2c. Therefore, this point will be referred to as top surface region (Top) in

what follows, due to the position of cisplatin, which is situated at the top of the bilayer in

correspondence with this point. In any case, the available thermal energy is sufficient to

drive the system through this region of the free-energy surface and accommodate the drug

inside the free-energy minimum.

If cisplatin continues the diffusion pathway towards the centre of the bilayer the free

energy steadily increases until achieving its absolute maximum (Max) in the middle of

the membrane, which is 10.4 kcal/mol higher than the energy of the global minimum Min.

This energy barrier agrees very well with previous dynamic simulations, where an energy

barrier of around 10 kcal/mol was obtained.49,318 However, the simulations presented here

predict a free-energy minimum of 0.65 kcal/mol at the entrance of the polar region of the

bilayer which was not found by previous simulations, where the permeation of cisplatin

occurs through an uphill pathway from the solvent to the center of the membrane.49,318

This difference could be a consequence of the slightly different parameters employed in the

simulations, e. g., different simulation times, different criteria for free-energy convergence in

the Weighted Histogram Analysis Method (WHAM) calculation, or different intramolecular

force field parameters, among others. Nevertheless, it is hard to conclude whether the

free-energy profile should present a minimum or not since both types of profile have been
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previously found in umbrella-sampling simulations for different systems.331

The present simulations are also in good agreement with experimental findings. Specifi-

cally, the permeability coefficient of cisplatin travelling through DOPC vesicles obtained

by kinetic measurements was 1.1 × 10−8 ms1 at a Cl concentration of 0.15 M,310 while

the permeability coefficient computed from the Z-position dependent diffusion coefficient

of the permeating drug (Figure B.2 in Appendix B.2 and reference 325 for more details)

extracted from our simulations is 3.6 × 10−7 ms1 . Once the results from the simulations

have been validated with previous calculations and experiments, the behavior of cisplatin

inside the DOPC bilayer and the intermolecular interactions that lead to the permeation

of the drugs will be analyzed below.

Figure 5.3: Representative snapshot of cisplatin interacting with the residue PC382 at Top
(a) and with the residue PC208 at Min (b). Cisplatin is represented with van der Waals
spheres with the following atom colour code: ochre for Pt, blue for N, white for H and cyan
for Cl. The residues PC382 and PC208 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.

A visual inspection of the umbrella sampling windows located at the Top and Min
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regions reveals that the environment and the behavior of cisplatin is different in both

regions. While cisplatin is located at the water/membrane interface at Top (Figure 5.3a),

it is completely inside the polar region of the bilayer formed by the phosphocholine (PC)

groups at Min (Figure 5.3b). This situation results in a higher mobility and a shorter

interaction time with the lipids when the drug is located at the more external region Top

than when it is at Min.

To illustrate the mobility of cisplatin in the different membrane regions, Figure 5.4

shows the time evolution of the number of interatomic contacts between cisplatin and the

five lipid residues that present the highest interaction energy with the drug in the umbrella

windows located at 20 and 15 Å, which correspond to the free energy regions Top and

Min, respectively. These residues are the PC polar heads 358, 382, 307, 385 and 373 for

Top, and the PC residues 343, 208, 328 and 196 and the nonpolar dioleoyl (OL) tail 207

for Min. A contact between a cisplatin atom and a lipid atom is arbitrarily considered

when the separation between both atoms is lower than 5 Å. As can be seen, interatomic

contacts between cisplatin and lipid residues are present for shorter time at Top than at

Min. For example, if one considers that the contact between the drug and PC or OL

residues is present when the number of interatomic contacts is 10 or higher, the lifetime of

the intermolecular contacts is between 6 and 10 ns for Min, but only between 4 and 6 ns

for Top. This indicates that the motion of the drug is restrained when it is located at the

free-energy minimum Min, while it presents a higher degree of freedom when it is on the

region Top.

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 perme-

ation pathway. First, we analyze the contribution of the polar PC heads and nonpolar 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 5.5a. 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 can be seen in Figure 5.5b,c the interaction energy

between cisplatin and the PC head groups dominates along the entire reaction coordinate
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Figure 5.4: Time evolution of the number of interatomic contacts between cisplatin and
the five residues that present the highest interaction energy with the drug at Min (a-e)
and Top (f-j), at the umbrella-sampling windows located at 15 and 20 Å, respectively. The
lifetime of the interaction with each of the residues is also shown. It is assumed that the
interaction is present when the number of interatomic contacts is 10 or higher.
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over the interaction between cisplatin and the OL tails, except in the region of the absolute

energy maximum (Max), where the OL contribution is more important than the PC one.

The cisplatin/PC interaction energy steadily increases (in absolute value) along the

permeation pathway until the drug reaches the minimum (Min), where the attractive

interaction between the drug and the head groups achieves a value around 35 kcal/mol.

Then, along the pathway from Min to Max, the cisplatin/PC interaction becomes less

attractive with values between 20 and 30 kcal/mol in regions around reaction coordinate

values of 10 Å, and between 10 and -5 kcal/mol at the middle of the bilayer (Max).

Figure 5.5b also shows that the interaction between the drug and the polar heads is

clearly dominated by electrostatic interactions, which represent 85% of the cisplatin/PC

interaction energy (as average along the entire permeation pathway), while the van der

Waals contribution represents only 15%.

The value of the cisplatin/OL interaction attractive energy steadily increases when

the drug diffuses from the bulk solvent to the middle of the membrane, where it reaches a

value of around 15 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, especially on the region between Top and Max where the van der

Waals interactions constitute 73% of the total energy. Since the cisplatin/OL attraction

steadily increases along the diffusion pathway, but the cisplatin/PC attraction first increases

until Min, and then decreases from Min to Max, the first half of the permeation pathway is

regulated by electrostatic interactions, while in the second half of the pathway the van der

Waals interactions gain relevance. Specifically, the van der Waals interaction represents

only 27% of the total interaction energy at the umbrella sampling window located at 15 Å

(corresponding to Min), while it is 52% of the total energy at the window located at 0 Å

(corresponding to Max).

Since the PC heads are formed by different chemical groups, namely choline, phosphate,

and glycerol groups (see Figure 5.5a), 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 Top-Min free-energy curve region, where the initial physisorption

process occurs. Such an energy decomposition is displayed in Figure 5.6. As can be seen,

the glycerol groups play an almost irrelevant role along the entire reaction pathway in
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Figure 5.5: 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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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 5.5b). The interaction

with the phosphate units is slightly repulsive before entering the DOPC membrane (reaction

coordinate between 23 and 27 Å), while the attraction with the choline groups counteracts

the repulsion with the phosphate units, stabilizing the system. Then, when the drug

is physisorbed on the Top region the attraction with the choline residues is maximum

and the interaction with the phosphates is also attractive but smaller. From Top the

cisplatin/choline attraction steadily decreases until the interaction becomes repulsive at

Min, while the cisplatin/phosphate attraction steadily increases until the drug reaches

the Min region. At the minimum (Min), 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 free-energy minimum. From Min

to Max, 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 in Figure 5.5b.

Finally, the large number of heteroatoms present in the PC heads (see Figure 5.5a)

could lead to the formation of hydrogen bonds with cisplatin. Specifically, the amino groups

of cisplatin (see Figure 5.1a) could participate as hydrogen donors and the oxygen atoms of

phosphate and glycerol residues as hydrogen acceptors. The positive charge of the nitrogen

atom of choline precludes the participation of this atom in hydrogen bond interactions.

The occurrence of hydrogen bonding with the glycerol and phosphate moieties defined

as the percentage of the simulation time that a hydrogen bond is present was analyzed

along the permeation pathway. It was assumed that a hydrogen bond is formed when the

distance between the hydrogen donor and the hydrogen acceptor is shorter than 3.0 Å,

and the angle formed by the hydrogen donor, hydrogen, and hydrogen acceptor is larger

than 135o, which are arbitrary criteria commonly used in the literature.332,333 Figure

5.6d shows that the presence of hydrogen bonding with the phosphate groups is relevant

during the initial physisorption of the drug around the Top and Min regions, while the
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Figure 5.6: Decomposition of the interaction energy between cisplatin and phosphocholine
(PC) groups. Interaction energy between cisplatin and the choline (a), phosphate (b),
and glycerol (c) groups, together with their van der Waals and electrostatic energies
decomposition, along the permeation pathway. (d) Hydrogen bond (HB) occurrence
between cisplatin and the phosphate and glycerol groups along the permeation pathway.

occurrence of hydrogen bonding with glycerol is important at a later stage between Min

and Max. However, the weak electrostatic interactions observed in Figure 5.6c indicates

that, although the presence of hydrogen bonds between cisplatin and glycerol moieties is

relatively high, these hydrogen bonds are not strong and, therefore, do not play a relevant

role in the transport of cisplatin through the membrane.

5.3.3 The Role of Water Dehydration and Membrane Rigidity

The intermolecular interactions of cisplatin with the head groups and the non-polar tails

of the DOPC membrane shown in Figure 5B,C are attractive along the entire permeation

pathway and, therefore, do not explain the free-energy barrier of 10.4 kcal/mol found in

the middle of the bilayer. The attractive cisplatin/membrane interactions are expected

to be compensated by unfavorable desolvation energy and/or entropy contributions. It
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has been previously discussed that the integration of small drugs and metal chlorides

from the aqueous solvent to the polar region of the membrane is regulated by the solute

dehydration.334,335 This partial or total loss of the solvation sphere has two opposite effects:

an energy penalty due to the breaking of drug/water interactions and an entropy gain

due to the disorder increase. In order to investigate this effect, the solvation of cisplatin

along the permeation pathway has been analyzed. First, the solvation sphere of the drug

was characterized from the Pt(cisplatin)-O(water) radial distribution function, which was

computed for the umbrella sampling window whose reaction coordinate value is 32 Å, i. e.,

when cisplatin is in the bulk solvent. As seen in Figure 5.7a, the Pt O radial distribution

function presents the maximum at 5 Å and the minimum at 6 Å. The integration of this

first peak (up to 6 Å) gives that the number of water molecules in the first solvation sphere

is 17–18. This is in qualitative agreement with previous MD simulations that found from

12 to 28 water molecules in the solvation sphere of cisplatin, depending on the force field

employed.336 Afterwards, the number of water molecules within a sphere of 6 Å along

the reaction coordinate has been computed. As can be evidenced from Figure 5.7b shows,

cisplatin loses around 10 water molecules from its solvation sphere when it goes from the

bulk solvent to the free-energy minimum. This partial desolvation is associated with a large

interaction energy penalty which is compensated by the entropy gain related to the loss of

water molecules and the favorable cisplatin/lipid interactions analyzed above, especially

by the electrostatic interactions with the choline and phosphate moieties, resulting in a

free-energy minimum of 0.65 kcal/mol. From the free-energy minimum to the centre of

the bilayer the drug loses 4 additional water molecules. Contrary to the first half of the

permeation pathway, the unfavorable energy related to this process is neither counteracted

by the favorable interactions with the polar heads, which undergo a significant drop (see

Figure 5.5b), nor by the favorable interactions with the non-polar tails, which are relatively

weak (see Figure 5.5c). In addition, the entropy gain associated with the loss of water

molecules is likely less important than the entropy decrease associated with the ordering

increase of the bilayer when cisplatin is inside the non-polar region of the membrane.

Previous kinetic and thermodynamic measurements for the permeation of chlorpromazine

through different membranes have shown that the unfavorable entropy contribution to the

free energy can be explained by the less disordered lipid chains found when the drug is
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inside the bilayer.337

The order of the lipid chains was analyzed in terms of the orientation of the C H

bonds with respect to the normal to the membrane by means of the so-called deuterium

order parameter (SCD) of the acyl chains, a term which comes from NMR measurements

where the H atoms are substituted by deuterium (D) atoms resulting in C D bonds. SCD

can vary from 0 to 0.5, where large values indicate a high degree of order of the acyl

chains and low values indicate low ordering.134 Figure 5.7c displays the SCD values for

3 different simulation windows with reaction coordinate values of 32, 15 and 0 Å, which

correspond to situations were cisplatin is in the bulk solvent, in the free-energy minimum

interacting with the polar heads, and in the middle of the bilayer interacting with the

acyl chains, respectively. When cisplatin goes from the aqueous solvent to the free-energy

minimum the decrease of the SCD parameter shows that the ordering of the membrane is

decreased upon the integration of the drug in the polar region of the bilayer. This results

in a favorable entropy contribution to the total free energy. When cisplatin is transported

from Min to Max, SCD is kept constant for the C2-C10 region of the acyl chains, but it

increases for the C11-C16 region. This ordering increase indicates an entropy decrease that

contributes unfavorably to the free energy of the process. In summary, the first half of the

permeation pathway from the bulk solvent to the free-energy minimum is characterized

by favorable drug/lipid interactions and unfavorable dehydration energies. In addition,

entropic contributions due to the loss of water molecules from the solvation sphere of

cisplatin and the membrane ordering decrease also favor the process. The second part of

the permeation process presents a large free-energy barrier which can be explained by the

fact that the favorable drug/lipid interactions and favorable dehydration entropy do not

compensate the dehydration interaction energy penalty and the entropy decrease due to

an increase of the bilayer ordering.

5.4 Conclusions

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
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Figure 5.7: Cisplatin dehydration and membrane ordering relevance. a) Pt O radial
distribution function g(R Pt-O ) for the umbrella sampling window with reaction coordinate
value of 32 Å. b) Variation of the number of water molecules within the first solvation
sphere of cisplatin along the reaction coordinate. c) Deuterium order parameter (SCD) of
the acyl chains for the umbrella sampling windows with reaction coordinate values of 32 Å
(solvent), 15 Å (minimum) and 0 Å (maximum).
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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, the diffusion process of cisplatin through a DOPC lipid

bilayer has been simulated by means of umbrella sampling MD to unveil the mechanism

of permeation of cisplatin through the lipid membrane. Cisplatin is first weakly trapped

on a free-energy minimum of 0.65 kcal/mol depth after overcoming a very small energy

barrier of 0.2 kcal/mol. At this minimum, cisplatin is completely integrated inside the

polar region of the bilayer and presents a lower mobility than when it is around the barrier

region, which corresponds to the interface between the solvent and the membrane. This

is reflected in the longer lifetime of the interactions between cisplatin and specific polar

heads when the drug is trapped in the minimum. During this initial stage, where cisplatin

is around the first maximum and the minimum of the free-energy surface (first half of the

permeation pathway), the integration of cisplatin into the membrane is driven first by

electrostatic interactions with the choline groups and then by electrostatic interactions with

the phosphates. The formation of hydrogen bonds with the oxygen atoms of phosphate

groups contributes to these electrostatic interactions since hydrogen bonds are present

during 30% of the simulation time. Along this first half of the permeation pathway 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%). Moreover, the integration

of the drug from the bulk solvent to the free-energy minimum is also regulated by the

unfavorable dehydration energy associated to the loss of 10 water molecules from the

solvation sphere and the favorable entropic contributions caused by the partial breaking of

the solvation sphere and the decrease of the membrane ordering.

Along the second half of the permeation pathway, where the drug moves from the mini-

mum 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
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other out. This partial cancellation 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 are dominated by the van der

Waals contribution, contrary to the interactions with the polar heads. Therefore, van der

Waals interactions gain importance in the non-polar region of the membrane and represent

more than 50% of the total cisplatin/membrane interaction energy. These drug/lipid

interactions together with the dehydration entropy associated with the loss of 4 water

molecules from the cisplatin solvation sphere favorably contribute to the free energy of the

transport process. However, these favorable contributions are surpassed by the unfavorable

dehydration interaction energy penalty of the drug and the entropy drop related to the

membrane ordering increase, causing the occurrence of a free-energy barrier when cisplatin

is located in the middle of the bilayer. This energy barrier that the system must overcome

to reach the global maximum is 10.4 kcal/mol, a value which agrees very well with previous

simulations49,318 and experimental measurements.310
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In this Chapter, a quantum mechanical energy decomposition analysis scheme based

on deformation electron densities is extended for the first time to a hybrid electrostatic

embedding QM/MM framework. The implemented approach is applied to characterize the
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interactions between cisplatin and a dioleyl-phosphatidylcholine membrane, which play a

key role in the permeation mechanism of the drug inside the cells. The interaction energy

decomposition into electrostatic, induction, dispersion and Pauli repulsion contributions

is performed for ensembles of geometries to account for conformational sampling. It is

evidenced that the electrostatic and repulsive components are predominant in both polar

and non-polar regions of the bilayer.

6.1 Introduction

The permeation of drugs across cell membranes is a key biological process which largely

determines the efficacy of the drugs.338,339 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.340,341

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.13,298,342

Platinum complexes are anticancer drugs employed in chemotherapy, whose cytotoxic

mechanisms have been intensively investigated in the last decades.41,304–306,308,309 Among

these species, cisplatin is the most frequently used compound to treat different types of

human cancers,299,343–345 as has been evidenced in the previous Chapter. 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 some cancer cells310,312 and the activation

of apoptotic routes.298,315 Therefore, the characterization 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 MD and enhanced-sampling approaches.73,324,346–349

Specifically, the passive diffusion of cisplatin through different lipid bilayers has been inves-

tigated by umbrella sampling simulations.49,50,85,318 Despite the significant mechanistic

details obtained from the previous theoretical work, the nature of the drug/lipid interac-
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tions has been barely characterized in terms of simple force field contributions,85 as was

evidenced in the previous Chapter. However, a more realistic description requires the use of

more accurate methodologies, such as quantum mechanical interaction energy partitioning

schemes based on variational or perturbational approaches.113–116 These methods provide

different contributions to the total interaction 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 quantum mechanical approaches have not been

widely applied to the investigation of biological systems mainly due to two reasons: (i)

the computational cost associated with 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 systems350–352 or relatively large systems

(few tens of atoms) within a static framework.118,353–355 In those situations in which EDA

had been combined with QM/MM calculations to treat large systems, the interaction

energy terms were not directly derived from the QM/MM Hamiltonian but atomic charges

and van der Waals parameters were introduced for the QM region.356,357 In line with

these considerations, it becomes clear that a compromise between the computational 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.

The present Chapter aims at characterizing 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. The main focus

will be the analysis on the minimum (Min) and the maximum (Max) of the free-energy

profile (represented in Figure 6.1; cf. Figures 5.2 and 5.3) previously computed by umbrella

sampling MD simulations85 (Chapter 5). 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. The main goal of this Chapter 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 interaction energy on the Min and Max regions; and (iii) to evidence

the importance of considering conformational sampling in the model.
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Figure 6.1: Top: Schematic representation of the cisplatin molecule embedded in a dioleyl-
phosphatidylcholine lipid membrane. The polar and non-polar regions of the membrane are
represented in blue and red, respectively. Bottom: Potential of mean force (PMF) profile
of the permeation of cisplatin inside the lipid membrane85 displaying the two regions (Min
and Max) under study in the present work.
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6.2 Methodology

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.

Eint = EAB − (EAB
A + EAB

B ) (6.1)

In Equation (6.1) the superscript AB indicates that the energies of A and B are

calculated considering their geometries in the complex and the basis set of the complex.

The latter is introduced to correct the basis set superposition error.119,120

In this Chapter 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

Cl- ions on the other hand; thus, in accordance with Equation (6.1), 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.117,118 This methodology is based on the

definition of the one-electron and the exchange-correlation unperturbed and deformation

densities, the latter associated with Pauli and polarization effects. Thus, the one-electron

density of the complex may be written as,

ρ(r) = ρA(r) + ρB(r) + ∆ρPau(r) + ∆ρpol(r) (6.2)

where the first two terms in the rhs of Equation (6.2) 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,

ρXC(r1, r2) = ρXC,A(r1, r2) + ρXC,B(r1, r2) + ρX,AB(r1, r2) + ∆ρXC(r1, r2) (6.3)

where the first two terms represent contributions from the isolated subsystems and the

last two terms from intermolecular electron exchange and polarization interactions, in this
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order. The definitions given by Equations (6.2) and (6.3) allow for decomposing the total

interaction energy into electrostatic, exchange, repulsion and polarization contributions,

Eint = Eelec + Eexc + Erep + Epol (6.4)

Eexc and Erep together account for the traditional Pauli repulsion energy, EPau, whereas

Epol may be split into the second order induction energy, Eind, and dispersion energy plus

higher-order polarization terms, Edisp+res-pol. In what follows latter term will be referred to

as dispersion energy, Edis, 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 (6.5)

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. Therefore, not only have the polarization effects of

the QM region by the MM charges been considered when calculating the interaction energy,

but the MM region has also been explicitly included in the membrane subsystem and, thus,

in the calculation of the energetic term of Equations 6.4 and 6.5. A QM/MM-EDA has

been performed whereby each interaction energy term is still defined quantum mechanically

and the electrostatic potential created by the MM region is integrated with the external

potential created by the nuclear charges of the part of the membrane included in the QM

region. To the knowledge of the authors, this is the first time a QM/MM-EDA is performed

where one of the fragments is purely QM (cisplatin) and the other one is a QM/MM hybrid

(membrane). An overview on the derivation of this EDA scheme is provided in Chapter 2,

section 2.3.
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6.3 Computational Details

The system under study consists of a lipid bilayer formed by two layers of 64 DOPC

molecules each, a 25 Å of water thickness on each side and a concentration of 0.15 M of KCl

to reproduce the physiological concentration of this salt, and the cisplatin molecule. The

194 geometries analyzed for the Max region and the 190 geometries for the Min region were

sampled in an equispaced manner from the last 12 ns of two 15 ns NPT MD simulations

performed with the cisplatin molecule placed at the center of a DOPC lipid membrane for

the Max region, and at a distance of 15 Å from the center of mass of the lipid membrane for

the Min region, respectively; in both cases a harmonic potential with a force constant of 2.5

kcal/(mol Å2) was imposed for restraining the position of cisplatin into a particular region

of the bilayer. Further details on the classical MD procedure and on the computation

of the potential of mean force profile by umbrella sampling simulations can be found in

Chapter 5, section 5.2.

The single point QM/MM calculations for the 190 (194) selected snapshots were

performed with the Gaussian16 software,188 using the M062X108 functional, and the

LANL2DZ358,359 basis set (with the corresponding effective core potential) for the Pt atom,

and the 6-31G* basis set for the C, N, H, O, Cl and P atoms of the QM regions. The

point charges for the DOPC molecules in the MM region were obtained from the Lipid17

force field, an updated version of the Lipid11134 and the Lipid14135 force fields, those for

the water molecules were extracted from the TIP3P water solvation model,137 and the

point charges for the K+ and the Cl− from suitable Amber force field parameters.319 For

each geometry three single point QM/MM calculations were performed: one for the 6

DOPC lipids in the QM region with the basis functions of cisplatin (but not the nuclear

charges) and the point charges of the rest of the environment in the MM region; one

calculation for the cisplatin molecule in the presence of the basis functions of the 6 DOCP

lipids treated by QM; and one considering the entire system that comprises the QM region

(cisplatin + 6 DOCP lipids) and the point charges of the MM region. Therefore, almost

1200 QM/MM energy calculations including around 6000 functions have been performed.

Therefore, the choice of the smallest QM region after attaining convergence (see below) is

crucial to reduce the computational time. The selection of the 6 closest molecules (for the
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convergence analysis, 1 to 7) of DOPC to the cisplating molecule and the generation of

the input files was performed using a development version of the MoBioTools toolkit,79,80

in a similar manner as in the case of Chapter 3, section 3.3.2. In particular, the toolkit

employs the closest tool of the cpptraj module197 of the AmberTools19 package132 to

select the desired number of closest residues. The EDA developed and implemented by

Mandado et. al.117,118 was extended to a QM/MM framework, as explained above, and

used to compute the different components of the interaction energy. The Visual Molecular

Dynamics236 was used to visualize the sampled geometries.

6.4 Results and Discussion

As a first step, considering the large size of the system investigated here it is necessary

to analyze the convergence 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, a geometry was selected at random from a 15 ns MD run

in the Min region and in the Max region, and in each case the QM/MM energy calculations

and the EDA were performed 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 in the EDA, the energy terms were obtained without (Figure 6.2a,b) and with

(Figure 6.2c,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 6.2a,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 6.2c,d) display a good

convergence for all the interaction energy terms after including 5 DOPC molecules in

the QM region. The faster convergence of the QM/MM interaction energies with respect

to the pure QM results, as the QM region increases, can be rationalized by considering

that in the QM/MM calculations the polarization effects due to the classical residues are

being accounted for to some extent within an electrostatic embedding framework. This
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means that when the QM region is extended, part of the polarization due to the newly

added residues had been (partially) included in the smaller model as point charges. This

is not the case for the pure QM computations (the cluster model) as in this case it is

being considered exclusively the polarization due to the residues in the QM region, so

that extending the QM region results in adding residues that had not been accounted for

within the smaller model, hence the variation of the interaction energy is larger than in the

QM/MM case. Similar convergence analyses have been performed in the literature in the

case of reaction energies360 and spectroscopic properties,361 in which a faster convergence

has been evidenced for the QM/MM models with respect to the pure cluster models.

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, the convergence of the energies with the number of geometries has been investi-

gated. This was done by sampling 190 geometries from a previously performed85 (Chapter

5) MD simulation at the Min region, and 194 geometries from a MD simulation at the Max

region. For each of the sampled geometries, the EDA was performed considering the cis-

platin molecule plus six DOPC molecules in the QM region, with overall 839 atoms treated

quantum mechanically. In order to ensure that 190 (194) geometries are an appropriate

statistical ensemble, the convergence of the energy components as the number of averaged

geometries increases was analyzed, by selecting these geometries in an equidistant manner

from the 190 (194) geometries of the Min (Max) region. As can be evinced from Figure

6.2e,f, the induction and the dispersion energies are mostly converged after considering

50 geometries. However, the convergence is most difficult to achieve for the electrostatic

and Pauli components. The former is converged only after considering 100 geometries,

and the latter still shows a slight increase when going from 100 to 190 geometries. This

highlights the importance of including conformational sampling in the theoretical model.

In the following analyses, the 190 (194) geometries sampled at the Min (Max) region of

the membrane will be considered.
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Figure 6.2: Analysis of the convergence of the interaction energy and the EDA components
as the number of DOPC molecules in the QM region increases without (a Min, b Max) and
with (c Min, d Max) point charges. Convergence of the absolute value 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 190 (194) geometries at Min (Max)

are displayed in Figure 6.3a,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
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associated with the magnitude of the average value, as can be seen in Figure 6.3b,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, the latter corresponding to the sum of dispersion, induction and

Pauli repulsion in the present case. In regard with this classification, it is observed that at

the minimum of the free-energy profile the overall non-electrostatic interactions amount to

17.8 kcal/mol, thus resulting to be repulsive, while the electrostatic contribution is -66.1

kcal/mol (Figure 6.3b). Therefore, the electrostatic interaction is the main component of

the interaction energy; this result is in agreement with the EDA performed considering a

classical force field (Chapter 5), 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 Chapter. Interestingly, when analyzing the averages of the

electrostatic and the non-electrostatic components at the center of the membrane (Figure

6.3d), the electrostatic contribution is still predominant with -35.3 kcal/mol, whereas the

non-electrostatic component (albeit being attractive, unlike the minimum) amounts to only

-1.4 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.85

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

6.3b,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 52.5% from the Min to the Max regions, the dispersion component

increases from 26.3% to 29.8%, whereas the induction energy barely increases from 17.1%

to 17.6%. These percentages place the electrostatic component as the main attractive

contribution in both regions of the membrane, and the fact that the non-electrostatic

component (i.e., dispersion + induction + Pauli) varies when going from Min to Max is
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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, as was evidenced in Chapter 5. 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.

Figure 6.3: Energy distributions of the contributions to the total interaction energy
stemming from the EDA on 190 (194) geometries on a) the minimum (Min) and c) 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 non-electrostatic energies
(sum of Pauli, induction and dispersion components) are also shown.

It is interesting to analyze which atoms and chemical groups of cisplatin and the
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DOCP membrane are more relevant for each interaction type. Specifically, the correlation

between the value of each energy component and the interatomic distances between

cisplatin and the bilayer has been studied. It is assumed that these energy terms follow the

classical mechanical dependency with the inverse of the interatomic distance (1/rn). Thus,

there have been computed the linear correlation coefficient of the electrostatic, induction,

dispersion and Pauli energies with respect to 1/r, 1/r4, 1/r6 and 1/r12, respectively. In

order to assess the influence of the different functional groups of the DOPC molecule,

the latter has been subdivided into four different moieties, namely, choline, phosphate,

glycerol and oleyl. Figure 6.4 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. Noticeably, in the region of the minimum the

electrostatic and the induction components present relatively strong correlations (between

0.5 and 0.68) that are spread across the different 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 coefficient amounts to 0.73) upon the Pt - choline

pair, in particular in regard with the distance between the Pt atom and the nitrogen of

the choline group. 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 6.4 (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 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.

Finally, two possible limitations of the analysis shown in Figure 6.4 related to the

QM/MM setup are discussed. First, the correlation analysis was performed considering

188



Figure 6.4: Absolute values of the linear correlation coefficients of the electrostatic,
induction, dispersion and Pauli energies with 1/r, 1/r4, 1/r6 and 1/r12, respectively, where
all the distances between each cisplatin moiety (Pt, Cl, N, H) and each atom in DOPC
are considered, 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.

only the interatomic distances between cisplatin and the lipid residues located in the QM

region. This means that the lipids of the classical environment are not involved. However,

this approximation should not introduce a significant error due to two reasons: (i) the

separation between cisplatin and the classical region of the membrane is relatively large,

since six lipid residues are included in the QM region, and a strong correlation of the

interaction energy with the distances that involve classical atoms is not expected; (ii)

the interaction between cisplatin and the classical region of the membrane is not directly

computed but, instead, it is considered by an electrostatic embedding approach during

both the energy calculations and the EDA analysis. Second, a convergence analysis of

the correlation coefficients with the size of the QM region was not carried out because it

would be necessary to run hundreds of QM/MM energy calculations and EDA analyses for
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different QM region sizes. This large number of calculations would be computationally

unfeasible. However, the convergence analysis of the interaction energy and its different

contributions with respect to the size of the QM region considering two geometries (see

Figure 6.2a-d) clearly indicated that the energy is well converged after including six lipid

residues in the QM region. Therefore, it is expected that the correlation of the different

energy terms with the inverse of the interatomic distance (1/rn) is also converged.

6.5 Conclusions

In this work, an extension of an EDA scheme based on deformation densities117,118 to include

a multiscale hybrid electrostatic-embedding QM/MM approach has been implemented.

This methodology has been applied to the study of the interaction energy of cisplatin

with a DOPC lipid bilayer, whose permeation pathway had been previously simulated by

umbrella sampling MD (Chapter 5).85 It has been evidenced the importance of considering

a sufficiently large QM region (6 DOPC molecules plus the cisplatin drug), as well as the

need of including 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,85 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 component, suggesting that the repulsive component is underestimated by

classical force fields. Finally, it has been observed that when cisplatin is closer to the polar

heads, the electrostatic, induction and Pauli components display strong correlations with

the distance between cisplatin and the choline moiety of DOPC, whereas the dispersion

energy does not show a strong dependence on a particular distance. At the center of the

membrane, when cisplatin is closest to the oleyl moieties, neither of the energy components

displays correlations with particular groups. The methodology presented here can be
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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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The design of more efficient PSs is a matter of great importance in the field of cancer

treatment by means of photodynamic therapy. One of the main processes involved in the

activation of apoptosis in cancer cells is the oxidative stress on DNA once a PS is excited by

light. As a consequence, it is very relevant to investigate in detail the binding modes of the

chromophore with DNA, and the nature of the electronically excited states that participate
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in the induction of DNA damage, for example, charge-transfer states. In this Chapter, the

electronic structure of the anthraquinone PS intercalated into a double-stranded poly(dG-dC)

decamer model of DNA is investigated. First, the different geometric configurations are

analyzed by means of classical MD simulations. Then, the excited states for the most

relevant poses of anthraquinone inside the binding pocket are computed by an electrostatic-

embedding quantum mechanics/molecular mechanics approach, where anthraquinone and

one of the nearby guanine residues are described quantum mechanically to take into account

intermolecular charge-transfer states. The excited states are characterized as monomer,

exciton, excimer, and charge-transfer states based on the analysis of the transition density

matrix, and each of these contributions to the total density of states and absorption spectrum

is discussed in terms of the stacking interactions. These results are relevant as they represent

the footing for future studies on the reactivity of anthraquinone derivatives with DNA and

give insights on possible geometrical configurations that potentially favor the oxidative stress

of DNA.

7.1 Introduction

Photodynamic therapy (PDT) is nowadays a widely-employed technique to treat different

types of cancer as well as some infectious diseases.5–7,362 The reason for its widespread usage

stems from the fact of being a non-invasive technique which allows for the induction of cell-

death through apoptosis on specific target cells, e.g., those present on tumor tissues.363,364

PDT involves the usage of two main components, namely a PS compound and irradiation

of light at a specific wavelength to promote the excitation of the PS.21 The mechanism of

PDT apoptosis induction depends on the nature of the PS and on the tissue where the PS

accumulates.22,23 In regard with the mechanism of action of the PS, it is well recognized

that after its photoexcitation and population of the triplet-state manifold, it promotes

oxidative stress on the surrounding molecules either via electron transfer directly to these

molecules (e.g., DNA bases) to produce free radicals (type I mechanism), or through energy

transfer to molecular oxygen, which generates singlet oxygen that can cause damage to

nearby biomolecules (type II mechanism). Many tumors develop hypoxia conditions,24

where the low flux of oxygen strongly limits the use of PSs that operate via type II reactions.
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As a consequence, there is a growing interest in the development of PSs that are able to

induce damage in the absence of oxygen.25–30

It has been evidenced that, depending on its nature, the PS can accumulate in specific

cell components or organelles.23 In particular, mitochondria result to be an ideal target

for PDT since they release pro-apoptopic factors to the cytosol following mitochondrial

dysfunction due to mutations in the mitochondrial genome and rupture of the mitochondrial

membrane.31–33 In addition, PSs can also cause DNA damage and their interaction with

the DNA double strand has been of great interest since this allows for understanding

the apoptotic way induced by DNA lesion. It has been established that the mechanism

of oxidative stress of DNA following the excitation of the PS depends on the binding

mode of the latter, as the electronic structure of the PS can be modified in a specific

manner, depending on the surrounding environment.71,75,365,366 There are three different

binding modes in which the PS can bind in a noncovalent manner with DNA,34,367 namely,

electrostatic binding, groove binding, and intercalative binding. Although the same PS

could bind to DNA through more than one interaction mode,368–371 it has been evidenced

that the preference for a binding mode over the others can be induced by suitably modifying

the substituents of the PS372,373 so that the PS can be tailored to induce oxidative stress

on DNA in a specific manner.

Several families of compounds have been studied and tested on PDT.34,374 In particular,

anthraquinone derivatives have shown promising phototoxic activity in vitro on human

carcinogenic tissues, especially on breast cancer cells.35,375,376 Several anthraquinone

derivatives are known to interact with DNA through intercalation between two consec-

utive base pairs,36,38,39 and the cleavage effciency of DNAis strongly dependent on the

substituents present on the anthraquinone scaffold.39 Therefore, the investigation of the

binding modes of these PSs and their influence on the nature of the electronically excited

states that lead to photoreactions with DNA is of utmost importance for the design of

novel anthraquinone-based phototerapeutic drugs. Molecular modeling has proven itself

to be a valuable tool in this regard.40 For example, MD simulations have been employed

to study the binding modes and determine the corresponding binding free energies of

some representatives of different PS families.52,53,377,378 Moreover, MD in conjunction

with hybrid QM/MM approaches have been applied to unravel in a comprehensive man-
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ner the binding modes with DNA and the nature of the excited states that give rise to

photochemoterapeutic reactivity of organic PSs, such as acetophenone,74 palmatine,76

methylene blue,71,72 Nile red and Nile blue,75 and chelerythrine.54 Although several MD

studies have been performed to unveil the energetics of the noncovalent binding process of

anthraquinone derivatives with DNA, in particular the intercalation binding mode,51–54 to

the knowledge of the authors a detailed study considering the effect of the DNA surround-

ing environment on the electronic structure of an anthraquinone derivative has not been

performed to this date. Furthermore, in the optics of tailoring more efficient anthraquinone

PS derivatives, in particular molecules presenting moieties that favor specific conformations

that enhance charge transfer between the PS and the DNA strand, a good place to start

would be to consider the pristine anthraquinone (AQ) molecule and to analyze the nature

of its electronic structure right after excitation. It is important to note that AQ is not

water soluble and, thus, it is unlikely to be employed in PDT mechanisms in biological

environments. However, a detailed analysis of its electronically excited states when it is

interacting with DNA is important to carry out future comparisons with functionalized

water-soluble anthraquinone derivatives with potentially efficient PDT mechanisms.

This Chapter presents the study of the different rotational poses assumed by the

AQ molecule when intercalated between two base pairs of a solvated double-stranded

poly(dG-dC) polynucleotide model, along with the influence of these different poses on the

electronically excited states of AQ at the Franck-Condon region. Poly(dG-dC) has been

chosen since guanine presents the lowest oxidation potential of all four DNA nucleobases,228

and it has been evidenced that when employing different AQ derivatives, DNA oxidative

damage occurs by photoinduced electron transfer from a guanine moiety of DNA to the

photoexcited PS.379,380 The exploration of the ground-state potential-energy surface of the

solvated AQ-DNA complex is performed by means of classical MD sampling. Four different

conformational minima are identified when analyzing the relative orientation between AQ

and one of the two guanine–cytosine flanking base pairs. Then, the nature of the excited

states of AQ depending on its relative orientation with respect to the guanine–cytosine

base pair is investigated by means of a hybrid electrostatic-embedding QM/MM scheme,

in which AQ and a guanine molecule are part of the QM region, whereas the surrounding

environment is considered by a MM force field. With this approach and by performing
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a suitable wavefunction analysis,381 it is possible to characterize the different classes of

excited states of the system, including those with a high electron-transfer character from

the guanine moiety to the AQ molecule, which are relevant in the PDT mechanism of the

PS.

7.2 Computational Details

The poly(dG-dC) decamer structure was constructed using the Nucleic Acid Builder

(NAB) utility of the AMBER18 software.132 The poly(dG-dC) polynucleotide consisted

of a double strand having a 10-base guanine–cytosine sequence in each strand. AQ was

non-covalently bound to the polynucleotide model by manually positioning it between the

fifth and sixth guanine–cytosine base pairs (G5-C16 and C6-G15 in Figure 7.1a of the

poly(dG-dC) sequence, to emulate the intercalative binding mode of AQ with DNA. The

tleap module of AmberTools19132 was used to solvate the AQ-DNA system with a periodic

truncated octahedral water solvation box considering a maximum distance of 10 Å from

any solute atom to the faces of the box, and a suitable number of Na+ ions was introduced

to neutralize the phosphate moieties. The polynucleotide was classically described with the

OL15 force field,138 whereas the bonding and the Lennard-Jones nonbonding parameters

of AQ were taken from the general AMBER force field for organic molecules.131 Water

molecules were described by the TIP3P137 solvation model and Na+ ions by suitable

AMBER parameters.319 The geometry of AQ was optimized at the MP2/6-31G* level of

theory using the Gaussian16188 software, and restrained electrostatic potential charges

(RESP) for AQ were calculated at the HF/6-31G* level of theory using the same software.

The classical MD simulations were performed using the GPU accelerated pmemd software323

of the AMBER18 package.

The entire system was at first minimized for 5000 steps using the steepest descent

algorithm, followed by 5000 steps using the conjugate gradient algorithm. Afterwards,

the system was gradually heated for 50 ps at constant volume (NVT ensemble), using

a timestep of 2 fs, to the temperature of 300 K. During the heating process, positional

restraints were used for both AQ and poly(dG-dC), by applying a force constant of 10

kcal/(molÅ2), while harmonic restraints having the same force constant were applied on
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the base pairs at the top and at the bottom of the polynucleotide structure (that is, on

the G1-C20 and the C10-G11 base pairs) to conserve the double helix structure. This

harmonic potential used an equilibrium distance of 10.5 Å between the centers of mass

of the base-pairing nucleotides. After the heating, the entire system was equilibrated at

constant pressure (NPT ensemble) by three consecutive 2 ns MD simulations, on which the

positional restraints (but not the harmonic restraints on the G1-C20 and the C10-G11 base

pairs) were gradually removed to 10, 5, and 0 kcal/(molÅ2). Afterwards, a long 200 ns

production simulation was performed in the NPT ensemble using a Langevin thermostat224

to keep the temperature constant; the SHAKE227 algorithm was used along the entire

protocol to maintain fixed the bonds involving hydrogen atoms. From the resulting 200

ns trajectory, a snapshot was taken from each one of the two symmetric and from each

one of the two rotated configurations identified from the distribution of the twist angle

(formed between the long axis of AQ and the axis of the G15-C6 base pair; a detailed

definition of these configurations is presented in section 7.3.1) along the entire trajectory.

These four snapshots were used as starting geometries for a 200 ns MD production each, so

that, overall, 1000 ns of classical MD simulation were obtained. From the resulting 1000 ns

trajectories we sampled 100 geometries from each of the intervals (0,30), (30,60), (120,150),

and (150,180) degrees of the twist angle, using the Metropolis Monte Carlo algorithm so

that the sampled geometries reproduced the Boltzmann-distributed twist angles along the

1000 ns MD trajectories.

For each of these 400 selected geometries an electrostatic embedding hybrid QM/MM

calculation was performed using the AMBER18 interface with the Gaussian16 software,

whose input files were generated using a development version of the MoBioTools soft-

ware,79,80 in which the QM region comprised the AQ molecule plus the G15 guanine

nucleobase. In addition, for the 100 geometries of the symmetric 2 configuration Figure

7.1c, additional calculations were performed for two different models: The QM region

electrostatically embedded in the DNA strand and the QM region in vacuum. For the QM

calculation, the first 10 singlet excited states were computed at the TD-DFT level with the

CAM-B3LYP107 long-range corrected functional and Dunning’s cc-pVTZ231 basis set. The

CAM-B3LYP functional was used since it has provided an excellent agreement with the

experimental absorption spectra of many organic PSs while providing a proper description

197



of the charge-transfer states involved.382,383 The characterization of the monomer, excimer,

Frenkel exciton and charge-transfer states was performed by using the TheoDORE program

suite.381

7.3 Results and Discussion

7.3.1 Sampling the Stacking Binding Pocket

Molecular PSs formed by fused-ring aromatic moieties are known to non-covalently bind

to DNA strands as intercalators between neighboring base pairs, where the PS/DNA

complex is stabilized by stacking interactions between the aromatic rings of the drug

and the nucleobases.34,367 This is the case of anthraquinone derivatives, whose DNA

intercalative binding have been extensively investigated.36,39,384,385 For example, the PS

can rotate inside the intercalative pocket of DNA, as was found for methylene blue by

MD simulations378 and spectroscopic measurements,386 or one or two nucleobases can be

ejected and replaced by the intercalator, as it was observed for benzophenone by MD

simulations.75,377 Therefore, vibrational sampling must be considered in the theoretical

model when investigating the photophysics of the PS, since different spatial configurations

of the chromophore and the environment can present different electronic properties.387

The AQ molecule was introduced between the fifth and sixth guanine–cytosine base

pairs (G5-C16 and C6-G15) in the double-stranded d(GCGCGCGCGC) decamer as shown

in Figure 7.1a. Then, a classical MD simulation was evolved for 200 ns. Large rotational

motions of AQ inside the pocket are observed; these can be monitored by computing the

twist angle formed by the long axis of AQ and the long axis of the G15-C6 base pair.

The former is defined as the vector that connects the centers of mass of the two outer

benzene rings of anthraquinone (R1 and R2), and the latter is defined as the vector that

connects the C10 atoms of the sugars of each nucleoside in the G15-C6 base pair, as is

shown in Figure 7.1b. The probability distribution of the twist angle, plotted in Figure

7.1c, presents two intense maxima at the regions of 0–30o and 150–180o, which correspond

to spatial configurations with strong stacking interactions between AQ and the flanking

base pairs. These two PS orientations will be referred to as symmetric configurations 1

and 2, respectively. These two distribution maxima extend over the regions of 30–60o and
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120–150o with much less intensity, whereby the chromophore rotated around the axis normal

to its aromatic plane and partially broke the stacking interactions with the nucleobases.

These two spatial orientations will be named rotated configurations 1 and 2, respectively.

Therefore, the twist angle distribution indicates that the PS visits preferentially four regions

of the potential-energy surface: two symmetric and two rotated configurations. In order to

determine whether these four configurations are stable or whether they are consequence of

a bad equilibration of the system along the simulation, four additional MD trajectories of

200 ns each were performed. The initial conditions for these new simulations are taken

from four different snapshots selected from the symmetric and rotated configurations of

the original simulation. The twist angle probability distributions for the four additional

simulations are shown in Figure 7.1d. As can be seen, the same two symmetric and

two rotated configurations are clearly identified. Thus, one can conclude that they are

stable regions of the potential-energy surface that must be considered in the subsequent

electronically excited-state calculations.

The twist angle defined above shows that the stacking interactions between AQ and

the flanking bases are stronger for the symmetric configurations than for the rotated ones.

However, a more rigorous geometrical analysis can be performed to characterize the stacking

interactions for the symmetric and rotated configurations, and the influence of stacking on

the electronically excited states of the system. As will be discussed later, the excitation

energies of the system were computed by an electrostatic-embedding QM/MM scheme,

where AQ and the nucleobase G15 (see Figure 7.1a,b) were included in the QM region. This

partitioning of the system allows the investigation of delocalized excitations, where both the

chromophore and the nucleobase participate, and of the effect of the stacking interactions

on those excitations. Therefore, the stacking interactions present in the symmetric and

rotated configurations have been characterized in terms of the relative orientation between

AQ and the nucleobase G15. Specifically, two intermolecular coordinates were defined: The

shift and slide distances represented in Figure 2a. The shift distances (N1) are computed

as the separation between the center of mass of the six-membered ring of guanine and the

center of mass of each of the benzene rings of AQ (R1 and R2 in Figure 7.2a) projected on

the plane of guanine and along the base-pair direction. The base-pair direction is defined

here as the direction given by the vector that connects the center of mass of guanine and
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Figure 7.1: a) Schematic representation of anthraquinone (AQ) intercalated into the
d(GCGCGCGCGC) decamer sequence between the G5-C16 and C6-G15 base pairs; b)
representation of the long axis of AQ (magenta) and long axis of the G15-C6 base pair
(green) used to compute the twist angle; c) probability distribution of the twist angle for
the initial 200 ns MD simulation; d) probability distribution of the twist angle for the four
200 ns MD simulations which were initialized by four snapshots selected from the four
configuration regions (symmetric 1 and 2 and rotated 1 and 2) of the initial simulation.
Color code: Guanine nucleotide residues are represented in blue, cytosine nucleotides in
orange, and the C, O, and H atoms of AQ in cyan, red and white, respectively.
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the bisection of the C-C bond opposite to the pyrrole ring of guanine. The slide distance

(N2) is defined as the separation between the centers of mass of the six-membered ring of

guanine and each of the benzene rings of AQ projected again on the plane of guanine, but

along the direction perpendicular to the base-pair direction. This perpendicular direction

is given by the vector that connects the center of mass of the six-membered ring of guanine

and its carbonyl group, then orthogonalized with respect to N1 via a Gram–Schmidt

orthogonalization process.

Two shift distances and two slide distances have been calculated with respect to

the rings R1 and R2 of AQ because the visual inspection of the dynamics shows that

the AQ ring involved in the stacking interactions with G15 is different depending on the

geometric configuration. This can be observed in Figure 7.2b, which displays the probability

distributions of the shift and slide distances for the two symmetric and the two rotated

configurations. The orientations symmetric 1 and rotated 1 present shorter slide and shift

distances for the ring R1 than for the ring R2, while the opposite is true for the symmetric

2 and rotated 2 orientations. This means that the ring R1 is involved in the stacking

interactions in the symmetric 1 and rotated 1 orientations, while the ring R2 is the one

that interacts with guanine in the symmetric 2 and rotated 2 orientations.

The slide and shift distributions with respect to the ring R1 (R2) for the symmetric 1

orientation are very similar to the distributions for the symmetric 2 orientation with respect

to the ring R2 (R1). This indicates that the strength of the stacking interactions is similar

for both symmetric configurations. The same holds for the rotated configurations, indicating

that the difference in the stacking interactions between the two rotated orientations is not

important. However, the rotated configurations exhibit weaker stacking interactions than

their symmetric counterparts, as reflected by their widespread slide distributions. The

probability distribution for the slide distance (N2) with respect to the ring R1 is extended

over larger distances for the rotated 1 orientation than for the symmetric 1 orientation.

Similarly, the probability distribution for the slide distance (N2) with respect to the ring

R2 is extended over larger distances for the rotated 2 orientation than for the symmetric

2 orientation. The different geometric features observed for the symmetric and rotated

configurations, which are related with different stacking scenarios, will be reflected on the

electronic properties of the excited states, as will be discussed below.
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Figure 7.2: a) Shift (N1, green) and slide (N2, magenta) distances between guanine G15
and the rings R1 and R2 of AQ employed in the analysis of the stacking interactions. These
distances are computed as the separation between the center of mass of the six-membered
ring of guanine and the center of mass of each benzene ring R1 and R2 of AQ (yellow vector)
projected on the guanine plane, and along the base-pair direction (N1) and the direction
perpendicular to it (N2); b) probability distributions of the shift and slide distances for the
two symmetric and the two rotated configurations. Color code: Guanine in blue, cytosine
in orange, and the C, O, and H atoms of AQ in cyan, red, and white, respectively.

7.3.2 Electronically Excited States: Delocalization and Charge Transfer

The presence of DNA environment can strongly modify the electronic structure of the

excited states of chromophores.71,72,388 In particular, the formation of stacked complexes

can result in collective excitations, where the chromophore and the interacting nucleobases

actively participate. The electronically excited states of the solvated AQ/DNA complex

studied here were computed by an electrostatic-embedding QM/MM scheme, in which the

QM region is composed by AQ and G15 (see Figure 7.1a) and described by time-dependent

density-functional theory with the CAM-B3LYP functional. Then, the excited states were

subsequently characterized by electronic-structure descriptors based on the one-particle
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transition density.381 The 10 lowest singlet excited states were computed for 100 snapshots

for each of the four geometric configurations discussed above: symmetric 1 and 2 and

rotated 1 and 2. Thus, a total of 4000 electronically excited states were computed and

characterized. One of the goals of the computations and analyses presented in this Chapter

is to characterize the intermolecular charge-transfer states, where electron transfer between

the DNA and PS happens, because those states would potentially lead to DNA damage.

Since guanine is the most easily oxidizable nucleobase, only one of the neighboring guanines

has been included inside the QM region.

The absorption of light by multimeric stacking complexes can lead to the formation

of monomer-like excitations, Frenkel excitons, charge-transfer states and excimer states,

as represented schematically in Figure 7.3a for the system investigated here formed by

two absorbing fragments: AQ and guanine. Frenkel excitons are excitations where both

the electron-hole and the excited electron are delocalized over the two fragments with no

electron density exchange between fragments. In charge-transfer states the electron-hole

and the excited electron are located on different fragments, i.e., the hole is on AQ and

the electron on guanine or vice versa. Finally, excimer-like states are a combination of

monomer-like and charge-transfer states. It is important to note that the present analysis is

aimed to the Franck-Condon region and, thus, excimer species stabilized in an excited-state

potential-energy minimum are not formed. However, the term excimer states is used

because a strong mix between charge-transfer and exciton states was observed during

excimer formation.389 These four electronic states can be univocally identified by means of

the computation of two electronic descriptors, namely average delocalization length (DLav)

and charge-transfer number (CTN), which have been previously employed to describe

the collective excitations in a polyadenine single strand.390 DLav is the arithmetic mean

between the electron-hole and excited-electron participation ratios and indicates the number

of fragments over which the hole and electron are delocalized. For example, pure monomer

states and pure exciton states delocalized over AQ and guanine will present a DLav value

of 1 and 2, respectively. CTN provides the fraction of excited electron (or hole) density

transferred between different fragments. For example, pure Frenkel exciton states and pure

charge-transfer states will have CTN values of 0 and 1, respectively. The different electronic

states were classified using the following DLav and CTN arbitrary thresholds employed in a
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previous publication:390 Electronic states with DLav < 1.25 and CTN < 0.2 are considered

monomer-like states; excitons are defined as states with DLav > 1.25 and CTN < 0.2;

excimers have DLav > 1.25 and 0.2 ≤ CTN ≤ 0.8; and finally, a state is classified as a

charge-transfer state if CTN > 0.8. If the 2-dimensional probability distribution function

of DLav and CTN is computed, the four different types of states can be easily visualized

on different regions of the distribution contour plot (see Figure 7.3b.

Figure 7.3: a) Representation of the excited states formed in two fragments, e.g., AQ and
guanine, represented by rectangles. Empty and filled circles represent the electron-holes
and excited electrons, respectively. The thresholds for the average delocalization length
(DLav) and charge-transfer number (CTN) descriptors to classify the excited states are
given; b) Different areas of the 2-dimensional CTN/DLav distribution where the four types
of excited states lie; c) 2-dimensional CTN/DLav probability distributions for the four
geometric configurations identified in the dynamics.

The CTN/ DLav probability distribution for the 100 snapshots of each of the stacking

situations (symmetric 1 and 2 and rotated 1 and 2) is plotted in Figure 7.3c. The most
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important contribution for all the stacking configurations comes from monomer excitations,

which are concentrated on a small region of the contour plot at DLav = 1 and CTN = 0 and,

thus, correspond to pure monomer states. Charge-transfer states represent the second most

important contribution. As for monomer states, the distribution of charge-transfer states

is well localized on a small area of the plot, but in this case around the values of DLav = 1

and CTN = 1. This is especially true for the symmetric orientations, which present a more

intense signal than the rotated orientations. This is not surprising since orbital overlap

between AQ and guanine is expected to be stronger for the symmetric configurations,

where stacking is stronger, leading to more efficient charge-transfer processes. Excimer

states are also important but, contrary to monomer-like and charge-transfer states, they

are spread over a large area of the distribution map with wide range of CTNs. Finally,

exciton states are almost irrelevant and appear mainly on the boundary with excimer and

monomer states, that is, the amount of pure Frenkel exciton states are negligible.

The exact contribution of each state class to the total density of states composed by

the ten lowest singlet states can be seen in Figure 7.3. Monomer excitations represent

around 42% of electronic excited states for the symmetric configurations, while their

percentage increases to 45.6% and 50.1% for the orientations rotated 1 and 2, respectively.

The percentage of states with exciton character is lower than 5% irrespective of the

stacking situation. The contribution of charge-transfer states is larger for the configurations

symmetric 1 (30.7%) and symmetric 2 (34.6%) than for the configurations rotated 1 (28.2%)

and rotated 2 (23.7%) because, as explained above, orbital overlap between fragments is

expected to be stronger for the symmetrically stacked orientations. Since excimer states

are a mixture of monomer and charge-transfer states, and those behave in an opposite

manner with the stacking interactions, there is no correlation between the contribution of

excimer states and the stacking scenario.

If the intensity of each electronic excitation is considered in the analysis, i.e., if the

absorption spectrum (and not the density of states) is decomposed into the different

contributions, the situation drastically changes. As Figure 7.3 displays, the importance of

the charge-transfer states is greatly reduced in the absorption spectrum and, consequently,

the percentage of the other electronic-state types increases. In other words, most of the

charge-transfer states are dark because the transition dipole moment from the ground
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state to the charge-transfer states is small due to the relatively large separation between

the PS and guanine, which precludes a strong orbital overlap between the interacting

chromophores. The presence of excimer states with mixed exciton and charge-transfer

character has also been identified in guanine–cytosine duplexes by means of fluorescence

measurements and quantum mechanical calculations.391 Since these states can evolve to

charge-transfer states, which are responsible for DNA photodamage, it would be interesting

to investigate in future studies the effect of the PS intercalation on the guanine–cytosine

charge-transfer states, especially at low energies, where these states can be easily populated.

Figure 7.4: Decomposition of the density of states (solid lines) and absorption spectrum
(dashed lines) into monomer, Frenkel exciton, excimer, and charge-transfer states for the a)
symmetric 1, b) rotated 1, c) rotated 2 and d) symmetric 2 configurations. The percentage
of the different contributions to the density of states (absorption spectrum) are given in
the legend.

The role of the DNA and solvent environment on the nature of the excited states has

also been investigated. Specifically, additional calculations were carried out for the 100

snapshots previously selected from the symmetric 2 configuration. In particular, the solvent

molecules and Na+ ions have been removed from the model and the excited-state QM/MM
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calculations have been performed for the AQ-G15 QM region electrostatically embedded in

the DNA strand. Then, the classical strand has also been removed and the excitations have

been computed only for the QM region in vacuum. In this way, the effect of the classical

DNA strand and of the solvent on the nature of the excited states can be easily disentangled.

Figure 7.5a shows the contribution of the different electronic states to the total density of

states for the three different models: Full system, QM region embedded in the classical

DNA strand, and QM system in vacuum. As can be seen, when the solvent is removed from

the model the contribution of charge-transfer states drastically decreases and, consequently,

the monomer-like states become relevant. In addition, the percentage of excimer states

suffers a slight drop due to the smaller amount of charge-transfer states that are available

to be mixed with exciton states to form excimers. When the strand is also removed from

the model, the most significant alteration is seen in the excimer states, whose contribution

decreases. Thus, the presence of aqueous solvent favors the formation of charge-transfer

states—a fact that is not surprising—and the presence of the DNA strand—described

as a point-charge electrostatic embedding—favors the formation of excimer states. An

additional factor that deserves attention is the role of the Na+ ions. In particular, the

presence of a positive ion close to the absorbing region of the system could drastically

affect the charge-transfer states by stabilizing the excited electron or destabilizing the

electron-hole by Coulomb interactions. Figure 7.5b displays the probability distribution of

the separation between the center of mass of the AQ-G15 region and the nearest Na+ ion.

As can be seen, the position of the nearest ion can adopt a wide range of distances from

the QM region from around 1 to 20 Å. However, the CTN of the electronic states does not

show a clear trend with the ion position and its value is always 0.4.

It is interesting to characterize in more detail the monomer and charge-transfer states.

As explained above, monomer states are formed by excitations where both the electron-

hole and excited-electron densities are located on the same fragment. To unravel the

fragment that is involved in the monomer excitations of Figures 7.3 and 7.4, the probability

distribution of the position of the electron-hole (POSi) and of the position of the excited

electron (POSf) have been obtained from the transition-density analysis,61,381 and are

plotted in Figure 7.6a,b. Both distributions peak at fragment 1, which in the cresent case

case is AQ, and only a small fraction of the distribution appears at fragment 2 (guanine) for
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the four orientation configurations. This means that most of the monomer-like electronic

states that are involved in the density of states are located on the PS. The same analysis

performed for the charge-transfer states, plotted in Figure 7.6c,d, reveals that the electron-

hole and excited electron are located at fragments 2 and 1, respectively, independently

of the orientation of the chromophore inside the binding pocket. This means that the

electron flow in charge-transfer states occurs mainly from guanine to AQ, and only a

small percentage of electronically excited states present electron transfer in the opposite

direction.
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Figure 7.5: a) Contribution of monomer, exciton, excimer and charge-transfer states to the
density of states for the symmetric 2 configuration. The percentages of the full system, the
quantum mechanics (QM) region (AQ and G15) embedded in the DNA strand and the
QM region in vacuum are shown in black, brown and yellow, respectively. b) Probability
distribution of the separation RNa+−QM between the center of mass of the QM region
and the nearest Na+ ion to the QM region (blue) and variation of the CTN with that
separation (yellow).
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Figure 7.6: Probability distribution of the position of the hole (POSi) and of the position of
the excited electron (POStf) for (a,b) the monomer-like states and (c,d) the charge-transfer
states. Positions 1 and 2 correspond to AQ and guanine, respectively.
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7.4 Conclusions

Anthraquinone derivatives are known to participate in PDT mechanisms through the

interaction with DNA strands by, mainly, an intercalative binding mode. After absorption

of UV light, the PS is involved in DNA oxidative damage, where electron transfer from

guanine nucleobases to the excited PS occurs. Therefore, an efficient photoinduced DNA

damage pathway requires the existence of charge-transfer states energetically accessible.

In this Chapter, the electronically excited states at the Franck-Condon region of AQ

intercalated into a solvated double-stranded d(GCGCGCGCGC) decamer was investigated

by means of a combination of classical MD simulations, QM/MM excited-state calculations

and one-electron transition-density matrix analysis.

Classical MD simulations evolved for 1 µs showed that the chromophore can adopt four

different stable poses inside the intercalative pocket of DNA: Two symmetric configurations,

where the stacking interactions between AQ and the flanking nucleobases are strong, and two

rotated configurations, where the stacking interactions are partially broken. The density of

states and the absorption spectrum of the AQ-DNA solvated complex for the four different

geometric configurations were computed by means of an electrostatic-embedding QM/MM

scheme, where the chromophore and one of the flanking guanine residues were described

by TD-DFT in the QM region. For each of the geometric configurations, 100 geometries

were considered in the computation of the 10 lowest singlet excited states to take into the

account the vibrational sampling of the system. Moreover, the analysis of one-electron

transition densities allowed the characterization of the excited states as monomer, Frenkel

exciton, excimer and charge-transfer states. The density of states is mainly dominated

by monomer-like states located on AQ and charge-transfer states, where an electron is

transferred from guanine to the chromophore. Moreover, the charge-transfer states are

more relevant for the symmetric configurations, where orbital overlap between AQ and

guanine is expected to be more important, than for the rotated configurations. Excimer

states are also relatively important in the density of states band, and Frenkel excitons are

virtually negligible since they represent less than 5% of the signal. The contribution of

charge-transfer states is drastically reduced, while the contribution of the other electronic-

state classes increases, when the absorption spectrum is computed, a fact that indicates
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that the AQ/guanine charge-transfer states are mainly dark.

In conclusion, the binding of AQ to DNA induces the formation of charge-transfer

excited states between the PS and guanine. It has been shown that these states are

energetically accessible at the Franck-Condon region in the singlet manifold. It is very

likely that those states are also available in the triplet manifold after intersystem crossing,

from where the DNA oxidative damage is initiated. However, further simulations are needed

to investigate the efficiency of intersystem crossing when the chromophore is interacting

with DNA, and of the charge-transfer process once the system is in the triplet manifold. In

addition, theoretical modeling would also be beneficial to rationally functionalize the AQ

scaffold and obtain new PSs with improved photophysical properties. The excited-state

electronic structure of these functionalized anthraquinone derivatives could be compared

with the present calculations for AQ to evaluate whether the functionalization of AQ has

led to a modification of the electronic-state features, e.g., the charge-transfer character,

that could enhance DNA damage.
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Chapter 8

Permeation Mechanism and

Excited States of Anthraquinones
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This Chapter is work in progress, and as such, it has not been published yet.

This brief Chapter presents an overview of a project under progress. The object of study

of this work consists of two anthraquinone derivatives – rubiadin and soranjidiol – which

have been shown to present promising anticancer activiy on colorectal tumor cancer cells. In

this Chapter, the permeation mechanism of these derivatives inside a 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC) lipid bilayer model is studied by means of umbrella sampling

classical dynamics simulations. It is observed that for both molecules the permeation is
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thermodynamically favorable, and each of them attains an energy minimum at 10.5 Å

from the center of the lipid membrane. One of the main goals of the present Chapter is

to study the excited state properties of these anthraquinone derivatives inside the lipid

membrane at the QM/MM MS-CASPT2 level of theory. In this regard, a crucial step is

the determination of a suitable active space to perform these calculations. A classical MD

simulation of each of the anthraquinone derivatives is performed in chloroform to obtain a

representative geometry for which to compute the absorption spectrum of each molecule,

to perform a benchmark of different active spaces by comparing the absorption spectra

with the experiment. A (12,9) active space is chosen to compute the absorption spectrum

of rubiadin and soranjidiol at the free energy minimum of the permeation profile inside

the lipid membrane, which displays an overall red shift with respect to the experimental

spectrum in chloroform. Future investigation will involve the study of the intersystem

crossing process of these molecules inside the lipid membrane, and the investigation of yet

another anthraquinone derivative, the parietin molecule.

8.1 Introduction

Photodynamic therapy (PDT) is a non-invasive technique that is nowadays widely used due

to its high selectivity and specificity,364,392,393 as well as its efficacy in treating infectious

diseases and different types of cancer.5–7,362 In PDT, a photosensitizing agent (PS) is

administered in a selective manner to the target tissue, after which it is irradiated with

radiation of a suitable wavelength in the presence of molecular oxygen, so that the PS

undergoes reactions of electron transfer or energy transfer with the surrounding tissues. In

the case of a carcinogenic tissue, these reactions provoke the rupture of the nearby tissue,

triggering processes that ultimately lead to cell death of the carcinognic cells in an ordered

manner (apoptosis). It has been evidenced that the mechanism of cell death strongly

depends on the tissue where the PS localizes as well as on the structure of the PS.22,23

It is commonly recognized that after photoexcitation of the anticancer chromophore, it

undergoes nonradiative relaxation, in which it populates the triplet excited state manifold

via intersystem crossing. It is at this point that the PS either undergoes electron transfer

reactions that bring about the formation of reactive oxygen species (e.g., the superoxide
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radical anion O−
2 ), which in turn provoke the oxidation of nearby biological molecules (type

I mechanism), or the PS undergoes an energy transfer reaction towards molecular oxygen

(type II mechanism) generating the highly reactive singlet oxygen species 1O2.
394,395 The

PS can accumulate on different cellular tissues depending on their nature.22 In particular,

mitochondria result to be an ideal target tissue for PDT, as they release pro-apoptotic

components such as cytochrome c to the cytosol following the photoinduced damage of

the lipid membrane by the PS.31–33 Several families of organic PSs have been object of

study for PDT, including cyanines, phenantridinium dyes, porphirins, phenotiazinium

dyes, acridines, and anthraquinones.34 In particular, the family of anthraquinones has

shown promising cytotoxic activity both in vitro and in vivo against carcinogenic tissues,

especially breast cancer and colorectal cancer cells.35,78,375,376 Specifically, after PDT

treatment with two anthraquinone derivatives – rubiadin and soranjidiol – the rupture of

the lipid membrane was observed at the early stages of apoptosis.78 Thus, the investigation

of the permeation mechanism of these PSs inside the lipid membrane and the influence of

the lipid environment in the excited states of the PSs could provide valuable insights into

the mechanism of action of the PSs.

Molecular modeling techniques at an atomistic scale are suitable to fulfill this task.40

Indeed, MD in conjunction with multiscale hybrid quantum mechanics/molecular me-

chanics (QM/MM) methodologies have been widely employed to study the interactions of

several representatives of the PS families mentioned above with biologically relevant target

tissues. For example, MD simulations have been performed to study the binding modes

of anthraquinones51–53 and other PS76,377,378 with DNA. The absorption and emission

spectra of nile red and nile blue have been computed considering all possible binding modes

of these chromophores with DNA,75 and the mechanism of fast intersystem crossing of

acetophenone in the presence of a double strand of DNA following photoexcitation with UV

radiation has also been investigated using QM/MM techniques.74 MD techniques have been

employed in the investigation of the different binding modes of methylene blue in DNA,378

and a combination of MD and QM/MM techniques has also been employed to investigate

the influence of DNA on the electronically excited states of this PS.72 The permeation

mechanism and the excited states of methylene blue inside a lipid bilayer have also been

investigated using enhanced sampling classical MD techniques and QM/MM methodolo-
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gies.73 Other examples of PSs investigated via these computational methodologies include

chelerythrine,54 porphyrines,77 and palmatine.76

To this date, however, no similar work has been performed in regard with the study of

anthraquinones in the presence of a phospholipid bilayer. For this reason, in the present

work the permeation mechanism of the two anthraquinone derivatives mentioned above

(rubiadin and soranjidiol) is modeled by means of umbrella sampling45,143 classical MD

simulations. The present work also aims at computing the electronically excited states

of these PSs in the presence of a 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid

membrane. To this end, multiconfigurational methods such as the complete active space

self consistent field (CASSCF)81–83 in conjunction with multistate complete active space

perturbation theory (MS-CASPT2)99,101 are employed, as they provide a more accurate

description for the wavefunction of the system in situations of near-degeneracy between

electronically excited states, such as in the case of the intersystem crossing process than

single configuration methods. The present Chapter provides preliminary work in the choice

of the active space by testing different active spaces in the simulation of the absorption

spectrum of rubiadin and of soranjidiol in chloroform, by employing a QM/MM optimized

structure of each chromophore in explicit chloroform. A (12,9) active space is chosen

to compute the absorption spectrum of rubiadin and soranjidiol at the minimum of the

potential of mean force (PMF) obtained from the umbrella sampling MD simulations.

These spectra are computed using an ensemble of geometries of the chromophores inside

the lipid membrane, so that the (12,9) active space optimized in chloroform is used as an

initial guess to optimize the wavefunction for each sampled geometry. In this regard, the

pyoverlaps.py script of the MoBioTools79,80 toolkit is used to conserve the active space.

Future work will include the investigation of the intersystem crossing process for rubiadin

and soranjidiol inside the lipid membrane. The parietin molecule – another anthraquinone

derivative investigated along with rubiadin and soranjidiol78 – will also be studied.

8.2 Computational Details

The systems studied in the present work consist of a DOPC lipid bilayer containig two

leaflets of 64 lipid molecules each, a 25 Å of water thickness on each side of the bilayer,
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a concentration of 0.15 M of KCl to emulate physiological conditions, and the rubiadin

and soranjidiol molecules. The lipid membrane has been prepared and equilibrated in a

previous work,85 (Chapter 5) in which the CHARMM-GUI239 software was used to build

the initial structure of the lipid membrane. The lipid molecules were described using the

lipid17 force field – an updated version of the lipid11134 and the lipid14135 force fields,

the water molecules were described with the TIP3P water model,137 and the K+ and

Cl− ions with suitable amber parameters.319 In this work, the structures of rubiadin and

soranjidiol were optimized at the MP2/6-31G∗ level of theory. The bonded and Lennard-

Jones force field parameters of the anthraquinones were retrieved from the GAFF force

field,131 whereas the atomic charges were obtained by means of an electrostatic potential

fitting with a HF/6-31G∗ level of theory. Each of the anthraquinones was manually placed

at a distance of 32Å from the center of mass of the lipid membrane using the tleap module

of AmberTools20,192 giving a total of 31911 atoms. Each system consisting of the solvated

lipid membrane plus an anthraquinone derivative was minimized using the steepest descent

algorithm for 5000 steps, and the conjugate gradient algorithm for another 5000 steps.

Afterwards, it was heated in the (NVT) ensemble to 300 K employing a Langevin224

thermostat with a collision frequency of 1 ps−1. A 10 kcal/(mol Å2) force constant was

imposed upon the lipid molecules during the heating process. Following the heating process,

three consecutive molecular dynamics simulations of 4 ns each were performed at constant

pressure (NPT ensemble), where the force constants applied on the lipid molecules were

gradually decreased from 10 kcal/(molÅ2) to 5 kcal/(molÅ2) and finally 0 kcal/(molÅ2).

A Berensden barostat225 was used with a pressure relaxation time of 1 ps to maintain

the pressure fixed at around 1 bar. Finally a 100 ns production run was performed to

equilibrate the density of the system. For the heating and the production runs, a timestep

of 2 fs was used. Throughout these steps, the Particle Mesh Ewald method226 was used

to compute the coulomb interactions, in which a cutoff of 10 Å was used to limit the

direct-space sum; the same cutoff was employed to compute the van der Waals interactions.

All bond distances involving H atoms were restrained by means of the SHAKE algorithm.227

For the entire protocol, positional restraints were imposed upon each of the anthraquinone

derivatives by applying a force constant of 5 kcal/(molÅ2).

Following the equilibration of the systems, umbrella sampling MD was employed to

217



simulate the permeation process of each anthraquinone derivative inside the lipid membrane.

In this context, the reaction coordinate was defined as the distance between the center of

mass of the anthraquinone derivative and the center of the lipid membrane, so that the

permeation occurs perpendicular to the plane of the membrane (Figure 8.1). The pathway

along the reaction coordinate was subdivided into 65 windows separated each by 0.5 Å,

starting from an initial distance of 32 Å, in which each anthraquinone derivative is outside

the lipid membrane, up to a distance of 0 Å, whereby each anthraquinone derivative is at

the center of the membrane. For each window a 30 ns of molecular dynamics simulation

was performed, using the same settings as the initial production run. A 2.5 kcal/(mol Å2)

harmonic bias potential was applied on each of the windows. The free-energy profiles for

rubiadin and for soranjidiol were obtained by means of the WHAM approach.157,158

To determine a suitable methodology to compute the absorption spectrum of each

anthraquinone inside the lipid membrane, the absorption spectra were first computed

on a system consisting of each anthraquinone inside a solvation box of chloroform, so

that the resulting spectra could be compared with the experimental results.396 To do so,

each anthraquinone derivative was placed inside a cubic solvation box of chloroform using

the tleap module of AmberTools20, in which the distance between any solute molecule

and the boundaries of the box was at least 30 Å. The chloroform molecule was described

by means of the GAFF force field. Each system was minimized for 5000 steps using

the steepest descent algorithm, after which 2000 steps of the conjugate gradient were

performed. The systems were then heated for 100 ps in the NVT ensemble, after which

an equilibration of 110 ns was run in the NPT ensemble. For these calculations the same

barostat, thermostat Ewald summation and van der Waals cutoffs were used as in the

case of the equilibration of the lipid membrane. A cluster analysis using the k means

algorithm397,398 was performed upon the last 100 ns of the MD simulation, with a sieve

of 20 geometries applied randomly along the trajectory. From this analysis 100 clusters

were identified, of which the most populated one was selected as the initial structure for

an electrostatic embedding QM/MM geometry optimization considering the anthraquinone

derivative in the QM region, an a radius of 4 Å around the solute molecule was applied

to include chloroform molecules in the mobile MM region. The QM/MM optimization

was performed using the COBRAMM187 software, which interfaces the Gaussian16188
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and the AMBER20192 programs. The absorption spectra of rubiadin and soranjidiol in

cloroform were computed on the QM/MM optimized geometries using an electrostatic

embedding QM/MM scheme, where the QM region was described at the MS-CASPT2

level of theory with a cc-pVTZ231 basis set. A benchmark of different active spaces was

performed, including (12,9), (12,10), (14,10) and (14,12). Finally, a (12,9) active space was

selected to compute the absorption spectrum of rubiadin and soranjidiol inside the lipid

bilayer on top of an ensemble of 100 geometries for each molecule; these geometries stem

from the last 20 ns of molecular dynamics simulation on the umbrella sampling window

corresponding to the minimum of the free energy profile. The module pyoverlaps.py of

the MoBioTools software was employed to generate the QM/MM inputs from the 20 ns

trajectory, including the analysis (and the eventual correction) of the active space, whereby

the active spaces of the QM/MM optimized geometries were used as reference (Figures 8.4

and 8.5). The Visual Molecular Dynamics236 software was used to visualize the trajectories,

and the molden198 program was employed to generate the images of the molecular orbitals.

8.3 Results and Discussion

8.3.1 Umbrella Sampling Simulations

The PMF profiles relative to the permeation of rubiadin and soranjidiol inside the DOPC

lipid membrane are represented in Figure 8.1. As pointed out elsewhere85 (cf. Chapter 5),

whenever the reaction coordinate of a slow process is known a priori, it is advisable to employ

enhanced sampling techniques such as umbrella sampling, as it allows for the exploration

of the potential energy landscape at a reasonable computation time, a task that would

otherwise be unachievable using conventional classical MD. The permeation mechanism of

different molecules inside a model of a lipid bilayer has been studied extensively in the

literature by means of umbrella sampling simulations,49,50,73,85,318 and this is the approach

adopted in the present work as well. Figure 8.1 shows the PMF profiles for rubiadin (green

line) and for soranjidiol (orange line) , in which the first 4 ns of simulation time for each

umbrella sampling window have been considered as the equilibration time, and thus have

been discarded.

It can be evidenced from Figure 8.1 shows that the permeation process for both
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Figure 8.1: Top: Schematic representation of an anthraquinone derivative embedded
inside the DOPC lipid membrane. The polar and non-polar regions of the membrane
are represented in blue and red, respectively. Bottom: Potential of mean force (PMF) of
the permeation of the rubiadin (green line) and the soranjidiol (orange line) molecules,
considering the simulation interval time between 4 and 30 ns for each umbrella sampling
window.
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rubiadin and soranjidiol is energetically favorable, and both molecules attain the PMF

global minimum at a distance of 10.5 Å from the center of mass of the lipid membrane, at the

interface between the polar heads and the non-polar tails (see Figure 8.1, Top). Noticeably,

despite the structural similarity between the two molecules, they display different lineshapes

and energetics for the permeation process. Specifically, rubiadin presents a maximum of 0.5

kcal/mol at a distance of 25 Å from the center of the membrane, before attaining the global

minimum of the PMF; on the other hand, soranjidiol presents a flat PMF until it arrives

at a distance of 25 Å from the center of the membrane, whereby the profile presents a

small step followed by a steady decrease towards the global minimum. The presence of the

global minimum inside the lipid membrane is in agreement with the experimental finding

of anthraquinone derivatives accumulating inside the lipid membrane, where they promote

the lipid membrane rupture following photoexcitation.78 Both molecules evidence similar

energetics with respect to the permeation process, with rubiadin presenting a reaction

free energy of 8 kcal/mol and soranjidiol presenting a reaction free energy of 6 kcal/mol.

This similarity in the reaction free energies of the permeation process for both molecules is

in agreement with the experimental observation that rubiadin and soranjidiol present a

similar cytotoxicity.78,376 However, it should be emphasized that the systems under study

are model systems of the much more complex environment present in a carcinogenic cell. It

should also be pointed out that rubiadin and soranjidiol need to be photoactivated in order

to trigger their anticancer activity, so that a key property that needs to be explored to

gain further insights into the activity of these drugs are their electronically excited states.

This is done in the following section.

8.3.2 Electronically Excited States

The goal of the present project is to gain insights into the anticancer activity of rubiadin and

sorajnidiol. It is well known that the anticancer activity of the anthraquinone derivatives

is triggered by means of photoexcitation with light having a suitable wavelength. Indeed,

the PS is excited towards the singlet excited state manifold, after which it undergoes

intersystem crossing towards the triplet manifold.399 It is at this point that the PS is

able to promote the formation of singlet oxygen or of reactive oxygen species that react

with the lipid membrane. To study these properties at an accurate level of theory, it
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is advisable to employ multiconfigurational methods to better describe the situations in

which different excited states are almost degenerate (this is particularly important nearby

crossing regions between two potential energy surfaces). For this reason, in the present

work the SA-CASSCF methodology, in conjunction with MS-CASPT2, has been adopted

to calculate the excited states of rubiadin and soranjidiol in the presence of the lipid

membrane. A caveat of this method (in particular SA-CASSCF) consists of the choice of a

suitable active space. This problem is tackled here by considering a set of different active

spaces and comparing the simulated absorption spectra with the experimental spectra,

which have been recorded in chloroform.396 To this end, and to account for the fact that the

molecules are in a solution of chloroform, a 110 ns classical MD simulation of rubiadin and

of soranjidiol has been performed considering a solvation box of chloroform, of which the

first 10 ns have been discarded. Afterwards, a cluster analysis along the 100 ns trajectory

was performed, using the k means method and considering a maximum number of 100

clusters, to determine the most representative configuration of the simulation.

Figure 8.2 shows the most representative configuration for rubiadin and for soranjidiol

stemming from the above mentioned cluster analyses. These structures were used as initial

geometries to perform an MP2/6-31G∗ QM/MM geometry optimization including each

PS in the QM region and all the chloroform molecules within a radius of 4.0 Å from

any atom of the solute in the mobile MM region, using the COBRAMM program. The

geometries were optimized so as to obtain representative structures form the classical

MD simulations, while at the same time relaxing the structure with the QM potential.

Figure 8.3 shows a comparison of the absorption spectra of rubiadin and of soranjidiol

in explicit chloroform computed at the MS-CASPT2 level of theory with different active

spaces, and the corresponding experimental spectra. These spectra were computed on top

of the previously QM/MM optimized geometries. It can be evidenced from Figure 8.3 that

none of the active spaces reproduces accurately the entire lineshape of the experimental

spectra. A source of error could be evidenced in the fact that a larger active space might

be needed to account for all the underlying electronic transitions in the range between 450

and 200 nm, as only a portion of the valence orbitals for rubiadin and for soranjidiol is

considered within the active spaces employed. However, it should be emphasized that for

both rubiadin and for soranjidiol, the computations with the largest active space considered
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Figure 8.2: Cluster analysis of rubiadin (top) and of soranjidiol (bottom) along a 100 ns
classical molecular dynamics simulation in chloroform. The inset of each plot represents
the most representative cluster for each of the anthraquinone derivatives.
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here – (14,12) – do not properly reproduce the first band of the corresponding experimental

spectra. On the other hand, this band is reproduced by the calculations employing the

smaller active spaces; in particular, in the case of rubiadin, the first bright electronic

excitation is centered at 401 nm, that is exactly at the center of the first experimental band.

Another source of error could be the fact that the QM/MM optimized geometry need not

be the global minimum of the system, but instead one of the several possible local minima

present in a complex system consisting of more than 1000 atoms. Indeed, although the

cluster analysis mentioned above did provide the most representative geometry along the

classical MD trajectory, it need not be the case that the optimized geometry corresponds

to a representative geometry of the QM/MM potential. Thus, the effect of conformational

sampling would need to be accounted for to better reproduce the lineshape of the spectrum.

This is part of the ongoing work for the present project.

As the (12,9) active space (Figure 8.4 and 8.5 for rubiadin and soranjidiol, respectively)

provided a decent description of the first band of the absorption spectrum of the two

anthraquinone derivatives under study, it is worth analyzing the character of the excited

states that compose this band. Tables C.1 and C.1 show the absorption spectra of rubiadin

and soranjidiol, respectively, along with the most prominent electronic configurations. The

first band for both molecules is characterized by the electronic transitions towards the S1

and S2 excited states. For both rubiadin and soranjidiol, the most prominent electronic

excitation present in the first band corresponds to the excitation towards the S1 excited

state (Tables 8.4 and 8.5). In the case of rubiadin, the S1 excited state presents a mixed

contribution from the configurations referred to the π4 → π∗1 (HOMO → LUMO), π1 → π∗1

and n1 → π∗1 excitations (see Figures 8.4 and 8.5 for reference). In the case of soranjidiol,

the S1 state presents contributions from the π4 → π∗1 (HOMO → LUMO) and the π2 → π∗1

excitations.
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Figure 8.3: Electronic absorption spectrum of rubiadin (green) computed at the QM/MM
optimized geometry in chloroform at a MS-CASPT2 level of theory, with an active space of
a) (12,9), c) (12,10), e) (14,10), g) (14,12). Electronic absorption spectrum of soranjidiol
(orange) computed at the QM/MM optimized geometry in chloroform at a MS-CASPT2
level of theory, with an active space of b) (12,9), d) (12,10), f) (14,10), h) (14,12). The
experimental spectrum of each molecule is shown as a black line.
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Figure 8.4: (12,9) Active space of rubiadin.

Figure 8.5: (12,9) Active space of soranjidiol.
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The active space (12,9) was chosen as the reference active space to compute the

absorption spectrum of rubiadin and soranjidiol at the minimum of the free energy profile

(Figure 8.1). Thus, 100 geometries were sampled from the classical MD simulation of each

molecule in the window corresponding to the minimum of the PMF (at a distance of 10.5 Å

from the center of the membrane in both cases). Afterwards, the pyoverlaps.py script of

the MoBioTools toolkit was used to generate the inputs for the single point QM/MM state

average (SA)-CASSCF and subsequent MS-CASPT2 calculations on top of the sampled

geometries, and to eventually correct the active space in cases in which it differed from

the reference one (Chapters 3 and 4). In this work, the active spaces of the optimized

geometries of rubiadin and soranjidiol in chloroform (Figures 8.4 and 8.5, respectively)

were used as the reference active space. Using these active spaces as the initial guess,

88 geometries of rubiadin presente the correct active space after the first pyoverlaps.py

iteration (and CASSCF wavefunction optimization), 2 geometries were recovered after the

second iteration, and 10 were not recovered after 5 iterations with the pyoverlaps.py

script. On the other hand, for soranjidiol 94 geometries presented the correct active space

after the first CASSCF wavefunction optimization, and it was not possible to recover

the reference active space for 6 geometries. Figure 8.6 shows the absorption spectrum

of rubiadin (top) and soranjidiol (bottom) computed at the MS-CASPT2 level of theory

with the (12,9) active space, in comparison with the corresponding experimental ones in a

solution of chloroform. The intensities of the computed spectra have been normalized to

the number of sampled geometries for each sampled anthraquinone derivative. It can be

evidenced that for both molecules the spectrum inside the lipid membrane is red-shifted

with respect to the spectrum in chloroform. Interestingly, the in vitro experiments carried

out with these two PSs78 have been performed using an excitation window of 420 ± 17 nm,

that is an intermediate region between the lineshapes of the experimental and the computed

spectra in figure 8.6. However, to obtain a consistent comparison, the computation of the

absorption spectrum of rubiadin and of soranjidiol in chloroform, considering an ensemble

of geometries, would be auspicable. This is currently work in progress, and will provide

a complete picture of the behavior of the excited states of rubiadin and soranjidiol in

different media.
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Figure 8.6: Top: (black) Experimental absorption spectrum of rubiadin in chloroform;
(green) Absorption spectrum of rubiadin at the minimum of the umbrella sampling free
energy profile inside the DOPC lipid membrane. Bottom: (black) Experimental absorption
spectrum of soranjidiol in chloroform; (orange) Absorption spectrum of soranjidiol at the
minimum of the umbrella sampling free energy profile inside the DOPC lipid membrane.
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8.4 Conclusions and Future Work

In the present work, the permeation mechanism of rubiadin and of soranjidiol into a DOPC

lipid membrane has been studied by means of umbrella sampling classical MD. It has been

evidenced that the permeation of both molecules is thermodynamically favorable, with

rubiadin presenting a reaction free energy of permeation of 8 kcal/mol and soranjidiol a

reaction free energy of 6 kcal/mol. This is in agreement with the capability of anthraquinone

derivatives to accumulate inside the cellular lipid membrane, whereby following photoexcita-

tion, they are capable of inducing cellular apoptosis by triggering the disruption of the lipid

membranes. The similarity in the PMF for rubiadin and soranjidiol is also in agreement

with the experimental observation that both molecules evidence similar cytotoxicities.78

However, the study of the permeation process is associated with the cell uptake of the

anticancer drug, and there are several other factors that contribute to the cytotoxicity of

the PS. In particular, it is of utmost importance to investigate the electronic excited states

of rubiadin and soranjidiol in the presence of the lipid membrane. In general the mechanism

of action of anthraquinone derivatives involves an intersystem crossing towards the triplet

manifold; therefore, the MS-CASPT2 methodology has been chosen to study the electronic

excited states of rubiadin and soranjidiol, since only multiconfigurational methods can

properly describe the wavefunction of a system in the presence of two quasi-degenerate

electronic states (e.g. at crossing regions).

In order to determine an appropriate active space, the absorption spectra of rubiadin and

soranjidiol were computed in the presence of explicit chloroform with different active spaces.

The spectra were computed on top of a QM/MM MP2/6-31G∗ optimized geometry of each

anthraquinone in a solvation box of chloroform. It was evidenced that for both molecules

the first experimental absorption band was reproduced by a MS-CASPT2 computation

using a (12,9) active space. The same active space was employed as the reference active

space to compute the absorption spectrum of rubiadin and soranjidiol at the minimum of

the free energy profile of permeation inside the lipid membrane, whereby the automatic

correction of the active space provided by the pyoverlaps.py script has provided the

correct active space for 90 geometries of rubiadin and 94 geometries of soranjidiol (out of

100 sampled geometries in both cases). The absorption spectra of both anthraquinones
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inside the lipid membrane presents a red shift with respect to the experimental spectra

in chloroform, although a consistent comparison would require the computation of the

absorption spectrum on an ensemble of geometries in chloroform, which is a current work

in progress. A next step consists of the QM/MM computation of the intersystem crossing

pathway to unveil the mechanism, including the effect of the lipid environment on the

triplet state population.
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Chapter 9

Conclusions

In this thesis, some of the key steps of the mechanism of action of cisplatin and of

anthraquinone and some derivatives have been studied by means of state-of-the-art com-

putational modeling techniques. Specifically, the permeation mechanism of cisplatin into

a lipid membrane was studied by means of the umbrella sampling MD technique. The

energetics of the permeation pathway itself, as well as the energetics of the interactions

that are established between the cisplatin molecule and the lipid membrane have also

been computed. In particular, the latter were computed using a molecular mechanics

analytic potential, as well as a more accurate QM/MM procedure, in which case it was also

possible to decompose the interaction energy in physically meaningful energy terms that

provide further insights into the nature of the interactions established. In regard with the

anthraquinone molecule, its conformational freedom has been studied in the intercalation

binding mode in a poly(dG-dC) double strand model of DNA by means of classical MD,

whereby there were identified two prominent configurations. The electronically excited

states of the photosensitizer were computed considering these two predominant configu-

rations. The permeation mechanism of two derivatives of anthraquinone – rubiadin and

soranjidiol – has also been computed by means of the US MD technique. The absoprtion

spectrum of both anthraquinone derivatives has been computed in configurations corre-

sponding to the US window of the minimum of the free energy profile obtained from the

study of the permeation mechanism. Of great importance for the present thesis work

has also been the development and application of the MoBioTools toolkit, which allows
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for a straightforward setting up of the QM/MM calculations considering an ensemble of

geometries and, thus, has been extensively used in most of the work presented here. Thus,

the following conclusions of the present thesis work can be drawn:

• The simulation of the permeation mechanism of cisplatin into a lipid membrane with

a force field has provided a detailed account on the energetics of the overall process.

In particular, it was observed that, as cisplatin permeates the membrane, it is weakly

trapped inside a free energy minimum of 0.65 kcal/mol; afterwards, it overcomes a

small barrier of 0.2 kcal/mol and gets trapped inside the global energetic minimum

of the permeation pathway, which coincides with cisplating bein incorporated in

the polar region of the lipid membrane. At this stage, the decomposition of the

interaction energy between cisplatin and the lipid molecules suggested that energetics

of the process were dominated by the electrostatic interactions between cisplatin and

the polar heads of the lipids. However, as cisplatin approached the center of the

membrane – corresponding to the non-polar tails of the lipids –, it was observed that

the free-energy of the permeation process increased, so that ultimately the penetration

of cisplatin across the membrane would imply that an overall energetic barrier of

10.4 kcal/mol barrier would need to be overcome. In this region, the attractive

interactions between cisplatin and the membrane are dominated by non-polar van der

Waals interactions, however, these attractive interactions were ultimately overruled

by the unfavorable energy associated with the dehydration of cisplatin and the loss of

entropy due to the increase of ordering in the lipid bilayer induced by the presence of

cisplatin. Thus, certain types of functionalization such as the anchorage of long alkyl

chains to the cisplatin scaffold might mitigate the unfavorable entropic contribution

associated with the membrane ordering increase. This strategy has been applied in

the case of platinum(IV) complexes with variable success.400

• The computation of the interaction energy between cisplatin and the lipid molecules

within a QM/MM framework, and the subsequent energy decomposition using a

deformation density-based scheme, has provided further insights into the nature of

the interactions established between the two subsystems involved. In particular, it

was observed that the interactions at the minimum and at the maximum of the
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free-energy profile are mainly dominated by the electrostatic interactions. It was

also evidenced that the Pauli repulsive interactions are in fact more significant than

when computed using an analytic force field, thus indicating that this contribution

is underestimated by the latter. Finally, a broad energy distribution was obtained

for each energy component of the interaction energy when considering an ensemble

of geometries. This evidences that conformational sampling is funtamental when

treating complex biological systems to obtain a complete characterization of the

interaction energy and its EDA.

• In the case of the anthraquinone molecule, it was observed that when intercalated

in a DNA double strand, two conformations were predominant along the entire

MD simulation time. These conformations were considered to study the excited

states of the anthraquinone molecule by means of QM/MM at the TD-DFT level

of theory, including a guanine molecule as well as anthraquinone in the QM region.

Of particular importance are the CT states between guanine and anthraquinone, as

these are the relevant states involved in the photoinduced electron transfer that leads

to DNA lesion. It was observed that the CT contribution strongly depends on the

conformation assumed by the anthraquinone molecule in the intercalated binding

pocket, as the CT contribution was of 30-34% when the anthraquinone molecular

axis was parallel to the hydrogen bond axis of a nearby guanine-cytosine nucleobase

pair (in this situation, anthraquinone displays the highest overlap with one of the

neighbouring guanine molecules), whereas the CT character reduced to 23-28% when

the axis of anthraquinone was not parallel to that of the guanine-cytosine pair. With

these results at hand, a strategy to obtain anthraquinone-based PSs with enhanced

cytotoxic activity could be to functionalize the anthraquinone scaffold so that the

conformational freedom of the anthraquinone derivative in the intercalated binding

pocket be limited to configurations in which stacking is favoured.

• In regard with the anthraquinone derivatives rubiadin and soranjidiol, the study of the

permeation of each of these molecules inside a DOPC lipid membrane has provided

two free energy profiles showing that the diffusion process is favorable for both

derivatives, whereby the reaction energy for rubiadin is 8 kcal/mol and for soranjidiol
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6 kcal/mol. These results show the similarity of the energetics of the permeation

process for rubiadin and soranjidiol, a finding in agreement with the experimental

observation that rubiadin and soranjidiol present a similar cytotoxicity.78 However,

to obtain a more complete picture in regard with the anticancer activity of these

molecules, their electronic excited states need to be studied inside the lipid bilayer.

In this regard, the absorption spectra of the two molecules inside the lipid membrane

have been computed whereby a red shift with respect to the experimental spectrum

recorded in chloroform was observed. Further studies are aimed at investigating the

intersystem crossing mechanism of the two anthraquinone derivatives inside the lipid

membrane.

• Finally, the MoBioTools software79,80 developed and applied throughout the thesis

work has shown to be a fundamental tool to interface previously performed MD

simulations with QM/MM computations on ensembles of geometries extracted from

such MD simulations. Its versatility has been evidenced not only through the worked

examples presented during its introduction (Chapter 3), but also in its application

on the wide variety of situations posed by the different systems treated in the present

thesis. It is available as an open-source code.80
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Conclusiones

En el presente trabajo de tesis, algunas de las etapas fundamentales del mecanismo de

acción del cisplatino, de la antraquinona y de dos de sus derivados, han sido estudiadas

mediante métodos a la vanguardia de modelización computacional. En particular, el

mecanismo de difusión del cisplatino al interior de una membrana liṕıdica ha sido estudiado

mediante MD clásica en conjunto con la técnica de Umbrella Sampling. La energética del

camino de difusión, junto con las enerǵıas de interacción entre el cisplatino y las moléculas

de la membrana, también han sido calculadas. En particular, las enerǵıas de interacción

han sido obtenidas utilizando un potencial anaĺıtico de mecánica molecular, y también

empleando un método más exacto de QM/MM, en cuyo caso ha sido posible descomponer

la enerǵıa de interacción en diferentes contribuciones energéticas con un significado f́ısico,

lo que provee información relevante acerca de la naturaleza de las interacciones que se

establecen. Con respecto de la molécula de antraquinona, se ha estudiado la libertad

conformacional que ésta posee cuando se encuentra intercalada entre pares de nucleobases

en un modelo de poly(dG-dC) de doble hélice del ADN, mediante MD clásica, en cuyo caso

han sido identificadas dos principales conformaciones. Los estados excitados de la molécula

de antraquinona han sido calculados considerando estas dos conformaciones. El mecanismo

de difusión de dos derivados de la antraquinona – rubiadina y soranjidiol – también ha

sido calculado mediante la técnica de umbrella sampling MD. El espectro de absorción de

cada una de dichas moléculas ha sido calculado para configuraciones correspondientes al

mı́nimo del perfil de enerǵıa libre obtenido del estudio del mecanismo de difusión. De gran

importancia para el presente trabajo de tesis ha sido también el desarrollo y la aplicación

del conjunto de herramientas computacionales MoBioTools, el cual permite una preparación

rápida del sistema estudiado para realizar cálculos QM/MM a partir de un conjunto de
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geometŕıas, por lo que ha sido utilizado ampliamente durante la realización de la presente

tesis. Con lo anterior, se pueden identificar las siguientes conclusiones:

• La simulación del mecanismo de difusión del cisplatino dentro de una membrana

liṕıdica ha proporcionado información detallada sobre la energética de dicho proceso.

En particular, se ha observado que, a medida que el cisplatino penetra la membrana

liṕıdica, éste es atrapado débilmente al interior de un mı́nimo de enerǵıa libre de

0.65 kcal/mol; sucesivamente, el cisplatino supera una pequeña barrera energética de

0.2 kcal/mol para después ser atrapado en el interior del mı́nimo global de enerǵıa

libre, que corresponde a la situación en la cual el cisplatino se encuentra en la región

polar de la membrana liṕıdica. En este punto, la descomposición de la enerǵıa de

interacción entre el cisplatino y la membrana liṕıdica sugiere que la energética del

proceso es dominada por las interacciones electrostáticas entre el cisplatino y las

cabezas polares de los ĺıpidos. Sin embargo, a medida que el cisplatino se aproxima

al centro de la membrana – correspondiente a la región con las colas apolares de

los ĺıpidos – se observa que la enerǵıa libre del proceso de difusión aumenta, por lo

que al final, la difusión del cisplatino a través de la membrana liṕıdica implicaŕıa

una barrera energética de 10.4 kcal/mol tendŕıa que ser superada. En dicha región,

las interacciones atractivas entre el cisplatino y la membrana son dominadas por

interacciones no electrostáticas de van der Waals; sin embargo, dichas interacciones

atractivas son anuladas por la enerǵıa desfavorable de deshidratación del cisplatino

y la pérdida de entroṕıa debida al aumento del orden en la membrana debido a la

presencia del cisplatino. Con base en estos resultados, ciertos tipos de funcionalización

tales como el anclaje de una cadena alqúılica al esqueleto del cisplatino podŕıa mitigar

la contribución entrópica desfavorable a la enerǵıa asociada con el aumento del orden

de la membrana liṕıdica. Esta estrategia ha sido aplicada en el caso de compuestos

de platino(IV), con éxito variable.400

• El cálculo de las enerǵıas de interacción entre el cisplatino y los ĺıpidos de la membrana

en un ámbito de QM/MM, y la sucesiva descomposición de la enerǵıa de interacción

utilizando un método basado en densidades electrónicas de deformación, ha revelado

más información acerca de la naturaleza de las interacciones que se establecen entre
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los dos fragmentos involucrados. En particular, se ha observado que las interacciones

en el mı́nimo y en el máximo del perfil de enerǵıa libre son dominadas principalmente

por interacciones electrostáticas. Además, se ha evidenciado que los términos de

interacción repulsivos de Pauli son, de hecho, más significativos que en el caso en el

que la enerǵıa de interacción es calculada utilizando un campo de fuerzas anaĺıtico, lo

que indica que la contribución de Pauli es subestimada por este último. Finalmente,

el hecho de que se haya obtenido una distribución de enerǵıas para cada componente

de la enerǵıa de interacción, al considerar un conjunto de geometŕıas, indica que el

muestreo conformacional es fundamental para estudiar la enerǵıa de interacción y su

descomposición en sistemas biológicos complejos.

• En el caso de la molécula de antraquinona, se ha observado que cuando se encuentra

intercalada en una doble hélice de ADN, dos conformaciones han sido predominantes

a lo largo de la trayectoria de MD. Dichas conformaciones han sido consideradas para

estudiar los estados excitados de la molécula de antraquinona mediante métodos de

QM/MM utilizando TD-DFT, incluyendo una molécula de guanina y la molécula de

antraquinona en la región QM. Los estados excitados de CT entre estas dos moléculas

son de particular importancia, ya que estos son los estados relevantes involucrados

en los procesos de transferencia electrónica fotoinducida que conlleva a la lesión del

DNA. Se ha observado que la contribución de los estados CT depende fuertemente de

la conformación que asume la antraquinona cuando se encuentra intercalada, puesto

que la contribución de CT es del 30-34% cuando el eje de la antraquinona es paralelo

al eje de los puentes de hidrógeno de uno de los pares de guanina-citosina que rodean

la antraquinona (en esta situación, la antraquinona se encuentra con el máximo

solapamiento posible con una de las guaninas adyacentes), mientras que el carácter de

CT se reduce al 23-28% cuando el eje de la antraquinona no es paralelo al del eje del

par guanina-citosina. Como consecuencia, una estrategia para obtener PS derivados

de la antraquinona con mejor actividad citotóxica podŕıa consistir en funcionalizar

la molécula de antraquinona de manera que la libertad conformacional del derivado

de antraquinona, cuando se encuentra intercalado en una doble hélice de DNA, sea

limitada solo a configuraciones para las cuales el solapamiento sea favorecido.
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• Con respecto a los derivados de la antraquinona rubiadina y soranjidiol, el estudio

de la difusión de cada una de dichas moléculas al interior de una membrana liṕıdica

de DOPC ha producido dos perfiles de enerǵıa libre mostrando que la difusión de

cada una de las moléculas es un proceso termodinámicamente favorable, mostrando

una enerǵıa libre de reacción de 8 kcal/mol para la rubiadina y 6 kcal/mol para el

soranjidiol. Estos resultados muestran que desde el punto de vista energético los

procesos de difusión de la rubiadina y del soranjidiol, un hecho en ĺınea con la similar

citotoxicidad de las dos moléculas observada experimentalmente.78 Sin embargo,

para obtener una descripción más completa de la actividad anticanceŕıgena de estas

moléculas, es necesario estudiar sus estados electrónicos excitados en el interior de la

bicapa liṕıdica. En este contexto, los espectros de absorción de los dos derivados de la

antraquinona han sido calculados en el interior de la membrana liṕıdica, y muestran

un desplazamiento hacia el rojo con respecto de los correspondientes espectros

experimentales en cloroformo. En el futuro se planea investigar el mecanismo de

cruce entre sistemas de los dos derivados de la antraquinona al interior de la membrana

liṕıdica.

• Finalmente, el programa MoBioTools,79,80 desarrollado y aplicado a lo largo de la tesis,

ha demostrado ser una herramienta fundamental para interrelacionar simulaciones

de MD realizadas anteriormente con cálculos QM/MM en conjuntos de geometŕıas

extráıdas de dichas simulaciones. Su versatilidad ha sido evidenciada no solo a través

de los ejemplos presentados durante su introducción (Caṕıtulo 3), sino también a

través de su aplicación en la variedad de situaciones propuestas por los diferentes

sistemas tratados en la tesis. Actualmente se encuentra disponible en la modalidad

open-source.80
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Appendix A

Supplementary Information for

Chapter 4

A.1 Active Spaces of the Five Canonical Nucleobases

All active spaces were optimized at the SA-CASSCF level of theory. The choice of the

number of roots and the active space electrons and orbitals for each nucleobase was

made following Thiel et. al.,282 except for thymine, for which a smaller active space was

employed, as explained below. The Cs symmetry of the nucleobases was not considered

in the SA-CASSCF calculations, so the state-average procedure was applied to all states

considered, for each nucleobase.
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Figure A.1: The (14,10) reference active space of uracil, calculated in gas phase at the
MP2/6-31G* optimized geometry with the SA-CASSCF scheme considering the first 10
roots.

Figure A.2: The (14,10) reference active space of cytosine, calculated in gas phase at the
MP2/6-31G* optimized geometry with the SA-CASSCF scheme considering the first 8
roots.
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Figure A.3: The (14,10) reference active space of thymine, calculated in gas phase at the
MP2/6-31G* optimized geometry with the SA-CASSCF scheme considering the first 10
roots.

Figure A.4: The (18,13) reference active space of adenine, calculated in gas phase at the
MP2/6-31G* optimized geometry with the SA-CASSCF scheme considering the first 11
roots.
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Figure A.5: The (20,14) reference active space of guanine, calculated in gas phase at the
MP2/6-31G* optimized geometry with the SA-CASSCF scheme considering the first 9
roots.

242



A.2 Choice of the Reference Active Space of Thymine

Figure A.6: The (16, 11) reference active space of thymine, according to Thiel’s reference
calculations (large active space), computed in gas phase at the MP2/6-31G* optimized
geometry with the SA-CASSCF scheme considering the first 10 roots.

Thymine poses a particular case when considering as the reference active space the

(16,11) space - which will be referred to as the large reference active space - employed by

Thiel282 and by Wiebler281 (Figure A.6). This is due to the fact that the SA-CASSCF

calculation on 100 MD sampled geometries of thymine on water, and the subsequent SMO

analysis, did not provide the correct active space after 5 iterations of the pyoverlaps.py

script for 99 geometries. This indicates that, while the active space could be appropriated

for the ground-state optimized geometry in vacuum, it is not a suitable active space for the

sampled geometries in water. It was evidenced that in all cases the molecular orbital (MO)

presenting mainly a contribution from a p orbital localized on the methyl group (labeled as

28 in the reference active space, figure A.6) was placed outside of the active space during

the CASSCF orbital optimization. Therefore, it could be hypothesized that at least for

the sampled geometries, this orbital should not be placed within the active space. This

hypothesis stems from two observations:

1. The rotation of the methyl group about the C-C bond axis must be considered

when studying the molecular motion of thymine. This could pose a problem when
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determining the MO analogous to the reference MO 28, as for some conformations

this MO could ambiguously correspond to two MOs whose largest contributions stem

from the two p orbitals of the methyl C atom perpendicular to the C-C bond (e.g:

MOs 23 and 24 of geometry 1, figure A.7).

2. The choice of including MO 28 in the active space of thymine results counterintuitive

once the main AO contributions to that MO are considered: indeed, Table A.1 shows

that the MO 28 mainly has contributions from the s orbitals of two H atoms of the

methyl group (H5 and H6, Figure A.8) and from p orbitals of the methyl C atom

(C11), and only to a negligible extent has it contributions from the p orbitals of C9.

Thus, this MO has a predominant σ character, and is not expected to play a major

role in any of the transition in which the first 9 excited states of thymine are involved,

which are either of π → π∗ or of n→ π∗ character.

Figure A.7: MOs 23 and 24 of the sampled geometry 1 of thymine, after the fourth
SA-CASSCF optimization cycle. Qualitatively, both orbitals are analogous to the MO 28
of the (large) reference active space.

Observation 2 prompts to consider that MO 28 should not be included even within the

reference active space of the equilibrium geometry, as its contributions to the 9 excited

states considered should be negligible. Therefore, a MS-CASPT2 calculation with an

imaginary level shift244 of 0.2 Hartree and no IPEA correction245 was performed on top of
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Figure A.8: (a) Equilibrium geometry of thymine, with the atom labels of the atoms having
the highest AO contribution to the reference MO 28 of thymine. (b) MO 28 of the (large)
reference active space of thymine.

Basis Atom AO character Coefficient
function

25 H5 1s 0.14
26 H5 *s 0.21
27 H5 *s 0.09
31 H6 1s -0.14
32 H6 *s -0.21
33 H6 *s -0.09
82 C9 *px 0.06
85 C9 *py 0.06
120 C11 *px 0.31
123 C11 *py 0.27
126 C11 *pz 0.10

Table A.1: Atomic orbital contributions (|Coeff.| > 0.05 ) to the MO 28 of the large
reference active space of thymine.

the SA-CASSCF optimized wavefunction, with the large reference active space. Table A.2

shows the results for the first nine excited states of thymine. It should be emphasized that

the excitation energies slightly differ from those reported by Wiebler et. al.,281 mainly

because in the present case the calculations have not been performed considering the Cs

symmetry of the molecule, so all the 10 states under study have been averaged; this in
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turn makes the excitation energies obtained consistent with one another, as the reference

ground state is the same for all the excited states. The configurations displayed in table

A.2 show the MOs in the large reference active space, following the MO ordering in figure

A.6; thus, the first position in a configuration corresponds to MO 26, the second position

is MO 27 and so on, until MO 36. It can be evidenced that none of the reported excited

states presents a configuration associated with an excitation from MO 28 whose weight

is larger than 0.1, so that the contributions from any such configuration are seemingly

negligible.

State Energy (eV) Configuration Weight

S0 0.000 22222222000 0.90

S1 4.667 22222u22d00 0.90

S2 4.844 2222222ud00 0.70

S3 5.714 22222u2200d 0.89

S4 6.004 222222u2d00 0.62

S5 6.016 22222u2d200 0.12

22222u2200d 0.38

2222u222d00 0.16

S6 6.519 2222u222d00 0.60

S7 6.868 2222222u00d 0.61

S8 6.933 222222ud200 0.11

22222220u0d 0.12

2u222222d00 0.22

S9 8.147 2222222ud00 0.12

2222222u00d 0.25

222222u200d 0.40

Table A.2: Vertical excitation energies and configurations with weight > 0.1 for the first
nine excited states of thymine, calculated at the MS-CASPT2 level of theory with the large
reference active space. Each configuration is represented by the orbitals within the active
space - following the MO ordering in figure A.6 - with their corresponding occupations: 2
represents a doubly occupied MO, u a singly occupied MO with spin up, d a spin down
occupied MO, and 0 a unoccupied MO.

To study the effect of removing MO 28 from the reference active space a SA-CASSCF/MS-

CASPT2 calculation was performed with the (14,10) active space reported in figure A.3 -

which will be referred to as the small reference active space - considering the same settings
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as for the large active space calculations. It can be evinced from table A.3 that the variation

in the excitation energies with respect to the large active space calculations is at most of 0.1

eV (S9) although in most cases it is no larger than 0.02 eV. Moreover, the configurations

whose weights are greater than 0.1 are exactly the same for each excited state in both the

large and the small active space calculations (it should be emphasized that the ordering of

the MOs is different in the large and the small active spaces, so that this variation needs

to be considered when comparing the configurations in Tables A.2 and A.3). This allows

for concluding that the small active space (14,10) should indeed be used as the reference

space for thymine.

State Energy (eV) Configuration Weight

S0 0.000 2222222000 0.90

S1 4.694 2222u22d00 0.90

S2 4.838 222222ud00 0.70

S3 5.696 2222u2200d 0.89

S4 5.998 22222u2d00 0.62

S5 6.021 2222u2d200 0.13

2222u2200d 0.41

2u22222d00 0.14

S6 6.538 2u22222d00 0.63

S7 6.695 222222u00d 0.60

S8 6.940 2222220u0d 0.14

22u2222d00 0.10

u222222d00 0.18

S9 8.253 22222u2d00 0.14

222222u00d 0.34

22222u200d 0.26

Table A.3: Vertical excitation energies and configurations with weight > 0.1 for the first
nine excited states of thymine, calculated at the MS-CASPT2 level of theory with the small
reference active space. Each configuration is represented by the orbitals within the active
space - following the MO ordering in figure A.3 - with their corresponding occupations: 2
represents a doubly occupied MO, u a singly occupied MO with spin up, d a spin down
occupied MO, and 0 a unoccupied MO.
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A.3 Analysis of the CI Weights for Two Geometries of Uracil

This section aims at showing in detail the analysis of the CI coefficients for geometries

73 and 74 of uracil to complement the discussion following Figure 4.4 of chapter 4 (see

Table A.4). Specifically, it will be computed the difference between the weight of the most

prominent configuration of the S1 state following the SA-CASSCF calculation with the

corrected active space, with the weight that the same configuration (in the sense that MOs

that are equivalent in terms of the MO overlap analysis present the same occupations)

has in the SA-CASSCF calculation with the uncorrected active space (deriving from the

last but one iteration of the pyoverlaps.py program). In table A.4 (and in Figure 4.4 of

chapter 4) these differences are referred to as difference in maximum weight. Geometries

73 and 74 have been chosen since in both cases a high difference in the excitation energies

of the S1 state is displayed, independently of whether the difference in maximum weight is

high (geometry 73, 0.599) or low (geometry 74, 0.155). This fact evidences that large energy

differences can be obtained even when the character of the wavefunction is qualitatively

similar between the uncorrected and the corrected SA-CASSCF calculations, that is, even

when the problematic MOs are not involved in the electronic excitations that dominate

the description of the wavefunction. Thus, the two wavefunctions are inherently different,

and this difference is evidenced in the excitation energies, making it desirable to use an

appropriate active state for the calculation of such observables.
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Geometry DDE [eV]a Maximum weight Maximum weight Difference in Corresponding
last iteration l.b.o.biteration maximum weight configurationc

73 -0.62 0.627 0.028 0.599 222222ud00
74 -0.52 0.393 0.238 0.155 22222u2d00

Table A.4: Detailed analysis of the difference between the weight of the dominant
configuration of the corrected wavefunction for the S1 state of the corrected SA-
CASSCF optimization and the weight of the same configuration for the S1 state on
the uncorrected SA-CASSCF wavefunction for two recovered geometries of uracil.
The configurations are the same in the sense that the MOs that partcipate to the
excitations are equivalent in the sense of the MO overlap comparison. The difference
in excitatio energy between the two calculations is also displayed.

a DDE = Difference betwee the S1 excitation energy of the last SA-CASSCF calculation and the last but
one SA-CASSCF calculation.

b l.b.o. = Last but one.
c OpenMolcas notation: 2 = doubly occupied; u = singly occupied, spin +1/2; d = singly occupied, spin
-1/2; 0 = unoccupied. Only the MOs of the active space are shown.
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Appendix B

Supplementary Information for

Chapter 5

B.1 Umbrella Sampling Setup

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 Weighted Histogram

Analysis Method (WHAM) approach is employed.45 Figure B.1 shows the computed

probability distributions for the umbrella sampling windows centred at 10.0, 10.5, 11.0,

11.5 and 12.0 Å 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.
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Figure B.1: Reaction coordinate probability distributions for the windows centred at 10.0,
10.5, 11.0, 11.5 and 12.0 Å.
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B.2 Permeability Coefficient

The permeability coefficient of 3.6x10−7 ms−1 was computed upon integration of the

resistance coefficient along the permeation pathway. In turn, the resistance coefficient can

be computed from the Z-dependent diffusion coefficient (plotted in Figure B.2) and from

the potential of mean force (plotted in Figure 5.2b). The details about the full protocol

are discussed elsewhere.325

Figure B.2: Z-dependent diffusion coefficient of cisplatin.
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B.3 Force Field Parameters

Bond Parameters

Bond kb (kcal/[molÅ2]) R0 (Å)
Pt-Cl 123.100 2.305
Pt-N 88.900 2.111
N-H 392.400 1.019

Angle Parameters

Angle ka (kcal/[mol rad2 ]) θ0 (degrees)
N-Pt-H 132.790 98.410

Cl-Pt-Ncis 105.950 83.010
Cl-Pt-Ntrans 106.350 178.580

Cl-Pt-Cl 88.200 95.570
Pt-N-H 52.880 110.140
H-N-H 41.400 106.40

Intermolecular Parameters

Atom q (a.u.) Rmin/2 (Å) ϵ (kcal/mol)
Pt 0.069 2.053 1.055
Cl -0.375 2.597 0.038
N -0.410 1.896 0.045
H1a 0.239 0.052 0.018
H2b 0.256 0.052 0.018

Table B.1: Force field parameters for cisplatin: bond force constants
kb , equilibrium distances R0 , angle force constants ka , equilibrium
angles θ0 , atomic charges q and Lennard-Jones parameters Rmin/2
and ϵ.

a Hydrogen atoms that do not belong to the plane formed by N(Cl)-
Pt-N(Cl).

b Hydrogen atoms that belong to the plane formed by N(Cl)-Pt-
N(Cl).
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Appendix C

Supplementary Information for

Chapter 8

C.1 Electronic Excited States and CI Weights of Rubiadin

and Soranjidiol in Explicit Chloroform

In this section the absorption spectra and the CI weights of the most prominent configu-

rations of rubiadin and soranjidiol in the presence of explicit chloroform are listed. The

absorption spectra reported in Tables C.1 and C.1 have been computed at the MS-CASPT2

level of theory with a (12,9) active space (Figures 8.4 and 8.5) and a cc-pVTZ231 basis

set. The geometries on top of which the absorption spectra have been computed have been

optimized with an electrostatic embedding QM/MM approach, whereby the QM region has

been described at the MP2/6-31G* level of theory and a cutoff of 4.0 Å has been employed

to include MM chloroform molecules inside the mobile region, so that these molecules were

included in the gradient calculation and the geometry optimization.
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State Wavelength [nm] Osc. Strength Configuration Weight

S0 0.0 222222000 0.85

S1 401.43 1.57E-01 22222ud00 0.26

22u222d00 0.14

u22222d00 0.27

S2 394.06 9.14E-02 2u2222d00 0.52

S3 327.22 2.24E-01 2u222d200 0.42

S4 304.32 8.20E-03 22222ud00 0.21

u22222d00 0.22

u222220d0 0.15

S5 226.35 4.80E-02 2222u2d00 0.15

S6 213.65 1.13E-02 2ud222200 0.29

22u222d00 0.40

S7 208.43 3.51E-03 222220200 0.20

S8 203.51 1.05E-02 ud2222200 0.46

S9 185.90 1.21E-02 2u22d2200 0.28

Table C.1: Absorption spectrum and configurations with weight > 0.1 for the first nine
excited states of rubiadin, calculated at the MS-CASPT2 level of theory with the (12,9)
active space. Each configuration is represented by the orbitals within the active space -
following the MO ordering in figure 8.4 - with their corresponding occupations: 2 represents
a doubly occupied MO, u a singly occupied MO with spin up, d a spin down occupied MO,
and 0 a unoccupied MO.
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State Wavelength [nm] Osc. Strength Configuration Weight

S0 0.0 222222000 0.84

S1 437.16 1.29E-01 22222ud00 0.22

22u222d00 0.52

S2 431.58 7.69E-02 222u22d00 0.65

222u220d0 0.19

S3 375.50 2.52E-04 2u2222d00 0.56

2u22220d0 0.16

S4 306.32 3.03E-01 22222ud00 0.40

2222u2d00 0.11

22u222d00 0.18

S5 254.19 4.19E-05 222u2d200 0.27

22ud22200 0.13

2ud222200 0.18

S6 241.21 5.47E-05 222u2d200 0.20

222u220d0 0.34

S7 229.56 1.09E-04 2u2d22200 0.74

S8 227.98 2.39E-04 222u2d200 0.12

2ud222200 0.42

S9 212.00 3.28E-02 2222u2d00 0.23

22u2220d0 0.23

220222200 0.14

Table C.2: Absorption spectrum and configurations with weight > 0.1 for the first nine
excited states of soranjidiol, calculated at the MS-CASPT2 level of theory with the (12,9)
active space. Each configuration is represented by the orbitals within the active space -
following the MO ordering in figure 8.5 - with their corresponding occupations: 2 represents
a doubly occupied MO, u a singly occupied MO with spin up, d a spin down occupied MO,
and 0 a unoccupied MO.
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crossing in phenotiazinium dyes by intercalation into dna. Angewandte Chemie

International Edition, 54(14):4375–4378, 2015.

[72] Juan J. Nogueira, Sven Roßbach, Christian Ochsenfeld, and Leticia González. Effect
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Impact of lipid environment on photodamage activation of methylene blue. ChemPho-

toChem, 1(5):178–182, 2017.

[74] Miquel Huix-Rotllant, Elise Dumont, Nicolas Ferré, and Antonio Monari. Photo-
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[101] James Finley, PerÅke Malmqvist, Björn O. Roos, and Luis Serrano-Andrés. The

multi-state caspt2 method. Chemical Physics Letters, 288(2):299 – 306, 1998.

[102] P. Hohenberg and W. Kohn. Inhomogeneous electron gas. Physical Review, 136:B864–

B871, Nov 1964.

[103] W. Kohn and L. J. Sham. Self-consistent equations including exchange and correlation

effects. Physical Review, 140:A1133–A1138, Nov 1965.

[104] Axel D Becke. Becke’s three parameter hybrid method using the LYP correlation

functional. The Journal of Chemical Physics, 98(492):5648—-5652, 1993.

[105] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, and M. J. Frisch. Ab Initio calculation

of vibrational absorption and circular dichroism spectra using density functional

force fields. The Journal of Physical Chemistry, 98(45):11623–11627, 1994.

[106] Chengteh Lee, Weitao Yang, and Robert G. Parr. Development of the Colle-Salvetti

correlation-energy formula into a functional of the electron density. Physical Review

B, 37(2):785–789, 1988.

[107] Takeshi Yanai, David P Tew, and Nicholas C Handy. A new hybrid ex-

change–correlation functional using the coulomb-attenuating method (cam-b3lyp).

Chemical Physics Letters, 393(1):51–57, 2004.

[108] Y. Zhao and D. G. Truhlar. The M06 suite of density functionals for main group ther-

mochemistry, thermochemical kinetics, noncovalent interactions, excited states, and

transition elements: two new functionals and systematic testing of four M06-class func-

tionals and 12 other functionals. Theoretical Chemistry Accounts, 120(120):215–241,

2008.

[109] Mark E. Casida. Time-Dependent Density Functional Response Theory for Molecules,

pages 155–192.

269



[110] Ivo Cacelli. Corso di laurea magistrale in chimica-chimica teorica.

https://people.unipi.it/static/Cacelli/didattica/chimicateorica.htm, 2009. Accessed:

2022-05-25.
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[178] Marc W. van der Kamp, Jolanta Żurek, Frederick R. Manby, Jeremy N. Harvey, and

Adrian J. Mulholland. Testing high-level qm/mm methods for modeling enzyme

reactions: Acetyl-coa deprotonation in citrate synthase. The Journal of Physical

Chemistry B, 114(34):11303–11314, 2010.

[179] Kara E. Ranaghan, William G. Morris, Laura Masgrau, Kittusamy Senthilkumar,

Linus O. Johannissen, Nigel S. Scrutton, Jeremy N. Harvey, Frederick R. Manby,

and Adrian J. Mulholland. Ab initio qm/mm modeling of the rate-limiting proton

transfer step in the deamination of tryptamine by aromatic amine dehydrogenase.

The Journal of Physical Chemistry B, 121(42):9785–9798, 2017.

[180] Kenneth W. Borrelli, Andreas Vitalis, Raul Alcantara, and Victor Guallar. Pele:

Protein energy landscape exploration. a novel monte carlo based technique. Journal

of Chemical Theory and Computation, 1(6):1304–1311, 2005.

[181] Jens Peder Dahl and Michael Springborg. The morse oscillator in position space,

momentum space, and phase space. The Journal of Chemical Physics, 88(7):4535–

4547, 1988.

[182] Martin J. Field. The pdynamo program for molecular simulations using hybrid

quantum chemical and molecular mechanical potentials. Journal of Chemical Theory

and Computation, 4(7):1151–1161, 2008.
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tini, Susana Nuñez-Montoya, Jose Luis Cabrera, and Viviana Alicia Rivarola. Pho-

tochemotherapy using natural anthraquinones: Rubiadin and soranjidiol sensitize

human cancer cell to die by apoptosis. Photodiagnosis and Photodynamic Therapy,

11(2):182–192, 2014.

[377] Elise Dumont and Antonio Monari. Benzophenone and dna: Evidence for a double

insertion mode and its spectral signature. The Journal of Physical Chemistry Letters,

4(23):4119–4124, 2013.
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